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Abstract

Multiple sclerosis (MS) was examined with a locked 468-gene redox, metal, xenobiotic-metabolism and
barrier panel in three adult white-matter cohorts from the Gene Expression Omnibus (GSE138614,
GSE32915, GSE108000). A DerSimonian—Laird random-effects meta-analysis yielded 442 analyzable
genes, 78 at Benjamini—Hochberg FDR < 0.05, and 30 high-confidence genes (FDR < 0.05, measured in >
3 cohorts, direction-concordant in = 70% of contributing cohorts, and nominally significant in > 2
cohorts); 12 were higher in MS, led by CP and PPARG, and 18 lower, led by OPLAH and GAMT. The meta-
analysis was reproduced exactly from the per-cohort GEO2R result tables. Panel genes were not more
often FDR-significant than the rest of the transcriptome (17.2% versus 15.5%; Fisher P = 0.35), and 18%
of 20,000 random sets of 442 measured genes had at least as many FDR-significant genes as the panel.
Each cohort contributes several samples per donor; re-fitted with the donor as the unit, 17 genes met the
high-confidence rule, 12 of them from the original 30, and adjustment for an oligodendrocyte marker
score left 9. Under a Hartung—Knapp—Sidik—Jonkman test no gene reached FDR < 0.05. In an
independent cohort (GSE123496), 25 of the 30 high-confidence genes changed in the same direction
(exact binomial p = 0.0003; Pearson r = 0.73). In supporting lesion and grey-matter tiers (not pooled),
higher HMOX1 and lower GPX4 (the latter not FDR-significant in the meta-analysis) recurred;
oligodendrocyte loss with glial and vascular expansion may explain part of these and other signals.
These are transcript-abundance associations in postmortem tissue; enzyme activity, iron content and
lipid peroxidation were not measured, and the findings do not establish ferroptosis or a treatment target.

What this analysis reports

In MS white matter the panel does not move as a block; it splits in two directions. Iron-handling and
stress-response transcripts are higher — ceruloplasmin (CP) +1.36, PPARG +0.96, ferritin light chain
(FTL) +0.89, HMOX1 +0.88 and AKR1C3 +0.76 log2 units — while the transferrin receptor (TFRC) is lower
(-0.39); ceruloplasmin supports iron export and ferritin iron storage, so these transcripts alone do not
show whether tissue iron is being retained or released. Transcripts of routine conjugation, glutathione
handling and one-carbon metabolism are lower, led by OPLAH (-1.24) and GAMT (-1.06) and followed
by G6PD (-0.70), ALDH1A3 (-0.60), GSTZ1 (-0.51) and CYP26A1 (-0.41). Twelve of the 30 high-
confidence genes are higher and 18 lower, and 25 of the 30 move the same way in an independent
cohort. Lesions lose oligodendrocytes and gain microglia, astrocytes and vascular cells, so part of this
pattern may reflect tissue composition rather than change within cells, and because each cohort
contributes several samples per donor, per-gene P values are optimistic. Panel genes change little more
often than the rest of the transcriptome. Re-fitted with the donor as the unit, 12 of the 30 remain high-
confidence (among them OPLAH, GAMT, PPARG, CP and CYP2A7), and adjustment for oligodendrocyte
content leaves few. Fifteen panel genes already differ in normal-appearing white matter, where no
demyelination is visible histologically; this is the least secure result, because its 21 NAWM and 25
control samples come from 7 MS donors and 5 control donors, and none of the 15 remains significant
when re-fitted with the donor as the unit. Every number here is transcript abundance in postmortem bulk
tissue; enzyme activity, iron content and lipid peroxidation were not measured.
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Introduction

Multiple sclerosis is a chronic inflammatory and neurodegenerative disease of the central nervous
system that affects an estimated 2.8 million people worldwide (2). Its course passes through relapsing-
remitting, secondary progressive and primary progressive phases; immunomodulatory therapies are
most effective in the relapsing phase and have limited efficacy against progressive neurodegeneration
(3-5). Its pathological hallmarks include focal white-matter demyelinating plaques, diffuse abnormalities
of normal-appearing white matter (NAWM), and cortical grey-matter lesions that correlate with cognitive
impairment and progressive disability (4).

The companion analyses of this series apply one locked 468-gene panel representing the cell's
xenobiotic-detoxification, antioxidant-defence, metal-homeostasis and blood-brain-barrier machinery.
The panel was assembled by complete functional-family enumeration, not by data-driven selection: all
human cytochrome P450s, glutathione S-transferases, UDP-glucuronosyltransferases, sulfotransferases
and related conjugation enzymes; the glutathione, thioredoxin, peroxiredoxin, superoxide-dismutase,
catalase and glutathione-peroxidase systems and the KEAP1-NFE2L2 (NRF2) axis; metallothioneins and
metal- and iron-homeostasis genes; and the blood-brain-barrier tight-junction, adhesion and transporter
module. It builds on the detoxification signature of the foundation study (6). The panel was not derived
from the XenoReg detoxification and physiological-barrier gene set of Santos et al. (7); overlap with that
519-gene set was inspected after the freeze and was not used to add or remove genes. Membership was
set by functional-family rules and pre-specified filters; the genes added at the panel freeze, and the MS
result without them, are given in Methods. The panel definition and the cross-disease synthesis are
reported in the methods-and-panel manuscript (1) and deposited at Zenodo (8).

MS is informative for this panel for four reasons. First, dimethyl fumarate, an NRF2-pathway drug, is
approved for relapsing MS, with roughly halved annualized relapse rates in phase 3 trials (9, 10); that
approval is background pharmacology, not validation of this panel. Second, MS lesions pass through
histologically defined stages that can be compared with control tissue in one series. Third, the published
HMOX?1 literature is context-dependent by lesion stage; these data measure transcript abundance, not
whether that response is protective or harmful. Fourth, ferroptosis has been reported in MS and its
models (11-15), neuronal STING signalling has been linked to MS neurodegeneration and ferroptosis
pathways (17, 18), and STING has been shown to target GPX4 for degradation in myocardial ischaemia-
reperfusion injury (16); these transcript data measure neither ferroptosis nor STING activity.

The objective is to report the locked three-cohort white-matter meta-analysis, to check its high-
confidence set in an independent cohort, and to place supporting lesion-stage, lesion-zone, grey-matter
and composition analyses in context. This is not claimed as a complete characterization of the pathway
family in MS.
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Results

Study design and panel coverage

Primary inference is a random-effects meta-analysis of three MS-versus-control white-matter cohorts:
GSE138614 (RNA-seq; 73 samples of normal-appearing white matter and four lesion types from 10
patients with progressive MS, and 25 control white-matter samples from 5 donors) (19), GSE32915
(Agilent microarray; 12 samples of normal-appearing white matter and lesion areas from four patients
with acute MS, and white matter from four controls) (20) and GSE108000 (Agilent microarray; rim and
perilesional samples from 7 chronic active and 8 inactive lesions, and white matter from 10 control
donors) (21). Each cohort therefore contributes more than one sample per MS donor or lesion (see
Limitations). Measurable panel-gene coverage was 386 of 468 in GSE138614, 435 in GSE32915 and 436
in GSE108000. Supporting tiers, none of which enters the pooled estimate, are the GSE138614 lesion-
type contrasts, the four GSE108000 lesion-zone contrasts, the cortical grey-matter series GSE135511
(follicle-stratified; 370—-373 measurable panel genes per contrast) (22) and GSE131279 (a within-MS
lesion-versus-normal-appearing grey-matter contrast and one of the two sub-series of GSE131282; 448
measurable) (23), and cell-type composition from the single-nucleus atlas of Macnair et al. (632,375
nuclei, of which 335,694 are white matter and carry the lesion-type assignments used here) (24). An
independent multi-region brain RNA-seq cohort, GSE123496 (25), was used only to check the high-
confidence set. Four candidate datasets were excluded: GSE5839 (a single control array), GSE38010
(non-log-transformed values), GSE52139 (a within-MS spinal-cord contrast without non-MS controls) and
the grey-matter SuperSeries GSE131282 (a transcriptome-wide scale offset; see below). Its control-
containing sub-series, GSE131281 (normal-appearing versus control grey matter; 452 measurable), is
reported alone as a supporting contrast, and the optic-chiasm series GSE100297 was analyzed but not
used further (Methods). The screen that identified these cohorts is documented in Table S1.

Primary three-cohort white-matter meta-analysis

Of the 468 panel genes, 442 were meta-analyzable (measured in at least two of the three cohorts), 78
reached Benjamini—Hochberg FDR < 0.05, and 30 met the locked high-confidence rule: FDR < 0.05,
measured in = 3 cohorts, direction-concordant in = 70% of contributing cohorts, and nominally significant
in =2 cohorts (Table 1, Fig. 1). Twelve high-confidence genes were higher and 18 lower in MS white
matter. Median 12 among the 30 was 0%, and 20 of the 30 had 12 of 0%; with three cohorts, I? is estimated
imprecisely, so these values do not by themselves establish agreement between cohorts. The full set of
78 FDR-significant genes is given in Table S2 and all 442 genes in Data S1.
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Table 1

High-confidence panel genes in the three-cohort white-matter meta-analysis (k = 3). Pooled log2 fold-
change (MS vs control white matter) by DerSimonian—Laird random effects across GSE138614,
GSE32915 and GSE108000; 95% CIl = pooled estimate + 1.96 x SE; I = between-cohort heterogeneity; P =
two-sided; FDR = Benjamini—Hochberg across 442 meta-analyzable genes. All 30 genes were measured
in all three cohorts. High-confidence rule: FDR < 0.05, measured in = 3 cohorts, direction-concordant in =
70% of contributing cohorts, nominally significant in = 2 cohorts. Values are full precision from the
reproduction of the locked analysis (Data S1); pooled estimates, 1> and FDR status agree with the locked
file for all 442 genes. Twenty-six of the 30 are CORE-tier genes (including FXN and TFRC from the
ferroptosis/iron/NRF2 group and TREX1 from the cGAS-STING group) and 4 belong to the SENSITIVITY
layer (CYCS, TUFM, UBB, XBP1). The 78 FDR-significant genes are in Table S2.

