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Respiratory infection with influenza A virus
delays remyelination and alters
oligodendrocyte metabolism

Allison Y. Louie,! Jenny Drnevich,? Jennifer L. Johnson,®> Meagan Woodard,* Anna V. Kukekova,?

SUMMARY

Peripheral viral infection disrupts oligodendrocyte (OL) homeostasis such that endogenous remyelination
may be affected. Here, we demonstrate that influenza A virus infection perpetuated a demyelination- and
disease-associated OL phenotype following cuprizone-induced demyelination that resulted in delayed OL
maturation and remyelination in the prefrontal cortex. Furthermore, we assessed cellular metabolism
ex vivo, and found that infection altered brain OL and microglia metabolism in a manner that opposed
the metabolic profile induced by remyelination. Specifically, infection increased glycolytic capacity of
OLs and microglia, an effect that was recapitulated by lipopolysaccharide (LPS) stimulation of mixed
glia cultures. In contrast, mitochondrial dependence was increased in OLs during remyelination, which
was similarly observed in OLs of myelinating P14 mice compared to adult and aged mice. Collectively,
our data indicate that respiratory viral infection is capable of suppressing remyelination, and suggest
that metabolic dysfunction of OLs is implicated in remyelination impairment.

INTRODUCTION

It is well established that systemic inflammation can trigger glial activation.' For instance, respiratory infection with a non-neurotropic strain
of influenza A virus induces pro-inflammatory glial profiles,” which coincides with the suppression of transcripts and proteins required for
oligodendrocyte (OL) maturation and myelin generation.® Moreover, treatment with colony stimulating factor 1 receptor antagonist during
infection partially alleviates changes to OL-specific transcripts,” implicating a role for reactive microglia in this process. A similar phenomenon
has been observed during experimental SARS-CoV-2 infection.” These observations are likely of clinical significance since alterations to OL
homeostasis resulting from respiratory viral infection may contribute to neurological sequelae, such as cognitive impairments that have been
documented to occur within infected adults.®®

Similarly, changes to OL homeostasis may affect remyelination potential in persons with multiple sclerosis (MS), an inflammatory, demy-
elinating disease of the central nervous system (CNS) and major cause of non-traumatic neurological disability in young people. The majority
of persons with MS exhibit a disease course that is characterized by repeated bouts of inflammatory episodes with intermittent periods of
recovery, termed relapsing-remitting MS. While the triggers of relapse remain an enigma, increased relapse frequency may also reduce re-
myelination capacity.!’ Indeed, evidence suggests that excessive inflammation creates a remyelination-hostile environment.'”""” This is of
importance as studies performed in animal models indicate that remyelination can restore proper signal conduction, prevent axonal injury,
and promote recovery of function.'®° Yet, a hallmark feature of MS is the incomplete regeneration of myelin following inflammatory demy-
elination, especially during progressive disease.

Whether respiratory viral infection can act to influence endogenous remyelination is currently unknown. Given that peripheral viral infec-
tions can disrupt OL homeostasis, we hypothesized that respiratory influenza infection could affect endogenous remyelination capacity
following acute cuprizone (CPZ)-induced demyelination, a well-characterized and highly reproducible model that allows for the study of re-
myelination. We found that influenza A virus infection occurring during peak demyelination perpetuated a demyelination- and disease-asso-
ciated OL phenotype and delayed both OL maturation and remyelination in the prefrontal cortex, as indicated by spatial transcriptomics and
histological analyses. Moreover, we found that infection altered brain OL and microglia metabolism in a manner that opposed the metabolic
profile induced by remyelination. Specifically, infection increased glycolytic capacity of OLs and microglia, an effect that was recapitulated in
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Figure 1. Spatial transcriptomic analysis revealed region-dependent transcriptional changes attributable to demyelination, remyelination, and
infection

(A) Experimental schematic showing endpoints and percent weight change over time (p.c. = post-cuprizone). Data are from three independent experiments and
are represented as mean + SEM.

(B) Experimental schematic of brain tissues collected for spatial transcriptomics.

(C) UMAP plot of 8 distinguished clusters across four conditions. n = 3 animals per condition.

(D) Representative images of H&E stained tissues of each condition overlaid with spatially resolved transcriptomes and corresponding cluster identities.

(E) Number of up- and downregulated differentially expressed genes (DEGs) with false discovery rate (FDR) < 0.05 for Demyelinated v. Normal, Demyelinated v.
Saline, and Flu v. Saline contrasts.

(F) Number of up- and downregulated DEGs shared between each contrast shown in E. Data were collapsed across clusters to assess global effect of
demyelination, remyelination, and infection. Matrix generated using molbiotools.com

(G and H) Top five significant gene ontology terms associated with DEGs that were (G) downregulated or (H) upregulated in both Demyelinated v. Normal and Flu
v. Saline contrasts.

(I) PHATE trajectory analysis of top 3000 most differentially expressed genes across all conditions.

(J) Representative tissue sections of each condition overlaid with heatmap values from lineage 1 (L1) of PHATE analysis.

primary mixed glial cultures undergoing an inflammatory challenge. In contrast, mitochondrial respiration was increased in OLs during remye-
lination, which was similarly observed in OLs isolated from brains of myelinating P14 mice compared to adult and aged mice. Collectively,
these data indicate that respiratory viral infection is capable of suppressing remyelination, and implicate OL metabolic dysfunction as a
contributing factor.

RESULTS

Spatial transcriptomic analysis revealed region-dependent transcriptional changes attributable to demyelination,
remyelination, and infection

Intoxication by CPZ causes demyelination to occur in anatomically distinct regions of the brain,”’ and these regions undergo repair in a
manner that is also temporally distinct. Thus, to test whether infection could alter the remyelination process, we performed Visium spatial
transcriptomics on brains from non-CPZ controls (“Normal”), CPZ-fed mice at peak demyelination (“Demyelinated”), and saline-inoculated
("Saline”) or influenza virus-inoculated (“Flu”) mice during active remyelination (Figures 1A and 1B). In this manner, peak sickness as indicated
by weight loss due to infection coincided with partial remyelination at 5 + 0.5 weeks (Figure 1A). Sequencing resulted in 23,963 total tissue-
covered spots from all four conditions (Figure 1C). Clustering analysis resulted in eight clusters (numbered 0-7) that colocalized with known
brain regions, of which we identified by histology hypothalamus, cortex, corpus callosum (CC)/fornix, thalamus, hippocampus, habenula, and
choroid plexus (Figure 1D; Table S1). We performed six pairwise comparisons for each cluster with a raw p value threshold of <0.001
(Table S2), except for cluster 5 which predominately represented cells from one Flu replicate. We further filtered differentially expressed
genes (DEGs) by a false discovery rate (FDR) cutoff of 0.05 and focused on three main contrasts for each cluster: “Demyelinated vs. Normal”
to assess the effect of demyelination, “Demyelinated vs. Saline” to assess the effect of remyelination, and “Flu vs. Saline” to assess the effect of
infection during remyelination (Figure 1E). The transcriptional effect of demyelination was most prominent in the CC/fornix (653 DEGs) fol-
lowed by cortex (35 DEGs) (Figure 1E). Likewise, the transcriptional effects of remyelination was greatest in the CC/fornix (69 DEGs) and cortex
(39 DEGs) (Figure 1E). The effect of infection was most prominent in the hypothalamus, CC/fornix, and cortex with 556, 272, and 250 DEGs
between Flu and Saline groups, respectively (Figure 1E). To assess any similarities in the transcriptional changes caused by demyelination,
remyelination, and infection, we collapsed clusters and compared DEGs from each of the three contrasts (Figure 1F). Unsurprisingly, a large
number of genes that were downregulated by demyelination were also upregulated during the remyelination process (49 shared DEGs; Fig-
ure 1F). Many genes initially downregulated by demyelination remained downregulated in mice inoculated with IAV compared to those inoc-
ulated with saline (60 shared DEGs; Figure 1F). These downregulated genes included myelin protein transcripts such as Plp 1, Ugt8a, and Mog
and cholesterol biosynthesis genes such as Hmgcs1, Idi1, and Msmo1 (Figure 1F; Table S3). Gene ontology (GO) enrichment analysis
confirmed that DEGs downregulated by both demyelination and infection were associated with the terms myelination and axon ensheath-
ment (Figure 1G). Notably, the vast majority of these genes (57/60, 95%) were previously found to be downregulated by bulk-seq analysis
of CNS tissues from flu-inoculated mice compared to saline-inoculated controls. Likewise, the majority of genes upregulated by both demy-
elination and infection conditions in the current dataset (25/27, 93%) were upregulated by infection compared to saline in our previous bulk-
seq dataset.” Upregulated genes included Cdkn1a, Serpina3n, and Col5a3, which were recently identified as markers of demyelination-asso-
ciated OLs in a snRNA-seq analysis of CC/cortex tissue following CPZ-induced demyelination.”” GO analysis of upregulated genes revealed
association with cytokine signaling and immune response pathways (Figure TH). These data indicate that during remyelination, infection
perpetuated a demyelination-associated transcriptional profile in accordance with that observed in previous studies with infection alone.
To visualize spatially resolved patterns within our dataset, we utilized PHATE analysis,”® which is a dimensionality reduction method that is
particularly useful for preserving continuous relationships between cells, such as the progression of OL differentiation, followed by trajectory
analysis in Slingshot. PHATE/Slingshot analysis using the 3000 most variable genes within our dataset resulted in a lineage tree of four main
trajectories (Figure 11). Lineage 1 (L1) was the most striking as it comprised cortex, CC/fornix, and hippocampus clusters (Figure 11), all of which
are major regions known to demyelinate and subsequently remyelinate in the CPZ model.”*~?” Notably, visualization of L1 as a heatmap on the
Visium tissue sections (Figure 1J) revealed strong transcriptional changes occurring in the medial CC starting caudal to the fornix in mice of the
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Figure 2. Infection decreased the number of mature OLs in the mPFC during remyelination

