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Polysialic acid promotes
remyelination in cerebellar slice
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modulation of microglia
polarization
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Multiple sclerosis is an inflammatory demyelinating disease of the central nervous

system. Spontaneous restoration of myelin after demyelination occurs, but its

e�ciency declines during disease progression. E�cient myelin repair requires

fine-tuning inflammatory responses by brain-resident microglia and infiltrating

macrophages. Accordingly, promising therapeutic strategies aim at controlling

inflammation to promote remyelination. Polysialic acid (polySia) is a polymeric

glycan with variable chain lengths, presented as a posttranslational modification

on select protein carriers. PolySia emerges as a negative regulator of inflammatory

microglia and macrophage activation and has been detected on oligodendrocyte

precursors and reactive astrocytes in multiple sclerosis lesions. As shown recently,

polySia-modified proteins can also be released by activated microglia, and

the intrinsically released protein-bound and exogenously applied free polySia

were equally able to attenuate proinflammatory microglia activation via the

inhibitory immune receptor Siglec-E. In this study, we explore polySia as a

candidate substance for promoting myelin regeneration by immunomodulation.

Lysophosphatidylcholine-induced demyelination of organotypic cerebellar slice

cultures was used as an experimental model to analyze the impact of polySia

with di�erent degrees of polymerization (DP) on remyelination and inflammation.

In lysophosphatidylcholine-treated cerebellar slice cultures, polySia-positive cells

were abundant during demyelination but largely reduced during remyelination.

Based on the determination of DP24 as the minimal polySia chain length required

for the inhibition of inflammatory BV2 microglia activation, pools with short

and long polySia chains (DP8–14 and DP24–30) were generated and applied

to slice cultures during remyelination. Unlike DP8–14, treatment with DP24–

30 significantly improved remyelination, increased arginase-1-positive microglia

ratios, and reduced the production of nitric oxide in wildtype, but not in Siglec-

E-deficient slice cultures. In vitro di�erentiation of oligodendrocytes was not

a�ected by DP24–30. Collectively, these results suggest a beneficial e�ect of

exogenously applied polySia DP24–30 on remyelination by Siglec-E-dependent

microglia regulation.

KEYWORDS

multiple sclerosis, organotypic cerebellar slice culture, remyelination, polysialic acid

(polySia), Siglec-E, microglia, neuroinflammation, immunomodulation

Frontiers inCellularNeuroscience 01 frontiersin.org

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://doi.org/10.3389/fncel.2023.1207540
http://crossmark.crossref.org/dialog/?doi=10.3389/fncel.2023.1207540&domain=pdf&date_stamp=2023-07-10
mailto:hildebrandt.herbert@mh-hannover.de
https://doi.org/10.3389/fncel.2023.1207540
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fncel.2023.1207540/full
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org










Schröder et al. 10.3389/fncel.2023.1207540

FIGURE 2

Production of polySia fractions with defined DPs and e�ects on

proinflammatory activation. (A) Analytical anion exchange

chromatography of the polySia batch used as a starting material.

DPs of individual peaks were determined by spiking with α2,8-linked

tetrasialic acid (DP4, blue spectrum). N-acetyl groups of sialic acid

were detected by absorption at 214nm. (B) BV2 microglia were

activated by the application of 10ng/ml of LPS, 50ng/ml of

LPS-binding protein, and 10µg/ml of zymosan (LLZ; joint activation

of TLR4 and TLR2) in serum-free medium and treated without (–) or

(Continued)

FIGURE 2 (Continued)

with polySia of the indicated DP, or with polySia with an average DP

of ∼50 (avDP50, 250nM, each). NO production was assessed by the

detection of the NO breakdown product nitrite using the

colorimetric Griess assay, and % inhibition of LLZ-induced NO

production is plotted. The inhibition of ∼30% in the presence of

FPLC-purified avDP50 corresponds to the inhibition obtained by

polySia applied to LPS-induced primary or stem cell-derived murine

microglia (Werneburg et al., 2015, 2016), or to LPS-induced BV2

cells (Thiesler et al., 2021). Per group, individual values and means ±

SEM from n = 4 independently treated cultures are plotted. The

one-way ANOVA revealed significant di�erences (P < 0.0001), and

Tukey’s post-hoc tests were applied. Significant group di�erences

are indicated (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

(C) Spectra of polySia (with DP4 added) after partial hydrolysis on a

preparative scale (upper trace), and of pooled fractions with

DP24–30 (middle) and DP8–14 (lower) analyzed after lyophilization,

determination of yield by weighing, and rehydration. Salt gradient

for elution same as in a, but with a step at 432mM to 1M NaCl.

