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SUMMARY
Mutations in SOD1 cause amyotrophic lateral sclerosis (ALS), a neurodegenerative disease characterized by
motor neuron (MN) loss. We previously discovered that macrophage migration inhibitory factor (MIF), whose
levels are extremely low in spinal MNs, inhibits mutant SOD1 misfolding and toxicity. In this study, we show
that a single peripheral injection of adeno-associated virus (AAV) delivering MIF into adult SOD1G37R mice
significantly improves their motor function, delays disease progression, and extends survival. Moreover,
MIF treatment reduces neuroinflammation and misfolded SOD1 accumulation, rescues MNs, and corrects
dysregulated pathways as observed by proteomics and transcriptomics. Furthermore, we reveal low MIF
levels in human induced pluripotent stem cell-derived MNs from familial ALS patients with different genetic
mutations, as well as in post mortem tissues of sporadic ALS patients. Our findings indicate that peripheral
MIF administration may provide a potential therapeutic mechanism for modulating misfolded SOD1 in vivo
and disease outcome in ALS patients.
INTRODUCTION

Amyotrophic lateral sclerosis (ALS), the most common motor

neuron disease in adults, is a fatal neurodegenerative disorder

characterized by selective degeneration of both upper and lower

motor neurons (MNs).1,2 The majority of ALS cases (�90%) are

sporadic, and the remaining cases are familial cases inherited

in an autosomal dominant manner.3 Nearly 20% of the familial
Cell Reports Medicine 5, 101546, M
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cases are associated with missense mutations in the gene en-

coding cytoplasmic Cu/Zn superoxide dismutase (SOD1).3

Although the underlying mechanism leading to the degeneration

of MNs in ALS is still unknown, it has been pointed out that aber-

rant accumulation of misfolded SOD1 is tightly correlated

with the neurotoxicity and severity of the human disease.4–6

Transgenic mice expressing a human mutant SOD1 transgene

develop MN disease7 accompanied by accumulation of
ay 21, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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misfolded SOD1 onto the cytoplasmic surface of intracellular or-

ganelles, including mitochondria8,9 and endoplasmic reticulum

(ER).10–12

Previously, we have shown that macrophage migration inhib-

itory factor (MIF), a multi-functional protein,13 acts as a chap-

erone, inhibiting the accumulation of misfolded SOD1 and its as-

sociation with the spinal cord intracellular organelles and

extends the survival of MNs expressing mutant SOD1.10 More-

over, the elimination of endogenous MIF accelerates disease

onset and late disease progression and shortens the survival of

mutant SOD1 mice.14 Notably, MIF protein level was shown to

be extremely low in murine spinal MNs,10,14 implicating low

chaperone activity as a component of selective vulnerability of

MNs to mutant SOD1 misfolding and toxicity. Finally, overex-

pression of MIF in vivo in the spinal cord of newborn transgenic

mutant SOD1 mice delays disease onset and significantly ex-

tends their lifespan.15 The delay of disease onset and progres-

sion was accompanied by a reduction of misfolded SOD1 accu-

mulation in the spinal cord.15

In addition to its function as a protein-folding chaperone for

misfolded SOD1,10 MIF is a known secreted cytokine with an

essential role in innate immunity.16,17 It also functions as tauto-

merase and thiol-oxidoreductase,13,18–20 and lastly as an endo-

nuclease, under certain circumstances.21,22 The MIFN110C

variant is locked in a covalent trimeric conformation formed by

a disulfide bond with the Cys-80 of an adjacent subunit, in

contrast to wild-type (WT) MIF, which is present as a monomer,

dimer, or trimer.23 This mutant retains partial catalytic activity

and CD74 receptor binding but impaired signaling ability as a

cytokine.23 Importantly, MIFN110C not only has preserved chap-

erone-like function but also showed total inhibition of SOD1 am-

yloid aggregate formation in vitro, suggesting that the trimeric

MIF may be the preferred candidate for the MIF chaperone-like

activity.24

In the current study, we used a more therapeutically relevant

approach of peripheral adeno-associated virus (AAV) adminis-

tration to overexpress MIF or MIFN110C in the central nervous

system (CNS) of adult mutant SOD1G37R mice after disease

onset. We observed improved motor and neurological function,

reduced neuroinflammation, reduced misfolded SOD1 accumu-

lation, and rescue of spinal MNs accompanied with delayed pro-

gression and extended survival. Corresponding to the previously

described low MIF protein in murine MNs,10,14 we now found

reduced MIF protein expression in human induced pluripotent
Figure 1. Peripheral delivery of AAV-PHP.eB-MIF or AAV-PHP.eB-MIF

motor function and neurological symptoms and extends their survival

(A) Immunofluorescence staining of the lumbar spinal cord of AAV-PHP.eB-MIF-

antibody (yellow) co-stained with anti-ChAT antibody (red). Scale bar: 100 mM.

(B) Immunoblot detection of AAV-PHP.eB-MIF-HA using anti-HA antibody in the

tail-vein injection.

(C) Schematic representation of the experimental design using smart Servier Med

AAV PHP.eB-MIF-HA, AAV PHP.eB-MIFN110C-HA, or AAV PHP.eB-eGFP were d

(D) Hindlimb strength (%) measured by a grip-strength meter.

(E) Hanging time (seconds) in inverted screen test.

(F and G) NeuroScore measurement (F) and the age at the beginning of each Ne

(H and I) Survival (%) (H) and mean survival ± SEM (I) of SOD1G37R mice injected

injected with AAV PHP.eB-MIF, orange, n = 15 (D–G), n = 16 (H and I); SOD1G37R m

Statistics were performed using one-way ANOVA followed by Tukey’s multiple c
stem cell (iPSC)-derived MNs from familial ALS patients with

different genetic mutations and post mortem tissues from spo-

radic ALS patients. Finally, we show that lentiviral vector-medi-

ated overexpression of MIF in SOD1 iPSC-derived MNs reduced

the level of misfolded SOD1.

RESULTS

AAV-PHP.eB penetrates the blood-brain barrier and
targets mainly the spinal MNs
To determine the efficiency of the AAV-PHP.eB vector, AAV-

PHP.eB-eGFP virions at the concentration of 1.2 3 1014 vg/kg

were injected to adult mice via the tail vein, as previously

described.25 Four weeks following viral administration, GFP

expression was determined by immunostaining of the lumbar

spinal cord and by immunoblot of protein extracts from different

organs. The immunostaining images showed high expression of

GFP in the spinal cord, especially in the MNs (Figure S1). The

immunoblot analysis showed GFP expression mostly in the spi-

nal cord and brain, with lower expression in the liver and no

expression in the kidneys or the spleen (Figure S1), indicating a

proper penetration of this vector through the blood-brain barrier

(BBB), as reported previously.26

Subsequently, AAV-PHP.eB-MIF-HA was injected to adult

mice via tail vein at the same concentration, and, 3 weeks later,

the expression and localization of MIF-HA was determined.

Lumbar spinal cord sections were stained using anti-HA and

anti-choline acetyltransferase (ChAT) antibodies to detect MIF

and MNs, respectively. HA signal was highly co-localized with

the ChAT signal, indicating that the MIF expression in the spinal

cordwasmainly in theMNs (Figure 1A). Furthermore, the expres-

sion was tested in other organs, including non-nervous system

tissues by immunoblot. MIF-HA expression was detected mainly

in the spinal cord and brain, and to a lesser extent in the liver but

not in the spleen or the kidneys (Figure 1B).

Overexpression of MIF or MIFN110C in the spinal cord of
mutant SOD1G37R mice after disease onset improves
their motor function and neurological symptoms and
extends their survival
Transgenic mutant SOD1G37R mice were injected at 210 days

with AAV-PHP.eB-GFP (GFP), MIFWT-HA (MIF), or MIFN110C-

HA (MIFN110C) via tail-vein injection. These mice were monitored

by weighing, inverted screen test, grip strength, and NeuroScore
N110C to mutant SOD1G37R mice after disease onset improves their

HA-treated mice 3 weeks following tail-vein injection was detected by anti-HA

spinal cord (SC), brain (B), liver (L), kidney (K), and spleen (S) 3 weeks following

ical Art, licensed under a Creative Commons Attribution 3.0 Unported License.

elivered via tail-vein injection after disease onset.

uroScore (G).

with AAV-PHP.eB-eGFP, green, n = 16 (D–G), n = 14 (H and I); SOD1G37R mice

ice injected with AAV-PHP.eB-MIFN110C, purple, n = 14 (D–G), n = 17 (H and I).

omparison test. ***p < 10�3, **p < 0.01, *p < 0.05. See also Figures S1, S2, S3.
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from the age of 160 days until their end stage (Figure 1C). Mutant

SOD1G37R mice injected with MIF or MIFN110C maintained their

hindlimb (Figure 1D) and total limb strength (Figure S2) longer

than the GFP-injected group, who started to lose their hindlimb

strength around the age of 330 days. Moreover, the inverted

screen test shows that the MIF or MIFN110C-treated mice were

able to suspend longer than the GFP-injected mice from the

age of 350 days (Figure 1E). NeuroScore of the mice shows a

slower disease progression in the MIF or MIFN110C-treated

mice; they reached a NeuroScore of 2, 3, or end stage later

than the GFP-injected group (Figures 1F and 1G). Furthermore,

there was a trend for neuromuscular junctions (NMJs) of MIF-

treated SOD1G37R mice to be better preserved (innervated) in

the plantaris (39.07%) and the soleus muscle (63.11%)

compared to SOD1G37R non-injected mice (14.34% and

45.92%, respectively) (Figure S3).