(A) PLP-stained sagittal brain section depicting the relative locations of the medial PFC (mPFC) and medial corpus callosum immediately caudal to the fornix (CC).
(B) SOX10 and APC (CC1 clone) immunofluorescence in the CC.

(C-E) Number of (C) immature OLs (SOX10"APC™), (D) mature OLs (SOX10*APC™), and (E) total OLs (SOX10™) in the CC.

(F) Proportion of immature and mature OLs of total OLs in the CC.

(G) SOX10 and APC (CC1 clone) immunofluorescence in the mPFC.

(H-J) Number of (H) immature OLs, (I) mature OLs, and (J) total OLs in the mPFC.

(K) Proportion of immature and mature OLs of total OLs in the mPFC. For B-K, n = 3-12 animals per condition per time point.

(L) NG2 (CSPG4) immunofluorescence in the mPFC.

(M) Number of NG2+ cells, (N) NG2 mean fluorescent intensity (MFI), and (O) ratio of NG2 to APC (CC1)* cells in the mPFC at 5weeks p.c. For L-O, n = 3-6 animals
per condition.

(P) OLIG2 and Ki67 immunofluorescence in the mPFC.

(Q) Number and (R) proportion of Ki67* OLs in the mPFC.

For P-R, n = 5 animals per condition. Data analyzed by two-way ANOVA with Bonferroni correction, except L-R for which Student's t test was performed. Data
presented as mean + SEM. “No CPZ" reference group was excluded from statistical analysis. *p < 0.05, **p < 0.01. All scale bars represent 100pm.

Demyelinated group, which is a distinct feature of CPZ-induced demyelination.”’?® These transcriptional changes were dramatically reduced
in the CC of the remyelinating tissues and were not present in tissues from mice in the Normal group (Figure 1J). The same transcriptomic
signature was apparent within the cortex of Demyelinated and Flu mice in a caudal-to-rostral manner, and to a much lesser degree in the
cortex of Normal or Saline mice (Figure 1J). These data suggest that infection prolonged the transcriptional changes induced by demyelin-
ation, and that these changes resolved in a caudal-to-rostral manner.

Since our analysis indicated that the cortex and CC were most affected by both demyelination and infection (Figures 1E and 1J), we
focused on these regions for subsequent analyses. Although infection induced many demyelination-associated transcriptional changes
(Figures 1F-1J), the genes most highly upregulated by infection compared to saline (log,FC > 1, FDR<0.05) in either cortex or CC/fornix clus-
ters during remyelination were predominately specific to infection and not upregulated by demyelination, at least at 5 weeks (Table S3). GO
analysis revealed these genes were associated with response to interferon gamma (p = 0.0069, data not shown), which is in line with our pre-
vious finding that the most prominent upregulated genes in the CNS during influenza infection are controlled by IFN signaling.” Many of these
infection-induced genes including Plin4, Hif3a, and Sult1a (Table S3) were identified as markers of disease-associated OLs in multiple mouse
models of inflammatory demyelination as well as human MS, including a disease-associated OL signature defined by response to
interferon.”?*°

Collectively, these data indicate that infection prolonged the transcriptional effect of demyelination as well as upregulated markers of dis-
ease-associated OLs during remyelination.

Infection decreased the number of mature OLs and myelin density in the mPFC during remyelination

To confirm that infection suppressed OL maturation, we quantified the number of both mature and immature OLs over the course of remyeli-
nation within regions of interest—the medial CC immediately caudal to the fornix and the medial prefrontal cortex (mPFC) (Figure 2A). In both
regions we observed an effect of remyelination characterized by peak numbers of immature OLs at 5 weeks post-cuprizone (p.c.), which grad-
ually declined, coinciding with a complementary increase in numbers of mature OLs (Figures 2B-2D, 2G-2l). However, in the CC (Figure 2B),
infection neither altered the number of immature OLs (SOX10*APC™, Figure 2C), mature OLs (SOX10"APC", Figure 2D), or total OLs
(SOX10", Figure 2E) nor the proportions of immature and mature OLs of the total OL population (Figure 2F). In contrast, infection decreased
the number of immature OLs at 5 weeks and 5 + 0.5 weeks as well as the number of mature OLs at 5+1 week in the mPFC (Figures 2G-2l). At
5+1 week, a time point corresponding to substantial remyelination, the number of total OLs was not different between Saline and Flu groups
(Figure 2J). However, the proportion of immature OLs was greater in the infected mice (Figure 2K), suggesting an effect of infection on OL
maturation in the mPFC.

Since the number of immature OLs was decreased by flu in the mPFC at 5 weeks p.c., we asked whether the number of NG2" glia was affected
by flu in this region at this time point (Figure 2L). Neither number of NG2* cells nor NG2 MFI was significantly altered (Figures 2M and 2N), how-
ever, the ratio of NG2* to CC1" cells was increased by infection by 5 weeks p.c. (Figure 20). In addition, the number (OLIG2*Ki67™" cells) and
proportion of proliferating OLs (Ki67" of OLIG2" cells) did not differ between CPZ Saline and CPZ Flu mice at 5 weeks (Figures 2P and 2R). These
data suggest that infection did not impede proliferation of progenitor cells to the PFC but rather suppressed their maturation.

We also quantified Iba-1" microglia and GFAP™ astrocytes in the CC and mPFC and found that at the time points examined, the height of
gliosis occurred at peak demyelination and gradually resolved over the course of remyelination (Figure S1). However, infection did not alter
the number of Iba-1* microglia and GFAP" astrocytes in either region compared to saline (Figure S1), which is consistent with the previously
observed effect of infection alone.® Taken together, these data indicate that infection reduced the number of mature OLs in the mPFC during
remyelination without affecting cell proliferation or gliosis.

To determine if infection altered the extent of remyelination, we measured mean fluorescent intensity (MFI) of myelin-associated glyco-
protein (MAG) expression at time points corresponding to demyelination (5 weeks) and remyelination (5 + 1 and 5+2 weeks). Consistent with
the finding that infection did not affect number of OLs in the CC, we observed no change in MAG MFI of this region between saline- and flu-
inoculated mice at any time point examined (Figures 3A and 3B). In contrast, infection reduced MAG MFI at 5+1 week within the mPFC
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Figure 3. Infection decreased myelin density of the mPFC during remyelination

A) MAG expression in the medial corpus callosum (CC).

B) Mean fluorescent intensity (MFI) of MAG in the CC.

C) MAG expression in the medial prefrontal cortex (mPFC).

D) MAG MFI in the mPFC. For A-D, n = 3-6 animals per condition per time point.

E) MAG-stained mPFC at 5+1 week overlaid with filament tracer models.

F) Select measures from filament tracer models of MAG immunofluorescence shown in E. For E and F, n = 5 animals per condition.
G) CLARITY-cleared, PLP-stained mPFC at 5+1 week.

H) Select measures from Filament Tracer models of PLP immunofluorescence shown in G. For G and H, n = 4 animals per condition.
(I) % change in MAG or PLP stain normalized to Saline average. For |, data analyzed by Mann-Whitney U test.

(
(
(
(
(
(
(
(

All other data analyzed by two-way ANOVA with Bonferroni correction and presented as mean + SEM. “No CPZ" reference group was excluded from statistical
analysis. All scale bars are 100um. E and F and G and H represent two independent experiments.