(Figure 2A) and used to test for the inhibition of LPS-induced

NO production as a wellestablished readout for inflammatory

activation and the Siglec-E-dependent inhibitory effect of polySia

avDP50 in microglial BV2 cells (Thiesler et al., 2021). As

shown in Figure 2B, only polySia fractions with a DP of 24

and more showed efficient inhibition, comparable to the effect

of polySia with avDP50. For polySia treatment of OSCs, we

used pools consisting of polySia DP24–30, which can inhibit

proinflammatory-activated microglia, and DP8–14, which cannot

(Figure 2C).

PolySia DP24–30 improves remyelination

Effects of exogenously applied polySia fractions with DP8–14

and DP24–30 on remyelination were analyzed in a pilot experiment

with OSCs from wildtype C57BL/6J mice. Morphometric

evaluation of MOG revealed a significant improvement in

remyelination after the application of DP24–30, while DP8–14

had no effect (Supplementary Figure 1). A comparative approach

with Siglece+/+ and Siglece−/− OSCs (Figure 3) reproduced this

outcome for the Siglece+/+ groups (Figures 3A, C). In sharp

contrast, polySia DP24–30 had no effect on remyelination in

Siglece−/− OSCs (Figures 3B, C). As evident in the wildtype

C57BL/6J and Siglece+/+ groups (Supplementary Figure 1;

Figure 3A), remyelination after the application of DP24–

30 was not confined to the white matter but also detected

throughout the internal granular and Purkinje cell layers of the

cerebellar lobules.

Because the improved remyelination in the presence of polySia

DP24–30 was dependent on the presence of the microglia-

specific polySia receptor Siglec-E, and because DP8–14, which

was not able to inhibit the inflammatory activation of cultured

microglia, had no effect, it can be assumed that the impact of

polySia DP24–30 is mediated by Siglec-E dependent inhibition of

proinflammatory microglia.
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FIGURE 3

PolySia DP24–30 improves remyelination in a Siglec-E-dependent manner. OSCs from Siglec-E wildtype and knockout mice (Siglece+/+, Siglece−/−)

were treated as indicated, and fixed at 14 DIV (for details, see Figure 1). (A, B) Representative images of MOG staining. Scale bars, 100µm. (C)

Morphometric evaluation. Data represent individual values and means ± SEM of MOG-positive areas in OSCs derived from n = 11–18 animals per

group. Per animal eight OSCs were prepared, and two OSCs were assigned to each of the treatment groups. Per OSC, 3–4 frames of 350x 350µm,

each representing a di�erent cerebellar lobule, were acquired and evaluated by morphometric determination of the MOG-positive area in percent of

the total area. The two-way ANOVA revealed significant di�erences, and Tukey’s post-hoc tests were applied. Significant di�erences within each

genotype group and for selected comparisons between genotypes are indicated. Asterisks assigned to a single treatment group indicate significant

di�erences against the untreated control of the same genotype (*P < 0.05; ****P < 0.0001).
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FIGURE 4

PolySia DP24–30 inhibits NO production of OSCs in a Siglec-E-dependent manner. NO production was determined by nitrite detection (Griess assay)

in supernatants of OSCs treated with LPC and polySia DP8–14 or polySia DP24–30 as indicated. Each well contained four OSCs from two di�erent

animals, and supernatants were collected at 14DIV. Data represent individual values and means ± SEM of n = 8–10 values per group normalized to

the level of untreated Siglece+/+ controls. To meet the assumption of normal distribution, the ROUT method with a false discovery rate of Q = 1%

was used to eliminate four outliers (one in Siglece +/+, LPC, two in Siglece −/−, DP8–14, and one in Siglece −/− DP24–30). The two-way ANOVA

revealed significant di�erences, and Tukey’s post-hoc tests were applied. Significant di�erences within each genotype group and for selected

comparisons between genotypes are indicated. Asterisks assigned to a single treatment group indicate significant di�erences against the untreated

control of the same genotype (**P < 0.01; ***P < 0.001; ****P < 0.0001).