Gene Direction Pooled 95% 12 P FDR Function
log2FC Cl (%)

CP Higher +1.36 +0.41 89.0 0.005 0.032 Ceruloplasmin;
to + ferroxidase, iron export
2.32

PPARG Higher +0.96 +0.75 0.0 2.1x% 3.1x Nuclear receptor; lipid
to + 10-° 10-"7 and inflammatory
1.17 signalling

FTL Higher +0.89 +0.59 0.0 1.2 x 5.2 x Ferritin light chain; iron
to+ 10-8 107 storage
1.20

HMOX1 Higher +0.88 +0.53 0.0 1.1 x 2.7 % Heme oxygenase 1;
to + 10-¢ 10-5 heme degradation,
1.23 NRF2 target

AKR1C3 Higher +0.76 +049 0.0 4.3 x 1.6 x Aldo-keto reductase;
to + 10-8 10-¢ NRF2 target
1.03

ALDH1L2  Higher +0.73 +0.33 694 29x 0.003 Mitochondrial 10-
to + 10-4 formyl-THF
1.12 dehydrogenase; one-

carbon

XBP1 Higher +0.72 +0.38 322 28« 4.2 x ER-stress transcription
to+ 10-5 10-4 factor
1.06

PECAM1 Higher +0.69 +0.21 73.2 0.0046 0.03 Endothelial adhesion
to + (barrier module)
1.17

GPX1 Higher +0.66 +0.31 0.0 1.9 x 0.0021 Glutathione peroxidase
to+ 10-4 1
1.00

MGST2 Higher +0.58 +0.37 0.0 3.8 x 1.5 % Microsomal glutathione
to + 1078 10-¢ S-transferase 2
0.78

SLC7A11 Higher +0.51 +0.19 9.7 0.0015 0.012 Cystine/glutamate
to + antiporter (xCT)
0.82
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Gene

NATT

FXN

UBB

SLC39A3

CBS

TFRC

ALDH1L1

CYP26A1

TUFM

TREX1

CGN

ATOX1

GSTZ1

CYCS

Direction

Higher

Lower

Lower

Lower

Lower

Lower

Lower

Lower

Lower

Lower

Lower

Lower

Lower

Lower

Pooled
log2FC

+0.39

-0.22

-0.30

-0.34

-0.35

-0.39

-0.39

-0.41

-0.45

-0.46

-0.48

-0.48

-0.51

-0.52

95%
Cl

+0.21
to+
0.57
-0.32
to
-0.13
-0.47
to
-0.13
-0.46
to
-0.21
-0.56
to
-0.14
-0.62
to
-0.16
-0.62
to
-0.16
-0.65
-0.17
-0.58
-0.32
-0.66
to
-0.26
-0.72
-0.25
-0.63
-0.33
-0.72
-0.30
-0.74

to
-0.30

|2
(%)
0.0

0.0

0.0

29.5

0.0

0.0

0.0

3.7

0.0

0.0

0.0

0.0

13.1
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0.0082

0.0078

0.0063

Function

N-acetyltransferase 1;
conjugation

Frataxin; iron—sulfur
cluster assembly

Ubiquitin B

Zinc importer ZIP3

Cystathionine B-
synthase;
transsulfuration

Transferrin receptor;
iron import

10-formyl-THF
dehydrogenase; one-
carbon

Retinoic acid
hydroxylase

Mitochondrial
elongation factor Tu

3'-exonuclease; cGAS—-
STING arm

Cingulin; tight junction

Copper chaperone

Glutathione S-
transferase zeta 1

Cytochrome c;
respiratory chain




Gene Direction Pooled 95% 12 P FDR Function
log2FC Cl (%)

ALDH1A3 Lower -0.60 -0.78 0.0 2.4 x 1.7 x Retinaldehyde
to 10-" 10-° dehydrogenase 3
-0.42

CYP2A7 Lower -0.61 -0.98 63.2 0.0012 0.0093 Cytochrome P450 2A7
to
-0.24

G6PD Lower -0.70 -0.88 13.2 1.8x 1.9 x Pentose-phosphate
to 10-13 10-" pathway; NADPH
-0.51

GAMT Lower -1.06 -1.28 0.0 1.7 x 3.7 % Guanidinoacetate
to 10-20 1018 methyltransferase;
-0.83 creatine synthesis

OPLAH Lower -1.24 -1.49 0.0 6.1 x 2.7 % 5-oxoprolinase;
to 10-23 10-20 glutathione cycle
-1.00

The higher arm is dominated by iron handling and stress-responsive transcripts: CP (+ 1.36), PPARG (+
0.96), FTL (+ 0.89), HMOX1 (+ 0.88), AKR1C3 (+ 0.76), ALDH1L2 (+ 0.73), XBP1 (+ 0.72), PECAM1 (+
0.69), GPX1 (+ 0.66), MGST2 (+ 0.58), the cystine/glutamate antiporter SLC7A11 (+0.51) and NAT1 (+
0.39). Several further iron- and NRF2-related transcripts were FDR-significant without meeting the high-
confidence rule, including ferroportin SLC40A1 (+ 0.56), NQO1 (+ 0.49, measured in two cohorts) and
ICAM1 (+0.67). The lower arm comprises glutathione, conjugation and one-carbon transcripts — OPLAH
(- 1.24), GAMT (- 1.06), G6PD (- 0.70), CYP2A7 (- 0.61), ALDH1A3 (- 0.60), GSTZ1 (- 0.51), CYP26A1 (-
0.41), ALDH1TL1 (- 0.39) and CBS (- 0.35) — together with TFRC (- 0.39), the copper chaperone ATOX1
(- 0.48), the zinc transporter SLC39A3 (- 0.34), the cGAS-STING-arm exonuclease TREX1 (- 0.46), the
tight-junction protein cingulin (CGN, - 0.48), ubiquitin B (UBB, - 0.30) and the mitochondrial transcripts
CYCS (- 0.52), TUFM (- 0.45) and FXN (- 0.22). The panel therefore records higher iron-storage and
stress-response transcripts alongside lower transcripts for routine clearance and glutathione handling in
the same tissue.

The meta-analysis was reproduced exactly from the three per-cohort GEO2R result tables (Methods;
Supplementary Text S1): pooled log2 fold-changes, 12, FDR status and high-confidence status agreed for
all 442 genes with the locked results. For genes measured by several array probes, the locked analysis
used the probe with the smallest P value; because that choice depends on the outcome, it departs from
the rule-based construction of the panel. As a sensitivity analysis, collapsing such probes by their mean
instead gave 86 FDR-significant and 32 high-confidence genes; 29 of the 30 locked high-confidence
genes were retained (PECAM1 was not; FDR 0.14), all 30 kept the same direction, and pooled estimates
under the two rules correlated at r =0.978 (Data S1).

Sensitivity of the primary result
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Panel genes did not change more often than other genes. Applied unchanged to all 19,365 genes
measured in at least two of the three cohorts, the pipeline gave transcriptome-wide FDR < 0.05 for 76 of
the 442 panel genes (17.2%) and 2,939 of the 18,923 other genes (15.5%; odds ratio 1.13, Fisher P =
0.35); 30 panel genes (6.8%) and 1,233 other genes (6.5%) met the high-confidence rule (P =0.77), and
18% of 20,000 random sets of 442 measured genes had at least as many FDR-significant genes as the
panel. All 30 high-confidence genes, and 76 of the 78 FDR-significant panel genes, kept their status
under transcriptome-wide correction. None of the three cohorts showed a transcriptome-wide offset of
the kind that excluded GSE131282 (median log2 fold-change - 0.02 to + 0.10; 45-54% of genes
negative), but 46% of all measured genes reached nominal P <0.05 in GSE138614 and 51% in
GSE108000, against 2% in GSE32915 (Table S5). In the donor-level re-fit described below, the panel
showed a slight excess (111 of 444 panel genes, 25.0%, against 4,074 of 19,348 other genes, 21.1%;
odds ratio 1.25, P = 0.046). The white-matter signal is therefore broad, and the panel genes share in it
rather than standing out clearly from it.

Allowing for repeated samples per donor. Each cohort was re-fitted with the donor or lesion as the unit:
GSE138614 counts were summed per donor (10 MS and 5 control donors; PyDESeq2 with the GEO2R
settings), GSE32915 values were averaged per patient (4 versus 4 controls; limma) and GSE108000 rim
and perilesional values were averaged per lesion (15 lesions versus 10 controls; limma), and the locked
pipeline was re-applied (Methods). The pooled estimates correlated closely with the locked ones (r =
0.93 across panel genes), all 30 high-confidence genes kept their direction and 29 remained FDR-
significant, and 117 panel genes reached FDR < 0.05; but only 17 met the high-confidence rule: 12 of the
locked 30 (AKR1C3, ALDH1A3, ALDH1L2, CP, CYP2A7, G6PD, GAMT, MGST2, OPLAH, PPARG, SLC7A11
and XBP1) and 5 others (ABCB1, CLDN12, CYP1B1, IFI16 and SULT1C2). HMOX1, FTL and PECAM1
remained FDR-significant (FDR 0.0002, 4 x 10-¢ and 2 x 10-¢) but lost high-confidence status, because at
donor level GSE138614 is nominally significant for 14 of the 30 genes rather than all 30. An approximate
design-effect bound applied to the locked tables gave a similar reduction (16, 11, 8 and 6 high-
confidence genes at within-donor correlations of 0.25, 0.5, 0.75 and 1; Table S4).