A simple and objective measure of disease onset and progres-

sion was applied by monitoring the initiation and progression of

weight loss, respectively, mainly as a reflection of denervation-

induced muscle atrophy. While progression from onset through

early disease phase was only modestly affected by MIF treat-

ment, total disease progression was significantly slowed down

(Figure S2). Finally, mutant SOD1G37R mice treated with either

MIF or MIFN110C showed an extended survival of about 4 weeks

compared to the GFP-injected group (Figures 1H and 1I).

Overexpression of MIF in the nervous system partially
corrects the expression of several genes that were
altered in symptomatic mutant SOD1G37R mice
RNA for RNA sequencing analysis was isolated from the lumbar

area of the spinal cord of non-transgenic (NT), SOD1G37R, and

SOD1G37R mice treated with MIF at the age of 355 days (Fig-

ure 2A). Since there was no additional benefit for MIFN110C

over the MIFWT-injected group, only the MIFWT-treated group

was analyzed. A total of 3,856 genes were significantly changed

between the NT and SOD1G37R mice (Figure S4), of which 2,115

were upregulated and 1,741 were downregulated (Figures 2B

and 2C). MIF treatment was able to correct, at least partially,

63.1% of the upregulated and 53.6% of the downregulated

genes in SOD1G37R mice, as indicated by gene hierarchical clus-

tering (Figure 2C). Gene Ontology (GO) enrichment analysis us-

ing ShinyGO27 shows that MIF overexpression corrected upre-

gulated genes, including genes related to inflammatory
Figure 2. Overexpression of MIF in the nervous system partially correc

mutant SOD1G37R mice
(A) Experimental design for CSF isolation for proteomics and RNA isolation for RN

licensed under a Creative Commons Attribution 3.0 Unported License.

(B) Heatmap of all the genes that were significantly altered in SOD1G37R (gray, n

partially corrected in the MIF-treated mice (orange, n = 4).

(C) Pie charts of all the upregulated or downregulated genes in the spinal cord of

corrected, partially corrected, and non-corrected genes in AAV-PHP.eB-MIF-tre

(D and E) Heatmaps of the expression of representative genes that were significa

ordered according to their Gene Ontology (GO) pathways.

(F) Heatmaps of the expression of representative genes related to microglia, ast

(G and H) qPCRs for relative expression of MIF-HA (G) or GFAP (H) in the NT (n = 4

expression.

Graphs represent mean ± SEM. The heatmaps were generated using the Z sco

followed by Tukey’s multiple comparison test. p < 0.05. See also Figure S4 and
response, cytokine production, cell death, phagocytosis, glio-

genesis, response to oxidative stress, and lipid oxidation, while

MIF treatment corrected downregulated genes, including genes

related to nervous system development, axonogenesis, neuro-

genesis, synaptic signaling, neurotransmitter transport, learning,

and memory (Figures 2D, 2E, and Table S1). Furthermore,

although we did a bulk RNA sequencing, we examined the

expression of cell-specific genes according to the mouse brain

single-cell RNA sequencing by Han et al..28 A group of genes

related to astrocytes, microglia, or infiltrated immune system

cells was upregulated in SOD1G37R mice compared to NT mice

and this was partially corrected (the expression tended toward

the NT group but was not fully corrected) following MIF treat-

ment. On the other hand, a group of genes reported to be related

to oligodendrocytes or neurons (including MNs) was found to be

downregulated in SOD1G37Rmice compared toNTmice andwas

partially corrected with MIF treatment (Figure 2F). Interestingly,

although the MIF signaling pathway activates CXCR4 and

CD44,29–32the RNA levels of CXCR4 and CD44 were higher in

the untreated SOD1G37R mice compared to MIF-treated

SOD1G37R mice. In order to verify the efficacy of our treatment,

we tested human MIF levels in the three different groups using

qPCR. Our results indicate a significant upregulation of human

MIF in the treated mice spinal cords (Figure 2G). Moreover, tak-

ing into consideration that Glial fibrillary acidic protein (GFAP) is a

well-known marker for activated astrocytes, we performed

qPCR on the extracted RNA, showing the upregulation of

GFAP in SOD1G37R mice compared to NT mice, and the partial

correction in the MIF-treated group (Figure 2H).

Upregulation of MIF in the nervous system partially
corrects the expression of altered proteins in the CSF of
symptomatic mutant SOD1G37R mice
Due to its ability to spread inflammatory proteins throughout the

nervous system and its essential role inmaintaining CNS homeo-

stasis,33 the cerebrospinal fluid (CSF) has been linked to ALS.

Thus, we investigated whether MIF treatment was able to alter

the protein composition of the CSF. We identified 497 proteins

in the CSF, out of which 37 proteins were significantly upregu-

lated and 34 proteins were significantly downregulated in the

CSF of symptomatic SOD1G37R mice compared to NTmice (Fig-

ure S5). The upregulated proteins were found to be related to GO

pathways such as inflammatory response, immune response,
ts the expression of several genes that were altered in symptomatic

A sequencing analysis from 355-day-old mice using smart Servier Medical Art,

= 10) compared to non-transgenic (NT) mice (white, n = 10) and were at least

the mutant SOD1G37R compared to NT mice, representing the portion of highly

ated compared to -untreated SOD1G37R mice.

ntly upregulated (D) or downregulated (E) in SOD1G37R compared to NT mice,

rocytes, neurons, oligodendrocytes (Oligo), or infiltrated cells (Infilt.).

), SOD1G37R (n = 4), or SOD1G37R treated with MIF (n = 4), normalized to GAPDH

re of the gene expression. Statistics were performed using one-way ANOVA

Table S1.
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synapse pruning, and cell junction disassembly, while the down-

regulated proteins were found to be related to pathways such as

synaptic signaling, neurogenesis, and regulation of nervous sys-

tem development (Figure S5). Part of the upregulated proteins in

the SOD1G37R mice are well-known inflammatory proteins such

asGFAP and Trem2, and the neurofilaments Nefl andNeflm (light

and medium), which are markers for axonal damage and cell

death (Figures 3A, and S5). As for the downregulated proteins,

some of them are metabolic proteins such as Minnp1, Isyna1,

and Tkt; some are related to CNS development, such as Dner,

Dpysl2, and Sema7A; as well as antioxidants such as Atox1.

Importantly, MIF overexpression resulted in upregulation of

Isyna1, Atox1, Rplp2, Dpysl2, and Gstm1, which were downre-

gulated in the SOD1G37R mice and a clear trend of downregula-

tion of GFAP, Trem2, and the neurofilaments that were upregu-

lated in SOD1G37R mice (Figures 3B, and S5). Furthermore, the

overexpression of MIF resulted in the upregulation of the neuro-

genesis pathway, which was downregulated in the SOD1G37R

mice and the upregulation of metal ion export pathway and

different metabolic pathways that were found to be defective in

ALS,34,35 along with downregulation of inflammatory pathways

as regulation of immune systemprocesses and cytokine produc-

tion that are upregulated in ALS (Figure 3C). Of the cell-specific

genes (Figure 2F), GFAP and LAG3 were found in the CSF prote-

omics analysis too, and were both found to be partially cor-

rected, with a reduction of 27% and 36% following MIF treat-

ment, with p = 0.092 and 0.024, respectively.

To examinewhether similar effects are seen in human data, we

analyzed the Answer ALS dataset (https://www.answerals.org)

(Figure 3D), which was established with the aim to generate

1,000 iPSC lines differentiated to MNs from patients with all

forms of ALS who have deep clinical data along with whole-

genome sequencing and multi-omics.36 Strikingly, several of

the upregulated proteins in the MIF-treated SOD1G37R mice are

also significantly positively correlated with MIF in iPSC MNs

derived from SOD1 cases in the Answer ALS dataset. Indeed,

nine of the 28 most upregulated proteins in the MIF-treated

mice are significantly positively correlated with MIF expression

(Pearson correlation, false discovery rate [FDR] <0.1), with addi-

tional proteins showing weaker positive associations with MIF. A

small number of proteins, including cytoskeletal organization

proteins, show weak or negative correlation with MIF expression

in the iPSC MNs (Figure 3D). Moreover, similar protein correla-

tion patterns are observed across all ALS cases in the Answer

ALS dataset (15 of 28 upregulated proteins are positively associ-

ated with MIF, Pearson correlation FDR <0.05), suggesting that

MIF expression could have similar molecular effects in MNs

more broadly in sporadic ALS (Figure S6). In addition, among
Figure 3. Upregulation of MIF in the nervous system partially corrects

SOD1G37R mice

(A and B) Volcano plots of proteomics data. The –log (p value) plotted against the

NT mice (n = 4) (A) or proteins in the CSF of AAV-PHP.eB-MIF-treated (n = 4) co

(C) Colored bubble plot representing the upregulated and downregulatedGOpath

The color of the bubble represents the log10 of the p value of the pathway, and

(D) Heatmap showing correlation across protein expression in iPSC MNs derived

significantly upregulated following MIF treatment in (B). Columns and rows sor

significance (FDR adjusted) of Pearson correlation of protein in column with MIF
all proteins quantified in the Answer ALS iPSC-MNs dataset,

those highly correlated with MIF expression were significantly

enriched for the set of MIF-treated upregulated proteins in Fig-

ure 3B, for both SOD1 cases (mHG test p = 0.00084) and across

sporadic ALS cases (mHG test p = 0.00019).

Overexpression of MIF in the nervous system after
disease onset reduces astrogliosis and T cell infiltration
into the spinal cord of mutant SOD1G37R mice
Non-cell-autonomous mechanisms play an important role in the

pathology of neurodegenerative diseases in general, and in ALS

specifically,37 where overactivation of astrocytes and microglia

together with infiltration of T cells into the spinal cordwere shown

to be crucial for driving disease progression.38–40 Immunostain-

ing (Figures 4A and 4G) and immunoblot analysis (Figure 4D)

were performed to determine the levels of activated astrocytes

(detected by GFAP antibody) and microglia (detected by Iba-1

antibody) in the lumbar spinal cord of mutant SOD1G37R mice.

