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SUMMARY

After demyelinating injury of the central nervous system, resolution of the mounting acute inflammation is
crucial for the initiation of a regenerative response. Here, we aim to identify fatty acids and lipid mediators
that govern the balance of inflammatory reactions within demyelinating lesions. Using lipidomics, we identify
bioactive lipids in the resolution phase of inflammation with markedly elevated levels of n-3 polyunsaturated
fatty acids. Using fat-1 transgenic mice, which convert n-6 fatty acids to n-3 fatty acids, we find that reduction
of the n-6/n-3 ratio decreases the phagocytic infiltrate. In addition, we observe accelerated decline of micro-
glia/macrophages and enhanced generation of oligodendrocytes in aged mice when n-3 fatty acids are shut-
tled to the brain. Thus, n-3 fatty acids enhance lesion recovery and may, therefore, provide the basis for pro-

regenerative medicines of demyelinating diseases in the central nervous system.

INTRODUCTION

Demyelinating injury as it occurs in multiple sclerosis (MS) in the
central nervous system (CNS) is followed by a repair process,
which attempts to re-establish tissue structure (Franklin and
Ffrench-Constant, 2008, 2017). However, remyelination is ineffi-
cient, and, particularly in aged patients, persistent neurological
deficits often remain (Franklin et al., 2012; Kuhlmann et al.,
2008; Patrikios et al., 2006). Identifying the mechanisms that
determine how remyelination occurs is, therefore, an important
goal for the design of regenerative medicines for MS (Lubetzki
et al., 2020; Plemel et al., 2017; Stangel et al., 2017). A major re-
action to acute demyelinating injury is a multicellular response
that consists of activated microglia, monocyte-derived macro-
phages, astrocytes, and oligodendrocyte progenitor cells
(OPCs) (Molina-Gonzalez and Miron, 2019; Murphy and Franklin,
2017; Rawiji et al., 2020). Each of these different cell types is at-
tracted to the lesion site, where they demarcate the area, remove
injured myelin, and, finally, attempt to promote homeostasis and
remyelination. The regenerative response requires the activation
of the innate immune system, starting with a mounting microglia/
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macrophage infiltration that subsequently resolves in a precisely
controlled manner (Domingues et al., 2016; Lloyd and Miron,
2019; McMurran et al., 2016). While innate immune cells play
an important role in phagocytosing myelin debris and producing
pro-regenerative factors, maladaptive and prolonged immunere-
actions can lead to chronic or uncontrolled inflammation, which
impedes repair (Bosch-Queralt et al., 2021; Cantuti-Castelvetri
et al., 2018; Cunha et al., 2020; Dong et al., 2021; Kotter et al.,
2005, 2006; Miron et al., 2013; Gouna et al., 2021; Shen et al.,
2021). Thus, identifying the factors that control innate immune
activation and inflammation resolution is essential for our under-
standing of remyelination. Pro-inflammatory lipid mediators such
as n-6 arachidonic acid (AA)-derived prostaglandins and leukotri-
enes are widely appreciated for their important role in initiating
acute inflammation, whereas specialized pro-resolving lipid me-
diators (SPMs) produced from n-3 eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) control the resolution phase
(Basil and Levy, 2016; Buckley et al., 2014; Dennis and Norris,
2015; Serhan, 2014). Therefore, we aimed at identifying fatty
acids (FAs) and lipid mediators that govern the balance of the in-
flammatory reactions within demyelinating lesions.
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Figure 1. Sequential proteomics of demyelinated lesions in C57BL/6J mice reveal alterations in lipid and FA metabolism

(A) Venn diagram of 727 proteins altered between healthy (untreated, 0 dpi) and lesioned corpus callosum (thresholds: absolute fold change > 2°(0.5), two-sided
unpaired Student’s t test, p < 0.05) illustrates that most changes occur at 7 and 14 dpi (green and purple circles, respectively) with a large overlap between both
groups (blue area). See also Table S1. Nogpi, Nadpi, N7dpi» @Nd Nq4gpi: 5, 5, 4, and 5 samples, respectively.
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RESULTS

Proteomic and lipidomic profiling of demyelinating
lesions

To identify factors in lesion recovery after demyelinating injury in
mice, we used a toxin-induced model in which a single dose of
lysolecithin is injected into the corpus callosum (CC) to induce
focal demyelination (Blakemore and Franklin, 2008) and per-
formed proteomics and lipidomics on isolated lesions at different
time points. In this model, demyelination occurs within 3 days
post-injection (dpi), which is accompanied and followed by an
innate inflammatory response consisting mainly of microglia
and a reparative process carried out by cells of the oligodendro-
cyte lineage. Thus, we dissected lesions of C57BL/6J mice
around the peak of demyelination (i.e., 3 dpi), in the transitioning
phase of maximal inflammation and start of remyelination (7 dpi),
and during remyelination (14 dpi) and used healthy CC for com-
parison (0 dpi, untreated). Performing proteomics, we detected
6,301 proteins, of which 2,383 showed alterations over time,
with 727 proteins being altered between healthy CC and the in-
dividual time points. Most changes were detected at 7 or 14 dpi
(Figures 1A, 1B, and S1; Table S1). Clustering resulted in four
groups with distinct dynamics of protein abundance (Figure 1C).
Cluster 3 consists of blood-derived proteins with the highest
levels at 3 dpi (e.g., albumin, transferrin), cell adhesion molecules
(e.g., integrins, annexins), and regulators of peptidases (e.g., ser-
pins; Table S1), confirming significant edema in early lesions.
Cluster 1 is enriched with microglial proteins and peaks at 7
dpi, whereas proteins found in cluster 2 increase their abun-
dances toward 14 dpi (Figure 1C). Cluster 4 is enriched in pro-
teins, which decrease over time. Gene Ontology (GO) analysis
for biological processes (BPs) shows an enrichment of terms
associated with immune cell activation, cell development/migra-
tion, and “leukocyte activation” in cluster 1 (Table S1). Cluster 2
is enriched in “cellular lipid catabolic process,” “lysosome,”
“lytic vacuole,” “peptide metabolic process,” “cellular macro-
molecule biosynthetic process,” and others (Figure 1D).
Myelin-associated GO terms like “constituent of myelin sheath”
or “compact myelin,” as well as the more general GO term “ner-
vous system process,” are among others enriched in cluster 4
(data not shown). Several clusters are enriched in terms con-
nected to lipid metabolism. For example, proteins involved in
“isoprenoid biosynthetic processes,” “cholesterol biosynthetic
processing,” and “terpenoid backbone biosynthesis” —which
leads to the formation of sterol precursors—as well as “glycero-
phospholipid metabolism” are found in cluster 4. Terms
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connected to catabolic lipid metabolism such as “fatty acid
beta-oxidation,” “lipid oxidation,” and “cellular lipid catabolic
processing” are associated with a subcluster of cluster 2 (Fig-
ure S1). The Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway terms “fatty acid elongation/metabolism/
degradation” and “terpenoid backbone biosynthesis” are en-
riched at 14 dpi (Figure 1E).