Adjusting for tissue composition. Adding a per-unit oligodendrocyte marker score (mean standardized
expression of PLP1, MOG, MOBP, MBP, MAG and OPALIN) to the donor-level models left 64 FDR-
significant panel genes and 9 high-confidence genes, of which GAMT, PPARG and ALDH1L2 are among
the locked 30; adding a macrophage score (CD68, CD163 and CSF1R) as well left 21 and 4 (Table S4). All
30 locked genes kept their direction with the oligodendrocyte score. Because oligodendrocyte loss is
itself part of MS pathology and the scores differ strongly between MS and control tissue, these models
remove disease-related signal as well as composition; they show how much of the panel signal travels
with cell-type change, not that the remainder is regulation within cells.

Choice of random-effects method. With three cohorts, the Hartung—Knapp-Sidik—Jonkman method
tests the pooled estimate against a t distribution with 2 degrees of freedom (Methods). Under it no panel
gene reached FDR < 0.05 (smallest P = 0.0006, HMOX1), although 23 of the 30 high-confidence genes
had nominal P < 0.05. Per-gene inference from three cohorts therefore depends on the method chosen;
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the DerSimonian—Laird result is reported as locked, and the agreement in direction across cohorts and in
GSE123496 is the more robust evidence.

Independent-cohort check of the high-confidence set

GSE123496 contributed nothing to the locked meta-analysis. It comprises bulk RNA-seq of five brain
regions (hippocampus, frontal cortex, internal capsule, corpus callosum and parietal cortex) from five
MS donors and five controls (25). All 30 high-confidence genes were measured, and 25 of 30 (83%)
changed in the same direction as the pooled estimate (exact binomial p = 0.0003, two-sided); the
GSE123496 log2 fold-changes correlated with the pooled estimates (Pearson r = 0.73; Spearman p =
0.75, p=1.9 x 10-5; Fig. 2, Table S3). Concordance was 13 of 18 for genes lower in MS and 12 of 12 for
genes higher in MS. Against a gene-label permutation baseline across all measurable panel genes, the
95th percentile of |r| was 0.35 and no permutation reached the observed correlation (p < 0.0002, 5,000
permutations). The five discordant genes were all lower in the pooled estimate and higher in GSE123496:
G6PD (+0.14), TUFM (+0.07), UBB (+0.18), CBS (+ 0.17) and ALDH1L1 (+ 0.81). Only ALDH1L1 was
individually significant in the discordant direction (adjusted P = 0.019); it is an astrocyte-enriched
transcript, and GSE123496 mixes grey- and white-matter regions. GSE123496 has a slight transcriptome-
wide negative skew (60% of genes negative), and 55% of its measurable panel genes are positive;
against the 49% concordance expected from that sign distribution, 25 of 30 remains significant (exact
binomial P = 0.0002).

Lesion-stage analysis in GSE138614

The five GSE138614 lesion types were each compared with the 25 control white-matter samples
(PyDESeqg2 on the deposited counts; Methods; Supplementary Text S2). Samples were treated as
independent, although the 73 MS samples come from 10 patients and the 25 control samples from 5
donors, so adjusted P values and hit counts are optimistic. Each lesion type comes from 4 to 7 donors
(NAWM 7, active 7, chronic active 6, inactive 4, remyelinating 4), and 12 of the 14 inactive-lesion samples
come from two donors. The originating authors' results, which account for patient, age and sex, are
compared in Supplementary Text S2. Panel hits (FDR < 0.05 and |log2 fold-change| = 0.5) numbered 15 in
NAWM, 133 in active lesions, 99 in chronic active lesions, 114 in inactive lesions and 75 in remyelinating
lesions (Table 2). Table 3 shows the stage pattern for 14 genes, selected for discussion after inspection
of the results.

In NAWM — tissue without histological demyelination — 15 panel genes reached the hit criterion. Seven
were higher: SULT1C2 (+ 1.36, adjusted P = 0.001), ABCC3 (+ 1.29, 0.019), CYP2S1 (+ 1.26, 0.004),
ALDH1A2 (+1.15, 0.005), CP (+ 1.05, 0.006), ABCB1 (+ 0.95,0.013) and SLC47A1 (+0.72, 0.037). Eight
were lower: 0SGIN1 (- 1.24, 0.046), MT1M (- 1.10, 0.005), MT2A (- 0.95, 0.026), MT1X (- 0.95, 0.042),
MT1E (- 0.88, 0.032), NOS2 (- 0.81,0.034), AOX1 (- 0.73, 0.012) and ME1 (- 0.56, 0.030). Four of the
eight lower genes are metallothioneins. Composition data show an 11.1 percentage-point lower
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oligodendrocyte fraction in NAWM than in control white matter, with modest astrocyte (+ 2.8 points) and
endothelial/pericyte (+ 2.3 points) expansion (Table 4), so part of the NAWM signal may reflect cellular
reorganization rather than per-cell change. In a donor-level re-fit (NAWM from 7 donors against 5 control
donors) none of the 15, and no panel gene, met the hit criterion; in the originating authors' patient-
adjusted results, 6 of the 14 they report reached FDR < 0.05 (SULT1C2, CP, ABCB1, SLC47A1, AOX1 and
ME1). These NAWM hits are the least secure result in this paper.

Active lesions showed the largest number of hits (133). Among them were CP (+2.19, adjusted P =3.5 x
10-'3), PPARG (+ 1.49, 1.1 x 10-8), VCAM1 (+ 1.68, 3.3 x 10-%), CLDN5 (+ 2.26, 9.7 x 10-*) and HMOX1 (+
1.40, 0.0015), with lower GPX4 (- 0.58, 0.026) and CLDN11 (- 0.96, 3.5 x 10-5). HMOX1 was FDR-
significant in active (adjusted P = 0.0015) and inactive lesions (+ 1.52, 0.0028), nominally higher in
remyelinating lesions (P = 0.019), and not changed in chronic active lesions or NAWM. GPX4 was lower
in active, inactive (- 0.75, adjusted P = 0.0024) and remyelinating lesions (- 1.08, 0.033) and not in
chronic active lesions or NAWM. CP, ABCB1, PPARG, PECAM1, NDUFS2 and CLDN11 changed in four or
five lesion types (Table 3).

Page 10/36



Table 2

GSE138614: panel hits by lesion type against control white matter. PyDESeq2 on the deposited count
matrix, each lesion type against the 25 control white-matter samples; samples were treated as
independent (73 MS samples from 10 patients; 25 control samples from 5 donors); the number of MS
donors in each group is given in parentheses. Hit = Benjamini—Hochberg adjusted P < 0.05 and |log2 fold-
change| = 0.5. “Panel genes tested” = panel genes with an adjusted P in that contrast (after independent
filtering). Percentages are of the full panel (468) and of the genes tested. Leading hits are listed in order
of adjusted P; 1 higher, | lower in the lesion type. Per-gene values are in Data S2. These single-contrast
counts are descriptive; the three-cohort meta-analysis is the primary inferential result.

Comparison n n Panel Hits Up/ Hits (% Leading hits
(MS) (control) genes down  panel/ %
tested tested)

NAWM vs 21 25 398 15 7/8 3.2%/ SULT1C2T,

control WM (7) 3.8% CYP2S17,
ALDH1AZ2T,
MT1M|, CPT,
AOX1], ABCB1T,
ABCC31

Active lesion vs 16 25 418 133 94/ 28.4% / SULT1C271, CPT,

control WM (7) 39 31.8% GPX81, ABCC3T,

CDH1/|, GPX3T,
SLC47A117, JAM3]

Chronic active 17 25 417 99 53/ 21.2% / CPT, RARBT,

lesion vs control  (6) 46 23.7% GPX8T1, GCLC|,

WM AOX1], JAM3|,
ALDH1A1],
CYP1B11

Inactive lesion 14 25 417 114 60/ 24.4% / CDH1Y,

vs control WM 4) 54 27.3% ALDHTA1],
GCLC|, GPX8T7,
ABCC3T,
SULT1C21, CPT,
IDH2]

Remyelinating 504) 25 423 75 38/ 16.0% / TF|, PAPSS1|,

lesion vs control 37 17.7% NDUFS2|,

WM SULT1C2T, JAM3],
ABCB117, GPX8T,
SLC30A17
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Table 3

GSE138614: stage pattern of 14 panel genes discussed in the text. Each lesion type against the 25
control white-matter samples (PyDESeq2). 1/ direction; ** adjusted P < 0.05; *** adjusted P < 0.01;
=P >0.05. NAWM, normal-appearing white matter;

nom = nominal P < 0.05 with adjusted P >0.05; —

AL, active; CA, chronic active; IL, inactive; RL, remyelinating lesion.

Gene
CP
ABCB1
PPARG
PECAM1
VCAM1
HMOX1
NQO1
CLDN5
CYP2A6
CLDN11
NDUFS2
GPX4
MT1E
AQP1

NAWM AL
ok ok
TH% ok
nom7T  T***
nom7T  T***
— ok
- ok
— Hok
— Hx
nom |  |***
— R
— TR
— 1**
1** nom |
- nom |

CA

e
-
-
-

nom T

l***
l**
l***

l**

l***

IL

T***
T***
T***
T***

nom T

T***

T**

-

-
-
-
-

l***

RL

ok
Tk
T
Tk
nom T
nom T
%
**
R
R
[
nom |

nom |

Function

Iron/copper; ferroxidase

Efflux transporter (P-glycoprotein)
Nuclear receptor

Endothelial adhesion
Endothelial/immune adhesion
Heme degradation; NRF2 target
NRF2 target

Endothelial tight junction
Cytochrome P450
Oligodendrocyte myelin claudin
Complex | subunit

Phospholipid glutathione peroxidase
Metallothionein

Water channel

Cell-type composition (Macnair et al.)