Symptomatic mutant SOD1G37R mice treated with MIF or

MIFN110C showed a reduction in activated astrocytes as shown

by immunostaining (Figures 4A and 4B) and immunoblot analysis

(Figures 4D and 4E) but no significant change in microglia

(Figures 4A–4C, and 4F) in the lumbar spinal cord compared to

non-injected mice. Immunostaining of the lumbar spinal cords

of SOD1G37R mice at the end stage of the disease confirmed

these findings, showing a similar significant reduction in acti-

vated astrocytes but no significant reduction in microglia in

MIF or MIFN110C-treated SOD1G37R mice (Figures 4G–4I). More-

over, immunostaining was performed to determine the infiltration

of T cells (detected by CD3 and CD4 antibodies) in the lumbar

spinal cord of mutant SOD1G37R mice. Symptomatic and end-

stage mutant SOD1G37R mice treated with MIF after disease

onset showed reduced infiltration of T cells into the lumbar spinal

cord (Figure S7).

MIF or MIFN110C upregulation in the nervous system of
mutant SOD1G37R mice after disease onset reduces
misfolded SOD1 accumulation and rescues spinal MNs
Similar to ALS patients, MN degeneration is also observed in the

spinal cord of mutant SOD1 mouse models. To determine the

number of MNs and the levels of misfolded SOD1 in the lumbar

spinal cord of SOD1G37R mice, we used an anti-ChAT antibody

and B8H10 antibody, respectively. Immunostaining of the lum-

bar spinal cord at the disease end stage showed increased levels

of ChAT-positive MNs (Figures 5A–5C), accompanied by reduc-

tion of misfolded SOD1 (Figures 5A and 5B) in MIF or MIFN110C-

treated mice compared to GFP-injected mice, indicating

reduced misfolded SOD1 accumulation and MNs rescue as a
the expression of altered proteins in the CSF of symptomatic mutant

log2 of the fold change of proteins in the CSF of SOD1G37R (n = 3) compared to

mpared to -untreated SOD1G37R mice (n = 4) (B).

ways in the AAV-PHP.eB-MIF-treated compared to -untreated SOD1G37Rmice.

the bubble size represents the fold enrichment of the pathways.

from SOD1 patients in the Answer ALS dataset (n = 10) for proteins that were

ted by expression correlation with MIF. Green annotation bar (top) indicates

expression. See also Figures S5, and S6.
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result of MIF treatment after disease onset. Furthermore, ChAT

and B8H10 staining of the lumbar spinal cord of symptomatic

SOD1G37R mice likewise showed rescue of spinal MNs and

reduction of misfolded SOD1 accumulation in MIF or MIFN110C-

treated mice (Figures 5F–5H). Moreover, misfolded SOD1 levels

at disease end stage were also determined by immunoprecipita-

tion (IP) using B8H10 antibody (Figure 5D). MIF or MIFN110C-

treated mice showed a reduction in misfolded SOD1 accumula-

tion compared to GFP-injected mice (Figures 5D and 5E).

Decreased expression of MIF in MNs from ALS-patient-
derived iPSCs carrying different mutations and in
human post mortem tissue
To investigate the expression level of MIF in ALS and healthy

MNs, we differentiated MNs starting from the expandable popu-

lation of human induced pluripotent patient and control stem cell

line (iPSCs)-derived small molecular neural progenitor cells

(smNPCs). Three cell lines of healthy controls, two cell lines of

ALS-SOD1 patients (one carrying a homogeneous D90A muta-

tion and the other heterozygous R115Gmutation), three cell lines

with mutations in the C9orf72 gene (>50 repeats (G4C2)x, �730

repeats (G4C2)x and with �1000 repeats (G4C2)x), two cell lines

of patients carrying point mutations in the TARDBP gene, which

encodes the protein TDP43 (transactive response DNA binding

protein 43 kDa) (G294V and S393L), and one cell line of a patient

with an R521C mutation in FUS gene were used.

Detailed characterization regarding expression of neuronal

and motor neuronal markers as well as MIF using immunocyto-

chemistry was performed (Figure 6A). The results show a similar

percentage of MNs across patient cell lines (Figures 6B and 6C),

while MIF protein levels were found to be significantly lower in

the SOD1, C9orf72, and TDP-43 lines (Figure 6D). In addition,

the accumulation of misfolded SOD1 (recognized by the

B8H10 antibody) was analyzed in both SOD1 and healthy control

cell lines, showing a significant accumulation of misfolded SOD1

in the SOD1 lines (Figure 6E). Of note, although there were signif-

icant differences in MIF protein levels, there were no differences

in MIF mRNA expression in the iPSC-derived MNs as detected

by RT-qPCR (Figure 6F).

Furthermore, protein expression ofMIFwas analyzed bywest-

ern blot analysis in human post mortem tissue (motor cortex and

spinal cord specimens) of patients with a diagnosis of definitive

or probable ALS according to the El Escorial criteria and

compared to post mortem tissue of patients with no evidence
Figure 4. Overexpression of MIF or MIFN110C in the nervous system of m

spinal cord

(A and G) Immunofluorescence staining of the ventral region of the lumbar spina

activated astrocytes (GFAP, gray) and microglia (Iba-1, red).

(B and H) Quantification of the intensity of GFAP in the ventral horn of the lumbar s

normalized to the non-injected (n = 3) or GFP-injected group (n = 4).

(C and I) Quantification of the intensity of Iba-1 in the ventral horn of the lumbar sp

normalized to the non-injected (n = 3) or GFP-injected group (n = 4).

(D) Immunoblot analysis of activated astrocytes (GFAP) and microglia (Iba-1) in

SOD1G37R mice.

(E and F) Quantification of GFAP (E) and Iba-1 (F) in the spinal cord normalized to

control.

Graphs represent mean ± SEM.Statistics were performed using one-way ANOVA

ANOVA followed by Dunn’s multiple comparison test. Scale bars, 200, 100, and
of neurological disease. We observed a significant reduction in

MIF protein expression (normalized to a-tubulin) in spinal cord

and motor cortex tissue of sporadic ALS (sALS) patients

compared to healthy controls (Figures 6G, H, and S8). Similarly,

MIF protein levels were found to be lower in the lumbar spinal

cord of SOD1G93A mice at different stages of the disease as indi-

cated by immunoblot analysis (Figure S8).

Lentiviral transduction of mutant SOD1 iPSC-derived
MNs with MIF reduces SOD1 misfolding
After confirmation of reduced MIF protein expression in human

ALS iPSC-derived MNs and post mortem CNS tissue, we at-

tempted to reproduce the beneficial effect of MIF overexpres-

sion in a human in vitromodel. SOD1-smNPCs and healthy con-

trol cells were transduced with MIF-overexpressing lentiviral

vectors and then differentiated into MNs. Quantitative analysis

of MIF and misfolded SOD1 protein expression in human

iPSC-derived mutant SOD1 MNs showed a significant increase

in MIF expression and significant reduction of misfolded SOD1

after MIF transduction in relation to TUJ-positive (neuron-spe-

cific class III beta-tubulin) cells and in relation to Islet-1-positive

cells (Figures 7A–7D).

DISCUSSION

We have previously shown that injection of AAV2/9-MIF intrathe-

cally into newborn mutant SOD1 transgenic mice delays their

disease onset and significantly extends their lifespan.15 Howev-

er, ALS is a late-onset disease, with disease only becoming

apparent once symptoms appear, thus we aimed in this study

to present a more therapeutically relevant approach, where we

upregulate MIF in ALS mice only after disease onset. Further-

more, potential side effects of lumbar puncture and adverse

events described in relation to intrathecal delivery, e.g., in recent

ALS clinical trials,41 made us choose a less invasive approach for

viral administration, namely peripheral tail-vein injection. To this

end, we utilized the AAV-PHP.eB system, which was shown to

efficiently penetrate the BBB.26 Furthermore, this system of

gene expression does not require genome integration and vi-

rions are replication deficient, reducing oncogenic concerns,

and evidence of an AAV-mediated transgene expression was

found in the human brain 10 years after administration,42 sug-

gesting that the virus may be long lasting in terminally differenti-

ated cells such as MNs, potentially allowing a single dose.
utant SOD1G37R mice after disease onset reduces astrogliosis in the

l cord at the symptomatic stage (A) or end-stage (G) of the disease stained for

pinal cord at the symptomatic (n = 3) (B) or end-stage (n = 4) (H) of the disease,

inal cord at the symptomatic (n = 3) (B) or end-stage (n = 4) (H) of the disease,

the lumbar spinal cord of NT, non-injected, MIF-treated, or MIFN110C-treated

non-injected group (n = 4). Endogenous SOD1 (mSOD1) was used as loading

followed by Tukey’s multiple comparison test or using Kruskal-Wallis one-way

50 mm. ****p < 10�4, ***p < 10�3, *p < 0.05. See also Figure S7.
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However, there may be systemic side effects, which might

require further study in more advanced models to ensure its

safety.

Our results indicate that injection of AAV-PHP.eB-MIF or AAV-

PHP.eB-MIFN110C to mutant SOD1G37R mice after the disease

onset indeed was able to penetrate the BBB with high expres-

sion in spinal cord MNs and brain and succeeded in improving

their motor and neurological function, reduced neuroinflamma-

tion and misfolded SOD1 accumulation, rescued MNs, and,

importantly, extended their survival significantly.