To determine changes in lipid species within lesions over time,
we performed shotgun and liquid-chromatography-tandem-
mass-spectrometry-based lipidomics of demyelinating lesions.
Principal-component analysis showed a clear distinction be-
tween lipid profiles at 0, 3, 7, and 14 dpi (Figure 2A; Table S2).
Lysophospholipids (LPLs) were predominantly altered and de-
picted a clear peak at 3 dpi (Figures 2B and 2C). Lysophospha-
tidylcholine, which was applied to induce demyelination, as well
as other lysophosphatidyls such as lysophosphatidylethanol-
amine (LPE), lysophosphatidylserine (LPS), and LPE ether (LPE
O-) show an increase at 3 dpi (Figure 2C), possibly as a result
of enhanced phospholipase activities (Figure S2) (Glukhova
et al., 2015; Hiraoka et al., 2002). As free FAs and their oxygen-
ated derivatives exert key functions as lipid mediators in inflam-
mation and its resolution (Basil and Levy, 2016; Buckley et al.,
2014; Dennis and Norris, 2015; Jordan et al., 2020; Serhan,
2014), we next performed metabololipidomics of white matter le-
sions. We observed an increase in n-6 and n-3 polyunsaturated
FAs (PUFAs)—namely, AA, DHA, and EPA, of which the increase
in EPA was most pronounced (Figures 2D and 2E). The PUFA in-
crease was accompanied by a reduction of the ratio of AA/
(EPA+DHA), which has implications for the production of pro-
and anti-inflammatory lipid mediators by cyclooxygenases and
lipoxygenases. In parallel, an increase of prostaglandins and lip-
oxygenase-derived products was detected (Figures 2F and 2G).
Of note, the release of n-6 and n-3 PUFAs and derived lipid me-
diators differs between aged and young mice, depicting a
greater relative decrease of the n-6/n-3 ratio after demyelination
in lesions of young mice (Figure S2). The observed effects are
specific to demyelination, as PBS-injected mice do not show a
comparable increase of PUFA and lipid mediator levels (Figures
S3A and S3B).

Lipoxygenases modulate phagocyte density after
demyelinating injury

Having observed the release of PUFAs and their oxygenated
products in demyelinating lesions, we next investigated whether
lipid mediators modulate innate inflammation and its resolution,
as assessed by the abundance of phagocytic cells.

(B) Volcano plots between 7 versus 0 dpi (left) and 14 versus 7 dpi (right). The minus log10-transformed p value of each protein is plotted against its log2-
transformed label-free quantification (LFQ) ratio. A permutation-based false discovery rate (FDR) estimation was applied and is visualized as a hyperbolic, dotted

curve (p = 0.05, sO = 0.1). Significantly altered proteins are plotted in red.

(C) Automated clustering of altered proteins (absolute fold change > 0.5, p < 0.05) results in four clusters with (top) distinct temporal expression (log2 ratio of mean
LFQs), (middle) clear cluster separation by principal-component analysis (principal component 1 and principal component 2 explaining 59% and 36% of the
observed difference, respectively), and (bottom) differential putative cell composition as assessed by proteins with abundance in selective cell types (definition of
abundance: fold change > 2%(0.5), Student’s t test p value < 0.05). See also Figure S1.

(D) Gene ontology (GO) term enrichment analysis of cluster 2 depicting the five terms with lowest p values for molecular function, cellular component, and
biological process. As cluster 2 increases over time, it putatively contains proteins that influence the cessation of inflammation and remyelination.

(E) In accordance, enrichment analysis of KEGG pathways of proteins altered at 14 dpi shows FA metabolism and terpenoid backbone biosynthesis within the top

five hits.
*p < 0.05, **p < 0.001 after Benjamin-Hochberg FDR correction.
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Lipoxygenases are dioxygenases that catalyze the formation of
corresponding hydroperoxides from PUFAs to form biologically
active oxygenated products (Ackermann et al., 2017; Haegg-
strom and Funk, 2011; Kuhn et al., 2015). Among several iso-
forms, ALOX5 and ALOX15 are especially important, as they
transform AA into pro-inflammatory leukotrienes (ALOX5 depen-
dent) and AA, EPA, and DHA into various anti-inflammatory
SPMs (e.g., lipoxins [AA derived], E-series and D-series resolvins
[EPA and DHA derived, respectively], and maresins and protec-
tins [DHA derived]) (Figure 2D; Serhan and Petasis, 2011; Serhan
et al., 2015). Because ALOX15 plays an important role in the for-
mation of SPMs, we treated mice with baicalein (Baic), an antag-
onist of ALOX15 and other 12/15-LOXs. Lysolecithin was in-
jected into the CC of treated and control mice, and lesions
were analyzed at 14 dpi. We found a higher density of IBA1*
phagocytes in Baic-treated mice. Surprisingly, inhibition of pro-
inflammatory cyclooxygenase-1 by aspirin (ASA) similarly led
to increased inflammation (Figures 3A-3C). To validate our re-
sults, we next used a global knockout (KO) of ALOX15 to analyze
lesion recovery. The density of IBA1* phagocytes was higher in
ALOX15-deficient mice compared to control (Figures 3D and
3H). In addition, KO mice showed an increase of phagocyte-
associated myelin debris and increased crystal formation (Fig-
ures 3F, 3l, and 3J), which is associated with dysfunctional
cholesterol clearance, persisting inflammation, and impaired re-
myelination (Bosch-Queralt et al., 2021; Cantuti-Castelvetri
et al., 2018). In accordance, the percentage of CC1"OLIG2*
mature oligodendrocytes was slightly reduced in ALOX15-defi-
cient mice, while the total densities of OLIG2* oligodendrocyte
lineage cells were equal (Figures 3G, 3K, and S3C).

Next, we analyzed the function of ALOX5, which is the rate-
limiting enzyme for the biosynthesis of leukotrienes, a family of
pro-inflammatory lipid mediators derived from AA. The density
of IBA1* phagocytes was higher in ALOX5-deficient as
compared to control mice in lesions at 14 dpi (Figures 3E and
3L). To determine whether ALOX5-deficient mice exhibit delayed
infiltration of phagocytes in early lesions or have an increased
abundance of microglia/macrophages at peak of inflammation,
we analyzed lesions at 4 dpi, but we observed similar densities
of IBA1* phagocytes, suggesting that the resolution of inflamma-
tion was impaired. Thus, an inhibition of anti-inflammatory lipid
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mediator production (e.g., ALOX15-dependent SPMs) and of
pro-inflammatory eicosanoids (e.g., ALOX5-dependent leukotri-
enes and cyclooxygenase-dependent prostaglandins) leads to
persistent phagocyte density.

Omega-3 FAs act as modulators of phagocyte infiltration
after demyelinating injury