Cell-level metadata from a separate single-nucleus atlas of MS and control brain tissue (24) provided
composition context for the bulk signals. The atlas samples are not the tissue profiled in the bulk
cohorts, so its fractions indicate the direction and approximate size of composition shifts by lesion type,

not the composition of the bulk samples. Control white matter is 75.2% oligodendrocytes, 8.5% microglia

and 5.7% astrocytes (Table 4). Active lesions showed the largest shift: oligodendrocytes fell to 43.9% (-
31.3 points), microglia rose to 14.9% (+ 6.4) and astrocytes to 15.1% (+ 9.4). NAWM showed a smaller
shift (- 11.1 points oligodendrocytes, + 2.8 points astrocytes). This analysis quantifies composition only;
it is not differential expression within cell types. The bulk cohorts show the same shift: four of six
oligodendrocyte marker transcripts (MOG, MOBP, MBP and MAG) were lower in all three meta-analyzed
cohorts, whereas PLP1 was not lower in GSE32915 or GSE108000 and OPALIN not in GSE32915 (Table
S6) (for example MOG - 1.04, - 0.87 and - 0.76, and MAG - 1.36, - 0.76 and - 1.13 log2 units in

GSE138614, GSE32915 and GSE108000), GFAP was higher in all three (+ 0.82, + 0.54 and + 0.88), and the
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macrophage transcripts CD68 and CD163 were higher in GSE138614 (+ 1.20, + 2.45) and GSE108000 (+
1.03, + 0.88) (Table S6).

Table 4

Cell-type composition of MS white matter by lesion type (Macnair et al.; Zenodo 8338963). Values are
percentages of white-matter nuclei; changes from control white matter in percentage points in
parentheses. Data source: ms_lesions_snRNAseq_col_data_2023-09-12.txt; 335,694 white-matter nuclei
of 632,375 in the atlas (control white matter 54,721; NAWM 60,059; active 76,268; chronic active 60,958;
inactive 39,822; remyelinating 43,866). Rows do not sum to 100%: the remaining nuclei are neurons
(5.1% of control white matter; 10.8%, 18.1%, 10.8%, 11.7% and 8.0% in NAWM, active, chronic active,
inactive and remyelinating lesions) and B and T lymphocytes (0.1% to 1.2%). OPCs, oligodendrocyte
precursor cells; COPs, committed oligodendrocyte precursors.

Cell type Control NAWM Active Chronic Inactive Remyelinating
WM active

Oligodendrocytes 75.2% 64.1% (-  43.9% 50.7% (- 52.8% (- 60.8% (- 14.4)
11.7) (-31.3) 24.5) 22.4)

Microglia 8.5% 8.8% (+ 14.9% 16.2% (+ 11.7% (+ 9.8% (+1.3)
0.3) (+6.4) 7.7) 3.2)

Astrocytes 5.7% 8.5% (+ 15.1% 15.1% (+ 16.4% (+ 14.5% (+ 8.8)
2.8) (+9.4) 9.4) 10.7)

OPCs + COPs 4.5% 4.1% (- 4.3% (- 3.4% (- 3.2% (- 3.1% (- 1.4)
0.4) 0.2) 1.1) 1.3)

Endothelium + 0.8% 3.1% (+ 2.7% (+ 2.7% (+ 3.1% (+ 2.8% (+2.0)

pericytes 2.3) 1.9) 1.9) 2.3)

Composition bears directly on two recurrent signals. GPX4 is expressed abundantly by oligodendrocytes,
and the oligodendrocyte fraction falls by 14 to 31 points in the lesion types where GPX4 is lower; cell
loss alone could therefore produce the bulk decrease, and per-cell suppression in surviving
oligodendrocytes cannot be separated from it on these data. CLDN11, an oligodendrocyte myelin
claudin, falls in the same lesion types and serves as an internal marker of oligodendrocyte depletion.
HMOX1 rises in lesion types where microglia and astrocytes expand, so its bulk increase is compatible
with expansion of those compartments, with or without per-cell induction. CP rises by + 1.9 to + 2.2 log2
units across the four demyelinated lesion types, more than the roughly 1.4 log2 units that a 5.7% to
15.1% astrocyte fraction alone would produce if CP were confined to astrocytes; this suggests, but does
not show, per-cell induction. The same consideration applies to the primary high-confidence set: several
of its higher transcripts, including HMOX1, PPARG and PECAMT1, are expressed mainly by microglia,
macrophages or endothelial cells, compartments that expand in lesions. Chronic active lesions are a
partial counter-example: their oligodendrocyte fall (- 24.5 points) and microglial and astrocytic
expansion (+ 7.7 and + 9.4 points) are comparable to those of inactive lesions, yet neither GPX4 nor
HMOX1 changed in them (Table 3), so composition is unlikely to be the whole explanation. Whether each
high-confidence gene is enriched in a cell type whose fraction changes was not tested, and no
composition adjustment was applied to the meta-analysis.
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Lesion-zone and grey-matter tiers

Table 5 summarizes all datasets. In GSE108000, each lesion zone was compared with the 10 control
white-matter samples. Panel hits were 105 (24.1%) in the rim of chronic active lesions, 94 (21.6%) in the
perilesional zone of chronic active lesions, 85 (19.5%) in the rim of inactive lesions and 94 (21.6%) in the
perilesional zone of inactive lesions. CP was higher in all four zones (+ 1.64 to + 2.24). HMOX1 was FDR-
significant in the rim of chronic active lesions (+ 1.61, adjusted P = 1.1 x 10-%), the rim of inactive lesions
(+0.83,0.019) and the perilesional zone of chronic active lesions (+ 0.64, 0.047), but not in the
perilesional zone of inactive lesions; it was strongest at the chronic active rim. GPX4 was lower in the
perilesional zone of chronic active lesions (- 0.84, 0.0078), the rim of inactive lesions (- 0.86, 0.0016)
and the perilesional zone of inactive lesions (- 1.02, 0.0002), and nominally lower at the chronic active
rim. NDUFS2 was lower and PECAMT higher in all four zones.

In cortical grey matter (GSE135511; each group of 10 against the same 10 controls), follicle-negative
grey-matter lesions showed 62 panel hits (16.8% of 370 measurable) and follicle-negative normal-
appearing grey matter 60 (16.1% of 373), against 2 (0.5% of 373; GSTM1 and GSTM2, both lower) in
follicle-positive grey-matter lesions. HMOX1 (+ 1.46 and + 1.44), AQP1 (+ 1.65 and + 1.77), CLDN5 (+ 0.81
and +0.88) and NQO1 (+1.13 and + 1.17) were higher, and GPX4 (- 0.43 and - 0.39) and NDUFS2 lower,
in follicle-negative lesions and normal-appearing grey matter respectively. The two follicle-negative
contrasts come from the same 10 donors and share the control group, so they are not independent
observations. Re-analyzed from the series matrix, follicle-positive normal-appearing grey matter
(GSM4013340-GSM4013349), the fifth group in the series, showed 5 panel hits (1.3% of 371
measurable; GSTM1, GSTM2, GSTM4, PRDX2 and USP14, all lower) against the same controls. A direct
comparison of follicle-negative with follicle-positive lesions (10 donors each) found no gene at FDR <
0.05 anywhere in the transcriptome, and neither did the corresponding comparison of normal-appearing
grey matter. In the follicle-negative lesion contrast, re-analyzed from the series matrix with gene-level
Benjamini—Hochberg correction (63 hits among 366 measurable panel genes, against 62 of 370 in the
GEO2R table above), panel genes were hits at the same rate as all measured genes (17.2% and 17.6%;
Data S4). In GSE131279, a within-MS comparison of 37 cortical grey-matter lesion samples from 18
donors with 41 normal-appearing grey-matter samples from 20 donors (samples treated as
independent), 18 of 448 measurable panel genes (4.0%) were hits, including lower MT1A and CLDN11
and higher CYP2D6 and UGT1A6.
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Table 5

Datasets, panel coverage and single-contrast panel hits. Hits = panel genes with Benjamini—Hochberg
adjusted P < 0.05 and |log2 fold-change| = 0.5 in that contrast (GEO2R; lowest-P probe per gene), as a
percentage of measurable panel genes; GSE138614 lesion-type hits are from the PyDESeq2 re-analysis
(Table 2), and its panel coverage (386) is that of the GEO2R table used in the meta-analysis. Key genes:
1/1 FDR-significant; nom = nominal P < 0.05 only. WM, white matter; GM, grey matter; NAGM, normal-
appearing grey matter; HC, high-confidence. The per-gene values for every contrast are in Data S3. Only
GSE138614, GSE32915 and GSE108000 enter the meta-analysis; all other rows are supporting tiers or
checks and are not pooled. n is given in samples, with donors or lesions where the public record states
them (GSE138614: 72 MS samples in the NCBI-generated counts used by GEO2R; the lesion-type re-
analysis uses all 73 in the authors' count matrix); in every contrast, samples from the same donor or
lesion were treated as independent.

