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misfolding, delays disease onset, and extends
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Mutations in superoxide dismutase (SOD1) cause amyotrophic lateral
sclerosis (ALS), a neurodegenerative disease characterized by the loss
of upper and lower motor neurons. Transgenic mice that overexpress
mutant SOD1 develop paralysis and accumulate misfolded SOD1
onto the cytoplasmic faces of intracellular organelles, including
mitochondria and endoplasmic reticulum (ER). Recently, macrophage
migration inhibitory factor (MIF) was shown to directly inhibit
mutant SOD1 misfolding and binding to intracellular membranes.
In addition, complete elimination of endogenous MIF accelerated
disease onset and late disease progression, as well as shortened the
lifespan of mutant SOD1 mice with higher amounts of misfolded
SOD1 detected within the spinal cord. Based on these findings, we
used adeno-associated viral (AAV) vectors to overexpress MIF in the
spinal cord of mutant SOD1°%** and loxSOD1%*’® mice. Our data
show that MIF mRNA and protein levels were increased in the
spinal cords of AAV2/9-MIF-injected mice. Furthermore, mutant
SOD1%3A and loxSOD1%37R mice injected with AAV2/9-MIF dem-
onstrated a significant delay in disease onset and prolonged sur-
vival compared with their AAV2/9-GFP-injected or noninjected
littermates. Moreover, these mice accumulated reduced amounts
of misfolded SOD1 in their spinal cords, with no observed effect
on glial overactivation as a result of MIF up-regulation. Our
findings indicate that MIF plays a significant role in SOD1 fold-
ing and misfolding mechanisms and strengthen the hypothesis
that MIF acts as a chaperone for misfolded SOD1 in vivo and may
have further implications regarding the therapeutic potential
role of up-regulation of MIF in modulating the specific accumu-
lation of misfolded SOD1.
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myotrophic lateral sclerosis (ALS) is a fast progressive

neurodegenerative disease caused by the selective loss of
upper and lower motor neurons in the brain and spinal cord.
Most cases of ALS are sporadic and lack any apparent genetic
linkage, but 10% of the cases are dominantly inherited (“familial
ALS,” fALS) (1). The second most common cause of these fa-
milial cases (~20%) is attributed to mutations in a gene encoding
for the ubiquitous cytoplasmic copper/zinc superoxide dismutase
(SOD1) (2), and overexpression of mutant SOD1 in mouse
models of ALS has always resulted in the loss of motor neurons
and progressive paralysis (3). Although the mechanisms un-
derlying SOD1-mediated toxicity are still not fully understood,
many of the pathways that were proposed to cause motor neuron
degeneration in ALS involve damage that is incurred by the
accumulation of misfolded SOD1 (4), as determined by using
antibodies that bind preferentially to epitopes on misfolded
conformers (5-7).

The accumulation of misfolded proteins in spinal motor neu-
rons is a hallmark of both familial and sporadic ALS (8) and has
been demonstrated in different model systems (9-14) showing
that the misfolded protein may mediate its toxic effects via a
variety of mechanisms. Among these being the formation of
protein aggregates, supported by the presence of ubiquitinated
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insoluble inclusions in both familial and sporadic ALS cases that
are SOD1 immunoreactive (15, 16), thus suggesting that the
systems responsible for maintaining protein homeostasis and
preventing protein aggregation are compromised not only in
familial but also in sporadic ALS patients (17). Specifically, the
accumulation of misfolded SOD1 in sporadic ALS patients has
been reported by several groups (15, 18-24), although others
have reached the opposite conclusion (25-28).