Contrary to our expectation, injection of the covalently locked

trimeric conformation mutant MIFN110C did not show any

advantage over the injected WT form of MIF. These results indi-

cate that, although the MIFN110C showed better inhibition of

misfolded SOD1 aggregation in vitro,24 MIF (both WT and

N110C) function is not mutually exclusive to inhibition of

SOD1 aggregation but may be affecting several different path-

ways, including neurogenesis, since MIF was previously asso-

ciated with cell proliferation, neurite outgrowth, and promoting

cell survival and proliferation of neural stem cells.43–46 In addi-

tion, it may affect inflammatory pathways that do not include

MIF’s signaling ability as a cytokine, since MIFN110C has an

impaired cytokine signaling activity.23Furthermore, the

observed beneficial effect of MIF also does not involve the

monomer to oligomer transition of MIF, and it is also not exclu-

sive to the trimeric conformation since the WT form of MIF,

which can exist as monomers, dimers, and trimers,47 showed

the same effect as the locked trimer MIFN110C mutant.23 Never-

theless, it is possible that the observed effect is driven by a

feedback mechanism. In this scenario, the inhibition of SOD1

aggregationmay likely lead to a reduction in neuroinflammation.

Simultaneously, the impact of MIF on inflammatory pathways

may indirectly inhibit SOD1 aggregation and its associated

toxicity.

As a means to unveil these different pathways, we exam-

ined differences in RNA and protein expression of MIF-treated

mice compared to their untreated counterparts. Via spinal

cord RNA sequencing analysis, we revealed upregulation of

the inflammatory response, cytokine production, response to

stress, and cell death in mutant SOD1G37R mice, with downre-

gulation of RNA related to nervous system development, axo-

nogenesis, and neuronal differentiation pathways when

compared to NT mice. MIF-treated mice showed at least a

partial correction toward an NT mice RNA profile in the

mentioned pathways, among others. Notably, although MIF

was mainly overexpressed in the MNs, the treatment affected

the expression of genes that were previously reported to be
Figure 5. MIF or MIFN110C upregulation in the nervous system of mu

accumulation and rescues spinal motor neurons

(A and F) Immunofluorescence staining of the ventral region of the lumbar spinal c

(ChAT, white) and misfolded SOD1 (B8H10, red).

(B and G) Quantification of misfolded SOD1 intensity in the ventral horn of the lumb

normalized to GFP-treated group (n = 4) or to non-injected group (n = 3).

(C and H) Numerical quantification of ChAT-positive neurons in the ventral horn o

(n = 3) (H), normalized to GFP-treated group or to non-injected group.

(D) Immunoprecipitation using B8H10 antibody to detect misfolded SOD1 in the

(E) Quantification of the bound misfolded SOD1 normalized to the level of endog

performed using one-way ANOVA followed by Tukey’s multiple comparison test.
related to other cell types in single-cell RNA sequencing,28

including astrocytes and microglia, which play an essential

role in driving disease progression in the late phase.38,39

Moreover, although the MIF signaling pathway is known to

activate CXCR4 and CD44,29–32 we observed higher RNA

levels of CXCR4 and CD44 in the untreated SOD1G37R mice

compared to MIF-treated SOD1G37R mice. These higher RNA

levels of CXCR4 and CD44 are probably a result of the

increased neuroinflammatory state in the spinal cord of un-

treated mice, including more activated astrocytes and infil-

trated T cells,40,48–52 as also indicated by other upregulated

genes in the untreated mice, such as BATF CD8a, GFAP,

and AQP4. It was previously shown that, in ALS, CXCR4 leads

to the downstream release of tumor necrosis factor alpha

(TNFa), which binds to its receptor on the glial membrane

and in turn triggers glutamate release that eventually leads

to neuronal death, and that inhibition of CXCR4 by

AMD3100 was effective in SOD1G93A mice when administered

at early stages.53,54 On a protein level, analysis of the CSF

profile of SOD1G37R mice revealed upregulation in inflamma-

tory proteins and neurofilaments, a known hallmark for neuro-

degeneration, and downregulation of metabolic and CNS

development proteins. Supporting these findings are several

studies suggesting defects in metabolic pathways as a mech-

anism for neurodegeneration in general, and ALS in particular,

due to the high energy demand in the nervous system.55,56

MIF treatment was able to upregulate part of the neurogenesis

and metabolic pathway-related proteins. Moreover, the metal

ion export pathway was found to be upregulated with a high

fold enrichment as was observed by the upregulation of

Atox1, Ywhae, Atp1a2, and Atp1a3 (part of the a subunit of

Na+/K+-ATPase), out of 47 proteins involved in the pathway.

The upregulation of these proteins specifically might be ex-

plained by the involvement of Atox1 in the mitogen-activated

protein kinase (MAPK) pathway57 and the involvement of

Ywhae and Na+/K+-ATPase a subunit in MAPK and PI3K

signaling pathways,58–62 which are activated by MIF.63–65

Notably, many metabolic-related upregulated proteins in the

mouse CSF were highly correlated with MIF protein expres-

sion in the Answer ALS iPSCs-derived MNs database, both

in the whole dataset and specifically in the SOD1 cases, sug-

gesting MIF involvement in these metabolic pathways in cells

derived from ALS patients as well, and implying its beneficial

potential.

Revealing the important role of MIF in slowing ALS disease

progression in a murine model resulted in a need to under-

stand the role of MIF in human disease based on the limitation
tant SOD1G37R mice after disease onset reduces misfolded SOD1

ord at the end stage (A) or symptomatic stage (F) of the disease stained for MNs

ar spinal cord at disease end-stage (n = 4) (B) or symptomatic stage (n = 3) (G),

f the lumbar spinal cord at disease end-stage (n = 4) (C) or symptomatic stage

lumbar spinal cord of GFP-, MIF-, or MIFN110C-treated SOD1G37R mice.

enous SOD1 (mSOD1) (n = 4). Graphs represent mean ± SEM. Statistics were

Scale bars, 200, 100, and 50 mm. ****p < 10�4,***p < 10-3, **p < 0.01, *p < 0.05.
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Figure 7. Lentiviral transduction of mutant SOD1 iPSC-derived motor neurons with MIF reduces SOD1 misfolding

(A) ICC staining for MIF and misfolded SOD1 before and after transduction of iPSC-derived mutant SOD1 MNs.

(B–D) Quantitative analysis of MIF and misfolded SOD1 protein expression in human IPSC-derived mutant SOD1 MNs. MIF expression (B) and misfolded SOD1

accumulation after MIF transduction in relation to TUJ-positive cells (C), and in relation to Islet-1-positive cells (D).>2 biological and >2 technical replicates.

Graphs represent mean ± SEM. Statistics were performed using unpaired two-tailed t test. **p < 0.01; ***p < 0.001); scale bars, 100 mm, 50 mm.
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of animal models and their differences to human disease

manifestation. Importantly, we also revealed low MIF protein

levels in iPSC MNs derived from SOD1, TDP43, and C9orf72

cases. Additionally, we found that sporadic ALS patients,

who have been reported to accumulate misfolded SOD1, ac-

cording to several groups,66–71 have lower MIF protein levels

in the motor cortex and spinal cord. Therefore, low MIF pro-

tein levels found in familial and sporadic ALS patients might

represent a common mechanism of MN vulnerability. Finally,

MIF overexpression resulted in the reduction of misfolded

SOD1 levels in iPSC-derived MNs from SOD1 patients, further

confirming the relevance of this therapeutic concept. Howev-

er, since this is an isolated in vitro system, we cannot rule out

the involvement of other cell types in disease pathogenesis.
Figure 6. Reduced MIF protein expression in ALS-patient-derived mot

(A–E) Immunocytochemistry of typical neuronal (TUJ) and MN (Islet-1) markers, M

after DIV 38. (D) ***p < 0.001, one-way ANOVA followed by Tukey’s multiple com

(F) MIF mRNA expression of iPSC-derived MNs using RT-qPCR; scale bars, 100

(G and H) MIF expression normalized to a-tubulin in human post mortem tissue s

healthy controls determined by immunoblots, n = 4–5; two or three technical repl

Whitney U test or two-tailed t test. *p < 0.05. See also Figure S8.
By using the AAV-PHP.eB viral system, we were able to ex-

press the human form of MIF, which is necessary, since the

mutant SOD1 mice express the human transgene. Overexpres-

sion of MIF using the AAV-PHP.eB viral system allowed us to

exploit all MIF’s properties and functions, both the well studied

as well as the ones yet to be investigated. If the observed bene-

ficial effect was exclusively dependent on the binding of MIF to

CD74 receptor, using an MIF agonist such as MIF020 that en-

hances MIF binding to the CD74 receptor,72–74 might be more

appropriate in the sense of avoiding an excess amount of MIF

that may lead to unwanted side effects. The positive effect

seen by both the WT form and the N110C mutant form of MIF,

which retains only partial CD74 receptor binding activity and

has impaired signaling ability as a cytokine,23 however, suggests
or neurons and human ALS post mortem tissue

IF, and misfolded SOD1 (B8H10) in human iPSC-derived control and ALS MNs

parison test; (E) ***p < 0.001, unpaired two-tailed t test.

mm.

amples from spinal cord (G) or motor cortex (H) of sporadic ALS patients and

icates. Graphs represent mean ± SEM. Statistics were performed using Mann-
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a different mechanism of action that does not depend only on the

binding to CD74 receptor.