Pro-inflammatory eicosanoids are produced from n-6 PUFAs as
AA, whereas anti-inflammatory SPMs are generated from n-3
and n-6 PUFAs (Ackermann et al., 2017; Basil and Levy, 2016;
Dennis and Norris, 2015; Serhan and Petasis, 2011). We there-
fore asked whether increasing the ratio of n-3 to n-6 PUFAs
might skew the immune response toward resolution of the
phagocytic infiltrate. Because the blood-brain barrier is still
immature in the early developing brain, we fed pregnant female
mice diets of varied PUFA composition (see Table S3 for diet
composition) from the time of conception until weaning.
Offspring were kept on diets, and lysolecithin was injected to
induce lesions at 6 weeks of age. Interestingly, lesions of mice
that had been fed a diet containing high n-6/n-3 PUFA composi-
tion (diet containing 5% safflower oil, n-6/n-3 ratio = 44) showed
an increased density of IBA1* phagocytes at 14 dpi (Figures 4A
and 4C). To confirm that the increased load of phagocytic cells is
due to the increased n-6/n-3 ratio and not to other differences
between diets, we performed lysolecithin injections in fat-1
transgenic mice. Fat-1 mice express a desaturase that converts
n-6 FAs to n-3 FAs, thereby reducing the n-6/n-3 ratio (Kang
et al., 2004; Siegert et al., 2017). Indeed, fat-1 mice challenged
with n-6-enriched diet show a reduced IBA1* phagocytic infil-
trate and an increased number of mature oligodendrocytes in
14 dpi lesions compared to control mice receiving the same
diet (Figures 4B, 4D, 4E, S3D, and S3E). Thus, we asked whether
providing n-3 FAs such as DHA might provide a strategy to
enhance lesion recovery in aged mice after demyelinating injury.
Because the blood-brain barrier impairs diffusion of free DHA,
we used lysophosphatidylcholine (LPC)-bound DHA (DHA-
LPC), which is actively transported into the brain by major facil-
itator superfamily domain-containing 2a (Mfsd2a) causing a
more pronounced increase in cerebral DHA levels (Fitzner
et al., 2020; Nguyen et al., 2014; Sugasini et al., 2017; Yalagala
et al., 2019). We intraperitoneally administered corn oil (vehicle),

Figure 2. Sequential lipid profiles of demyelinated lesions show specific alterations of LPLs, FAs, and lipid mediators during lesion resolution
(A) Principal-component analysis based on lipid class sums reveals distinct lipidomes of healthy CC (yellow, untreated, 0 dpi) and demyelinated lesions of C57BL/
6J mice at 3, 7, and 14 dpi (red, green, and blue, respectively). While principal component 1 discriminates between healthy and inflamed tissue (0 versus 3 dpi),
principal component 2 discriminates between healthy and remyelinating tissue (0 versus 14 dpi). See also Table S2 and Figure S2. Nogpi, Nadpi; N7dpi; aNd Nadpi: 4,
4, 4, and 5 samples, respectively.

(B) The -log(q) values of one-way ANOVAs of lipid classes corrected for multiple comparison (y axis, g < 0.01 plotted in red) plotted against log2 of maximal fold
change between time points (x axis). Lysophosphatidylethanolamine ether (LPE O-), lysophosphatidylserine (LPS), and lysophosphatidylcholine (LPC) are beside
triacylglyceride (TAG) the mostly altered lipid classes over time. 1 PE, 2 PC O-, 3 PS, 4 DAG, 5 PI, 6 LPA, 7 PC, 8 HexCer, 9 PE O-.

(C) Percentage of (selective) significantly altered lipid classes of total lipid amount over time (one-way ANOVA with Dunnett’s multiple comparison test). Various
LPLs increase at 3 dpi (red).

(D) Scheme of lipid mediator production. Upon inflammation, phospholipase A hydrolyzes phospholipids in LPLs and free FAs. Among these are arachidonic acid
(AA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA). Lipoxygenases (e.g., ALOX5 and ALOX15) and cyclooxygenases (COX-1/2) catalyze the
oxidation of FAs into lipid mediators with multifaceted pro- and anti-inflammatory functions.

(E-G) Concentration of free FAs (E) and lipid mediators (F and G) in lesions over time. See also Figure S3. Nogpi = Nadpi = N7dpi = N14gpi = 5 Samples. Levels of
specialized pro-resolving mediators (SPMs) like resolvins, lipoxins, and protectins were around the detection threshold and are therefore not depicted.

Data are represented as mean + SD. One-way ANOVA with Dunnett’s multiple comparison test and Kruskal-Wallis test with Dunn’s multiple comparison test were
performed for parametric and nonparametric data, respectively. *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001. Asterisks illustrate significant results
compared to 0 dpi. Asterisks with an additional horizontal bar illustrate significant results between corresponding time points
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Figure 3. Reduction of pro- and anti-inflammatory lipid mediators by inhibition of cyclooxygenase-1 and lipoxygenases leads to impaired
resolution of inflammation

(A) Schematic drawing as a guidance for the images. Lesions were induced in the CC dorsal of the lateral ventricle (LV). Coronal sections were processed for
imaging. The black rectangle illustrates areas magnified in (B)-(G).

(B) Representative images of coronal sections of 12-month-old C57BL/6J mice (left) on standard chow (control) or (middle) additionally orally treated with
pharmacological inhibitors of cyclooxygenase-1 (ASA) or (right) ALOX15 (Baic) at 14 dpi. Demyelination (loss of fluoromyelin, green), IBA1+ phagocytic infiltrate
(cyan).

(C) Density of phagocytic cells in old mice at 14 dpi treated with ASA or Baic. One-way ANOVA with Dunnett’s multiple comparisons test, ngo = 8, Nasa = 6, Ngajc =
6, pasa = 0.0041, pgaicalein = 0.041.

(D and H) Representative images (D) of lesions of wild-type (WT) (left) and ALOX15 KO mice (right) at 14 dpi. Analysis of phagocyte density (H), unpaired t test,
nwr =29, NaLOX15 = 5, p= 0.0428.

(E and L) Representative images (E) of WT (left) and ALOX5 KO mice (right) at 14 dpi. Analysis of phagocyte density (L) at 4 dpi (peak of inflammation) and 14 dpi.
Two-way ANOVA, Nwr_4dpi = 7, NALOX5_4dpi = 7» 'WT_14dpi = 8, NALOX5_14dpi = 7 Ptime < 0.0001, Pmouseiine < 0.0001, Sidak’s multiple comparisons test powpi = 0.0014.
(F and I) Representative images (F) of (cholesterol) crystals (white) in WT and ALOX15 KO mice. Analysis of crystal abundance (1), unpaired t test, nwt =9, NnaLox1s =
9, p = 0.0237.

(G and K) Representative images (G) of mature CC1*OLIG2 * oligodendrocytes (arrow) and of OLIG2 * oligodendrocytes (arrowhead) at 14 dpi. Percentage of
CC1*0OLIG2" oligodendrocytes (K), unpaired t test, nwt = 9, na ox1s = 9, p = 0.018. See also Figure S3.

(J) Correlation analysis of fluoromyelin and IBA1 signal in WT and ALOX15 KO mice. Unpaired t test, nwt = 9, naLoxis = 5, p = 0.0192.

Data are represented as mean + SD. *p < 0.05, **p < 0.01. Scale bar: 100 um (B, D, and E) or 50 pm (F and G).
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corn oil + DHA, or corn oil + DHA-LPC for 2 weeks to aged mice
before inducing CC demyelination. While the volumes of demy-
elination and phagocyte infiltration were equal at the peak of
inflammation (4 dpi; Figures S3F and S3G), we found a reduction
of both within the DHA-LPC-treated group during the recovery
phase (14 dpi; Figures 4F-4H). In addition, DHA-LPC, but not
DHA, reduced the deposition of cholesterol crystals (Figures 41
and 4K). Furthermore, DHA and DHA-LPC increased the per-
centage of CC1*OLIG2* mature oligodendrocytes, which was
more pronounced in DHA-LPC-treated mice, while the overall
number of OLIG2* lineage cells remained similar (Figures 4J,
4L, and S3H). Hence, DHA-LPC supplementation fosters resolu-
tion of the phagocytic infiltrate and remyelination.