PolySia DP24–30 inhibits NO production
and augments the fraction of
arginase-1-positive microglia during
remyelination

NO production is a hallmark of proinflammatory microglia

activation and is widely accepted as a mediator of oligodendrocyte

cytotoxicity and demyelination in the CNS (Smith and Lassmann,

2002; Liñares et al., 2006; Merrill et al., 2009). Therefore, and

to corroborate the assumed inhibitory effect of polySia DP24–

30 on inflammatory microglia activation during remyelination,

NO production was determined by measuring the stable NO

breakdown product nitrite in OSC supernatants at 14 DIV. NO

production was significantly increased in LPC-treated cerebellar

OSCs derived from C57BL/6J and Siglece+/+ mice and this was

completely reverted by treatment with polySia DP24–30, but not

with DP8–14 (Supplementary Figure 1 for C57BL/6J, Figure 4 for

Siglece+/+, respectively). In the absence of the inhibitory immune

receptor Siglec-E, however, NO production was strongly elevated

in all treatment groups and neither affected by LPC nor polySia

treatment (Figure 4), consistent with results obtained previously for

Siglece−/− BV2 microglia (Thiesler et al., 2021).

We next sought to study the expression of arginase-1 in

remyelinating white matter areas. Arginase-1 is an opponent of

NO production and a marker of anti-inflammatory, protective

microglia, and macrophage phenotypes that are essential for

remyelination (Miron et al., 2013). In contrast to slightly enhanced

overall numbers of IBA-1-positive microglia, numbers of IBA-

1 and arginase-1 double-positive microglia were dramatically

increased in LPC-treated OSCs derived from Siglece+/+ mice and

exposed to polySia DP24–30 (Figures 5A, C, D). Again, polySia

DP8–14 had no significant impact. Unexpectedly, the numbers

of IBA-1 and arginase-1 double-positive cells were significantly

higher in untreated Siglece−/− as compared to Siglece+/+ OSCs

(Figures 5B, D). This might be linked to the slight, but not

significant increase in IBA-1-positive microglia numbers observed

in this group (Figure 5C). The simultaneous reduction of the IBA-

1-positive and the IBA-1 and arginase-1 double-positive cells in

LPC-treated Siglece−/− OSCs supports this assumption. Unlike

the strong increase of NO production in all Siglece−/− OSCs

irrespective of treatment (see Figure 4), the reduction in cell

numbers after LPC treatment indicates that microglia in Siglece−/−

OSCs still react to the LPC-induced demyelination. Moreover,

an increase in arginase-1-positive cells may counterbalance the

increase in NO production by Siglece−/− OSCs during LPC-

induced de- and remyelination, which may explain the unaltered

level of remyelination in otherwise untreated Siglece−/− OSCs

(see Figures 4B, C). Importantly, however, in contrast to Siglece+/+

OSCs, numbers of IBA-1- and arginase-1-positive microglia were

not increased in remyelinating Siglece−/− OSCs treated with

polySia DP24–30 (Figures 5B–D). Together, these data indicate that

polySia DP24–30 not only inhibits the proinflammatory activation

of microglia during remyelination but also induces a Siglec-E-

dependent shift in polarization toward a protective phenotype that

supports remyelination.

PolySia DP24–30 has no direct impact on
OPC di�erentiation

As shown in previous studies, the level of polySia attached

to proteins on the surface of OPCs has a direct effect on their

differentiation toward mature oligodendrocytes (Werneburg et al.,

2017). Therefore, the observed beneficial effect of soluble polySia

DP24–30 on remyelination could also be, at least in part, mediated

by a cell-autonomous stimulation of OPC differentiation. To
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FIGURE 5

PolySia DP24–30 drives anti-inflammatory microglia polarization in a Siglec-E-dependent manner. (A, B) Representative images of double

immunostaining for IBA-1 (green) and arginase-1 (ARG-1, magenta) in white matter areas of OSCs from Siglece +/+ (A) and Siglece −/− mice (B),

treated with LPC and polySia DP8–14 or polySia DP24–30 as indicated, and fixed at 14 DIV (for details, see Figure 1). Nuclear counterstain with DAPI

(blue). Scale bars, 50µm. (C, D) Quantification of IBA-1-positive (C) and IBA-1/ARG-1 double-positive cells (D) relative to overall cell numbers

determined by nuclear DAPI stain. Data represent individual values and means ± SEM of OSCs derived from n = 6 animals per group. In (C, D), the

two-way ANOVA revealed significant di�erences, and Tukey’s post-hoc tests were applied. Significant di�erences within each genotype group and

for selected comparisons between genotypes are indicated. Asterisks assigned to a single treatment group indicate significant di�erences against the

untreated control of the same genotype (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

address this possibility, we studied the effect of polySia DP24–30 on

the differentiation of primary rat OPC cultures. Differentiation was

assessed by monitoring the numbers of immature A2B5-expressing

OPCs and mature GALC-expressing oligodendrocytes after 48h in

the differentiation medium without or with the addition of polySia

fractions (Figure 6).