Fortunately for SOD1 familial ALS (fALS) patients, the intra-

thecally administered antisense oligonucleotide that reduces

synthesis of the SOD1 protein41,75,76 was recently approved

by the US Food and Drug Administration (FDA). While downre-

gulation of SOD1 can be effective in SOD1 fALS, its long-term

effects must be carefully monitored so that the protein does

not reach a critically low expression level,77–79 and, for all other

forms of fALS/sALS, efficient disease modifying therapies are

urgently needed.

In summary, our findings shed light on the diverse roles of MIF

in the CNS in general, and its importance in MNs specifically,

when administered in a therapeutically relevant manner. MIF

not only functions as a SOD1 chaperone that modulates SOD1

misfolding and aggregation but also affects diverse pathways,

including the inflammatory response, neurogenesis, and meta-

bolism, and results in better motor and neurological functions,

leading to extended survival. Low MIF protein levels in MNs

derived from iPSCs of SOD1 cases as well as C9orf72, TDP43,

and the spinal cord of the sporadic patients, alongwith the in vivo

results, opens avenues for its therapeutic potential for familial

SOD1 ALS and ALS cases in general.
Limitations of the study
In this research, we used a human form of MIF to investigate its

therapeutic effect on a mouse model of ALS (mice carrying hu-

man SOD1G37R). However, as indicated by the results of RNA

sequencing and proteomics, MIF’s effect is not solely due to

the inhibition of SOD1 misfolding and aggregation but also in-

volves different pathways, including inflammation and neurogen-

esis. The activated pathways following MIF treatment are murine

pathways that were activated by upregulation of human MIF.

Thus, the effect of human MIF on those pathways needs to be

verified in a human context.
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S., Moritz, S., Parga, J.A., Wagner, L., Bruder, J.M., et al. (2013). Deriva-

tion and expansion using only small molecules of human neural progen-

itors for neurodegenerative disease modeling. PLoS One 8, e59252.

82. Reinhardt, P., Schmid, B., Burbulla, L.F., Schöndorf, D.C., Wagner, L.,
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Antibodies

ɑ-bungarotoxin (BTX) conjugated to rhodamine Invitrogen Molecular Probes Cat# T1175,

RRID:AB_2313931

Alexa Fluor 488 goat anti-mouse IgG Invitrogen Thermo Fisher Scientific Cat# A-21121,

RRID:AB_2535764

Alexa Fluor 555 goat anti-mouse IgG1 Invitrogen Thermo Fisher Scientific Cat# A-21127,

RRID:AB_2535769

Alexa Fluor 488 goat anti-mouse IgG2a Invitrogen Thermo Fisher Scientific Cat# A-21131,

RRID:AB_2535771

Alexa Fluor 488 goat anti-rabbit IgG Invitrogen Thermo Fisher Scientific Cat# A-11008,

RRID:AB_143165

Alexa Fluor 555 donkey anti-mouse IgG Invitrogen Thermo Fisher Scientific Cat# A-31570,

RRID:AB_2536180

Alexa Fluor 555 donkey anti-rabbit IgG Invitrogen Thermo Fisher Scientific Cat# A-31572,

RRID:AB_162543

Alexa Fluor 633 goat anti-Rat IgG Invitrogen Thermo Fisher Scientific Cat# A-21094,

RRID:AB_2535749

Alexa Fluor 647 chicken anti-rabbit IgG Invitrogen Thermo Fisher Scientific Cat# A-21443,

RRID:AB_2535861

Alexa Fluor 647 donkey anti-goat IgG Abcam Abcam Cat# ab150135, RRID:AB_2687955

Alexa Fluor 647 goat anti-rabbit IgG Invitrogen Thermo Fisher Scientific Cat# A-21244,

RRID:AB_2535812

Anti-CD3 BioLegend BioLegend Cat# 100301 (also 100302),

RRID:AB_312666

Anti-CD4 BioLegend BioLegend Cat# 100505 (also 100506),

RRID:AB_312708

anti- SV2 DSHB DSHB Cat# SV2, RRID:AB_2315387

anti-Choline Acetyltransferase Merck Millipore Cat# AB144P, RRID:AB_2079751

anti-Choline Acetyltransferase Genetex GeneTex Cat# GTX113164, RRID:AB_1949973

anti-GFAP Merck Millipore Cat# MAB360, RRID:AB_11212597

anti-HA Abcam Abcam Cat# ab9110, RRID:AB_307019

anti-Iba1 Abcam Abcam Cat# ab5076, RRID:AB_2224402

anti-Iba1 Abcam Abcam Cat# ab178846, RRID:AB_2636859

anti-SOD1 santa-cruz Santa Cruz Biotechnology Cat# sc-101523,

RRID:AB_2191632

anti-b III Tubulin Abcam Abcam Cat# ab18207, RRID:AB_444319

Anti-B8H10 Medi-mabs MediMabs Cat# MM-0070-P,

RRID:AB_2909641

Anti-MIF Abcam Abcam Cat#ab187064, RRID:AB_2934299

Anti-a-Tubulin Santa-cruz Santa Cruz Biotechnology Cat# sc-32293,

RRID:AB_628412

anti-b III Tubulin mouse Abcam Abcam Cat#78078, RRID:AB_2256751

Anti-Map2 Abcam Abcam Cat#ab32454, RRID:AB_776174

Anti-Islet1 Abcam Abcam Cat#ab20670, RRID:AB_881306

Cy3 Goat Anti-Armenian Hamster IgG Jackson ImmunoResearch Labs Jackson ImmunoResearch Labs Cat#

127-165-160, RRID:AB_2338989
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Rabbit IgG Horseradish Peroxidase-

conjugated Antibody

R&D Systems R and D Systems Cat# HAF008, RRID:AB_357235

Mouse IgG Horseradish Peroxidase-

conjugated Antibody

R&D Systems R and D Systems Cat# HAF007, RRID:AB_357234

Bacterial and virus strains

AAV-PHP.eB eGFP This paper N/A

AAV-PHP.eB MIFN11�C -HA This paper N/A

AAV-PHP.eB MIFWT This paper N/A

Lenti CAG MIF-IRES-mKO2 This paper N/A

Lenti CKO2AP Eggenschwiler et al.80 N/A

Biological samples

Postmortem tissue (motor cortex,

spinal cord) from sporadic

ALS patients and healthy patients

with no evidence of neurologic

or psychiatric disease

Autopsies. See Table S4. N/A

Chemicals, peptides, and recombinant proteins

Benzonase Sigma E1014-5KU

DynabeadsTM protein G Invitrogen Dy-10004D

Fast SYBR green Applied Biosystems 4385612

OptiPrep Sigma D1556

PFA Sigma 441244

Poloxamer 188 solution (Pluronic-F68) Sigma P5556

Polyethylene Glycol (PEG) Bioultra 8000 250G Sigma 89510-250G-F

Matrigel Corning Cat# 354234

Accutase Gibco A11105-01

poly-DL-ornithine-hydrobromide Sigma-Aldrich/Merck P8638

Laminin (mouse) Gibco Cat#23017-015

CHIR 99201 Axon Medchem Cat# 1386

Purmorphamine Cayman Chemical Cat#10009634

Smoothened Agonist Cayman Chemical Cat# 11914

Retinoic acid Sigma R2625

BDNF Peprotech Cat# 450-02

GDNF Peprotech Cat# 450-10

dbcAMP Sigma Aldrich/Merck, D0260

Mowiol Roth Cat# 0713.1

NEBuilder� HiFi DNA Assembly Master Mix NEB NEB E2621L

PhusionTM Hot Start II High-Fidelity DNA-Polymerase Thermo Fisher Scientific Cat# F549L

Critical commercial assays

RNeasy plus mini kit Qiagen 74134

RNeasy Mini Kit Qiagen 74104

Pierce BCA Protein-Assay kit Thermo Scientific Cat# 23227

SuperSignal West Pico PLUS Thermo Scientific Cat# 34577

Experimental models: Cell lines

HEK-293T cells ATCC RRID:CVCL_4V93

Healthy Control #1 cell line Reinhardt et al.81

Reinhardt et al.82
N/A

Healthy Control #2 cell line Reinhardt et al.81

Reinhardt et al.82
N/A

(Continued on next page)
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Healthy Control #3 cell line Naujock et al.83 N/A

FUS cell line Naujock et al.83

Scekic-Zahirovic et al.84
N/A

SOD1 #1 cell line Naujock et al.83 N/A

SOD1 #2 cell line Naujock et al.83 N/A

TDP43 #1 cell line Kreiter et al.85 N/A

TDP43 #2 cell line Kreiter et al.85 N/A

C9orf72 #1 cell line Sivadasan et al.86 N/A

C9orf72 #2 cell line Sivadasan et al.86 N/A

C9orf72 #3 cell line Donnelly et al.87 N/A

Experimental models: Organisms/strains

LoxSOD1G37R mice Jackson Laboratory RRID:IMSR_JAX:016149

B6.Cg-Tg(SOD1*G93A)1Gur/J Jackson Laboratory RRID:IMSR_JAX:004435

Oligonucleotides

Oligonucleotides See Table S2. N/A

Recombinant DNA

pAAV-CAG-GFP Addgene RRID:Addgene_37825

pAAV-CAG-MIF-HA This paper N/A

pAAV-CAG- MIFN11�C -HA This paper N/A

pAdDeltaF6 Addgene RRID:Addgene_112867

pUCmini-iCAP-PHP.eB Addgene RRID:Addgene_103005

Software and algorithms

cutadapt (v1.15) Read the Docs https://cutadapt.readthedocs.io/en/stable/

DESeq253 R package Love et al.88 https://bioconductor.org/packages/release/

bioc/html/DESeq2.html

FASTQC (v0.11.8) Babraham Institute https://www.bioinformatics.babraham.ac.uk/

projects/

ImageJ software Schneider et al.89 https://imagej.net/ij/index.html

MultiQC (v1.0.dev0) Ewels et al.90 https://github.com/ewels/MultiQC

NIS-elements software Nikon https://www.microscope.healthcare.nikon.com/

products/software/nis-elements

Originlab Pro OriginLab Corporation https://www.originlab.com/

Perseus v1.6.2.3. Decoy Tyanova et al.91 https://maxquant.net/perseus/

RSEM (v1.2.28) Li et al.92 http://deweylab.biostat.wisc.edu/rsem

ShinyGO Ge et al.27 http://bioinformatics.sdstate.edu/go/

STAR (v2.5.2a) Dobin et al.93 http://code.google.com/p/rna-star/

SVA/Combat R package R Bioconductor https://bioconductor.org/packages/release/

bioc/html/sva.html

SwissProt proteome database Bairoch et al.94 https://www.uniprot.org/uniprotkb?

query=reviewed:true

Trim Galore (v0.4.5) Babraham Institute http://www.bioinformatics.babraham.ac.uk/

projects/trim_galore.