Dataset Platform Comparison n(MS/ Panel Hits Key genes / role
control) genes
GSE138614 RNA-seq NAWM and 72 /25 386 Meta Locked meta-
(GPL21697) WM lesions (10/5 cohort; analysis; lesion-
(4 types) vs donors) lesion- stage tier
control WM type hits
15-133
(Table 2)
GSE32915 Agilent Acute MS 12 (4 435 0 Locked meta-
(GPL4133) NAWM and patients) analysis
lesion areas /4
vs control
WM
GSE108000  Agilent All lesion- 30/10 436 Meta Locked meta-
(GPL13497) zone cohort analysis
samples (15
lesions) vs
control WM
GSE108000 Agilent Rim, chronic 7/10 436 105 CPT, HMOX1T,
(GPL13497)  active vs (24.1%) GPX4 nom |,
control WM PPARGT,
NDUFS2],
PECAM17
GSE108000 Agilent Perilesion, 7/10 436 94 CPT, HMOX1T1,
(GPL13497)  chronic (21.6%) GPX4[,
active vs PPARGT,
control WM NDUFS2|,
PECAM11
GSE108000 Agilent Rim, inactive 8/10 436 85 CPT, HMOX17,
(GPL13497)  vs control (19.5%) GPX4[,
WM PPARGT,
NDUFS2|,
PECAM11
GSE108000 Agilent Perilesion, 8/10 436 94 CPT, GPX4],
(GPL13497) inactive vs (21.6%) PPARGT,
control WM NDUFS2|,
PECAM11
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Dataset

GSE135511

GSE135511

GSE135511

GSE135511

GSE135511

GSE131279

GSE123496

Macnair et
al.

GSE131282

Platform

[llumina
(GPL6883)

[llumina
(GPL6883)

[llumina
(GPL6883)

[llumina
(GPL6883)

[llumina
(GPL6883)

[llumina
(GPL10558)

RNA-seq
(GPL21290)

snRNA-seq
metadata

[llumina
(GPL10558)

Comparison

GM lesion,
follicle-
negative vs
control GM

NAGM,
follicle-
negative vs
control GM

GM lesion,
follicle-

positive vs
control GM

NAGM,
follicle-
positive vs
control GM

GM lesion,
follicle-
negative vs
follicle-
positive

GM lesion vs
NAGM, within
MS

Five brain
regions, MS
vs control

WM lesion
types;
composition
only

GM, MS vs
control

n(MS/
control)

10/10

10/10

10/10

10/10

10/10

37 lesion
/ 41
NAGM
(within
MS)

5 donors
/5
donors
(25725
samples)

335,694
WM
nuclei

142/ 42
(49
donors)
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Panel
genes

370

373

373

371

370

448

30 of
30HC

452

Hits

(16.8%)

(16.1%)

2 (0.5%)

5 (1.3%)

18 (4.0%)

Key genes / role

HMOX1T,
AQP1T,
CLDNS5T,
NQO1T, GPX4],
NDUFS2|,
GSTM1],
GSTM2]

HMOX1T,
AQP1T,
CLDNS5T,
NQO1T, GPX4],
NDUFS2|,
GSTM1],
GSTM2]

HMOX1 nom T,
NQO1 nom T,
NDUFS2 nom |,
GSTM1|,
GSTM2]

GSTM1],
GSTM2],
GSTM4],
PRDX2],
USP14]; re-
analysis from
series matrix

Direct contrast;
no gene at FDR
<0.05
transcriptome-
wide

MT1Al,

CLDN11Y,
CYP2D6T,
UGT1A67T

Independent
check of the
high-confidence
set (Fig. 2)

Cell-type
fractions
(Table 4)

Excluded: offset
from separately




Dataset Platform Comparison n(MS/ Panel Hits Key genes / role
control) genes
normalized sub-
series (Fig. 3)
GSE131281  lllumina NAGM vs 64/ 42 452 1(0.2%) GSTM571; 10
(GPL10558)  control GM (25/14 panel genes at
(sub-series donors) FDR < 0.05;
of none at donor
GSE131282) level (Fig. 3C)
GSE38010 Affymetrix Brain plaques 5/2 — — Excluded: non-
(GPL570) vs control log-transformed
values
GSES52139 Affymetrix Spinal cord no control — - Excluded: no
(GPL570) periplaque vs non-MS control
NAWM,
within MS

Cross-tier concordance

Table 6 follows selected panel genes across the four supporting datasets. CP was higher in all five
GSE138614 lesion types and all four GSE108000 zones and nominally higher in follicle-negative grey
matter. NDUFS2 was lower and PECAM1 higher in GSE138614, GSE108000 and the follicle-negative
GSE135511 contrasts, and neither changed in GSE131279. GPX4 was lower in three GSE138614 lesion
types, three GSE108000 zones and both follicle-negative grey-matter contrasts. HMOX1 was higher in
two GSE138614 lesion types, three GSE108000 zones and both follicle-negative grey-matter contrasts.
AQP1 differed in direction by tissue: lower in chronic active and inactive white-matter lesions, higher in
follicle-negative grey matter. ACSL4 and MT1A, frequently discussed in the ferroptosis and
metallothionein literature, showed no consistent change: ACSL4 was unchanged in all five GSE138614
lesion types, higher only in the perilesional zone of chronic active lesions, and lower in follicle-negative
grey matter; MT1A was unchanged in white matter and lower only in GSE131279. These supporting
contrasts are not independent replications: the GSE138614 lesion types share donors and controls, the
GSE108000 zones share lesions and controls, and the two follicle-negative GSE135511 contrasts share
donors and controls, so the cross-tier pattern rests on four datasets rather than on thirteen independent
contrasts. The genes in Tables 3 and 6 were selected for discussion after the results were inspected.
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Table 6

Selected panel genes across the supporting datasets. 1/| = Benjamini—Hochberg adjusted P < 0.05 in
the listed contrasts; nom = nominal P < 0.05 only; — = no contrast with P < 0.05; not measured = gene
absent from that platform. GSE138614: lesion types vs control WM (AL, active; CA, chronic active; IL,
inactive; RL, remyelinating). GSE108000: rim and perilesional (peri) zones of chronic active (CA) and
inactive (IL) lesions vs control WM. GSE135511: follicle-negative (FN) and follicle-positive (FP) grey-

matter lesions and FN normal-appearing grey matter (NAGM) vs control GM. GSE131279: GM lesion vs

NAGM within MS. ACSL4 and MT1A are shown because they are prominent in the ferroptosis and
metallothionein literature; neither changes consistently here. Genes were selected for display after
inspection of the results.

Gene

CP

PECAM1

NDUFS2

PPARG

HMOX1

GPX4

NQO1

CLDN11

AQP1

MT1E

ACSL4

MTTA

GSE138614 (WM
lesion types)

T NAWM, AL, CA,
IL, RL

T AL, CA, IL, RL;
nom T NAWM

L AL, CA, IL, RL

T AL, CA, IL, RL;
nom T NAWM

T AL, IL; nom T RL

VAL IL, RL

T AL IL, RL

L AL, CA, IL, RL
1 CA IL; nom |
AL, RL

1 NAWM, CA, IL;
nom | AL, RL

GSE108000 (WM
lesion zones)

T rim-CA, peri-CA,
rim-IL, peri-IL

T rim-CA, peri-CA,
rim-IL, peri-IL

1 rim-CA, peri-CA,
rim-IL, peri-IL
T rim-CA, peri-CA,
rim-IL, peri-IL
T rim-CA, peri-CA,

rim-IL

| peri-CA, rim-IL,
peri-IL; nom | rim-
CA

not measured

nom T rim-CA

T peri-CA

GSE135511 (cortical

GM)

nom T FN lesion, FN

NAGM

T FN lesion, FN
NAGM

|l FN lesion, FN
NAGM; hom | FP
lesion

nom T FP lesion

T FN lesion, FN
NAGM; nom T FP
lesion

| FN lesion, FN
NAGM

T FN lesion, FN
NAGM; nom T FP
lesion

not measured

T FN lesion, FN
NAGM

|l FN lesion, FN
NAGM; hom | FP
lesion

GSE131279 (GM,
within MS)

nom | lesion vs
NAGM

nom 7 lesion vs
NAGM

| lesion vs
NAGM

nom | lesion vs
NAGM

| lesion vs
NAGM

Exclusion of the grey-matter SuperSeries GSE131282
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The grey-matter SuperSeries GSE131282 (142 MS versus 42 control cortical grey-matter samples) was
assessed as a candidate comparator and is not usable as one. Re-analyzed from its two sub-series with
probes mapped through the annotation of its own platform (GPL10558; Methods), 31,149 of 31,334
genes (99.4%) carry a negative log2 fold-change; 91.0% reach FDR < 0.05, and 99.9% of those are lower
in MS. The median log2 fold-change of the whole transcriptome is - 0.29 and its 99th percentile is - 0.02
(Fig. 3A). A shift of that shape reflects a difference in scale between the two arms rather than a
biological result. Panel genes share the shift and are shifted further than other genes (439 of 452 panel
genes at FDR < 0.05 against 28,080 of 30,882 others; median log2 fold-change - 0.48 against - 0.29).
Only 24 genes are FDR-significant and positive, headed by HLA-DRB5 (+ 1.78) and HLA-DRB1 (+ 1.49),
the finding reported by the originating study (23); effects large enough to clear the offset remain visible,
while effects of ordinary magnitude are buried beneath it (Fig. 3B). The offset has a technical source.
GSE131282 is a SuperSeries of two sub-series that were normalized separately: every sample of
GSE131279, which compares lesion with normal-appearing grey matter within MS and is used above as
a supporting contrast, has a log2 median of 7.96, and every sample of GSE131281, which compares
normal-appearing grey matter with control grey matter, has a median of 8.65. All 42 control samples are
in GSE131281, whereas 78 of the 142 MS samples are in GSE131279, so pooling the sub-series places a
normalization difference between MS and control tissue. The series metadata show a second,
independent problem: the 184 samples come from 49 donors (35 MS, 14 control), with a median of three
tissue blocks per donor and one donor contributing 19, so a sample-level comparison understates its
standard errors, a limitation that every cohort here shares to some degree (Limitations). GSE131282 is
excluded as a pooled series because of the scale offset; the pseudoreplication is a further caveat. Within
GSE131281 alone (64 normal-appearing grey-matter samples from 25 MS donors against 42 control
samples from 14 donors, under one normalization) there is no offset (median log2 fold-change + 0.01;
46% of genes negative; Fig. 3C), and differential expression is sparse: 474 genes (1.5%) reach FDR <
0.05, including 10 panel genes, of which one (GSTMS5, + 0.65) meets the hit criterion, and no gene
remains at FDR < 0.05 when samples are averaged per donor (25 versus 14). HMOX1 (+0.16), GPX4 (-
0.05) and CP (- 0.13) are unchanged in this normal-appearing grey matter, and 20 of the 30 high-
confidence genes change in the same direction as in white matter (binomial P = 0.10; Data S4).