Additionally, misfolded SOD1 toxicity may be attributed to its
association with the mitochondria (10, 29-33) and/or endoplas-
mic reticulum (ER) (34-37), specifically in tissues from the
nervous system. This association of mutant SOD1 with the ER
has been implicated in the induction of ER stress (34-37), and
misfolded SOD1 was found in fractions enriched for mitochon-
dria derived from ALS-affected tissues, but not from unaffected
ones (29, 30, 32, 33, 38, 39). In addition, misfolded SOD], in its
nonaggregated, soluble form, has been found deposited on the
cytoplasmic face of the outer membrane of spinal cord mito-
chondria (30, 32), and this deposition was accompanied by al-
tered mitochondrial shape and distribution (39). These phenomena
may be caused, at least in part, by binding of misfolded SOD1
directly to the mitochondrial voltage-dependent anion channel-1
(VDACI), as such binding inhibits the ability of VDACI to transfer
adenine nucleotides across the outer mitochondrial membrane
(10). Another possible cause is an interaction between misfolded
SOD1 and other components in the outer mitochondrial mem-
brane, including Bcl-2 (40) and the protein import machinery (41).

The molecular determinants that underlie the selective accu-
mulation and binding of misfolded mutant SOD1 to the spinal cord
mitochondria and ER are still unknown. We have recently found a
key modifier of mutant SOD1 misfolding, namely macrophage
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migration inhibitory factor (MIF). MIF is a homotrimer, which
has been implicated in both extracellular and intracellular func-
tions and is synthesized as a cytoplasmic protein (11, 42). MIF acts
as a cytokine (43) and was also shown to have chaperone-like
activity (44) and thiol oxidoreductase activity (45), in addition to
a tautomerase activity (46). We have shown that MIF acts as a
cytosolic chaperone that inhibits mutant SOD1 misfolding onto
the mitochondria and ER, with MIF levels being extremely low
within the cytosol of motor neurons (11). Importantly, we have
recently demonstrated that MIF catalytic activities are not re-
quired for its protective function as a chaperone (47).

Moreover, we reported that overexpressing MIF in primary
motor neurons and neuronal cultures suppresses the accumula-
tion of misfolded SOD1 and rescues them from mutant SOD1-
induced cell death (11, 13). In contrast, completely eliminating
MIF significantly enhances the accumulation of misfolded SOD1
and its association with mitochondria and ER membranes, ulti-
mately accelerating disease onset and decreasing the survival of
the SOD1°%°® mice (13).

In the current study, we used adeno-associated virus (AAV) to
enhance MIF levels in the spinal cord of the transgenic mutant
SOD19*# and 1oxSOD1°*"% mice as a means to determine how
elevating MIF levels in the central nervous system affects the
disease course as well as the accumulation and localization of
misfolded SOD1.

Results

The Transduction Pattern and Persistence of AAV2/9 In Vitro and In
Vivo. To test the ability of AAV2/9-GFP and AAV2/9-MIF vi-
rions (Fig. 14) to infect neurons in vitro, we first infected pri-
mary motor neurons isolated from mouse embryo spinal cords.
Ten days postinfection, the cells were harvested, the motor
neuron extract was run on SDS/PAGE, and the levels of MIF
and GFP were analyzed by immunoblot. MIF levels were
strongly up-regulated in AAV2/9-MIF infected motor neurons
compared with noninfected or AAV2/9-GFP infected ones (Fig.
1B). We next examined the infection efficacy of our virions on
primary hippocampal neurons. As can be clearly observed by
immunofluorescence analysis, AAV2/9-MIF infected neurons
strongly express MIF compared with AAV2/9-GFP infected
neurons (Fig. 1C). Since the virions were shown to be effective
in vitro, we next evaluated the in vivo infection efficiency in wild
type as well as SOD19”** mice, which develop a rapid and fatal
motor neuron disease (48). The SOD19%** mice were injected
intraspinally at postnatal day 1 (to be referred to as P1) (SI
Appendix, Fig. S1) with 1.26 x 107 vg of self-complementary
AAV2/9-expressing GFP from the cytomegalovirus (CMV)
enhancer/p-actin promoter (AAV2/9-GFP; n = 3 per group). Four
weeks postinjection, the animals were killed and spinal cord
sections were examined for GFP expression by confocal mi-
croscopy (Fig. 1D). Transduction efficiency was high in the
ventral and dorsal horns of the lumbar spinal cord on both sides.
Moreover, we determined the transduction efficiency of AAV2/
9-MIF viral particles in vivo by immunoblot (Fig. 1E) and
quantitative real-time PCR (Fig. 1 F and G). The data show that
MIF protein levels were higher in the spinal cord of AAV2/9-
MIF-injected mice compared with AAV2/9-GFP-injected ones
(Fig. 1E). Furthermore, quantitative real-time PCR monitored
30 d postinjection revealed significantly higher levels of MIF mRNA
in the spinal cords of AAV2/9-MIF-injected SOD1°%** (Fig. 1F,
blue) and loxSOD1%*"® (Fig. 1G, blue) mice compared with the
AAV2/9-GFP controls (Fig. 1 F and G, red).