DISCUSSION

Resolution of the acute inflammatory response that occurs after
injury is crucial for tissue repair and for return to host tissue ho-
meostasis (Buckley et al., 2014; Dennis and Norris, 2015).
Ideally, the inflammatory innate response is self-limiting, and
the phagocytic infiltrate declines over time. With increasing
age or obesity, however, the response can become maladaptive
and impede remyelination (Bosch-Queralt et al., 2021; Cantuti-
Castelvetri et al., 2018; Chiurchiu et al., 2018). Using a systems
biology approach combining proteomics and lipidomics, we
characterized lipid pathways and lipid mediators that are upre-
gulated in demyelinating lesions. By focusing on lesions of young
mice, we identified bioactive lipids in the resolution phase of
acute inflammation. We observed a striking induction of n-6
and n-3 PUFAs. Analyzing fat-1 transgenic mice, which convert
n-6 to n-3 FAs, we found improved phagocyte resolution and
enhanced generation of mature oligodendrocytes. One possible
explanation might be direct modulation of microglial phagocy-
tosis by PUFA ratios and ALOX15, as recently demonstrated in
neurodevelopment (Madore et al., 2020). FAs can be supple-
mented by dietary intervention. However, only limited amounts
of dietary lipids reach the brain (Fitzner et al., 2020; Lacombe
et al., 2018; Layé et al., 2018). Thus, we exploited the function
of the Mfsd2a receptor to shuttle LPC-coupled lipids into the
brain (Sugasini et al., 2017; Wong and Silver, 2020; Yalagala

Cell Reports

et al., 2019). Using this approach to enhance lipid delivery into
the CNS, we found that LPC-DHA promoted resolution of the
phagocytic infiltrate and enhanced regeneration in aged mice.
DHA serves as a substrate for the biosynthesis of anti-inflamma-
tory and pro-resolving mediators such as protectins, resolvins,
and maresins, which are produced in low picogram levels, mak-
ing their detection a challenging task. Using liquid-chromatog-
raphy-tandem-mass-spectrometry-based lipidomics, we were
able to identify some lipid mediators, but a full characterization
was not possible. Thus, future work is required to determine
which of these bioactive lipids are responsible for inflammation
resolution from demyelinating lesions. Another limitation of our
study is the global nature of pharmacological, genetic, and die-
tary interventions, which do not allow an inference about sys-
temic or local and direct or indirect mechanisms of the observed
effects. Furthermore, some of the observed proteomic and lipi-
domic alterations after lysolecithin injection are possibly not spe-
cific to demyelination but are a general effect of the cerebral
injections.

The importance of lipids, specifically of sterols, and nuclear
lipid receptors including liver X receptor (LXR) and retinoid X re-
ceptor (RXR) for resolution of inflammation, oligodendrocyte for-
mation, and remyelination has previously been established
(Camargo et al., 2017; Cantuti-Castelvetri et al., 2018; Huang
et al.,, 2011; Meffre et al., 2015). Recently, sterol synthesis in
myelin-phagocytosing microglia/macrophages was identified
as an important contributor to the regenerative response after
demyelinating injury (Berghoff et al., 2021). Microglia/macro-
phages synthesize desmosterol, the immediate cholesterol pre-
cursor, which activates LXR signaling to resolve inflammation,
thereby creating a permissive environment for oligodendrocyte
differentiation. In accordance with this, biosynthesis of terpe-
noids, which are the building blocks of sterols, was one of the en-
riched pathways in our proteomic analysis. In addition, we find
an enrichment of FA metabolism and of lipid catabolic processes
in the phase of remyelination. Apart from cytokines, FAs and their
bioactive metabolites are well-known signaling molecules medi-
ating pro- and anti-inflammatory responses of myeloid cells.
However, their relevance for microglia is considerably less char-
acterized (Basil and Levy, 2016; Buckley et al., 2014; Dennis and

Figure 4. Brain-targeted DHA supplementation fosters resolution of inflammation and lesion recovery

(A and C) Representative images (A) and quantification (C) of phagocytic density of lesions at 14 dpi of C57BL/6J mice on diets with different PUFA composition.
Increased intake of n-6 FAs (diet 2, containing safflower oil) causes increased inflammation. One-way ANOVA with Tukey’s multiple comparison test, Ngees = 6,
Nsaffiower = 7> NFish = 7, Panova = 0.0263, PsaidietvsBeefdiet = 0.0219. See Table S3 for diet composition.

(B and D) Representative images (B) and quantification (D) of inflammation in lesions of WT (B, left panel) and fat-1 transgenic mice (B, right panel) on diet 2 (high in
n-6 PUFAs) at 14 dpi. Fat-1 mice express a desaturase converting n-6 FAs to n-3 FAs. Unpaired t test, nwt = 5, g7 = 7, p = 0.0316. See also Figure S3.

(E) Percentage of mature CC1*OLIG2* oligodendrocytes in lesions of WT and fat-1 transgenic mice. Welch’s t test, nwr = 5, Nge.1 = 6, p = 0.0010.

(F-H) Representative images (F) and quantification of lesion volume (G) and IBA1* phagocytic infiltrate (H) at 14 dpi of 12-month-old C57BL/6J mice
intraperitoneally injected with DHA-LPC (F, right panel) or vehicle (F, left panel, control). Kruskal-Wallis test with Dunn’s multiple comparison test, ncon = 6, NpHa =
7, Npua-Lpc = 8, p = 0.0438, PpHA-LPC versus con. = 0.0306. One-way ANOVA with Dunnett’s multiple comparison test ngon = 6, NpHa = 8, Npra-Lrc = 9, Panova =
0.0216, PpHA-LPC versus con. = 0.0124, respectively. See also Figure S3.

(I and K) Representative images (I) and quantification (K) of (cholesterol) crystal deposition in lesions of 12-month-old C57BL/6J mice intraperitoneally
injected with DHA, DHA-LPC, or vehicle (control). One-way ANOVA with Dunnett’s multiple comparison test, ncon = 6, NpHa = 7, Nppa-Lpc = 8, Panova = 0.0160,
PDHA-LPC versus con. = 0.0120.

(J and L) Representative images (J) of mature CC1*OLIG2* oligodendrocytes (arrow) and of OLIG2* oligodendrocytes (arrowhead) at 14 dpi in aged C57BL/6J
mice injected with DHA, DHA-LPC, or vehicle. Percentage of mature CC1*OLIG2* oligodendrocytes (L), one-way ANOVA with Dunnett’s multiple comparison test
NcoN = 6, Npra = 7, NpHa-Lpc = 8, Panova = 0.0054, Pco versus bHa = 0.0221, Pco versus pHa-Lpc = 0.0035. See also Figure S3.