Discussion

This paper reports a locked three-cohort white-matter meta-analysis of a pre-specified 468-gene panel in
MS, its reproduction from the per-cohort GEO2R result tables, a check of its high-confidence set in an
independent cohort, and supporting lesion-stage, lesion-zone, grey-matter and composition analyses.
The 30 high-confidence associations reproduce exactly and move largely in the same direction in
GSE123496, although their per-gene P values are optimistic because samples from the same donor were
treated as independent. The set is not specific to the panel, whose genes change little more often than
other genes, and re-fitted with the donor as the unit only 12 of the 30 remain high-confidence. Three
transcript-level observations organize the supporting tiers: (i) higher CP in every white-matter lesion type
and zone, and higher HMOX1, concentrated in active and inactive lesions and strongest at the chronic
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active rim; (ii) lower GPX4 in lesion types that have lost oligodendrocytes; and (iii) 15 panel genes, four of
them metallothioneins, already changed in NAWM, although none did so at donor level.

HMOX1: lesion stage, lesion zone and composition

HMOX1 transcript was higher in active and inactive white-matter lesions, in three of four GSE108000
lesion zones with the largest change at the chronic active rim, and in follicle-negative cortical grey
matter. In the donor-level re-fit of the white-matter meta-analysis, HMOX1 remained FDR-significant (FDR
0.0002) but was no longer high-confidence (Table S4). Iron accumulates at the rims of chronic active
lesions, and such rims predict clinical worsening (26—28). HMOX1 degrades heme to carbon monoxide,
biliverdin and ferrous iron (29—31); acutely this can be protective, whereas sustained activity in an iron-
laden environment could add to the ferrous iron pool. The present data cannot distinguish these
possibilities. Composition data show that microglia and astrocytes expand in the lesion types where
HMOX1 rises, so part of the bulk signal may be compositional. The measurements are transcript
abundance only; they do not establish whether the response is beneficial or harmful.

GPX4 and the ferroptosis literature

Lower GPX4 transcript abundance recurred in three of five white-matter lesion types, three of four
GSE108000 zones and both follicle-negative grey-matter contrasts, although GPX4 was not FDR-
significant in the primary meta-analysis (pooled log2 fold-change - 0.40, FDR 0.34). In white matter this
is compatible with two processes that the composition data cannot separate: oligodendrocyte depletion
(a 31.3-point fall in oligodendrocyte fraction in active lesions) and lower expression within surviving
oligodendrocytes. Neither amounts to a demonstration of ferroptosis, which was not assayed. ACSL4,
whose product supplies the oxidizable phospholipids on which ferroptosis depends, was not higher in
any GSE138614 lesion type, was higher only in the perilesional zone of chronic active lesions in
GSE108000, and was lower in follicle-negative grey matter, so these data do not support a paired ACSL4-
up, GPX4-down ferroptosis signature. Ferroptosis in MS and its models (11-13), the STING-GPX4
mechanism described in myocardium (16), STING signalling in MS and other neurodegenerative disease
(17,18, 32), and the report that dimethyl fumarate prevents ferroptosis through NRF2 in another organ
(33) are cited as context; none was tested here. Testing a ferroptosis contribution would require within-
cell-type differential expression, lipid-peroxidation measurement and rescue experiments.

Metallothioneins in normal-appearing white matter

Four metallothionein transcripts (MT1E, MT1M, MT1X and MT2A) were lower in NAWM, and MT1E
remained lower in chronic active and inactive lesions. None of the four reached significance in the donor-
level re-fit or in the originating authors' patient-adjusted NAWM results, so this observation is tentative.
Decreased metallothionein-3 has been reported in MS and ALS spinal cord (34), but that study assayed a
different isoform, and the present data are bulk measurements without cell-type resolution. Whether the
lower metallothionein transcripts reflect per-cell change or composition cannot be decided from these
data.
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Cross-disease comparison

Cross-disease comparison is a descriptive comparison of gene symbols across separately conducted
meta-analyses, not a pooled analysis, and the deposited per-disease results are less uniform than a
single convergent pattern would suggest. Among glutathione-system genes, GSS is lower at FDR < 0.05
in Alzheimer's disease (- 0.30, high-confidence), Parkinson disease (- 0.62, high-confidence) and MS
white matter (- 0.42); GSR is lower at FDR < 0.05 in Alzheimer's and Parkinson disease but not in MS
white matter; and GPX4 is FDR-significant in Alzheimer's disease alone (- 0.18), with the MS white-
matter pooled estimate of - 0.40 not reaching FDR significance (FDR 0.34). On the NRF2 axis, HMOX1 is
high-confidence and higher in MS white matter (+ 0.88), Parkinson disease (+ 0.66) and ALS (+ 0.34), and
FDR-significant but not high-confidence in Alzheimer's disease (+ 0.18), whereas NFE2L2 itself is high-
confidence and higher in Parkinson disease (+ 0.50), higher but not FDR-significant in ALS (+0.30, FDR
0.06), and unchanged in MS white matter (- 0.04, FDR 0.88). Barrier genes do not converge: CLDN5 is
higher in the Alzheimer's pooled estimate (+ 0.31, FDR 0.02) and in Parkinson disease (+ 0.35, FDR 0.04),
not FDR-significant in ALS, and unchanged in MS white matter (- 0.12, FDR 0.95); the barrier-associated
MS finding is CLDN11 (- 0.52, FDR 0.046), the oligodendrocyte myelin claudin, which tracks
oligodendrocyte depletion rather than endothelial barrier loss. Per-gene values for every disease are in
the locked per-disease results deposited at Zenodo (8), and the companion manuscripts (35-38) report
them in full; the ALS values given here are from the donor-resolved ALS analysis (37), which supersedes
the deposited ALS results.

Follicle stratification

Follicle-negative cortical lesions and follicle-negative normal-appearing grey matter each showed about
60 panel hits, whereas follicle-positive lesions from the same series, compared with the same controls
on the same platform, showed two. The two follicle-negative contrasts come from the same donors, a
difference in hit counts is not a test of a difference between groups, and a direct follicle-negative versus
follicle-positive comparison found no gene at FDR < 0.05, in lesions or in normal-appearing grey matter,
so the observation is descriptive and does not establish a follicle-dependent difference in any gene.
Meningeal follicle-like structures are associated with more severe cortical pathology in progressive MS
(39). The difference in hit counts is unexpected and has no explanation in these data. One possibility is
that an immune-dominated transcriptional signature in follicle-positive tissue dilutes the glial and
neuronal detoxification signal, which may be more prominent where intrinsic oxidative stress
predominates (40, 41). Group sizes are 10 per group, and the finding needs replication.

Research implications

Anti-ferroptotic and NRF2-directed compounds appear in the cited literature. They are not assigned as
treatments from these transcript contrasts. Cell-type-resolved differential expression, protein and activity
measurements, and iron and lipid-peroxidation assays would be required before any targeting claim.

Limitations
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All analyses use cross-sectional postmortem bulk tissue, so causal attribution and longitudinal
dynamics are out of reach. Every cohort contributes more than one sample per donor or lesion:
GSE138614 (73 MS samples from 10 patients; 25 control samples from 5 donors), GSE32915 (12 MS
samples from four patients), GSE108000 (rim and perilesional pairs from 15 lesions), GSE135511 (lesion
and normal-appearing grey matter from the same donors), GSE131279 (78 samples from 18 and 20 MS
donors), GSE131281 (64 MS and 42 control samples from 25 and 14 donors) and GSE123496 (five
regions from each of ten donors). Every contrast treated samples as independent, without blocking by
donor or lesion, so per-gene P values, FDR counts, single-contrast hit counts and the per-cohort nominal-
significance counts used by the high-confidence rule are optimistic; the direction-and-correlation check
of the high-confidence set is made across genes rather than samples and is less affected. Re-fitted with
the donor or lesion as the unit, the high-confidence set falls to 17 genes (12 of the original 30);
GSE123496 and the supporting-tier contrasts other than NAWM were not re-fitted in this way. No
contrast was adjusted for age, sex, postmortem interval or RNA quality. With three cohorts, the
DerSimonian—Laird estimator can understate between-cohort variance, and |2 is imprecise; under the
Hartung—Knapp-Sidik—Jonkman method no gene reaches FDR < 0.05. Panel genes changed little more
often than other genes (not significantly in the locked analysis; odds ratio 1.25, P = 0.046 at donor level),
so the results describe panel genes within a broad white-matter signal and do not show that the panel is
specifically involved in MS. The composition analysis addresses cell-type fractions only, comes from a
separate single-nucleus study, and was not used to adjust the bulk estimates (adjustment of the donor-
level models for an oligodendrocyte marker score leaves 9 high-confidence genes, but also removes
disease-related signal); within-cell-type (pseudobulk) differential expression requires the full count matrix
of the atlas and was not performed. The three meta-analyzed cohorts differ in platform and design:
GSE32915 samples acute MS, GSE138614 progressive MS, and GSE108000 chronic active and inactive
lesions. GSE138614 (UK Multiple Sclerosis Society Tissue Bank) and GSE108000 (Netherlands Brain
Bank) come from different brain banks, so donor overlap between them is unlikely. GSE123496 mixes
grey and white matter, so it is a check of direction in brain tissue, not a white-matter replication. For array
genes measured by several probes the locked analysis used the probe with the smallest P value, a
choice that depends on the outcome; the mean-probe sensitivity analysis retained 29 of 30 high-
confidence genes. The genes discussed from the supporting tiers (Tables 3 and 6) were selected after
inspection of the results. The cortical grey-matter evidence is weaker than the white-matter evidence: the
largest grey-matter series was excluded as pooled because its separately normalized sub-series create a
scale offset (Fig. 3); its control-containing sub-series (GSE131281) shows little differential expression in
normal-appearing grey matter, and what remains is a small follicle-stratified series (SE135511) and a
within-MS contrast without controls (GSE131279). The panel was curated by functional-family
enumeration from biological rationale rather than data-driven selection, and its transcript-level findings
do not measure enzyme activity, iron content or lipid peroxidation.