(Figures 3C and 3D), which was in agreement with decreased numbers of mature OLs (Figure 2J). We asked whether three-dimensional (3D)
renderings of myelinated filaments would confirm this finding. In order to establish which Imaris software-generated filament measures would
be indicative of remyelination, we performed a proof-of-concept study and identified nine select measures that were decreased by CPZ-
induced demyelination and subsequently increased during the remyelination period (Figure S2). Then we imaged through the 20um
MAG-stained brain section and generated 3D reconstructions of MAG immunofluorescence in the mPFC (Figure 3E). We focused our analysis
on the nine remyelination-sensitive measures and found that infection decreased MAG staining (main effect of infection: p = 0.0007) (Fig-
ure 3F). To determine whether filament modeling using a different myelin protein would also detect an effect of infection, we repeated
the experiment with a new cohort of animals and stained a larger volume of CLARITY-cleared mPFC tissue with antibody against proteolipid
protein (PLP), which is expressed earlier during OL maturation and in more abundance than MAG (Figure 3G). Analysis of 3D reconstructions
of PLP immunofluorescence resulted in filament measurements that scaled over 10-fold of those resulting from MAG staining, and yet the
effect of infection (p = 0.0003) was recapitulated with the same magnitude of reduction relative to saline controls (Figure 3H). Combined anal-
ysis indicated ~50% flu-induced reductions in myelin protein stain in the mPFC at 5+1 week (Figure 3l). These data corroborated our initial
result that infection delayed remyelination processes in the mPFC compared to saline controls.

OLs and microglia exhibited increased glycolytic capacity during infection

Perturbing metabolites or metabolic pathways in OLs can result in altered function, such as dysregulated differentiation and myelination, pro-
cesses that normally require upregulation of mTORC1 activity and downstream lipid biosynthetic pathways.*' Since our data indicated that
the top downregulated DEGs between Flu and Saline groups during remyelination were related to lipid metabolism and lipid biosynthesis
(Table S4) we sought to determine whether infection could alter OL metabolism by employing a recently described flow cytometry-based
method to assess energy metabolism with single cell resolution called SCENITH.*” We first optimized the method for measuring metabolism
of glia extracted from brain tissue (Figure S3) and validated our gating strategy to identify both mature and immature OL populations (Fig-
ure S4). Mice were inoculated with saline or flu virus at a low dose (LD Flu) or a high dose (HD Flu) (Figure 4A) and at day 8 p.i., brains were
collected and metabolic changes to microglia and OLs were assessed (Figure 4B). Our gating strategy revealed seven cell populations: lym-
phocytes (CD45MCD11b7), myeloid cells (CD45MCD11b"), microglia (CD45™CD11b™), immature OLs (CD45~SOX10"MAG ™), mature OLs
(CD45-SOX10"MAG™), myelin debris (CD45~SOX10"MAG™), and all other cells (CD45~SOX10"MAG") (Figure 4C). We found that cell
viability was not altered by infection, with the exception of decreased percentage of mature OLs in response to HD Flu (Figure S5). However,
the number of mature OLs did not change in response to LD or HD Flu, and neither did the number of immature OLs nor total OLs (Figures 4D
and 4E), indicating that infection did not kill OLs. Rather, the ratio of immature OLs to mature OLs was increased in infected mice compared to
saline controls in response to HD Flu (Figure 4F). This effect was not observed with LD Flu (Figure 4G). The change in proportion of mature OLs
without significant change in cell number suggests that infection altered the expression of the marker used to define OL subtypes. Indeed,
cellular MAG expression was decreased by ~18% in mature OLs as a result of HD Flu (Figure 4H), as we previously reported at the same viral
dose.® Mature OLs also exhibited decreased MAG expression in response to LD Flu, but to a lesser extent (~8%; Figure 4l). To assess whether
infection alone could cause OL death we generated a Sox10-Cre inducible reporter line that results in tdTomato-fluorescent OLs to fate map
this cell population in a manner independent of myelin protein expression (Figures S6A-S6C). Weight loss due to infection at day 8 p.i. (~25-
30%) was consistent with previous experiments with HD Flu (Figure S6D). The number of tdTomato-expressing cells differed neither in the
mPFC nor CC between saline- and flu-inoculated mice (Figures S4E and S6F). Finally, we were unable to detect any cleaved caspase-3 staining
at 5 weeks or 5 + 1 week in either CPZ Saline or CPZ Flu brain sections despite that staining was readily detected in cortex, CC, and hippo-
campus of mice at day 6 p.c. (Figures S6G-S6K), a time point in which apoptosis is maximally detected in the cuprizone model.** These data
indicate that flu infection did not cause apoptosis at the time points examined, corroborating our finding that despite altering OL homeo-
stasis, infection did not cause OL death.

Since puromycin acted as a proxy for global protein synthesis, we distinguished between puromycin® and puromycin™ populations of
viable cells (Figure S3), and termed the former “actively translating cells”. Compared to saline, infection increased the proportion and protein
synthesis levels of actively translating lymphocytes as well as the protein synthesis levels of myeloid cells (Figures 4J and 4K). In contrast to
peripherally derived lymphocytes and myeloid cells, cells of the CNS exhibited decreased protein synthesis levels in response to HD Flu
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Figure 4. OLs and microglia exhibited increased glycolytic capacity during infection

(A) Percent weight change of mice post-infection (p.i.).

(B) Experimental schematic for SCENITH analysis of brain cells ex vivo.

(C) Gating strategy for SCENITH analysis of brain cells ex vivo.

(D and E) Number of viable immature OLs (CD45~SOX10"MAG ~), mature OLs (CD45~SOX10"MAG™), and total OLs (CD45~SOX10™) from (D) HD Flu or (E) LD Flu
mice.

(F and G) Proportion of immature and mature OLs of total OLs from (F) HD Flu or (G) LD Flu mice.

(H and 1) MAG expression peaks of mature OLs from (H) HD Flu or (I) LD Flu mice and corresponding mean fluorescent intensity (MFI) values.

(J) Proportion of puromycin® (Actively Translating) of Viable Cells shown as percent of Saline average.

(K) Puromycin MFI (Protein Synthesis Levels) of Actively Translating Cells shown as percent of Saline average.

(L) Puromycin expression peaks of immature OLs, mature OLs, and microglia treated with media alone (Co), media containing 2-deoxy-D-glucose (DG), media
containing oligomycin (O), or media containing both DG and O (DGO).

(M-0) Metabolic dependencies and capacities of (M) immature OLs, (N) mature OLs, and (O) microglia from HD and LD Flu mice.

n = 6 animals per condition with separate Saline groups for LD and HD Flu. Saline groups were combined for A, J, and K, M-O resulting in n = 12. For D-I, data
were analyzed by Student’s t test. For J and K and M-O, data analyzed by one-way ANOVA with Bonferroni correction. For K, two-way ANOVA performed on CNS
cells between Saline and HD Flu and any significant main effect indicated on graph. *p < 0.05, **p < 0.01, ***p < 0.001. Data presented as mean + SEM.

compared to Saline controls (main effect of infection p = 0.05; Figure 4K). Collectively, these results were consistent with activated lymphocyte
status and suppression of translation activity in cells of the CNS during infection.

Finally, we examined changes to metabolic dependencies and capacities of OLs and microglia (Figure 4L). Glycolytic capacity was
increased in immature OLs, mature OLs, and microglia of HD Flu mice compared to saline controls (Figures 4M-40). Immature and mature
OLs of HD Flu mice also exhibited higher fatty acid and amino acid oxidation capacity than those of saline controls (Figures 4M and 4N). Inter-
estingly, metabolic changes within OLs and microglia were dependent on viral dose as the lower titer of virus inoculum was not sufficient to
induce alterations (Figures 4AM-40). Overall, these data demonstrate that during infection, OLs and microglia shift their metabolism toward
increased glycolytic capacity in a manner dependent on sickness severity.

Increased glycolytic capacity of OLs due to infection was in opposition to the metabolic profile induced by remyelination

To test the effect of infection on OL metabolism during remyelination, we performed SCENITH on whole brain tissue of saline- or flu-inoc-
ulated mice during remyelination (CPZ-fed) or not (age-matched, non-CPZ controls) with the same experimental design as all preceding ex-
periments. As before, brains were collected at 5 + 0.5 weeks, a time point corresponding to peak sickness due to infection (day 8 p.i.) and
partial remyelination (Figure 5A). Compared to non-CPZ controls, remyelinating groups exhibited increased percentage of microglia, lym-
phocytes, myeloid cells, and immature OLs (main effect of remyelination; Figures 5B and 5C). Infection increased the percentage of lympho-
cytes and myeloid cells, but decreased the percentage of mature OLs compared to saline (main effect of infection; Figure 5C). While the num-
ber of immature, mature, and total OLs did not differ between groups (Figure S7), there was a main effect of both infection and CPZ that
indicated an increase in the ratio of immature to mature OLs (Figure 5D), as was previously observed with HD Flu (Figure 4F). Specifically,
mice in the CPZ Flu group had a higher immature to mature OL ratio than mice in the CPZ Saline group (Figure 5D), suggesting that infection
suppressed OL maturation during remyelination (Figure 2). Indeed, MAG expression was decreased in the mature OLs of the Flu group
compared to those from the Saline group, and to a greater extent in those from the CPZ Flu group compared to the CPZ Saline group
(Figure 5E).