Delayed Onset and Extended Survival of SOD15°** Mice Injected with
AAV2/9-MIF. Disease onset (measured by weight loss from
denervation-induced muscle atrophy) was significantly delayed
by a median of 13 d for SOD1%%** mice injected with AAV2/9-MIF
compared with the SOD1°%* littermates injected with AAV2/9-GFP
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Fig. 1. AAV2/9 vector shows efficient transduction of MIF protein in vitro
and in vivo. (A) AAV2/9-MIF and AAV2/9-GFP vector design is shown. (B)
Virion particles (AAV2/9-MIF and AAV2/9-GFP) were evaluated for infectivity
by immunoblot in primary motor neurons using anti-MIF and anti-EGFP
antibodies. Anti-p75 was used as a motor neuron marker and anti-actin as
a loading control. (C) Confocal imaging of immunocytochemistry analysis of
hippocampal neurons infected with AAV2/9-GFP (green) and AAV2/9-MIF
(red). DAPI in blue was used for nuclear staining. (D) Confocal imaging of
immunohistochemistry analysis of lumbar spinal cord sections of 1-mo-old
mice injected at P1 with AAV2/9-GFP (green). DAPI in blue was used for
nuclear staining. (Scale bar: 50 pm.) (E) Two microliters of AAV2/9-MIF virions
were intraspinally injected into P1 mice that were killed 1 or 2 mo post-
injection to determine the efficiency and long-lasting effects of AAV2/9-MIF
expression. Immunoblot analysis was performed using anti-MIF antibody
and ponceau staining is shown as a loading control. (Scale bar: 200 pm.)
(F and G) RNA isolated from the spinal cords of AAV2/9-GFP (red) or AAV2/9-
MIF (blue) injected SOD1%%3*A (F) or loxSOD1%37® (G) mice was used to ana-
lyze MIF levels by quantitative reverse-transcriptase PCR. RNA collected from
AAV2/9-MIF-injected animals had an increase of 6 and 2.5 folds in MIF RNA
levels in SOD15%*A and loxSOD1%37R, respectively, at the end stage. The bar
graph represents mean + SEM. P value was determined by Student’s t test.
***P < 0.001, *P < 0.05.