Conclusion
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A locked three-cohort white-matter meta-analysis identifies 30 high-confidence panel-gene associations
in MS: higher iron-storage and stress-response transcripts alongside lower glutathione, conjugation and
one-carbon transcripts. The result reproduces exactly from the per-cohort result tables and is largely
concordant in an independent cohort, although per-gene P values are optimistic because samples from
the same donor were treated as independent, and part of the pattern may reflect tissue composition.
Panel genes change little more often than other genes, the high-confidence set falls to 17 (12 of the
original 30) when re-fitted with the donor as the unit, and no gene reaches FDR < 0.05 under a Hartung-
Knapp-Sidik—Jonkman test, so the findings are best read as a description of panel genes within a broad
white-matter signal. Across supporting tiers, higher HMOX1 transcript is concentrated in active and
inactive lesions and strongest at the chronic active rim, and lower GPX4 transcript accompanies
oligodendrocyte loss; both are bulk observations that composition shifts may partly explain, and neither
demonstrates ferroptosis. Dimethyl fumarate is an approved NRF2-pathway drug in relapsing MS; that
clinical fact is background pharmacology and not validation of this panel, this analysis, or any treatment
inference from it.

Materials and Methods
The 468-gene panel

Analyses use the locked 468-gene panel (MASTER_panel_FINAL_v468_7.5.26, frozen 5 July 2026) of the
methods-and-panel manuscript (1), deposited at Zenodo together with the excluded-symbol list and the
analysis pipeline (8). The panel comprises 394 core detoxification, antioxidant, metal and barrier genes,
12 core cGAS-STING genes, 10 core ferroptosis/iron/NRF2 completeness genes, 40 broader cellular-
defence genes and 12 genes of a placental/sex-steroid module (labelled 'ASD-maternal module' in the
frozen panel file); the tiers are partitions of one panel, and all 468 genes enter every analysis. The panel
originates in the detoxification panel of the foundation study (6). Pseudogenes and ambiguous symbols
were removed by rule, and panel membership was set by functional-family rules. The MS cohort screen
(27 June 2026; Table S1) preceded the panel freeze (5 July 2026), at which ten genes were added
(AIFM2, CUL3, FXN, GCH1, GLO1, HAGH, MFSD2A, RBX1, TF and TFRC); two of them, FXN and TFRC, are
among the 30 high-confidence genes reported here. Excluding all ten gives 432 meta-analyzable, 75 FDR-
significant and 28 high-confidence genes, the locked set without FXN and TFRC (Table S4).

Cohorts

GSE138614 (19) comprises 98 white-matter samples (lllumina NextSeq 550, GPL21697) from 10
patients with progressive MS and 5 control donors, supplied by the UK Multiple Sclerosis Society Tissue
Bank (donor labels in the GEO sample annotations; 4-11 samples per MS donor and 5 per control
donor): 25 control white matter, 21 NAWM, 16 active, 17 chronic active, 14 inactive and 5 remyelinating
lesions (group sizes from the GEO sample annotations; the original publication reports 19, 18,17, 13 and
6 for the MS groups). GEO records its counts as STAR alignment followed by HTSeg-count. GSE32915
(20) (Agilent 4x44K, GPL4133) comprises 16 samples: 12 samples of NAWM, initial-lesion and early
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demyelinated areas from four patients with acute MS (GSM814820-GSM814827 and GSM1236642-
GSM1236645) and white matter from four controls (SM814828-GSM814831). GSE108000 (21)
(Agilent SurePrint G3, GPL13497) comprises 10 control white-matter samples and rim and perilesional
samples from 7 chronic active and 8 inactive lesions, supplied by the Netherlands Brain Bank; the
number of distinct MS donors is not stated in the public record. GSE135511 (22) (lllumina HumanRef-8
v3, GPL6883) comprises motor-cortex samples from 10 controls and 20 MS donors; the groups used
here were follicle-negative grey-matter lesions (6SM4013310-GSM4013319), follicle-positive grey-
matter lesions (6SM4013320-GSM4013329) and follicle-negative normal-appearing grey matter
(GSM4013330-GSM4013339), each against the same 10 controls (GSM4013300-GSM4013309). The
follicle-negative lesion and normal-appearing samples come from the same 10 donors. The fifth group,
follicle-positive normal-appearing grey matter (6SM4013340-GSM4013349), and the direct follicle-
negative versus follicle-positive contrasts were analyzed from the series matrix with the limma
implementation described below, with probes mapped through the GPL6883 annotation. GSE131279
(23) (Illumina HumanHT-12 V4.0, GPL10558) compares 37 cortical grey-matter lesion samples from 18
MS donors with 41 normal-appearing grey-matter samples from 20 MS donors; it is one of the two sub-
series of GSE131282. GSE123496 (25) (lllumina HiSeq 3000, GPL21290) comprises 50 samples from
five brain regions of five MS donors and five controls.

Per-cohort differential expression

Per-cohort MS-versus-control estimates for the meta-analysis were taken from NCBI GEO2R: DESeq2
results on NCBI-generated counts for GSE138614 (42) and limma results for GSE32915 and GSE108000
(43), with GSE138614 comprising the 72 MS samples present in the NCBI-generated counts
(GSM4114316, a chronic active lesion sample, is absent from them) against the 25 controls, GSE32915
all 12 MS samples against the 4 controls, and GSE108000 all 30 MS samples against the 10 controls; the
GSE32915 and GSE108000 tables were reproduced exactly from their series matrices, which confirms
these groupings. No covariates were included, and samples from the same donor or lesion were treated
as independent in every contrast. GSE108000 probes were mapped to gene symbols through the
GPL13497 platform annotation because the GEO2R export lacked symbols. The lesion-zone
(GSE108000), grey-matter (GSE135511, GSE131279) and GSE123496 contrasts also used GEO2R;
complete result tables were exported and checked for completeness before use. GSE138614 lesion
types were analyzed from the deposited count matrix with PyDESeq2 0.5.4 (44) (design ~ condition,
each lesion type against the 25 control white-matter samples, default settings), and Ensembl gene
identifiers were mapped to symbols with an Ensembl BioMart gene table. For comparison, the
originating authors' deposited edgeR results for the same five contrasts, which account for repeated
samples from the same patient and are adjusted for age and sex, agree in direction for every gene
discussed in the text that they report. In all tiers, gene-level values used the probe or gene entry with the
smallest P value; a panel hit in a single contrast was defined as Benjamini—-Hochberg adjusted P <0.05
and |log2 fold-change| = 0.5, and this effect-size floor applies to single-contrast counts only, not to the
meta-analysis.
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Random-effects meta-analysis

Per-gene effects were pooled on the log2 fold-change scale by inverse-variance random-effects meta-
analysis with the DerSimonian-Laird estimator (45). Standard errors were IfcSE for the RNA-seq cohort
and |logFC/t| for the microarray cohorts. Genes measured in at least two cohorts were meta-analyzable;
P values were two-sided normal-approximation values, and multiple testing was controlled by
Benjamini—Hochberg FDR across the 442 meta-analyzable panel genes (46). Nominal significance within
a cohort, used by the high-confidence rule, was the two-sided normal-approximation P of that cohort's
estimate divided by its standard error; the high-confidence set is identical when the GEO2R per-cohort P
values are used instead. The locked high-confidence rule is FDR < 0.05, measured in = 3 cohorts,
direction-concordant in = 70% of contributing cohorts, and nominally significant in = 2 cohorts; with three
cohorts, the direction criterion requires all three to agree in sign. For genes with several array probes, the
probe with the smallest P value was used; because this choice depends on the outcome, a mean-probe
analysis is reported as a sensitivity analysis. Heterogeneity is reported as I12. With few studies, the
DerSimonian—Laird estimator can underestimate between-study variance and give confidence intervals
that are too narrow (47); a Hartung—Knapp-Sidik—Jonkman analysis is reported as a sensitivity analysis
(below). The locked per-gene results were reproduced from the three cohort tables, and the reproduction,
with full-precision P values and standard errors, is provided as Data S1. For OPLAH, GAMT and PPARG,
the locked file records P = 0 because the pipeline's floating-point calculation underflowed; their full-
precision values are given in Table 1 and Data S1.