Remyelination caused robust cell activation as evidenced by increased proportion of actively translating immature OLs, mature OLs, mi-
croglia, lymphocytes, and myeloid cells (Figure 5F). While more cells were activated during remyelination, infection severely inhibited protein
synthesis levels within OLs, microglia, and myeloid cells of CPZ Flu mice compared to CPZ Saline mice (Figure 5G). We then determined meta-
bolic dependencies and capacities of immature OLs, mature OLs, and microglia (Figure 5H). As observed previously, infection caused an in-
crease in glycolytic capacity of immature OLs, mature OLs, and microglia (main effect of infection; Figures 5-5K). In contrast, mature OLs
exhibited increased mitochondrial dependence as a result of remyelination (main effect of remyelination; Figure 5J). Finally, we observed
increased glucose dependence of microglia during remyelination (Figure 5K). Taken together, these data point toward glial activation and
OL proliferation/maturation as characteristic events during remyelination, and on the converse, indicate that both translation activity and
OL maturation processes were suppressed by infection.

The metabolic profile of remyelinating OLs mirrored that of OLs from P14 mice during myelin development

To test whether increased mitochondrial dependence of mature OLs during remyelination signified a metabolic feature of endogenous OL
maturation/myelination or instead reflected a characteristic of CPZ intoxication, we performed SCENITH on brains of P14 mice, an age repre-
sentative of active myelin development, and compared these to mice aged >24 months, which are undergoing myelin maintenance and/or
degeneration processes. As might be expected, we observed a vastly different profile of brain cell composition between P14 and aged mice.
Specifically, P14 brains contained a greater number of microglia and immature OLs, but a reduced number of mature OLs compared to aged
brains (Figures 6A-6C). The number of OLs did not differ between P14 and aged mice (Figure 6C), but the fraction of immature OLs in P14
mice was over 90%, while aged mice exhibited only ~10% (Figure 4D), the same as that observed in adult mice (Figures 4F and 5D). P14 mice
exhibited higher numbers of actively translating immature OLs and microglia, and a lower number of actively translating mature OLs
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Figure 5. Increased glycolytic capacity of OLs due to infection was in opposition to the metabolic profile induced by remyelination

(A) Percent weight change of mice post-infection (p.i.). Brains were collected at day 8 p.i., which corresponded to 5 + 0.5 weeks for cuprizone groups.

(B) Gating strategy for SCENITH analysis of brain cells ex vivo.

(C) Percent of viable microglia (CD45™CD11b"), lymphocytes (CD45"CD11b7), myeloid cells (CD45"CD11b*), immature OLs (CD45-SOX10*MAG "), and
mature OLs (CD45~SOX10"MAG™).

(D) Proportion of immature and mature OLs of total OLs.

(E) MAG expression peaks of mature OLs and corresponding mean fluorescent intensity (MFI) values.

(F) Proportion of puromycin™ (Actively Translating) of Viable Cells shown as percent of Saline average.

(G) Puromycin MFI (Protein Synthesis Levels) of Actively Translating Cells shown as percent of Saline average.

(H) Puromycin expression peaks of immature OLs, mature OLs, and microglia treated with media alone (Co), media containing 2-deoxy-D-glucose (DG), media
containing oligomycin (O), or media containing both DG and O (DGO).

(I-K) Metabolic dependencies and capacities of () immature OLs, (J) mature OLs, and (K) microglia.

n = 67 animals per condition. Data analyzed by two-way ANOVA with Bonferroni correction and presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. {
indicates main effect of Flu. q indicates main effect of remyelination (CPZ2). § indicates significant CPZ X Flu interaction.

(Figure 6E), likely due to the difference in brain cell composition. However, despite a greater number of mature OLs in the aged mice, protein
synthesis levels of mature OLs were decreased compared to P14 mice (Figure 6F). In addition, despite a lower number of microglia in the aged
mice, protein synthesis levels of microglia were increased compared to P14 mice (Figure 6F), reminiscent of the microglial response to CPZ
(Figures 5G and 5H) and consistent with previous reports of a reactive microglial profile in aged rodents.*~’

We then tested metabolic responses of glia from P14 and aged mice (Figures 6G-6J) and compared these data to the average metabolic
data from all saline control mice of the previous experiments as a reference for adult mice. Interestingly, microglia from aged mice exhibited
higher glucose dependence and higher mitochondrial dependence than those of P14 and adult mice (Figure 4J), again reminiscent of the
microglial response to CPZ (Figure 5K). Analysis of the OL fraction revealed increased glucose dependence and mitochondrial dependence
of immature OLs compared to those of adult and aged mice (Figure 6H). Likewise, mature OLs of P14 mice exhibited increased mitochondrial
dependence compared to those of adult mice (Figure 4l). Collectively, these data support the notion that increased mitochondrial-dependent
ATP/protein production is conducive for OL maturation and/or myelination independent of any effects of CPZ.

Increased glycolytic capacity of OLs could be phenocopied by reactive glia in vitro

As we consistently observed increased glycolytic capacity of OLs in response to infection, we asked whether this metabolic profile could be
induced by inflammatory factors produced by activated glia. To test this premise, we cultured primary rat mixed glia and stimulated them with
media containing lipopolysaccharide (LPS) or not for 24 h. We analyzed supernatants for various cytokines and chemokines and confirmed
LPS-induced glial activation, evidenced by increased levels of cytokines including TNF, IL-1, and IL-6 (Figure 7A). We then performed
SCENITH on media or LPS-stimulated mixed glia and by our gating strategy identified four cell populations in the mixed glia cultures: imma-
ture OLs (CD11b~SOX10"PLP ™), mature OLs (CD11b~SOX10"PLP"), microglia (CD11b"), and other (CD11b~SOX10), likely astrocytes (Fig-
ure 7B). LPS treatment caused some cell death in the microglia population, and while it did not reach significance (p = 0.06) the number of
immature OLs appeared to be reduced (Figure 7C). The number of mature OLs and total OLs were not decreased by LPS treatment (Fig-
ure 7C). However, the proportion of immature OLs of total OLs was decreased (Figure 7D), indicating preferential reduction of immature
OLs over mature OLs, which has been previously reported.®® Unlike in our infection studies,® LPS treatment did not reduce PLP expression
in mature OLs (Figure 7E), but did reduce the proportion of actively translating cells of all populations examined (Figure 7F). Moreover, protein
synthesis levels of actively translating cells were decreased in immature and mature OL populations, but not in microglia (Figure 7G). Oligo-
mycin treatment appeared to promote cell viability of OLs and microglia upon inflammatory challenge as evidenced by number of
puromycin® cells comparable to or even exceeding baseline media levels (Co) in the LPS treatment group (Figures 7H and 71). This result indi-
cated that LPS treatment increased glycolytic capacity of immature OLs, mature OLs, and microglia (Figure 7J). Additionally, OL groups ex-
hibited increased glucose dependence in response to LPS treatment (Figure 7J). Analysis of puromycin MFI reflected similar outcomes (Fig-
ure 7K). These data demonstrate that inflammatory factors produced by activated glia are sufficient to cause increased glycolytic capacity in
OLs, which was the metabolic response also observed in OLs during non-neurotropic flu infection.

DISCUSSION

An increasing number of reports implicate myelination as a mediator of neural plasticity and dysmyelination as a cause of cognitive impair-
ment.*”"° Evidence shows that OLs and myelin are subject to environmental alterations including respiratory infections caused by influenza
and SARS-CoV-2 viruses,*” but the functional relevance of infection-induced alterations to OL homeostasis has not been fully explored. In the
current study, we demonstrate that respiratory infection with influenza A virus perpetuated a demyelination- and disease-associated OL
phenotype that resulted in delayed OL maturation and remyelination within the mPFC following CPZ-induced demyelination. We further
show that infection reduced global translation activity and increased glycolytic capacity of OLs, an effect that was recapitulated in vitro
with LPS stimulation of mixed glia cultures. This shift away from mitochondrial respiration toward glycolysis may be beneficial for OL survival
upon inflammatory challenge, but detrimental to OL maturation. In support of this hypothesis, we found that remyelinating OLs exhibited
higher dependence on mitochondrial respiration compared to non-CPZ controls. Likewise, OLs of myelinating P14 mice exhibited higher
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Figure 6. The metabolic profile of remyelinating OLs mirrored that of OLs from P14 mice during myelin development

(A) Gating strategy for SCENITH analysis of brain cells ex vivo.

(B) Percent and number of viable cell types of brain homogenate.