QuantStudio

Real-Time PCR Software

Thermo Fisher https://www.thermofisher.com/de/de/home/

global/forms/life-science/

quantstudio-6-7-flex-software.html

Chemilumineszenz Imager Intas Science Instruments,

Gottingen, Germany

N/A

LabImage1D Intas Science Instruments,

Gottingen, Germany

N/A

(Continued on next page)
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Olympus CellSens Dimension (v.1.18) Olympus, Hamburg, Germany https://www.olympus-lifescience.com/en/

software/cellsens/?creative=651972827940&

keyword=olympus%20cellsens%20dimension&

matchtype=e&network=g&device=c&

campaignid=19865307548&adgroupid=

144087470581&gclid=EAIaIQobChMIr_m09IuJ_

wIVTeLVCh2MnwKpEAAYASAAEgKWcvD_BwE

G*power software University of D€usseldorf, Germany https://www.gpower.hhu.de

Deposited data

Mice RNA sequencing data GEO GSE246397

Mice CSF proteomics data PRIDE PXD046619

Answer ALS iPSC-derived MNs proteomics Answer ALS Consortium dataportal.answerals.org
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Adrian

Israelson (adriani@bgu.ac.il).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d Data: RNA-seq data and CSF proteomics data have been deposited at GEO and PRIDE, accordingly, and are publicly available

as of the date of publication. The RNA-seq data have been deposited to the GEO repository with accession number

GSE246397. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the

PRIDE95 partner repository with the dataset identifier PXD046619 and https://doi.org/10.6019/PXD046619. Accession

numbers are also listed in the key resources table. A large portion of the Answer ALS iPSC-derived MNs proteomics data

used in this study is currently publicly available through the Answer ALSData Portal (https://dataportal.answerals.org) following

approval of a Data Use Agreement (DUA) form. However, all data and code used in this study will be made available by request

to the lead contact following DUA approval.

d Code: This study did not generate any code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Female and male loxSOD1G37R mice38 were monitored weekly from the age of 160 days (before the disease onset), and subse-

quently, at the age of 210 days (disease onset), they were injected with AAV-PHP.eB eGFP, AAV-PHP.eB MIFWT, or AAV-PHP.eB

MIFN11�C into the tail vein. The mice were maintained in Ben-Gurion University of the Negev animal facility, and all procedures

were approved by the animal care and use committee of Ben-Gurion University of the Negev and according to Israel’s AnimalWelfare

Act 1994 and follows the Guide for Care and Use of Laboratory Animals (NRC 2011). Housing conditions are: 12:12 light:dark cycles

at 20�C–24�C and 30–70% relative humidity. Mice are free fed autoclaved rodent chow, have free access to reverse osmosis filtered

water, and are housed in individually ventilated cages.

Post hoc power analysis of survival study
A post hoc power analysis was performed for the statistical evaluation of the SOD1G37R mice survival study and resulted in an

achieved power of 80%. The analyses were performed with the G*power software96,97 using the achieved significance of 0.01, a total

group size of 47mice and an effect size of 0.57 calculated from themean values. For the calculation of the effect size, the three groups

to be compared were used with a mean standard deviation of 21.17 and the following mean values and group sizes: Group 1

(SOD1G37R untreated mice): n = 14, mean = 397.92; Group 2 (MIF treated SOD1G37R mice): n = 16, mean = 425.25; Group 3 (MIFN110C

treated SOD1G37R mice): n = 17, mean = 423.65.
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SmNPCs and MN differentiation
All used small molecular neural progenitor cell lines (smNPC) are listed in Table S3. Cultivation of smNPCs and motor neuron (MN)

differentiation was done as previously described.83,98 Shortly, all smNPCs were maintained in N2B27 media supplemented with

150 mM ascorbic acid, 3 mMCHIR 99201 and 0.5 mM PMA. At least once a week smNPC lines were passaged in a 1:8-10 ratio using

accutase (Life Technologies, Darmstadt, Germany) for up to 4min at 37�Cand replated ontomatrigel (Corning, Corning, USA)-coated

6-well plates. MN differentiation was started by substituting the aforementioned supplements first with 1mMSAG for 4 days, 1mMRA,

0.5mMSAG, 5 ng/mLBDNF and 5 ng/mLGDNF for another 7 days. After 11 days of differentiation cells were detached using accutase

and plated at a density of 1 3 106 cells/6-well and 3-5x105 cells/24-well with glass coverslips coated with poly-DL-ornithine-hydro-

bromide (0.5 mg/mL) and laminin (1 mg/mL, both Sigma-Aldrich/Merck, Darmstadt, Germany). Maturation of the patterned MNs was

accomplished in N2-B27 media enriched with 150 mm ascorbic acid, 20 ng/mL BDNF, 20 ng/mL GDNF (both Peprotech, Hamburg,

Germany) and 5 mmdbcAMP (Sigma Aldrich/Merck, Darmstadt, Germany) for another 28 days. After 38–40 days ofMNdifferentiation

cells on poly-DL-ornithine-hydrobromide/laminin coated 12 mm glass coverslips were analyzed by immunocytochemistry.

Human postmortem tissue
For analysis of spinal cord and motor cortex, human postmortem tissue of patients with a diagnosis of probable or definite sporadic

ALS according to the El Escorial criteria and postmortem tissue of patients with no evidence of neurologic or psychiatric disease was

collected (after informed consent by the patient or his/her relatives as approved by the ethics committee of HannoverMedical School)

(Table S4). Samples of 6–7 ALS patients aged 44 to 77 years were compared with 4–5 controls aged 42 to 77 years by Western blot

analyses.

METHOD DETAILS

Disease evaluation
All the mice were blindly evaluated once a week on the same day and hour by measuring weight, Neuroscore, grip strength, and

hanging time.

Neuroscore
Briefly, as previously described.99 NeuroScore evaluates mouse hindlimbs splay while the mouse is suspended from the tail,

abnormal walking (including toe curl and foot-dragging), rigid paralysis in the hindlimb, minimal joint movement, and the ability of

the mouse to right itself in 10 s upon placing it on either side. A higher NeuroScore indicates a more advanced motor dysfunction,

and a Neuroscore of 4 indicates reaching the humane end-point.

Inverted screen test
This was used to measure hanging time. Briefly, as previously,100 mice were placed in the middle of a grid screen and inverted within

2 s upside down above a padded surface. The hanging time was measured up to 60 s.

Grip strength test
Themeasures were obtained using the Chatillon DFE II series device, as described before.15 Eachmousewasmeasured 3 times, and

the average was calculated.

Adeno-associated virus (AAV) production
Modified from.101 Briefly, HEK-293T cells were seeded on 15 cm plates with 20 mL media [DMEM, 5% FBS, 2X nonessential amino

acids, 2X Sodium pyruvate, 4mM L-glutamine, 100 units/ml Ampicillin, 0.1 mg/ml Streptomycin] and were incubated at 37�C, 5%
CO2. Thirty six hours after seeding, cells were triple transfected with pAAV:capsid:pHelper plasmid to the ratio of 1:4:2 mg of DNA

with a total amount of 40 mg per 150 mm dish (5.7 mg of pAAV, 22.8 mg of the capsid, and 11.4 mg of pHelper), using PEI transfection

reagent. Following the transfection (12–24 h), the mediumwas replaced with 20mL fresh enrichedmedium (10% FBS). After an addi-

tional 48 h, the medium was collected, stored at 4�C, and replaced with fresh medium. Following another 48 h, the cells were har-

vested using a cell scraper and transferred to collection tubes with the media. The tubes containing the cells and the media were

centrifuged at 200 x g for 15 min. The supernatant and the stored media, were centrifuged at 2000 x g for 15 min at 4�C. Following

centrifugation, the collected supernatant was incubated with 8%PEG solution for 2 h on ice. Parallelly, the pellet was lysed with 5mL

lysis virion buffer [150 mM NaCl, 50 mM Tris-HCl (pH 8.5)] and subjected to three rounds of freeze/thaw cycles, each round

composed of 10 min in �80�C ethanol bath and then 10 min at 37�C followed by vertexing. Subsequently, 50 units of Benzonase

per plate was added, and the lysate was incubated for 1.5 h at 37�C. The ice-incubated supernatant was centrifuged at 4,000 x g

for 30 min at 4�C, and the pellet was lysed with a 5 mL lysis virion buffer and then added to the already handled lysate along with

additional 10 units of Benzonase and left for an additional 30 min water bath incubation at 37�C. Finally, the lysate was centrifuged

at 2,000 x g for 10 min at RT and filtered using a 0.45 mm filter. The crude lysate was stored at �80�C.
Capsid: pUCmini-iCAP-PHP.eB (plasmid #103005, Addgene), pHelper: pAdDeltaF6 (plasmid #112867, Addgene). Virion purifica-

tion was accomplished using an OptiPrep density gradient. The crude lysate was loaded on the OptiPrep gradient (with a density of
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60%, 40%, 25%, and 15%) and ultra-centrifuged at 200,000 x g for 2 h at 18�C. Subsequently, the viral fraction was collected from

the 40/60% interface and the 40% layer. The collected fraction was then filtered using a 0.22 mm filter and transferred to an Amicon

Ultra Centrifugal Filter with MWCO of 100 kDa, followed by washing with PBS containing 0.001% Pluronic-F68 by centrifugation at

3000 x g, 4�C. Following the final wash, where less than 300 mL of the solution was retained in the top chamber, the solution was

filtered again using a 0.22 mmfilter. The virion capsids were broken down to release the DNA for quantification. The virionswere quan-

tified by qPCR using SYBR green and primers targeting the WPRE region.