Data are represented as mean + SD. *p < 0.05, **p < 0.01. Scale bar: 100 um (A, B, and F) or 50 um (I and J).
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Norris, 2015; Lacombe et al., 2018; Layé et al., 2018; Serhan,
2014). Specifically, the role of PUFAs and their bioactive media-
tors for cerebral inflammation in the context of demyelination and
remyelination has received only a little attention (Bogie et al.,
2020a; Chen et al., 2014b; Marusic et al., 2005; Palumbo et al.,
2011; Takahashi et al., 2013; Torkildsen et al., 2009). In accor-
dance with previous studies, we find that inhibition of classical
pro-inflammatory eicosanoids impairs resolution of inflamma-
tion, which could be explained by impaired activation of micro-
glia and insufficient clearance of myelin debris, which are prereg-
uisites for remyelination (Chen et al., 2014b; Cunha et al., 2020;
Kotter et al., 2005, 2006; Lampron et al., 2015). Of note, we
observed an impaired reduction of the n-6/n-3 ratio in late le-
sions of aged mice, which might contribute to the limited regen-
erative capacity in these mice, as DHA-LPC supplementation
fosters regeneration. Higher lipid mediator levels have also
been detected in patients with active MS compared to inactive
MS (Kooij et al., 2020; Pruss et al., 2013). Whether these are a
mere consequence of increased inflammation or an insufficient
attempt to foster resolution of inflammation remains elusive.
FA supplementation has been investigated in trials for athero-
sclerosis and coronary heart disease with varying outcomes.
Furthermore, its role in cerebral inflammation and remyelination
is not fully understood (AIAmmar et al., 2021; Bogie et al., 2020b;
Chen et al., 2014a, 2014b; Marusic et al., 2005; Palumbo et al.,
2011; Preisner et al., 2015; Siegert et al., 2017; Takahashi
et al., 2013; Torkildsen et al., 2009). For example, short-chain
FAs are shown to ameliorate experimental autoimmune enceph-
alomyelitis (EAE) and reduce axonal damage, while saturated
long-chain FAs exacerbate disease via modulation of the adap-
tive immune system (Haghikia et al., 2015). Our data, together
with two previous studies in EAE (Adkins et al., 2019) and the cu-
prizone model of general demyelination (Chen et al., 2014b),
point to a beneficial role of DHA in experimental models of demy-
elination. As shown here, covalent binding of n3-PUFAs, such as
DHA to LPC, could be a strategy to promote its uptake and func-
tion in the CNS. Since cellular lipid composition can potentially
be modulated by diets and existing pharmaceuticals, insight
into the function in demyelinated lesions may provide novel ther-
apeutic strategies.
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Antibodies

anti-APC-CC1 mouse Sigma Aldrich Cat#0P80; RRID: AB_2057371
anti-IBA1 rabbit WAKO Cat#019-19741; RRID: AB_839504
anti-OLIG2 rabbit Sigma Aldrich Cat#AB9610; RRID: AB_570666

Goat anti-rabbit IgG (H+L), secondary
antibody, Alexa Fluor 488

Goat anti-mouse IgG (H+L), secondary
antibody, Alexa Fluor 555

Donkey anti-rabbit IgG (H+L), secondary
antibody, Alexa Fluor 647

Thermofisher Scientific

Thermofisher Scientific

Thermofisher Scientific

Cat#A11008; RRID: AB_143165

Cat#A21422; RRID: AB_141822

Cat#A31573; RRID: AB_2536183

Chemicals, peptides, and recombinant proteins

1-Docosahexaenoyl-2-hydroxy-sn-
glycero-3-phosphocholine (DHA-LPC)
Docosahexaenoic Acid (DHA)

Avanti Polar Lipids, USA

Cayman Chemical

Cat#790713

Cat#Cay90310

Deposited data

Proteomic and lipidomic data

This Manuscript

PRIDE: PXD024891
(see also Tables S1 and S2)

Experimental models: Organisms/strains

Mouse: C57BL/6J

Mouse: B6.12952-Alox15"™F/
Mouse: B6.129S2-Alox5™™Fu"/y
Mouse: C57BL/6-Tg(CAG-fat-1)1Jxk/J

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory

JAX: 000664
JAX: 002778
JAX: 004155
JAX: 020097

Software and algorithms

GraphPad Prism 7
ImageJ NIH
Adobe lllustrator CS5

Code for calculating the lesion volume

GraphPad Software
ImageJ
Adobe Inc.

Cantuti-Castelvetri et al., 2018

https://www.graphpad.com/
https://imagej.nih.gov/ij/
https://www.adobe.com/products/
illustrator.html

https://github.com/lenkavaculciakova/
lesion_volume

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Mikael

Simons (mikael.simons@dzne.de).

Materials availability

This study did not generate new unique reagents.

Data and code availability

@ Proteomic and lipidomic data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al.,
2019) partner repository with the dataset identifier PRIDE: PXD024891 (see also Tables S1 and S2, respectively).
® The code used for calculating lesion volumes is publicly available under the following https://doi.org/10.5281/zenodo.5536991;

https://zenodo.org/record/5536991.

® Any other data or information to analyze the data reported are available from the corresponding author upon reasonable

request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Mice experiments were performed according to the German animal welfare law and local regulations for animal experimentation (Re-
gierung von Oberbayern). The animals (male and female) were housed in 12h light/dark cycles at the animal facility of German Center
for Neurodegenerative Diseases (DZNE), Munich.

C57BL/6J mice were purchased from Jackson and Janvier Laboratories and used for stereotactic injections at an age of 6-8 weeks,
if not stated otherwise. Old C57BL/6J mice were 12 months of age at the time of injection. ALOX5~/~, ALOX15~/~, and fat-1 trans-
genic mice were purchased from Jackson Laboratory and 7-14 weeks old at time of injection.

Littermates of the same sex and age were randomly assigned to experimental groups. In three experiments the diet was changed
or supplemented: 1) C57BL/6J mice received standard chow diet (control) or additional oral treatment with pharmacological inhib-
itors (aspirin, baicalein). 2) C57BL/6J and fat-1 transgenic mice were on diets with different PUFA composition (beef tallow, safflower
oil, fish oil). 3) C57BL/6J received daily i.p. injections of DHA-LPC or DHA.

METHOD DETAILS

Stereotactic lysolecithin injections

Animals were anesthetized by intraperitoneal (i.p.) injection of medetomidine/ midazolam/ fentanyl (0.5/ 5.0/ 0.05 mg/kg body
weight), their head fur was cut, an incision was made, and the scull positioned into a stereotactic injection apparatus. Trepanation
holes were drilled at the injection coordinates (from bregma) and 1 pL of 1% lysolecithin (Sigma-Aldrich, L4129) with a trace of Mon-
astral blue (Sigma-Aldrich, 274011-50G) was injected at a rate of 100-200 nl/minute. One-two minutes after the lysolecithin injection,
the capillary was slowly retracted. The skin was sutured, and sedation antagonized by subcutaneous (s.c.) injection of atipamezole/
flumazenil/ naloxone (2.5/ 0.5/ 1.2 mg/kg body weight). Buprenorphine (0.5 mg/kg body weight) was administered s.c. for analgesia.
The animals’ welfare was monitored alertly after surgery.

Different coordinates (all from bregma) were used for injecting the corpus callosum depending on further analysis: For subsequent
immunohistochemical analysis bilateral injections were made at X = +0.1 mm (lateral), Y = —1.0 mm (posterior) and Z = —1.4 mm
(ventral). For lipidomics analysis of lipid mediators a second bilateral lesion was set at X = £ 0.58 mm, Y = —1.22 mm and Z =
—1.44. To obtain complete demyelination of the corpus callosum for proteomics and lipidomics analysis a third bilateral injection
was added at X=+1.0mm, Y =11 mmand Z=-2.3 mm.

Diets and supplements

In three experiments the diet was modified: 1) For pharmacological treatment aspirin and baicalein were added to standard rodent
chow. Aspirin was dissolved in water at a concentration of 0.857 mg/ml water. Assuming a daily water intake of 3.5 ml/d, the target
concentration was set at 100 mg aspirin/ kg BW. Baicalein was grinded and mixed with the standard chow at a concentration of
1.8 mg/g. Assuming a daily food intake of 5 mg/d, the target concentration was set at 300 mg/kg BW. Animals were treated with
aspirin and baicalein for 14 days after lysolecithin injection. In all groups, the food intake was ad libidum and the standard chow
diet powdered.