(C) Number of viable immature OLs (CD45-SOX10*MAG ™), mature OLs (CD45-SOX10*"MAG™), and total OLs (CD45~SOX10%).

(D) Proportion of immature and mature OLs of total OLs.

(E) Number of puromycin® (actively translating) immature OLs, mature OLs, and microglia.

(F) Puromycin MFI (protein synthesis levels) of actively translating cells shown as percent of P14 average.

(G) Puromycin expression peaks of immature OLs, mature OLs, and microglia treated with media alone (Co), media containing 2-deoxy-D-glucose (DG), media
containing oligomycin (O), or media containing both DG and O (DGO).

(H-J) Metabolic dependencies and capacities of (H) immature OLs, (I) mature OLs, and (J) microglia. n = 4-10 animals per condition. For H-J, the Adult group
represents n = 18 animals, averaged from preceding experiments.

Data analyzed by Student's t test except H-J, for which one-way ANOVA with Bonferroni correction was performed. Data presented as mean + SEM. *p < 0.05,
**p < 0.01, **p < 0.001.

dependence on mitochondrial respiration compared to adult and aged mice. Collectively, these results indicate that respiratory viral infection
antagonizes remyelination capacity, and point toward OL metabolism as a potential therapeutic target to combat remyelination failure.

Remyelination failure in demyelinating diseases such as MS is associated with increased risk of neurodegeneration”'*? and is thought to
promote disease progression.***> However, the underlying causes of remyelination failure are not completely understood. Our observation
that flu infection delayed OL maturation and remyelination in the PFC but not the CC points to regional differences in remyelination kinetics
and is in line with animal studies that found that OL regeneration is slower and less complete in cortical gray matter compared to the CC
following CPZ-induced demyelination,®"” perhaps allowing for a greater window of vulnerability to extrinsic influences. This is especially rele-
vant given the association between disability and lesions within the cortex as opposed to white matter in persons with MS.*%* It has been
suggested that the differing microenvironments of gray and white matter including differences in composition of other cell types, the extra-
cellular matrix, and the vasculature contribute to regional differences in remyelination.”™”" In addition, evidence suggests that impaired OL
maturation, as occurs during MS, is more likely attributable to extrinsic inflammatory cues rather than intrinsic oligodendroglial factors.>?
Indeed, many studies have demonstrated the negative impact of excessive inflammation on OL differentiation in vitro®*® and remyelination
capacity in vivo.'*™'® Pro-inflammatory glia and immune cells in human MS lesions co-present with pathological OLs."’*” Likewise, we found
that during remyelination, infection upregulated genes associated with glial activation and response to interferon such as Cdkn1a, Cd74, Irf7,
Igtp, and H2-D1 as well as markers of OL stress such as Plin4, Sultlal, and Hif3a within the same clusters. Moreover, Suhail et al. recently
demonstrated that microglial activation causes alterations to OL metabolism in an experimental autoimmune encephalomyelitis (EAE) model
of MS* in a manner that was highly consistent with the alterations we observed in the current study.

Extrinsic factors affecting OLs during infection may not be limited to pro-inflammatory cytokines and chemokines produced by activated
glia. Other adverse effects imparted by respiratory viral infection, such as low oxygen and/or nutritional imbalance due to infection-induced
anorexia may have also contributed to delayed remyelination observed in the current study. In support of this notion, our data show that infec-
tion highly upregulated transcripts within brain white matter during remyelination such as Ddit4 and Hif3a that are indicative of DNA damage
and oxidative stress as well as Cdkn1a, which encodes the senescence marker p21C'P1. While further studies are needed to distinguish the
mechanistic underpinnings of OL dysfunction during infection, we propose that altered OL metabolism would be the downstream crux of
these various stimuli.

The data herein highlight OL metabolism as a potential therapeutic target for promoting remyelination. Dysfunctional OL metabolism has
been implicated in various white matter diseases, including MS, and disease models, including CPZ.2"°%>7 Maturation and myelin generation
requires substantial amounts of ATP and lipid substrate production,®*’ and considering the additional processes of migration and proliferation
that occur during remyelination, OLs certainly possess high energy demands. Perturbing metabolites or metabolic pathways in OLs can alter their
function, including lactate production, differentiation, and myelination.” > OLs have been shown to possess high glycolytic capacity and can
maintain their viability when mitochondrial respiration is inhibited.*° Our in vitro data, which show decreased OL viability in response to glycolytic
inhibitor 2-deoxyglucose, but not the mitochondrial respiration inhibitor oligomycin, are in agreement with these findings and indicate that
glycolysis is essential for OL survival, at least in culture. Infection-induced increase in OL glycolytic capacity could represent a programmed
response in OLs to produce more lactate to support neurons,®’ to utilize themselves, or both.*® In agreement with this hypothesis, downregu-
lation of the OL-specific g-protein-coupled-receptor GPR17 was found promote lactate production.®” In the current study, Gpr17 was downre-
gulated by infection (FDR = 0.005) in brain white matter compared to saline controls, supporting the notion of increased OL lactate production.
That said, our data demonstrate that increased OL glycolytic capacity could be induced in LPS-stimulated mixed glia cultures and thus did not
require neuronal input. Alternatively, a shift toward glycolysis for energy production may reflect a cellular response to minimize production of
reactive oxygen species (ROS) in the mitochondria, especially considering the marked vulnerability of immature OLs to ROS toxicity.”” With
this in mind, any attempts to therapeutically target OL metabolism should account for the evolving, context-dependent metabolic needs of OLs.

While OLs possess high glycolytic capacity,’®”" mature OLs in particular also exhibit substantial mitochondrial metabolic activity.”” We
found that remyelinating mature OLs exhibited higher mitochondrial dependence compared to mature OLs of non-CPZ controls. Indepen-
dent of any effects of CPZ, we also observed increased mitochondrial dependence in OLs of P14 mice compared to those of adult and aged
mice, suggesting that higher mitochondrial-dependent ATP/protein production is a conserved mechanism for OL maturation and myelina-
tion. This is in line with a study showing that administration of the bioenergetic compound creatine, which promoted mitochondrial ATP
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Figure 7. Increased glycolytic capacity of OLs could be recapitulated by reactive glia in vitro

(A) Cytokine/chemokine array of supernatants from Media or LPS-stimulated mixed glial cultures (n = 1 pooled sample of three biological replicates).

(B) Gating strategy for SCENITH analysis of glia in vitro.

(C) Number of viable microglia (CD11b*), immature OLs (SOX10"PLP™), mature OLs (SOX10"PLP*), and total OLs (SOX10").

(D) Proportion of immature and mature OLs of total OLs.

(E) PLP expression peaks of mature OLs and corresponding mean fluorescent intensity (MFI) values.

(F) Proportion of puromycin™ (actively translating) of viable cells shown as percent of media average.

(G) Puromycin MFI (protein synthesis levels) of actively translating cells shown as percent of Media average.

(H) Puromycin expression peaks of immature OLs, mature OLs, and microglia treated with media alone (Co), media containing 2-deoxy-D-glucose (DG), media
containing oligomycin (O), or media containing both DG and O (DGO).

(I) Number of puromycin® (actively translating) immature OLs, mature OLs, and microglia across inhibitor treatments.

(J and K) Metabolic dependencies and capacities of immature OLs, mature OLs, and microglia based on change in number of puromycin® cells (J) and based on
change in puromycin MFI (K).

n = 6 animals per condition. Data analyzed by Student's t test and presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

production of OLs in culture and increased the number of mature CC1* OLs following lysolecithin-induced demyelination.”* The same group
identified OLs as the main source of endogenous creatine synthesis in the CNS, and showed that genetic depletion of creatine synthesis re-
sults in delayed myelin development as well as delayed remyelination following lysolecithin-induced demyelination.”* It is plausible that ATP
and/or acetyl CoA production by mitochondria is conducive for providing the substantial energy and substrates OLs need to mature and
myelinate.”® However, it remains unclear whether increased mitochondrial respiration is necessary for OL maturation and myelination. In tar-
geting OL metabolism as a treatment strategy in neurodegenerative disorders, it would be important to consider how systemic administration
of bioenergetic compounds might concurrently affect the inflammatory response of other glia, especially considering sensitivity of OLs to
changes in their microenvironment.

Altogether, our data demonstrate a functional consequence of altered OL homeostasis due to respiratory viral infection and identify OL
metabolism as a potential therapeutic target to restore infection-induced deficits.