Each mouse was injected with 1.2 X 1014 vg/Kg, as the high dose described.25

Lentivirus production
Lentiviral vectors were produced by transient transfection of Lenti CAG-MIF-IRES-mKO2 or Lenti CKO2AP plasmids along with

pCDNA3.GP.4xC, pMD2.G and pRSV-Rev into HEK293T cells using the CaCl2 protocol as described previously.80 Vectors were

titrated by transduction of serial-fold dilutions of 1:100–1:300,000 on HEK293T cells followed by FACS analysis 72 h post transduc-

tion. For generation of MIF-IRES-mKO2 or mKO2-T2A-PAC expressing bulk populations, 450,000 cells of control or ALS-SOD1

smNPC cell line were seeded per 6-well one day prior to transduction. Next day, culture medium was exchanged with medium sup-

plemented with 8 mg/mL protamine sulfate (Sigma-Aldrich, Merck, Darmstadt, Germany) and cells were transduced at a calculated

multiplicity of infection (MOI) of 1 with Lenti CAG-MIF-IRES-mKO2 or Lenti CKO2AP vector particles. Cells were expanded and FACS

analyzed on day 13-post transduction, as well as on day 33 ofMN differentiation, confirming continuous transgene expression during

and after differentiation.

Tissue lysis and immunoblotting
Tissues were lysed mechanically in cold lysis buffer [50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% NP-40, 1 mM PMSF, protease in-

hibitor x1 (Apex Bio)] by homogenization followed by further mechanical lysis through a 29G needle. The tissue lysate was incubated

for 2 h on ice with agitation and afterward centrifuged for 20 min at 12,000 rpm, at 4�C. After preparing samples with sample buffer

and boiling, the proteins were separated using 15 or 13% SDS-PAGE gel, transferred to a nitrocellulose membrane, and blocked for

1 h at room temperature with 5% milk, followed by overnight incubation at 4�C with primary antibody [mouse anti-SOD1 (1:1000,

Santa-Cruz), rabbit anti-Iba (1:500, Abcam, UK), mouse anti-GFAP (1:1000, Merck), rabbit anti-HA (1:7,500, Abcam, UK), andmouse

anti-GAPDH (1:500, Santa-Cruz)]. Following washing, the membranes were incubated for 1 h at room temperature with horseradish

peroxidase-conjugated secondary antibody and subsequently detected by ECL (Biological industries or Cyanagen). Band intensity

was quantified using ImageJ software.

Immunoprecipitation
B8H10 antibody was linked to Dynabeads protein G (Invitrogen, USA) for 1 h at room temperature. This was followed by incubating

spinal cord extract (100 mg) in IP buffer [50 mM Tris-HCl (pH 7.4), 150 mM NaCl] together with the Dynabeads-antibody complex at

4�C overnight with agitation. The unbound fractions were separated from the Dynabeads-antibody-bound fraction complex and pre-

pared for immunoblotting by adding sample buffer and boiling at 95�C for 5 min. Then, the beads with the bound fraction were

washed 3 times with IP-washing buffer [50 mM Tris-HCl (pH 7.4), 0.5 M NaCl], and the bound fraction was eluted by adding sample

buffer x2 and boiling at 95�C for 5 min.

Immunohistochemistry
Mice were anesthetized with Isoflurane and then perfused with cold 0.1 M PBS, followed by perfusion with 4% paraformaldehyde in

0.1 M PBS. The spinal cords were dissected and post-fixed in 4% formaldehyde in 0.1 M PBS at 4�C overnight, and then cryopro-

tected in 25%sucrose in 0.1MPBS for 48 h at 4�C. Spinal cordswere cryosectioned into 35 mm free-floating sections and blocked for

1 h in blocking solution (0.1 M PBS, 1% BSA, 10% secondary-antibody host serum, and 0.3% Triton X-100), followed by incubation

overnight at 4�C with primary antibodies [goat anti-Choline Acetyltransferase (1:100, Merck, USA), rabbit anti-Choline Acetyltrans-

ferase (1:750, Genetex, USA), goat anti-Iba1 (1:500, Abcam, UK), mouse anti-GFAP (1:400, Merck. USA), rabbit anti-HA (1:500, Ab-

cam, UK), mouse anti-B8H10 (1:100, MediMabs, Germany), Armenian hamster anti-CD3 (1:100, BioLegend, USA), and rat anti-CD4

(1:100, BioLegend, USA). Secondary antibodies used: Alexa Fluor 555 donkey anti-rabbit IgG (Invitrogen, USA), Alexa Fluor 555

donkey anti-mouse IgG (Invitrogen, USA), Alexa Fluor 647 chicken anti-Rabbit IgG (Invitrogen, USA), Alexa Fluor 647 donkey anti-

goat IgG (Abcam, UK), Cy3 goat anti-Armenian hamster IgG (Jackson ImmunoResearch Labs, USA), and Alexa Fluor 633 goat

anti-rat IgG (Invitrogen, USA)] diluted in 0.1M PBS containing 1% BSA, 1% secondary-antibody host serum, and 0.15% Triton

X-100. Sections were subsequently washed three times in 0.1 M PBS with 0.003% tween and then incubated for 1.5 h at room tem-

perature with fluorescently conjugated secondary antibodies. The sections were then washed 3 times with 0.1 M PBS. After immune

mounting and allowing the slides to dry, images were acquired on a NIKON C2Plus laser unit dock to a Nikon Eclipse Ti unit of a

confocal microscope using a 20X objective. Intensity quantification was performed using NIS-elements software.

CSF collection and proteomics
CSF was collected using cisterna magna puncture, as previously described.102
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Briefly, mice were anesthetized with intraperitoneal Ketamine-xylazine injection and placed on a stereotactic frame with their head

and body forming a 135� angle. The skinwas cut sagittally inferior to the occiput, and the subcutaneous tissue andmuscle were sepa-

rated. A capillary was then inserted into the cisterna magna through the dura matter lateral to the arteria dorsalis spinalis. Approx-

imately 10 mL CSF was collected from each mouse. The CSF was centrifuged at 15,000 x g for 30 s and checked for any blood

contamination.

Later on, the CSF was subjected to in-solution tryptic digestion and desalting before being analyzed using nanoflow liquid chro-

matography (Acquity M-class) coupled to high resolution, highmass accuracy mass spectrometry (Fusion Lumos). Each sample was

analyzed separately in a random order in discovery mode. The raw data was processed with MaxQuant v2.0.1.0 and searched with

the Andromeda search engine against the murine SwissProt proteome database appended with common lab protein contaminants

and the following modifications: Carbamidomethylation of C as a fixed modification and oxidation of M and protein N-terminal acet-

ylation as variable ones. The LFQ (Label-Free Quantification) intensities were calculated and used for further calculations using

Perseus v1.6.2.3. Decoy hits were filtered out. The LFQ intensities were log-transformed, and only proteins that had at least 3 valid

values in at least one experimental group were kept. A normal distribution of the lower values of the data distribution was generated

by Perseus software using a downshift of 1.8 and width of 0.3 in order to impute the remaining missing values.

CSF was collected from 4 NT, 4 untreated SOD1G37R, and 4MIF-treated SOD1G37R mice. After examining the PCA it was clear that

one of the samples from the untreated SOD1G37R group was very different relative to all other samples and therefore was removed

from downstream analysis.

RNA extraction and sequencing
RNAwas extracted from the lumbar spinal cord using RNeasy plus mini kit (Qiagen), according tomanufacture’s protocol. The library

was prepared using MARS seq in which the 3’UTR of the transcripts are captured and 8 bp Unique Molecular Identifiers (UMIs) are

added to the DNA fragments to reduce errors and quantitative bias caused by the amplification. The samples were sequenced using

illumina NovaSeq SP - 100 cycles.

Initial analysis of the raw sequence reads was carried out using the NeatSeq-Flow platform.103 The sequences were quality

trimmed and filtered using Trim Galore (v0.4.5) and cutadapt (v1.15). Alignment of the reads to the mouse genome (GRCm38)

was done using STAR (v2.5.2a).93 The number of reads per gene per sample was counted using RSEM (v1.2.28).92 Quality assess-

ment of the process was carried out using FASTQC (v0.11.8) and MultiQC (v1.0.dev0) Statistical testing for identification of differen-

tially expressed genes, batch correction, gene annotation, clustering and enrichment analysis were performedwith theDESeq2mod-

ule within the NeatSeq-Flow platform.103 Batch correction was done using the SVA/Combat R package. Gene annotation was done

using the "AnnotationHub" R package. The statistical analysis was done using the DESeq288 R package. For comparison (Contrast)

between the different groups, the statistical model considered two effects: the treatment group and the batch. The analysis produced

pp-value, FDR-adjusted pp-value and fold of change per gene. Genes with FDR adjusted pp-value <0.05 were considered Differen-

tially Expressed (DE). Gene ontology (GO) was performed using ShinyGO.27 Analysis was performed on 10 NT, 10 untreated

SOD1G37R, and 4 MIF-treated SOD1G37R mice. The genes clustering was preformed using hierarchical clustering. Genes were

considered as partially corrected if they were in a cluster where the expression in the MIF-treated group was between the NT group

and not treated group, while geneswere considered as highly correctedwhen the expression in theMIF-treated groupwas very close

to the NT group.

qPCR of murine tissue
The murine RNA was transcribed to cDNA using the qPCRBIO cDNA synthesis kit (PCR Biosystems) according to manufacture’s

instructions. All PCR reactions were performed in triplicates, using fast SYBR green master mix (Applied Bioscience). Gene expres-

sion was normalized to GAPDH measured levels. Primers used are listed in Table S2.