Compared to untreated controls, polySia DP24–30 had no

effect on the total number of cells (Figure 6B) and on the numbers
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FIGURE 6

PolySia DP24–30 has no direct impact on OPC di�erentiation. (A) Representative images of primary rat OPC cultures stained for A2B5 (magenta) and

GALC (green) after 2 days of in vitro di�erentiation in the presence of polySia DP8–14 or polySia DP24–30, as indicated. Nuclear counterstain with

DAPI (blue). Scale bars, 50µm. (B–D) Absolute cell numbers per frame (B), and relative numbers of A2B5 (C) or GALC-positive cells (D). Data

represent individual values and means ± SEM of n = 9–11 independent OPC cultures per condition. OPCs were obtained from overall three OPC

pools prepared from eight neonatal rats, each. Per OPC culture well, 15–20 frames (150 × 200µm) were evaluated. The one-way ANOVA revealed

significant di�erences (P < 0.0001 for GALC; P = 0.0223 for A2B5), and Tukey’s post hoc tests were applied. Significant group di�erences are

indicated (*P < 0.05; ****P < 0.0001).
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of A2B5-positive OPCs or GALC-positive oligodendrocytes

(Figures 6C, D). Unexpectedly, DP8–14 had a negative impact on

particularly the numbers of GALC-positive cells. This contrasts

with the complete absence of polySia DP8–14-mediated effects on

remyelination and microglia polarization.

In summary, these results demonstrate that exogenously

applied polySia DP24–30 promotes remyelination and provide

strong evidence that this effect is mediated by a Siglec-E-dependent

shift from a proinflammatory toward an anti-inflammatory

microglia phenotype.

Discussion

PolySia is emerging as a novel regulator of microglia activity,

but, so far, its intricate role in developmental myelination and

remyelination has been mostly assigned to regulatory functions

in OPC differentiation mediated by polySia attached to NCAM

at the cell surface (reviewed in Thiesler et al., 2022). A

negative feedback regulation of inflammatory microglia activation

by the release of polySia through ectodomain shedding of

polySia-NRP2 and polySia-ESL-1, and its perception by the

inhibitory immune receptor Siglec-E has been demonstrated

in studies with cultured microglia (Werneburg et al., 2015,

2016; Thiesler et al., 2021). Evidence that this mechanism

may be relevant under pathophysiological conditions in vivo

was derived from the identification of polysialylated NRP2 and

ESL-1 and the immunohistochemical detection of intracellular

polySia accumulations in the Golgi compartment of injury-induced

microglia in mouse brain OSCs (Werneburg et al., 2016) and

from the sequence of polySia appearance and disappearance in

microglia activated by a cortical stab wound (Thiesler et al.,

2021). Furthermore, the application of soluble, protein-free polySia

with avDP20 led to reductions of laser-induced retina damage

and lipopolysaccharide-induced neurodegeneration in transgenic

mice expressing human Siglec-11 in mononuclear phagocytes

(Karlstetter et al., 2017; Liao et al., 2021).

These studies provided proof of principle for the potential of

therapeutic polySia applications. In the in vivo studies, however, it

remained unresolved, which of the competing or complementary

polySia interactions with transgenic Siglec-11, endogenous Siglec-

E, or, possibly, with properdin reducing complement deposition

independent of Siglec-mediated microglia regulation (Shahraz

et al., 2022), were decisive for the improved outcome. In contrast,

several lines of evidence indicate that the beneficial impact of

polySia on remyelination, as demonstrated in the current study,

is mediated by the modulation of microglia activity. First, we

demonstrate that only polySia with DP24–30 but not with DP8–

14 is able to elicit the observed effect. This is consistent with our

finding that DP24 is the critical minimal polySia chain length

required to inhibit the inflammatory activation of BV2 microglia

under controlled conditions in vitro. Second, the inability of polySia

DP24–30 to improve remyelination in OSCs from Siglece−/− mice

demonstrates that its effect depends entirely on the presence of

Siglec-E, which is a specific immune receptor of cells of the myeloid

lineage and therefore confined to microglia as the only resident

immune cell population of the brain parenchyma and white matter

in OSCs derived from the previously uninjured brain (Zhang et al.,

2004; Linnartz-Gerlach et al., 2014; Kierdorf et al., 2019). Third,

in remyelinating OSCs, polySia DP24–30 profoundly reduced

the production of nitric oxide, a hallmark of proinflammatory

microglia activation, and promoted the appearance of arginase-

1-positive microglia, indicative of anti-inflammatory polarization,

shown to be essential for efficient remyelination (Miron et al.,

2013). Fourth, in contrast to polySia presented at the cell surface,

polySia DP24–30 had no effect on the differentiation of primary

cultured OPCs.