Sensitivity analyses

Further sensitivity analyses, beyond the probe-collapse and panel-freeze analyses (Table S4), were added
after the locked analysis, using the pipeline above. (i) Transcriptome background: the pipeline was
applied unchanged to every gene measured in at least two cohorts (19,365 genes), with Benjamini—
Hochberg FDR across all of them; panel and other genes were compared for FDR significance and for the
high-confidence rule by Fisher's exact test, and the panel's count was compared with 20,000 random
sets of 442 measured genes. Each cohort's median log2 fold-change, percentage of negative log2 fold-
changes and percentage of genes at nominal P < 0.05 were computed from the same tables. (ii)
Repeated samples: each cohort was re-fitted with the donor or lesion as the unit. For GSE138614, the
NCBI-generated counts were summed per donor using the donor labels in the GEO sample annotations
(10 MS and 5 control donors) and analyzed with PyDESeq2 0.5.4 (44) using the GEO2R settings
(poscounts size factors; genes with at least 10 counts in at least 5 units); with these settings the
sample-level GEO2R table is reproduced (log2 fold-change correlation > 0.9999). For GSE32915, log2
values were averaged per patient (4 versus 4); for GSE108000, rim and perilesional values were averaged
per lesion (15 versus 10), because donor labels are not public. Array contrasts used a Python
implementation of the limma model with empirical Bayes moderation (43), which reproduces both
GEOZ2R tables exactly. As an approximation for comparison, each locked table's standard errors were
also multiplied by the square root of [(1 + (m1* - 1)p)/n1 + (1 + (Mm2* - 1)p)/n2] / (1/n1 +1/n2), the
design effect for clusters with size-weighted mean size m* = 2m?2/n and within-cluster correlation p =
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0.25,0.5,0.75 or 1 (GSE138614, n =72 and 25, m* = 7.89 and 5; GSE32915,n=12and 4, m*=3.17 and 1;
GSE108000, n =30 and 10, m* = 2 and 1). Composition: the donor-level models were re-fitted with an
oligodendrocyte marker score (mean standardized expression of PLP1, MOG, MOBP, MBP, MAG and
OPALIN), and then with a macrophage score (CD68, CD163 and CSF1R) added, as covariates. (iii)
Hartung—Knapp-Sidik—Jonkman: the DerSimonian—Laird pooled estimate was tested with the Hartung-
Knapp variance and a t distribution with k - 1 degrees of freedom (47). (iv) Marker transcripts in the bulk
cohorts: log2 fold-changes of cell-type marker transcripts (oligodendrocyte, microglia and macrophage,
astrocyte, endothelial) were read from the same tables. Analyses (i), (iii) and (iv) used only the per-cohort
GEOZ2R tables; results are in Tables S4-S6 and Data S1.

Independent-cohort check of the high-confidence set

For each of the 30 high-confidence genes, the GSE123496 MS-versus-control log2 fold-change (GEO2R
DESeqg2 on NCBI-generated counts; complete table of 22,045 genes) was compared in sign with the
pooled estimate. Direction concordance was tested against 50% by a two-sided exact binomial test, and
Pearson and Spearman correlations with the pooled estimates were computed. The permutation
baseline is the distribution of |r| over 5,000 random reassignments of GSE123496 estimates across all
measurable panel genes. GSE123496 is the same external cohort used for MS in the methods-and-panel
manuscript (1).

Exclusions

GSE38010 (GPL570; 5 MS lesions, 2 controls) was excluded because its series-matrix values are MAS5-
scaled intensities on a linear scale (median about 300—390 per array, maximum above 37,000), not log-
transformed values; GSE52139 (GPL570) compares spinal-cord periplaque with normal-appearing white
matter within MS and has no non-MS control. GSE5839 (GPL96; three MS and one non-neurological
control brain sample) was excluded because a single control array gives no replicate control group, so
between-group differences cannot be separated from variation between individuals. GSE131282
(GPL10558; 142 MS versus 42 control grey-matter samples) was excluded for a transcriptome-wide
scale offset, which arises from separate normalization of its two sub-series; its donor-level
pseudoreplication is a further caveat (Results; Fig. 3). Its differential expression was computed from the
series matrices of its sub-series (GSE131279 and GSE131281; limma, 142 MS versus 42 control
samples). The original analysis mapped probes through the GPL6883 (lllumina HumanRef-8 v3)
annotation, giving 18,630 genes, 427 panel genes and a median log2 fold-change of - 0.47; the analysis
reported here maps them through the annotation of the array's own platform, GPL10558 (HumanHT-12
V4.0 manifest, release R1), giving 31,334 genes and 452 panel genes, and the offset is present under
both mappings. The pooled series contributes to no pooled or reported estimate; its sub-series
GSE131281 is reported alone as a supporting grey-matter contrast (normal-appearing grey matter
against control; Results, Table 5, Fig. 3C), and also averaged per donor. GSE100297 (optic chiasm; 5 MS
donors versus 5 controls; GPL21290) was screened and analyzed on the panel from its deposited gene
counts (PyDESeq2, MS versus control): 32 of 391 tested panel genes reached FDR < 0.05, including
higher HMOX1 (+2.20) and SLC40A1 (+0.80) and lower CLDN11. Of the 30 high-confidence genes, 29
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were measured and 19 changed in the same direction (two-sided binomial p = 0.14; Pearson r = 0.69).
Because optic chiasm is not brain white matter, and because the series comes from the same group and
brain bank as GSE123496 and may share donors with it, GSE100297 is not used further; per-gene values
are in Data S3.

Single-nucleus composition

Cell-level metadata for 632,375 nuclei from the single-nucleus atlas of Macnair et al. (24) (Zenodo,
https://doi.org/10.5281/zenodo.8338963; file ms_lesions_snRNAseq_col_data_2023-09-12.txt) were
used to compute broad cell-type fractions per lesion type for the 335,694 white-matter nuclei. No
expression data from the atlas were analyzed.

Data and code

The locked panel, excluded-symbol list, pipeline and locked per-disease meta-analysis results are
deposited at Zenodo (8). The per-gene meta-analysis reproduction (Data S1), the GSE138614 lesion-type
re-analysis (Data S2), the lesion-zone and grey-matter contrasts (Data S3) and the grey-matter re-
analyses behind Fig. 3 and the added GSE135511 contrasts (Data S4) accompany this paper as
supplementary files.
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The archived transcriptomic analyses used only publicly available, de-identified gene-expression data
from the NCBI Gene Expression Omnibus and a public single-nucleus metadata file; those datasets carry
the ethical oversight of their originating studies. No identifiable private information was accessed, and
no living human subjects were enrolled, recruited, or intervened upon by the author.

Declarations

Companion note. This paper is a disease-restricted multiple sclerosis analysis that uses the locked 468-
gene panel and high-confidence rule of the methods-and-panel manuscript of this series (1). It is not a
pooled cross-disease analysis. Four parallel companion manuscripts apply the same panel and rule to
one disease each; the methods-and-panel manuscript holds the panel definition and the list-level
permutation analysis, which are not repeated here. The methods-and-panel manuscript reports the MS
white-matter counts as part of its cross-disease synthesis; this paper reports the full MS analysis, its
independent-cohort check and the supporting lesion, grey-matter and composition tiers.

One-sentence summary. Three white-matter cohorts yield 30 high-confidence panel-gene associations,
25 of which change in the same direction in an independent cohort; re-fitted with the donor as the unit,
12 of the 30 remain high-confidence, and panel genes change little more often than other genes; higher
HMOX1 and lower GPX4 transcript abundance recur in supporting lesion tiers, and neither demonstrates
ferroptosis.
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Figure 1

The 30 high-confidence genes of the three-cohort white-matter meta-analysis. Points are pooled log2
fold-changes (MS vs control white matter; DerSimonian-Laird random effects across GSE138614,
GSE32915 and GSE108000) and bars are 95% confidence intervals (pooled estimate + 1.96 x SE).
Orange, higher in MS (n = 12); blue, lower in MS (n = 18). k (number of contributing cohorts) and 12 are
printed at the right of each row. High-confidence rule: FDR < 0.05, measured in = 3 cohorts, direction-
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concordant in = 70% of contributing cohorts, nominally significant in = 2 cohorts. Standard errors are
from the reproduction of the locked analysis (Data S1).
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Figure 2

Independent-cohort check of the 30 high-confidence genes in GSE123496. Each point is one gene:
pooled log2 fold-change from the three locked white-matter cohorts (horizontal) against the GSE123496
MS-versus-control log2 fold-change (vertical; NCBI GEO2R DESeq2 on NCBI-generated counts; five brain
regions from five MS donors and five controls). Orange, higher in MS in the pooled analysis; blue, lower.
Filled symbols are direction-concordant and open symbols discordant; the dashed line is identity.
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Twenty-five of 30 genes are concordant (two-sided exact binomial p = 0.0003); Pearson r = 0.73;
Spearman p = 0.75 (p = 1.9 x 10-). Per-gene values are in Table S3.

A. GSE131282 (both sub-series pooled): B. Same contrast: 99% of genes negative; C. GSE131281 alone (one normalization):
the whole transcriptome is shifted HLA-DR genes rise above the shift no offset
351 all other genes (n=30,882) 301 all other genes 5 all other genes (n=30,882)
3 468-gene panel (n=452) @ panel genes [ 468-gene panel (n=452)

3.0 4 —— transcriptome median (-0.29) == transcriptome median (+0.01)

density

HLA-DRB1

-
HLA-DRB5

-25 -20 -15 -10 -05 00 05 10 15 -3 -2 -1 0 1 2 -25 -20 -15 -1.0 -05 00 05 10 15
log; fold-change, MS vs control grey matter log; fold-change, MS vs control grey matter log; fold-change, MS NAGM vs control grey matter

Figure 3

Exclusion of GSE131282. A: distribution of MS-versus-control log2 fold-changes in cortical grey matter in
the pooled series for the 452 measurable panel genes (red outline) and the other 30,882 genes (grey fill),
each shown as a density; the dashed line marks the transcriptome-wide median of -0.29. B: the same
contrast as a volcano plot, with panel genes in red; the dotted line marks FDR = 0.05. Ninety-nine per
cent of measured genes are negative, and the genes rising clearly above the offset include HLA-DRB'1
and HLA-DRBS, the finding reported by the originating study. C: the same distributions for GSE131281
alone (64 MS normal-appearing grey-matter samples against 42 control samples, one normalization),
where no offset is present (median +0.01). Values are limma estimates from the GSE131279 and
GSE131281 series matrices (184 samples, lllumina GPL10558; probes mapped with the GPL10558
annotation; Data S4).
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