RNA isolation and qPCR of human cell lines
The RNeasy kit (Qiagen, Hilden, Germany) was used for total RNA extraction of human cell lines according to the manufactures pro-

tocol. RNA was obtained from all differentiated cell lines and transcribed into cDNA using QuantiTect Reverse Transcription Kit (Qia-

gen, Hilden, Germany). Quantitative real-time PCR experiments were executed with cDNA from five ng of total RNA from at least

three independent differentiations, 1.75 mM forward/reverse primer and Power SYBR-Green PCR Master Mix (Life Technologies,

Carlsbad, USA). Relative levels of gene expression were normalized to healthy control. For further analysis the ddCt method was

used and analysis settings according to the manufacturer’s recommendation (threshold value 0.2) were applied using

QuantStudio Real-Time PCR Software (Thermo Fisher, Walham, USA). Gene expression of MIF was normalized to PPIA+HPRT

levels. Primers used are listed in Table S2.

Immunocytochemistry
Cells were fixed with cold 4% paraformaldehyde for 20 min at RT, washed carefully twice with PBS and incubated for 1 h in blocking

solution (10%goat serum, 2.5%BSA, 0.6%Triton X-100) to block non-specific staining. Primary antibodies (mousemonoclonal anti-

beta III tubulin (Tuj1) 1:1000; rabbit monoclonal Tuj1 1:1000; rabbit polyclonal anti-Map 2 1:1000; rabbit polyclonal anti-Islet1 1:1000;

rabbit monoclonal anti-MIF 1:500 all from Abcam, Cambridge, UK and mouse monoclonal anti-Misfolded SOD1 (B8H10), Biomol
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GmbH (Medimabs), Hamburg, Germany) were diluted in blocking solution and incubated overnight at 4�C. After two washing steps in

PBS, fluorescently-labeled secondary antibodies Alexa Fluor 488 or 555 (goat anti-mouse IgG/IgG1/IgG2a or goat anti-rabbit IgG,

1:1000, Invitrogen, Carlsbad, USA) were diluted in blocking solution and added to the cells and incubated at room temperature

for 2 h in the dark. Cells were then washed again twice with PBS and covered with Mowiol (Roth) according to the manufacturer’s

instructions. The secondary antibodies were tested for specificity and cross re-activity. Nuclear counterstaining with 40,6-diami-

dino-2-phenylindole (DAPI, 10 mg/mL, Thermo Fisher Scientific) was performed inmounting solution. For eachwell at least two typical

pictures were photographed at 20x magnification using an Olympus BX61microscope equipped with an Olympus DP72 digital cam-

era and the Olympus CellSens Dimension 1.18 program (Olympus, Hamburg, Germany) and finally analyzed with ImageJ.

Western Blots analysis
400-500 mL RIPA Buffer was added to each sample of human postmortem tissue with a subsequent homogenization step via son-

ication. The amount of total protein was measured with Pierce BCA Protein-Assay kit (Thermo Scientific, Walham, USA) according to

manufactures protocol. An amount of 50 ng of total protein from each sample was mixed with Laemmli, denatured in a thermocylcer

for 15 min at 95�C, then applied to an 8–16% Mini-PROTEAM TGX Precast Protein Gel (Bio-Rad Laboratories, Inc, Hercules, USA)

and finally transferred to Nitrocellulose Blotting Membrane (Amersham Protan Premium, GE Healthcare Life Science, Chicago, USA)

by standard procedures. Nonspecific binding sites were blocked with 5% nonfat dry milk (Sucofin, Zeven, Germany) in Tris-buffered

saline (TBS), while antibodies were diluted in 5% BSA buffer (Sigma-Aldrich, Merck, Darmstadt, Germany). The following antibodies

were used: MIF (rabbit 1:500, Abcam, Cambridge, UK) and a-Tubulin (mouse, 1:1000, Santa Cruz Biotechnologies, Dallas, USA). Pri-

mary antibodies were incubated overnight at 4�C. Detection was performed with suitable horseradish peroxidase-conjugated sec-

ondary antibodies (1:500; R&D System, Minneapolis, MN) followed by chemiluminescent substrate (SuperSignal West Pico PLUS;

Thermo Scientific, Rockford, IL), and signals were detected by Chemolumineszenz Imager (Intas Science Instruments, Gottingen,

Germany). The quantification was done by using LabImage1D software (Intas Science Imaging GmbH, Gottingen, Germany). Values

were normalized to a-Tubulin.

Neuromuscular junction analysis
Plantaris and soleus muscles from both legs of the untreated andMIF-treated SOD1G37R mice at postnatal day (P)355 (n = 4mice per

group) were dissected, and their fibers were teased under a dissecting microscope. These fibers were then pretreated with an an-

tigen retriever solution (acidic citrate buffer, Millipore Sigma C999, 10 min at room temperature (RT), 15 min at +68�C in a humid

chamber, 10 min at RT), washed and then blocked and permeabilized with a 1% BSA (VWR E588), 0.5% Triton X-100 (Sigma,

USA) solution containing antibodies. To observe neuromuscular junction innervation and structure, the fibers were incubated over-

night at RT with a primary solution containing a mouse-IgG1 anti- SV2 antibody (1:50, DSHB, USA) and a rabbit anti-b III Tubulin anti-

body (1:500, Abcam). After several washes, the fibers were incubated 1 h at RT with goat anti-mouse IgG1 Alexa 488 (1:500, Invitro-

gen, USA) and goat anti-rabbit Alexa 647 (1:500, Invitrogen, USA) secondary antibodies, plus an ɑ-bungarotoxin (BTX) conjugated to

rhodamine (1:500, Invitrogen, USA). The fibers were mounted onto slides with a glycerol mounting solution (50% glycerol, 50% 1X

PBS, 0.03 mg/mL phenylenediamine), coverslipped, stored at�20�C and imaged on an inverted confocal microscope. Confocal im-

age stacks were acquired with a 20 x 0.8 NA plan apochromat objective on a Zeiss LSM 880 confocal microscope (digital resolution:

1024 x 1024 pixels; zoom: 1; 16-bit depth; step size: 2 mm).

Answer ALS proteomics analysis
Whole-proteome extracts from frozen Answer ALS iPSC-derivedMNswere digested and subjected to acquisition on the SCIEX 6600

as described previously.36 Specifically, for MS analysis, digested peptides were resuspended in 0.1% FA and analyzed on a 6600

Triple TOF (Sciex) in data-independent acquisition (DIA) mode and on the 6600 Triple TOF (Sciex) for data dependent acquisition

(DDA) mode.

Samples acquired in the DDA mode were used for sample specific library building. Raw intensity data for peptide fragments was

extracted from DIA files using the open source openSWATH104 workflow against the generated library. Target and decoy peptides

were then extracted, scored, and analyzed using the mProphet algorithm105 to determine scoring cut-offs consistent with 1% FDR.

Peak group extraction data from each DIA file was combined using the ‘feature alignment’ script, which performs data alignment and

modeling analysis across an experimental dataset and transition-level data is normalized by MS2TIC.

Batch correction was then performed on the transition-level using comBat106 and LOESS107 methods for correcting across and

within samples of the digestion batches using the batch correction tool, BIRCH.108 Correction was followed by missing value impu-

tation using Random Forest (RF) method. The corrected and imputed data was then processed using the mapDIA109 software to roll

up fragment-level data to peptide and protein levels as well as to perform pairwise comparisons between ALS and control samples.

Batch corrected proteomic expression data was further normalized using a variance-stabilizing transformation as implemented in the

R package DEP. Pearson correlation was computed across all proteins in dataset (3495 unique proteins) for SOD1+ cases (n = 10)

and all ALS cases (n = 175) (two outlier cases with MIF expression < Q1 - 2*IQR were previously removed). Statistical significance of

association between proteins was assessed using the cor.test function in the R stats package, and FDR adjusted using the

Benjamini-Hochberg method. Enrichment of upregulated MIF treatment-associated proteins among all MIF protein correlations

was assessed using the minimum hypergeometric test, as implemented in the R package mHG.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Statistical analysis was preformed using Originlab Pro. Analysis started by performing normality test for all groups, in case of normal

distribution, t-test was used to compare two groups and one-way ANOVA followed by Tukey’s multiple comparison test was used

whenmore than two groupswere compared. In caseswhere normal distribution was rejected,Mann-Whitney U test used to compare

two groups and Kruskal-Wallis one-way ANOVA followed by Dunn’s multiple comparison test was used to compare more than 2

groups. Graphs represent the mean and whiskers represents standard error (SE). All data of healthy control and ALS cell lines

were pooled in control and mutant genotype (SOD1, C9orf72, TDP43 and FUS) groups and are presented as mean ± SEM.

Results were regarded as statistically significant with p < 0.05.
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