Unexpectedly, polySia DP8–14 had an adverse impact on the in

vitro differentiation of OPCs without affecting cell numbers. At first

sight, this appears consistent with the need to downregulate polySia

during OPC differentiation toward myelinating oligodendrocytes,

but this has been assigned to an inhibitory effect of polySia

on myelin formation by steric and electrostatic cell surface

repulsion which is unlikely to be conveyed by soluble, short but

not long polySia fragments (Fewou et al., 2007, 2019; Bakhti

et al., 2013). Furthermore, polySia DP8–14 had no inhibitory

impact on the partial remyelination of cerebellar OSCs within

7 days after LPC-induced demyelination. However, the short,

soluble polySia fragments may interfere with the promotion

of OPC differentiation by endogenous or forced expression of

polySia on the OPC surface (Werneburg et al., 2017). Based on

experiments with OPCs lacking the polysialyltransferase ST8SIA2,

it has been hypothesized that the presence of polySia on OPCs

promotes their transition to oligodendrocytes by modulating

ligand binding and activation of receptors such as the platelet-

derived growth factor receptor alpha (PDGFRα) (Szewczyk et al.,

2017). Downstream signaling of PDGFRα is decisive for OPC

proliferation but the receptor is rapidly internalized upon ligand

binding, downregulated during oligodendrocyte differentiation,

and absent on mature oligodendrocytes (Fekete and Nishiyama,

2022). Possibly, the short soluble polySia fragments interfere

with this process, but the observed effect of polySia DP8–

14 on OPC differentiation under in vitro conditions requires

further investigation.

Numerous studies demonstrate that a shift of microglia

polarization from a proinflammatory toward an anti-inflammatory

phenotype supports remyelination, pinpointing microglia as an

attractive therapeutic target (Franklin and Simons, 2022;Mahmood

and Miron, 2022). The underlying mechanisms are not entirely

clear, but, as shown in cerebellar OSCs, involve microglial

secretion of growth factors such as activin-A, which contributes

to remyelination by directly activating activin receptor signaling

on OPCs (Miron et al., 2013). In contrast, indirect mechanisms

via modulation of astrocyte activity appear unlikely (Gingele et al.,

2019).

There have been many successes in the treatment of MS, but

so far all licensed therapeutics aim to modulate the peripheral

immune system (Baecher-Allan et al., 2018; Derfuss et al., 2020).

Some experimental approaches have addressed remyelination in

MS (Gingele and Stangel, 2020); however, no treatment addresses

microglia specifically, although there are suggestions that drugs

such as teriflunomidemay, in addition to the effect on lymphocytes,

modulate oligodendrocytes and microglia (Wostradowski et al.,

2016; Göttle et al., 2023). Direct modulation of microglia may be

an attractive approach to support endogenous myelin repair by an
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additional mode of action combined with the immunomodulation

of the peripheral immune system.

A limitation of our study is that it focused on a model

of remyelination that is not reflecting the autoimmune origin

of MS. On the other hand, only this approach allows a clear

dissection of the underlying mechanism with respect to the

remyelination process. Furthermore, there is a need to close the

putative translational gap between the mouse model and the

human situation concerning differences in the polySia responsive

inhibitory Siglec receptors. Pending questions concern the minimal

chain length required for polySia interactions with human Siglec-

11 as compared to murine Siglec-E. Furthermore, it remains

open, if polySia chains longer than DP14 and shorter than DP24

may have additional Siglec-independent effects on remyelination,

such as interference with complement activation by properdin,

as suggested for polySia avDP20 (Shahraz et al., 2022). Another

limitation concerns the question of the role of Siglec-E during

spontaneous remyelination in LPC-treated OSCs. The comparable

level of remyelination in otherwise untreated Siglece+/+ and

Siglece−/− OSCs observed at 14 DIV could be the result of a

balance between positive and negative Siglec-E-mediated effects

and it will needmore extended, longitudinal comparisons to answer

this question.

Taken together, this study provides strong evidence for the

crucial role of the polySia-Siglec axis in microglial immune balance

with beneficial effects on the remyelination process. Based on the

profile of polySia chain lengths that are able to modulate microglia

activity and polarization, we suggest the controlled application of

polySia DP24–30 as a promising strategy to improve myelin repair.
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