2) Diets with different sources of fatty acids (beef tallow, safflower oil, fish oil, see Table S3 for composition) were purchased from
sniff, Germany and sterilized by radiation, and only altered from standard rodent chow in the source of fatty acids. Pregnant mice
were fed from conception until weaning, their descendants were kept on diets until injection. Transgenic fat-1 mouse and the control
group were four weeks on safflower diet before injection.

3) DHA-LPC (25 mg/ml, 1-Docosahexaenoyl-2-hydroxy-sn-glycero-3-phosphocholine, 790713, Avanti Polar Lipids, USA) was pre-
pared by evaporating its solvent chloroform under nitrogen stream and subsequent solubilization in 1ml of EtOH. DHA-LPC and DHA
(Cay90310, Biomol GmbH) were dissolved in corn oil and stored at —80°C. The supplement was warmed to room temperature,
mixed, and daily injected intraperitoneally (150 pl/animal, equivalent to 1.77 pmol of DHA-LPC or DHA) for 14 days into 12-month-
old mice before intracranial lysolecithin injections were performed. l.p. injections were continued daily until mice were sacrificed
for further analysis.

Proteomics and lipidomics

For dissection of fresh corpus callosum, C57BL/6J mice were i.p. anesthetized with 10% ketamine/ 2% xylazine and transcardially
perfused with cold PBS using a peristaltic pump (Peri-Star PRO, World Precision Instruments). For lipidomics analysis of lipid me-
diators the animals were directly decapitated, their brains isolated and the hemispheres positioned on a sample holder coated
with 15% gelatin in PBS. With a vibratome 250 um thick sections were cut at a speed of 1 mm/s, the lesioned or healthy corpus cal-
losum was dissected from connected tissue under a stereoscope, the samples were immediately frozen on dry ice with all lesioned
tissue pooled per brain and stored at —80° until shipment and/or further analysis. To avoid degradation of the fresh tissue the hemi-
spheres were kept in cool PBS and the described steps were performed quickly.
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Corpus callosum dissections of C57BL/6J mice were lysed in 300 pL STET lysis buffer (1% (v/v) Triton X-100, 150 mM NaCl, 2 mM
EDTA, 50 mM Tris-HCI pH 7.5) with a Precellys Evolution homogenizer (Bertin, Germany) using 0.5 mL soft tissue homogenization kit
CK14 applying two cycles of 30 s with a speed of 6500rpm. After 15 min incubation on ice, samples were centrifuged at 16,000 x g for
15 min to remove undissolved material and cell debris. The supernatant was transferred to a fresh protein lobind tube (Eppendorf,
Germany). The protein concentration of the lysates was estimated using the Pierce 660 nm assay (ThermoFisher Scientific, US). A
protein amount of 20 pug per sample was subjected to tryptic digestion. First, 100 mM MgCI2 was added to a final concentration
of 10 mM and DNA was digested with 25 units Benzonase (Sigma Aldrich, US) for 30 min at 37°C. Proteins were reduced at 37°C
for 30 min with 15 mM dithiothreitol (DTT) followed by cysteine alkylation with 60 mM iodoacetamide (IAA) for 30 min at 20°C. Excess
of IAA was removed by adding DTT. Detergent removal and subsequent digestion with 0.25 ug LysC and 0.25 pg trypsin (Promega,
Germany) was performed using the single-pot, solid-phase-enhanced sample preparation as previously described (Hughes et al.,
2019).

Proteolytic peptides were dried by vacuum centrifugation and dissolved in 20 pl 0.1% (v/v) formic acid. 350 ng of peptides were
separated on a nanoElute nanoHPLC system (Bruker, Germany) using a 5 mm trapping column (Thermo Scientific, US) and an in-
house packed C18 analytical column (30 cm X 75 um ID, ReproSil-Pur 120 C18-AQ, 1.9 um, Dr. Maisch GmbH). Peptides were sepa-
rated with a binary gradient of water and acetonitrile (B) containing 0.1% formic acid at flow rate of 300 nL/min (0 min, 2% B; 5 min,
5% B; 92 min, 24% B; 112 min, 35% B; 121 min, 60% B) and a column temperature of 50°C.

The nanoHPLC was online coupled to a TimsTOF pro mass spectrometer (Bruker, Germany) with a CaptiveSpray ion source
(Bruker, Germany). A standard Data Dependent Acquisition Parallel Accumulation-Serial Fragmentation (DDA-PASEF) method
with a cycle time of 1.1 s was used for spectrum acquisition (Meier et al., 2018). Briefly, ion accumulation and separation using Trap-
ped lon Mobility Spectrometry (TIMS) was set to a ramp time of 100 ms. One scan cycle included one TIMS full MS scan and 10 PA-
SEF peptide fragmentation scans. The m/z scan range was set to 100-1700 for both, MS and MS/MS scans.

Lipid extraction for mass spectrometry lipidomics

One pL of homogenized and diluted brain tissue of C57BL/6J mice was analyzed using Shotgun lipidomics platform by Lipotype
GmbH (Dresden, Germany), as described previously (Sampaio et al., 2011; Surma et al., 2015). Lipids were extracted using a
two-step chloroform/methanol procedure (Ejsing et al., 2009). Samples were spiked with internal lipid standard mixture containing:
cardiolipin 14:0/14:0/14:0/14:0 (CL), ceramide 18:1;2/17:0 (Cer), diacylglycerol 17:0/17:0 (DAG), hexosylceramide 18:1;2/12:0
(HexCer), lyso-phosphatidate 17:0 (LPA), lyso-phosphatidylcholine 12:0 (LPC), lyso-phosphatidylethanolamine 17:1 (LPE), lyso-
phosphatidylglycerol 17:1 (LPG), lyso-phosphatidylinositol 17:1 (LPI), lyso-phosphatidylserine 17:1 (LPS), phosphatidate 17:0/17:0
(PA), phosphatidylcholine 17:0/17:0 (PC), phosphatidylethanolamine 17:0/17:0 (PE), phosphatidylglycerol 17:0/17:0 (PG), phospha-
tidylinositol 16:0/16:0 (PI), phosphatidylserine 17:0/17:0 (PS), cholesterol ester 20:0 (CE), sphingomyelin 18:1;2/12:0;0 (SM), sulfatide
d18:1;2/12:0;0 (Sulf), triacylglycerol 17:0/17:0/17:0 (TAG) and cholesterol D6 (Chol). After extraction, the organic phase was trans-
ferred to an infusion plate and dried in a speed vacuum concentrator. 1st step dry extract was re-suspended in 7.5 mM ammonium
acetate in chloroform/methanol/propanol (1:2:4, V:V:V) and 2nd step dry extract in 33% ethanol solution of methylamine in chloro-
form/methanol (0.003:5:1; V:V:V). All liquid handling steps were performed using Hamilton Robotics STARlIet robotic platform with the
Anti Droplet Control feature for organic solvents pipetting.