Limitations of the study

Given the nature of the CPZ model, the effect of infection observed here is limited to endogenous remyelination processes in the absence of
autoimmunity, and remyelination in the CPZ model does not account for the contribution of surviving mature OLs. Effects of infection on re-
myelination are also limited to male animals in the current study. While we define a spatial transciptomic signature of demyelination and infec-
tion during remyelination, this technique does not yet allow for further delineation of these changes at the single-cell level. Finally, while
SCENITH provides advantages of ex vivo metabolism assessment such as the ability to assess metabolism of multiple cell types within the
same sample and eliminate the extenuating processing time required to isolate cells by magnetic bead or immunopanning methods, the
technique is also inherently limited by the fact that its output measures are indirect and can only be considered relative to a control group.
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eBioscience™ Permeabilization Buffer (10X) Invitrogen Cat# 00-8333-56
Proteome Profiler Rat XL Cytokine Array R&D Systems Cat# ARY030
Deposited data

10x Spatial Transcriptomics This paper GSE253710
Experimental models: cell lines

Primary rat mixed glia In house

Experimental models: organisms/strains

Mouse: C57BL/6J
Mouse: B6-Tg(Sox10-icre/ERT2)388Wdr/J
Mouse: Tg(Cnp-EGFP*)1Qrlu/J
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Mouse: Sox10-CreERT2:Ai14
Mouse: P14 C57BL/6
Mouse: Aged C57BL/6

Rat: Sprague Dawley SAS SD

Jackson Laboratory
Jackson Laboratory
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Jackson Laboratory

In house
In house

Dr. Rodney W. Johnson,
University of lllinois at
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Charles River Laboratories, Inc.
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Cat# 027651; RRID:IMSR_JAX:027651
Cat# 026105; RRID:IMSR_JAX:026105
Cat# 007914; RRID:IMSR_JAX:007914

Cat# 400; RRID:IMSR_CRL:400

Oligonucleotides

Primers: Sox10cre-ERT2
FWD: 5'-CTG CAG CCT CCT CCA CTG-3'
REV: 5-GAG ACG GAC CAA AGC CAC T-3'

Integrated DNA Technologies

custom DNA oligos

Software and algorithms

ImageJ

Imaris (v9.8.0)

GraphPad Prism (v9.1.0)

BioRender

Invitrogen Attune NxT Cytometric Software

FlowJo (v10.8.1)

SpaceRanger (v1.1)
SpaceRanger (v1.3)
Loupe Browser (v6.0.0)
R (v4.1.2)

Seurat (v4.0.6)
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muscat (v1.8.0) Crowell et al.”’

PHATE (v1.0.11) Moon et al.?

Slingshot (v2.7.0) Hastie&Stuetzle’® and Street et al.”?

DAVID Bioinformatics Resources 2021 National Institutes of Health david.nciferf.gov
Original R code (Data S1) This paper Supplemental Item
Other

Cuprizone Diet (0.2%, 2016) Envigo TD.140800
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Andrew Steelman
(asteelma@illinois.edu).

Materials availability
This study did not generate any new unique materials.

Data and code availability
e Spatial transcriptomic data have been deposited at the Gene Expression Omnibus (GEO) database and are publicly available as of the
date of publication under accession number GSE253710.
e Original R code for spatial transcriptomic analysis is provided as a supplemental item.
e Any additional information required to reanalyze the data reported in this work is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Eight-week-old male C57BL/6J mice (No. 000664) were obtained from Jackson Laboratories and fed 0.2% (w/w) cuprizone-laced diet (Teklad
140800) for 5 weeks to induce demyelination, followed by 2 weeks of normal rodent diet (Teklad 2918). Cuprizone diet was refreshed every
other day. Non-cuprizone control animals were maintained on normal rodent diet throughout the experiment. Animals were housed 4 per
cage under constant 12 h light/dark cycles (10am-10pm) and constant temperature and fed ad libitum. At 4.5 week post-cuprizone (day 31
p.c.), mice were anesthetized with 3% isoflurane and then inoculated with sterile phosphate-buffered saline (PBS) or 100 plaque-forming-units
(p.f.u.) of mouse-adapted human influenza A virus (A/Puerto Rico/8/1934 H1N1) diluted in sterile PBS. Only for experiments with “Low Dose
Flu”, a titer of 50 p.f.u. was used. For all other experiments, a titer of 100 p.f.u. was used. The total inoculation volume was 30 pl. Animals were
weighed weekly (cohort 1) or every other day (cohorts 2 and 3) and then euthanized by CO, asphyxiation at 5 wk (day 35 p.c.), 5+0.5 wk (day 39
p.c.), 5+1 wk (day 42 p.c.), and 5+2 wk (day 49 p.c.). Cohort 1 tissues were collected for spatial transcriptomics and immunostaining, cohort 2
tissues were collected for immunostaining, and cohort 3 tissues were collected for SCENITH analysis. Conditions were evenly represented in
each cohort. Aged mice were at least 24 months and obtained from the National Institute on Aging (Bethesda, MD).

For the generation of male and female reporter mice exhibiting eGFP* OLs and tdTomato™ microglia (Figures S3 and S4), Cnp-mEGFP (No.
026105), Tmem119-2A-CreER™ (No. 031820), and Csf1rf (No. 021212) mice were obtained from Jackson Laboratories and bred in-house. For
genotyping, mice were subjected to tail biopsies upon weaning and standard DNA extraction and PCR was performed using the following
primers for Cnp: 5'-GTG CTT TAA GTT AGG CTT GGG-3' and 5'-GTA GGT CAG GGT GGT CAC GA-3', Tmem119-Cre: 5'-ATC GCA TTC
CTT GCA AAA GT-3' (mutant forward) and 5'-CAG TAT GTG GGG TCA CTG AAG A-3' (WT forward) and 5'-ACT TGG GGA GAT GTT
TCCTG-3' (common reverse), Csf1r: 5'-CAT GGC TGT GGC CTAGAG A-3' and 5-GGA CTAGCCACCATG TCT CC-3'. Cnp-mEGFP express
a membrane-anchored green fluorescent protein driven by the Cnp promoter constitutively. Recombination of loxP sites flanking Csf1r by
Tmem119-Cre was induced at 7-9 weeks of age by oral gavage with tamoxifen (Sigma #T5648) dissolved in filtered corn oil (Sigma #C8267).
A stock solution of 25mg/ml was prepared by dissolving tamoxifen into corn oil on an orbital shaker (Thermo Scientific Max Q 4000) at
37°C for several hours protected from light, and then sonicating in brief pulses to ensure complete solubilization. Tamoxifen was administered
at a dose of 5mg in a 200ul volume per day for 5 consecutive days.

For the generation of male and female Sox10 Cre-driven reporter mice (Figure S6), Sox10-iCreER™ mice (No. 027651) and Ai14 mice (No.
007914) were obtained from Jackson Laboratories and bred in-house. For genotyping, mice were subjected to tail biopsies upon weaning and
standard DNA extraction and PCR was performed using the following primers for Sox10-Cre: 5'-CTG CAG CCT CCT CCA CTG-3" and 5'-GAG
ACG GAC CAA AGC CACT-3'". Recombination was induced at 7-9 weeks of age by oral gavage of tamoxifen dissolved in corn oil as described
above. Inoculations were performed after a one week washout period on 8-10 wk old mice as described above.
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Primary mixed glial cultures

Primary mixed glia were isolated from male and female PO-P2 Sprague-Dawley rat pups, which were obtained from Charles River Laboratories
(No. 400). Pups were euthanized by decapitation, brains collected, and meninges removed under a dissecting microscope (Leica EZ4). Tissue
was triturated through a 10ml serological pipette and enzymatically digested with Accutase (Gibco #A1110501) for 15 minutes at 37°C. The
cells were then washed with Dulbecco’s modified eagle medium (DMEM) containing 10% heat-inactivated fetal bovine serum (FBS) and 1%
penicillin-streptomycin, filtered through a sterile 70-um filter, and seeded onto poly-DL-ornithine coated é-well plates for experiments using
mixed glia. Cells were maintained in DMEM with 4.5 g/L glucose, L-glutamine, and sodium pyruvate (Corning #10013CV) supplemented with
10% FBS (R&D Systems #S511150H), penicillin (100 U/ml) and streptomycin (100 ng/ml; Gibco #15140-122). Each pup brain was used to seed
one 6-well plate coated with poly-DL-ornithine (Sigma #P0421) and each pup was considered a biological replicate as brains were processed
and cultured individually. After mixed glial cultures reached confluence, they were treated with serum-free DMEM containing LPS (100ng/ml;
Sigma) or not for 24 hours. Primary mixed glial cultures were not tested for mycoplasma contamination as incidence is minimal for primary
cultures.

All animal care protocols were in accordance with National Institutes of Health Guidelines for Care and Use of Laboratory Animals and
were approved by the University of lllinois Laboratory Animal Care and Use Committee under protocol #22083.