Samples were analyzed by direct infusion on a QExactive mass spectrometer (Thermo Scientific) equipped with a TriVersa Nano-
Mate ion source (Advion Biosciences). Samples were analyzed in both positive and negative ion modes with a resolution of Rm/z =
200 =280000 for MS and Rm/z = 200 = 17500 for MSMS experiments, in a single acquisition. MSMS was triggered by an inclusion list
encompassing corresponding MS mass ranges scanned in 1 Da increments (Surma et al., 2015). Both MS and MSMS data were
combined to monitor CE, DAG and TAG ions as ammonium adducts; PC, PC O-, as acetate adducts; and CL, PA, PE, PE O-, PG,
Pl and PS as deprotonated anions. MS only was used to monitor LPA, LPE, LPE O-, LPI and LPS as deprotonated anions; Cer,
HexCer, SM, LPC and LPC O- as acetate adducts and cholesterol as ammonium adduct of an acetylated derivative (Liebisch
et al., 2006).

UPLC-MS-MS analysis of PUFAs and lipid mediators

The samples of C57BL/6J mice were homogenized in 1 mL ice-cold methanol (Fisher Chemical, Schwerte, Germany; 10653963) con-
taining 10 pL of deuterium-labeled lipid mediator standard as internal reference to facilitate quantification and sample recovery.
Deuterated standards include 200 nM dg-5S-hydroxyeicosatetraenoic acid (HETE) (Cayman Chemical, Ann Arbor, Ml, USA;
334230), d,4-leukotriene B, (Cayman Chemical; 320110), ds-lipoxin A4 (Cayman Chemical; 24936), ds-resolvin D2 (Cayman Chemical;
11184), d4-prostaglandin E, (Cayman Chemical; 10007273) and 10 uM dg-arachidonic acid (Cayman Chemical; 390010). In brief,
samples were kept at —20°C for 60 min to allow protein precipitation. After centrifugation (1200 g, 4°C, 10 min) 8 mL acidified
H-O was added (final pH = 3.5) and samples were subjected to solid-phase extraction. Solid-phase cartridges (Sep-Pak Vac 6cc
500 mg/ 6 mL C18; Waters, Milford, MA) were equilibrated with 6 mL methanol and 2 mL H,O before samples were loaded onto col-
umns. After washing with 6 mL H,O and additional 6 mL n-hexane, lipid mediators were eluted with 6 mL methyl formate. Finally, the
samples were brought to dryness using an evaporation system (TurboVap LV, Biotage, Uppsala, Sweden) and resuspended in 150 pL
methanol-water (50/50, v/v) for UPLC-MS-MS automated injections. Lipid mediator profiling was analyzed with an Acquity UPLC
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system (Waters, Milford, MA, USA) and a QTRAP 5500 Mass Spectrometer (ABSciex, Darmstadt, Germany) equipped with a Turbo V
Source and electrospray ionization. Lipid mediators were eluted using an ACQUITY UPLC BEH C18 column (1.7 um, 2.1 x 100 mm;
Waters, Eschborn, Germany) at 50°C with a flow rate of 0.3 ml/min and a mobile phase consisting of methanol-water-acetic acid of
42:58:0.01 (v/v/v) that was ramped to 86:14:0.01 (v/v/v) over 12.5 min and then to 98:2:0.01 (v/v/v) for 3 min (Werner et al., 2019). The
QTrap 5500 was operated in negative ionization mode using scheduled multiple reaction monitoring (MRM) coupled with information-
dependent acquisition. The scheduled MRM window was 60 s, optimized lipid mediator parameters (CE, EP, DP, CXP) were applied
and the curtain gas pressure was set to 35 psi. The retention time and at least six diagnostic ions for each lipid mediator were
confirmed by means of an external standard (Cayman Chemical/Biomol GmbH (Hamburg, Germany). Additionally, the limit of detec-
tion for each targeted lipid mediator was determined (Werner et al., 2019) .

Immunohistochemistry

Animals were i.p. anesthetized with 10% ketamine/2% xylazine and transcardially perfused with freshly prepared and cold PBS and
4% PFA in PBS using a peristaltic pump. The isolated brain was post-fixed in 4% PFA in PBS overnight at 4°C and cryoprotected in
30% sucrose in PBS for three nights at 4°C. Tissue was embedded in Tissue Tek O.C.T. on dry ice and kept at —80°C until they were
cut into coronary sections with a thickness of 16-20 um using a cryostat (CryoStar NX70, Thermo Scientific). Sections were distrib-
uted in a serial manner on Super Frost slides, air-dried and kept at —20°C.

All steps of the immunohistochemical staining were performed with 1xPBS at room temperature unless stated otherwise. Slides
were warmed at 37°C for 10 min and washed three times for 10 min in PBS (in the following: 3x10°). For the IHC of cytoplasmatic
antigens, the tissue was permeabilized with 0.3% Triton X-100 in PBS for 10 min, washed 3x10’ and circled with a hydrophobic
marker. Slides were incubated with blocking solution (2.5% bovine serum albumin, 2.5% fish gelatin and 2.5% fetal calf serum in
PBS) for one hour or additionally together with Fab fragments (1/100 in BS, 715-007-003, Jackson ImmunoResearch) for two hours
if the antibodies used were produced in mice. Following a 3 X 10 min’ wash, slides were incubated with primary antibodies in staining
solution (10% blocking solution in PBS) overnight at 4°C in a humified chamber. After a 3 x10 min’ wash, slides were incubated with
secondary antibodies in staining solution for two hours and washed 3 x 10 min’. All samples were stained with DAPI (1:1000 in PBS,
D1306, Thermo Scientific) for 10 min, some additionally with Fluromyelin (1:300 in PBS, F34651 Invitrogen) for 15 min in total. After a
last 3 x 10’ wash slides were once dipped into distilled water, mounted with Mowiol and air-dried overnight before microscopy. Some
antibodies (OLIG2, CC1 (=APC)) required heat-induced antigen retrieval in Sodium citrate buffer (10mM sodium citrate, 0.05% Tween
20, ph 6.0) before blocking. Therefore, the citrate buffer was warmed up in a water bath to 80°C, the slides were incubated for 20 min,
washed 3 x 10’ and then cooled and air-dried for 30 min. The staining solution was modified to allow better antibody attachment by
using 0.1% Triton in 10% BS in PBS. All other steps were performed as stated above.

The following primary antibodies were used: anti-IBA1 rabbit (1:1000, Cat. No. 019-19741, Wako), anti-APC-CC1 mouse (1:100,
Cat. No. OP80, Sigma), anti-OLIG2 rabbit (1:250, Cat. No. AB9610, Sigma). Secondary antibodies: Alexa Fluor 488 anti-rabbit (1:500,
Cat. No. A11008, Thermofisher Scientific), Alexa Fluor 555 anti-mouse (1:500, Cat. No. A21422, Thermofisher Scientific), Alexa Fluor
647 anti-rabbit (1:1000, Cat. No. A31573, Thermofisher Scientific).

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of proteomics data

Raw data was analyzed using the software package Fragpipe (version 13.0) including MSFragger (version 3.0), Philosopher (version
3.2.9), Crystal-C, and lonquant for protein label-free quantification (Chang et al., 2020; Kong et al., 2017; Teo et al., 2021; da Veiga
Leprevost et al., 2020; Yu et al., 2020). Data was searched against a forward reversed concatenated database of Mus musculus from
UniProt supplemented with common contaminants (download date: 2020-09-25, 34316 protein sequences, 50% decoy). Acetylation
of protein N-termini, methionine oxidation and pyro-glutamate formation were set as variable modifications. Carbamidomethylation
of cysteines was set as fixed modification. Trypsin was defined as protease and one missed cleavage was allowed. Peptide and pro-
tein false discovery rates (FDR) were set to 1%. Match between runs was activated with a retention time window of 1 min and an ion
mobility window of 1/kqg = 0.05.

Data analysis was performed using the software Perseus (version 1.6.14.0) (Tyanova et al., 2016). The LFQ intensities were log2
transformed and a one-way ANOVA test was applied to evaluate significant differences between the four different groups (day 0,
3, 7, and 14). Afterward, individual group comparisons were performed using the two sided Student’s Ttest. At least 3 quantification
values per group were required for relative protein quantification. Additionally, a permutation-based FDR correction (p = 0.05, sg =
0.1) was used to correct for multiple hypotheses (Tusher et al., 2001).

Time series clustering and GO analysis

To identify protein groups of similar time-dependent abundance profiles, we performed a time-series clustering. All proteins (n = 727)
with a p value < 0.05 according to the two-sided Student’s t test and an absolute log2 fold change larger than + 0.5 in any individual
group comparison were selected (each time point was compared separately with all prior time points, e.g., 7 dpi with 3 dpi or 7 dpi
with 0 dpi). First, a pairwise distance matrix for the log2 LFQ intensities of the 727 significantly altered proteins was computed using a
Euclidean distance metric as implemented in sklearn.metrics.pairwise_distances (https://scikit-learn.org/; scikit-learn version 23.2)
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(Pedregosa et al., 2011). Next, hierarchical clustering was performed on the distance matrix using the agglomerative clustering al-
gorithm with complete linkage as implemented in sklearn.cluster resulting in 4 clusters. The number of clusters was optimized for
a range between 4 and 11 clusters using the silhouette score (Rousseeuw, 1987) as implemented in sklearn.metrics.cluster. Addi-
tionally, a principal component analysis was computed for the pairwise distance matrix of the 727 significantly altered proteins, where
the associated cluster of each protein is highlighted.

In order to determine the cluster-specific enrichment of brain cell types, we compared proteins of each cluster with proteins iden-
tified by an in-depth proteomics analysis of the mouse brain to be enriched in astrocytes, microglia, neurons, or oligodendrocytes
(Sharma et al., 2015). The thresholds for protein enrichment were defined as follows: the log2 fold change for only one cell type in
comparison to the other three has to be larger than 2 with a p value less than 0.05 calculated by Students t test. The proportion
of these cell type-specific enriched proteins is provided for each cluster.

Additionally, an enrichment analysis for each cluster was performed for gene ontology (GO) terms as well as for diseases and path-
ways from the KEGG database (Kanehisa et al., 2021). We downloaded the official Gene Ontology Annotation (GOA) database
(https://www.ebi.ac.uk/GOA/downloads, released 2020.10.09) provided by the European Molecular Biology Laboratory (Huntley
etal., 2015). A gene enrichment analysis of GO terms was performed individually for each cluster using the GOATOOLS Python library
(Klopfenstein et al., 2018), where the target gene lists consisted of all significantly altered proteins associated with at least one GO
term (total n = 725). As background list, all proteins which were quantified in at least three samples per group being associated with at
least one GO term were chosen (n = 4593). Calculation of the fold enrichment (i.e., a measure of the magnitude of the enrichment) was
implemented in Python as described by the DAVID gene enrichment tool (Huang et al., 2009). We programmatically retrieved data
from the KEGG database and mapped KEGG identifiers to their murine UniProt accession number via the REST-API of the Bio-
Services Python package (Cokelaer et al., 2013). A fold enrichment analysis for KEGG pathways and KEGG disease was performed
as described for GO terms. For each KEGG pathway, the list of proteins was extended by all proteins of its KEGG reaction modules to
complete the protein to pathway associations.

Analysis of PUFAs and lipid mediators data

Quantification was achieved by calibration curves for each lipid mediator. Linear calibration curves were obtained for each lipid medi-
ator and gave R? values of 0.998 or higher (for fatty acids 0.95 or higher). Additionally, the limit of detection for each targeted LM was
determined.

Analysis of lipidomics data

Data were analyzed with R version 4.0.3 (R Core Team, 2020) using tidyverse packages version 1.3.0 (Wickham et al., 2019). We stan-
dardized lipid amounts to the total lipid amount (molar fraction [mol%]). Data post-processing and normalization were performed us-
ing an in-house developed data management system. Only lipid identifications with a signal-to-noise ratio > 5, and a signal intensity
5-fold higher than in corresponding blank samples were considered for further data analysis.

For principal component analysis (PCA) we calculated the sum of all lipid (sub-)species within a lipid class within the following lipid
classes: CE, CL, DAG, LPA, LPC, LPC O-, LPE, LPE O-, LPG, LPI, LPS, PA, PC, PC O-, PE, PE O-, PG, PI, PS, TAG. Missing values
were imputed with the caret::preProcess() function using the median impute method (Kuhn, 2008). The PCA was calculated with the
pcaMethods::pca() function (Stacklies et al., 2007) using singular value decomposition and all values were centered and scaled to unit
variance.

Lipid species and subspecies are annotated according to their molecular composition as described previously and lipid identifiers
are provided (Aimo et al., 2015) (Table S3).

Microscopy and imaging

All images were acquired using confocal microscopy either with a Leica SP5 confocal (20 x 0.75 NA air) or the Zeiss LSM 900 (20 x
0.8 NA air), except for CC1 OLIG2 stained sections in the DHA-LPC experiment, which were acquired using an epifluorescence mi-
croscope (DMIB000B, Leica Microsystems). Cholesterol crystals were detected by measuring the intensity of reflected light using the
confocal microscope.

Image analysis

To calculate the demyelination and IBA1+ volume, the free-hand tool from the Imaged NIH software was used to measure the de-
myelinated area shown by negative Fluoromyelin staining respectively the area of clustered IBA1+ cells in consecutive sections. Us-
ing the known distances between the sections, the lesion volume could be calculated according to the truncated cone model using
IPython 2.7 in an automated manner (Cantuti-Castelvetri et al., 2018). The code can be found here: https://github.com/
lenkavaculciakova/lesion_volume. Cell counting of CC1+ and OLIG2+ cells was performed manually using the Cell Counter plug-
in in Fiji. IBA1+ cell density was counted semi-automated using Fiji and CellProfiler. In brief, the IBA1-channel of each image was
thresholded manually and simultaneously for all groups of every experiment to obtain equal thresholds as assessed by inactivated
cortical microglia distant from injection sides. DAPI channel was thresholded automatically and images were imported to CellProfiler
for automated cell-counting using a self-build pipeline applied to all images.
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Statistical analysis

Statistics were performed using GraphPad Prism7 (GraphPad Software.) or R and are specified in each figure legend. N corresponds
in histological analysis to the number of analyzed lesions (i.e., 1-2 per animal) and in -omics analysis to the number of brains. All data
were tested for normality. Two-tailed Student’s t test, one-way ANOVA with Dunnett’s multiple comparisons test, Kruskal-Wallis test
with Dunn’s multiple comparisons test and two-way ANOVA with Sidak’s multiple comparisons test were used as appropriate to each
experiment. A p value of < 0.05 was considered significant, the level of significance is indicated as follows: * = p < 0.05, ** = p < 0.01,
**=p <0.001, and *** = p < 0.0001; n.s. indicates no significance. All data are presented as mean + SD, unless stated otherwise in
the figure legends.
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