METHOD DETAILS

Spatial transcriptomics (Visium) tissue preparation

At 5wk and 5+0.5 wk p.c., corresponding to peak demyelination and partial remyelination, respectively, brains were harvested, bisected sag-
itally, trimmed rostral to the fornix and caudal to the splenium of the CC, immediately frozen in a bed of finely crushed dry ice, and then
embedded in Tissue-Tek® O.C.T. Compound (Sakura #4583) in a dry ice-ethanol slurry. Sagittal sections were cut on a cryostat microtome
(Leica CM 1950) at 10 pm thickness and within 0-0.5 mm from the midline. Fresh, frozen sections were placed on slides (one replicate of each
treatment per slide) containing spatially-barcoded oligonucleotide probes in a 6.5 x 6.5 mm area and processed according to manufacturer’s
instructions (Visium Spatial Gene Expression kit V1, 10x Genomics). Briefly, tissues were fixed, stained, and permeabilized on the slide. cDNA
libraries were synthesized from captured RNA, resulting in spatially-resolved brain transcriptomes of mice from four conditions (n=3 animals
per condition): “Normal” (control diet), “Demyelinated” (cuprizone diet, 5 wk p.c.), “Saline” (cuprizone diet, PBS-inoculated, 5+0.5 wk p.c.),
and "Flu” (cuprizone diet, flu-inoculated, 5+0.5 wk p.c.).

Spatial transcriptomics (Visium) sequencing and data processing

The cDNA libraries were pooled and sequenced on two S4 2X150nt lanes in a NovaSeq 6000 (lllumina); read 1 (cell barcode + Unique Mo-
lecular Identifier (UMI) index) was trimmed to 28 nt and samples were demultiplexed using SpaceRanger (v1.1, 10X Genomics). Each sample
was run through spaceranger count (SpaceRanger v1.3, 10X Genomics) to align reads to a custom-made reference of NCBI's GRCm39
genome, Annotation Release 109 plus Influenza A virus (A/Puerto Rico/8/1934(H1N1)) genome assembly ViralMultiSegProj15521
(GCF_000865725.1); reads were collapse to unique UMIs and counted per gene per spot. No viral gene expression was detected in any spots
in any sample. The individual samples were also aggregrated using spaceranger aggr with -normalize=none to generate a .cloupe to explore
results using 10X Genomic's Loupe Browser.

The spaceranger count outputs per sample were read into R (v4.1.2) using Seurat (v4.0.6)"® for further analysis. All samples were normalized
together using SCTransform and then Principle Components Analysis was run on the top 3000 most variable genes. The first 30 PCs were run
through the Uniform Manifold Approximation and Projection (UMAP) dimensional reduction technique; samples did not segregate in UMAP
space (Figure 1C) so no integration was necessary. The first 30 PCs were also used to cluster the spots using Shared Nearest Neighbors with
resolution = 0.1.

Spatial transcriptomic data have been deposited at the Gene Expression Omnibus (GEO) database and are publicly available as of the
date of publication under accession number GSE253710.

Differential expression analysis

Differences in expression between treatments within each cluster (except cluster 5) was done using the muscat package’s (v1.8.0)"” "psuedo-

bulk" method using a model of ~ Trt + slide to correct for subtle slide differences. All 6 possible pairwise comparisons between the 4 treat-
ment groups, Demyel. vs. Norm., Saline vs. Norm., Flu vs. Norm., Demyel. vs. Flu, Demyel. vs. Saline, and Flu vs. Saline, were pulled from the
model using method = "edgeR" and a global False Discovery Rate adjustment was used so that genes with the same raw p-value would get
the same FDR p-value no matter what cluster it was in. Results for any gene with raw p-value < 0.001 are provided in Table S2. Results shown in
Figure 1 were further filtered with a global FDR cutoff of 0.05. Results for genes altered by infection shown in Table S3 had FDR<0.05 and FC>2
in at least one of clusters 1 and 2. Gene ontology analyses were performed on upregulated and downregulated genes that achieved an
FDR<0.05 using DAVID Bioinformatics Resources 2021 (david.nciferf.gov).

PHATE trajectory analysis

All twelve samples were analyzed together. The set of 3000 variable genes was exported as a spotXexpression matrix with sample and treat-
ment information included. The matrix was read into PHATE(v 1.0.11)*° for dimensional reduction, using default values. Trajectory analysis was
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then run on the PHATE output with Slingshot (v2.7.0).”%? As no single cluster was the obvious base, the PHATE projection was examined and
a selection of spots that was the visual base of the graph was renamed “cluster x” and used as the starting cluster. (phate1 > -0.015, phate1<
0.005 & phate2 < -0.01). This resulted in 4 trajectories, one that was composed of mainly clusters 1,2, and 4, one with cluster 6, one with cluster
3, and one with clusters 0,5, and 7. The trajectories generated in Slingshot were measured in pseudo-time, with a single pseudo-time assigned
to each spot for each trajectory it is a member of. Trajectory L1 was visualized as a heatmap on the Visium sections.

Immunostaining

Brains were harvested and prepared for immunostaining as previously described.® Sagittal brain sections of 20 um thickness were rehydrated
in PBS for 20 min and then blocked with PBS containing 5% goat serum and 0.3% Triton-X 100 (PBST) for 1 h at room temperature. Tissue
sections were then incubated with the following primary antibodies at 4°C overnight: anti-APC clone CC1 (1:200; Calbiochem #OP80),
anti-SOX10 (1:200; Abcam #AB227680), anti-GFAP (1:1000; EMD Millipore #AB5541), and anti-lba1 (1:1000; FUJIFILM Wako #019-19741),
anti-OLIG2 (1:200; EMD Millipore #AB9610), anti-Ki-67 clone SolA15 (1:100; Thermo #14-5698-82), and anti-MAG (1:100; Cell Signaling
#9043). After washing with PBST for three rounds of 5 min each, tissues were incubated with fluorophore-conjugated secondary antibody
at 1:1000 dilution for 1 h at room temperature before washing again with PBST. The following secondary antibodies were used: goat anti-
mouse Alexa Fluor™ 594 (Thermo #A11005), goat anti-rat Alexa Fluor™ 594 (Thermo #A11007), goat anti-rabbit Alexa Fluor™ 488 (Thermo
#A11008), goat anti-rabbit Alexa Fluor™ 594 (Thermo #A11012), goat anti-chicken Alexa Fluor™ 594 (Thermo #A11042), goat anti-chicken
Alexa Fluor™ 488 (Thermo #A11039). Tissues were counter-stained with Hoechst 33342 (1:5000; Thermo #H3570), washed in PBST, and
mounted in Fluoromount-G® (Southern Biotech #0100-01).

Images (Tmm x 0.75mm) were acquired on a ZOE™ Fluorescent Cell Imager (BioRad #1450031) with a 20x objective and resolution of 2.585
pixels/um. Cells were counted manually using the “Multi-point” tool on ImageJ (National Institutes of Health) and normalized to the area
quantified in mm?. For mean fluorescent intensity (MFI) measurements, the “Polygon selections” tool was used to manually select the area
of interest and "mean gray value” was used as the readout. For each animal, counts from 2-3 tissue sections were averaged per region,
and 3-12 animals were averaged per condition per time point.

CLARITY tissue clearing

Brains were harvested and processed for CLARITY as previously described.® Brains were harvested, bisected, and post-fixed in PBS containing
4% PFA (w/v) overnight at 4°C. Halved brains were then incubated in PBS overnight at 4°C. Next, Tmm sagittal sections were generated using
a sagittal mouse brain matrix (Kent Scientific). Each section was then submerged in hydrogel solution containing final concentrations of 3%
acrylamide (Bio-Rad #161-0140), 3% formaldehyde (Electron Microscopy Sciences #19200), and 0.25% VA-044 thermal initiator (m/v; Wako
Chemicals #NC0632395) for 24-48 h at 4°C. Incubated tissues were polymerized in hydrogel solution at -90 kPa for 3 h at 37°C, washed three
times with PBS, then actively cleared by electrophoresis using X-CLARITY™ Tissue Clearing System (Logos Biosystems). After lipid clearing,
the tissues were incubated in PBS containing anti-PLP clone AA3 (EMD Millipore #MABN2620), 0.1% Triton-X 100 (v/v; Sigma Aldrich #T8787;
PBST), 2% goat serum (Abcam #ab7481), and 0.01% sodium azide (Sigma Aldrich #52002) for 3 days at 50 rom and 37°C on an orbital shaker
(Thermo Scientific Max Q 4000). After washing for 24 hours in PBST, tissues were stained with goat anti-rat IgG (H + L) cross-adsorbed Alexa
Fluor 594 secondary antibody (diluted 1:100 in PBST, Thermo Scientific #A-11007) under the same conditions as the primary step and subse-
quently washed for 24 h in PBST. Tissues were then incubated in X-CLARITY mounting solution (Rl = 1.46, Logos Biosystems #C13101) for 24—
48 h before mounting between coverslips (Corning #2980-245) using iSpacers® (SunJin Lab).

Confocal imaging and imaris modeling analysis

Images were acquired with a Zeiss LSM 710 Confocal Microscope with a 10x objective as previously described.® Z-stacks were acquired at 1um
steps in the Z direction, 0.48um/pixel in the X, Y-plane, and 0.95usec pixel dwell time, resulting in whole datasets of 850 x 850um in the X,
Y-plane and 100um in the Z direction for PLP-stained tissues or 20um in the Z direction for MAG-stained tissues. Three-dimensional (3D)
models were rendered with Imaris x64 software (ver. 9.8.0, Bitplane, Oxford Instruments) and analyzed with the software’s automated Filament
Tracer module. All images were analyzed in the same fashion by a rater blinded to condition.

SCENITH

The following describes how SCENITH was performed for brain cells ex-vivo as adapted from the original method.*” Deviations to accom-
modate optimization tests or in-vitro applications are noted. Brains were collected and digested as previously described.® Briefly, brain tissue
was enzymatically digested using Neural Tissue Dissociation Kit with papain (Miltenyi #130-092-628) following manufacturer’s instructions for
manual dissociation, passed through a sterile 70um filter using a 3ml syringe plunger, and then pelleted through sterile PBS containing 30%
Percoll. For mechanical digestion (optimization test; Figure S3), the same steps were followed without the use of papain. Cells were resus-
pended in 1200p! of plating media: DMEM with 4.5 g/L glucose, L-glutamine, and sodium pyruvate (Corning #10013CV) containing 0.25%
w/v bovine serum albumin (Sigma #A9418). Glucose, glutamine, and pyruvate were included in plating media to promote cell viability; since
cells may uptake pyruvate and bypass glycolysis, metabolism results should be considered relative to the control group, not as absolute
values. Working solutions of each inhibitor (3x) and puromycin (10x) were prepared from stock solutions as indicated in the table below imme-
diately before use and kept on ice.
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Reagent Vehicle Stock conc. Working conc. Final conc. (1x)
2-deoxy-D-glucose (Sigma # D6134-5G) Sterile ddH,O ™ 300mM (3x) 100mM
Oligomycin A (Sigma #75351-5MG) DMSO TmM 3uM (3x) TuM

Puromycin (Sigma # P7255-250MG) Sterile ddH,O 10mg/ml 100pg/ml (10x) 10ug/ml

Plating media and inhibitor working solutions (3x) were added to appropriate wells in 6-well plates (CytoOne #CC7682-7506) as indicated
in the table below.

Condition Volume of Plating Media Volume of DG (3x) Volume of O (3x) Volume of Puromycin (10x)
Co 600yl ol oul 100yl
DG 3004l 300l ol 100l
o) 3004l o 300! 100pl
DGO oul 300l 300l 100

Cells were added to the side of each well in a volume of 300ul, resulting in ~10° cells per condition for a whole brain. For in-vitro exper-
iments, cultured cells were washed with plain media after LPS treatment and then media and inhibitors were added directly to wells containing
cultured cells. Plates were swirled to thoroughly mix well contents. After a 10 min incubation at 37°C, puromycin was added in a volume of
100ul to each well for a final volume of Tml per well and swirled to evenly distribute. After an additional 30 min incubation at 37°C, cells were
collected into 2ml microcentrifuge tubes. Wells were washed with 1 ml cold PBS to detach any adherent microglia/myeloid cells and
collected. For in-vitro experiments, after incubation with inhibitors and puromycin, media was aspirated, cells were washed with cold PBS,
and detached by 1 min incubation with 0.05% trypsin-EDTA (Thermo #25300054) at 37°C and tapping the plate by hand. Trypsin activity
was quenched by addition of plating media. For tube incubation (optimization test; Figure S3), cells were incubated with inhibitors and pu-
romycin in 15ml conical tubes (Corning #430791) instead of 6-well plates.

Cells were pelleted at 400 xg for 5 min at 4°C, decanted, and incubated with anti-CD16/CD32 clone KT1632 (Thermo #MA5-18012) in
flow buffer (PBS containing 2% v/v FBS) for 10 min on ice. Cells were then incubated for 20 min on ice with the following surface markers
diluted in flow buffer: anti-CD45 clone 30-F11, PE conjugate (Thermo #12-0451-82), anti-CD11b clone M1/70, Super Bright 600 conjugate
(Thermo #63-0112-82), and eFluor 780 fixable viability dye (Thermo #65-0865-14). Cells were washed with 1ml of cold PBS and then incu-
bated overnight in Foxp3 fixation/permeabilization buffer (Thermo #00-5521-00) according to manufacturer’s instructions. The following
day, Tml of permeabilization buffer was added to samples (Thermo #00-8333-56), which were then centrifuged at 400 xg for 5 min, dec-
anted, and incubated for 1 hr on ice with the following intracellular markers diluted in permeabilization buffer: anti-MAG clone 513, Alexa
Fluor 488 conjugate (EMD Millipore #MAB1567A4), anti-Puromycin clone 12D10, Alexa Fluor 647 conjugate (EMD Millipore #MABE343-
AF647), anti-SOX10 clone SP267 (Abcam #AB227680), and anti-PLP clone AA3 (EMD Millipore #MABN2620). Cells were washed with per-
meabilization buffer and subsequently incubated for 1 hr on ice with appropriate fluorophore-conjugated secondary antibody: goat anti-
rabbit Alexa Fluor™ 405 (Thermo # A-31556) and goat anti-rat Alexa Fluor™ 594 (Thermo #A11007). After washing with permeabilization
buffer, cells were resuspended in 300ul of flow buffer and data were acquired on an Attune NxT cytometer with Invitrogen Attune NxT
Cytometric Software (Thermo).

SCENITH data analysis

SCENITH results were analyzed using FlowJo software (ver. 10.8.1.). Gates were determined using fluorescence minus one (FMO) stained
samples, including puromycin® events (Figure S3). Metabolic dependencies and capacities were calculated by change in number of
puromycin® cells as well as change in puromycin MFI (Figure S3). Glucose dependence (%) was defined as the difference in number of
puromycin® cells between media control (Co) and 2-deoxy-D-glucose (DG) treatment divided by the difference in number of puromycin® cells
between Co and treatment with both inhibitors combined (DGO). Mitochondrial dependence (%) was defined as the difference in number of
puromycin® cells between Co and oligomycin (O) treatment divided by the difference between Co and DGO. Of the puromycin® cell pop-
ulations, glucose dependence and mitochondrial dependence were calculated by change in puromycin MFI. Unless otherwise noted, meta-
bolism results are shown for change in puromycin MFI. The complementary measures of glucose dependence and mitochondrial depen-
dence, as defined by Arguello et al., are fatty acid/amino acid oxidation capacity and glycolytic capacity, respectively.’” For any one
measure, the lower limit was capped at 0% and the upper limit was capped at 100%. Metabolic measures are presented as % and considered
relative, not absolute. Geometric mean was used as the readout for puromycin MFI except for DGO, for which mode was used to avoid an
artificial increase in geometric mean due to reduction in total number of viable cells for that condition. For visualization purposes only, counts
were normalized to mode for representative peaks.
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Cytokine array

To confirm LPS-induced glial activation and to gain insight into which secreted factors from reactive glia may be acting to alter OL meta-
bolism, we analyzed supernatants for various cytokines and chemokines using the Proteome Profiler Rat XL Cytokine Array (R&D
#ARY030). Supernatants from rat mixed glia cultures stimulated with LPS for 24 hours were collected and centrifuged at 1000 xg for 5 min
to remove any cell debris. Supernatants from three biological replicates were combined for each condition (n=1 pooled sample per condition)
and analyzed per manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

R software (v4.1.2) was used for statistical analysis of Visium spatial data using packages Seurat (v4.0.6) for normalization, PCA, UMAP and
clustering, and muscat (v1.8.0) for differential expression testing.

GraphPad Prism software (ver. 9.1.0) was used to execute all other statistical analyses and to create graphs. For weight change data,
repeated-measures mixed effects analyses with fixed effects of time and diet, matched values by time, and Bonferroni correction for multiple
comparisons were performed. Statistical analyses for cell counts and SCENITH data were performed with two-way ANOVA with Bonferroni
multiple comparisons test with fixed effects of cuprizone (remyelination) and infection. For analysis of data between three groups, one-way
ANOVA with Bonferroni correction was performed. For all other analysis between two groups, Student's t-test was performed if normality and
homoscedasticity assumptions were met. If not, non-parametric Mann-Whitney U test was performed. Data were only excluded if values were
identified as statistical outliers by the ROUT method (Q=1%) performed using Prism software. P values less than 0.05 were considered sta-
tistically significant. Data are represented as mean + SEM. Statistical tests used and sample size n are indicated in figure legends. In all cases,
n represents number of individual animals.
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