(Fig. 2 A and C; AAV2/9-GFP: 112 d; AAV2/9-MIF: 125 d;
P < 0.05). Furthermore, survival of SOD1%”** mice was signifi-
cantly extended by AAV2/9-MIF injection, yielding median sur-
vival time 30 d beyond that of AAV2/9-GFP—injected SOD19%**
mice (AAV2/9-GFP: 148 d; AAV2/9-MIF: 178 d; P < 0.01) (Fig. 2
B and E). Defining disease duration as the time from onset to end
stage revealed that the AAV2/9-MIF—treated group had signifi-
cantly increased duration, indicative of slower disease progres-
sion, compared with the AAV2/9-GFP-injected mice (AAV2/9-
GFP: 36 d; AAV2/9-MIF: 53 d; P < 0.01) (Fig. 2D). In addition,
AAV2/9-MIF-injected SOD1°*#* mice maintained their weight
and had better forelimb and hindlimb grip strength test
compared with the AAV2/9-GFP age-matched controls (SI Ap-
pendix, Fig. S2), indicating that AAV2/9-MIF-treated animals
maintained their motor function during their prolonged survival.
Importantly, a post hoc analysis showed no differences between
AAV2/9-GFP and uninjected animals. Moreover, we showed that
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Fig. 2. Overexpression of MIF in the spinal cord delays disease onset and
extends the survival of SOD1%*A mice. SOD15%A mice received a single
intraspinal injection of AAV2/9-MIF at P1 (n = 15, blue) or AAV2/9-GFP (n =9,
red). Treated mice were monitored up to end stage. AAV2/9-MIF injection
into P1 SOD1%%3A mice significantly delayed median disease onset (4 and C)
compared with AAV2/9-GFP-injected mice (AAV2/9-GFP: 112 d; AAV2/9-MIF:
125 d; P < 0.05) and extended median disease progression (AAV2/9-GFP: 36 d;
AAV2/9-MIF: 53 d; P < 0.01) (D) and median survival (B and E) (AAV2/9-GFP:
148 d; AAV2/9-MIF: 178 d; P < 0.01). Mean age of disease onset was
determined as the time when mice reached peak body weight. Disease
progression was defined as the time from onset to end stage. Disease end
stage was determined as the time when the mouse could not right itself
within 20 s when placed on its side. At each time point, P value was de-
termined by t test. Error bars denote SEM. **P < 0.01; *P < 0.05.

AAV2/9-MIF is safe and well tolerated in nontransgenic mice.
These AAV2/9-MIF-injected mice showed a steady increase in
body mass similar to untreated mice and the weekly behavioral
tests revealed no significant defects in motor skills in nontransgenic
injected mice as measured by forelimb and hindlimb grip strength
(SI Appendix, Fig. S2).

Reduction of Misfolded SOD1 Accumulation in the Spinal Cord of
AAV2/9-MIF-Treated SOD15%3* Mice. To test the efficacy of
AAV2/9-MIF-mediated reduction of misfolded SOD1, we
treated cohorts of SOD19?** mice with a single intraspinal
injection of AAV2/9-MIF at P1 (5.35 x 10® vg, n = 15). Im-
munofluorescence with a conformational antibody that spe-
cifically recognizes misfolded SOD1, BSH10 (13), was used to
determine the accumulation of misfolded SOD1 in end-stage
spinal cords of treated and control mice. End-stage mice were
perfused with 4% PFA, and frozen sections of spinal cord were
stained by free-floating technique with different antibodies.
Mutant SOD1%%*4 mice injected with AAV2/9-MIF had lower
accumulation of misfolded SOD1 in the lumbar spinal cord, as
observed by the low reactivity to BSH10 (Fig. 3 E and I), which
correlates with higher expression of MIF (Fig. 3 F and J)
compared with that of SOD1°”** mice injected with AAV2/9-
GFP (Fig. 3 A4, B, I, andJ). This finding accompanies the extended
survival of the mice that were injected with AAV2/9-MIF com-
pared with the AAV2/9-GFP-injected controls (Fig. 2).

Leyton-Jaimes et al.

AAV2/9-MIF-Mediated Reduction of Misfolded SOD1 Had No Effect on
the Overactivation of Astrocytes and Microglia in the SOD15%3* Mice.
Noncell autonomous mechanisms play a crucial role in ALS
pathology. Specifically, hyperactivation of astrocytes (49) and
microglia (50) were shown to drive disease progression in the
late phase. Despite the reduction of misfolded SOD1 accumu-
lation in the spinal cords of SOD19*** mice injected with AAV2/
9-MIF (Fig. 3), immunofluorescence imaging of end-stage spinal
cords revealed no difference in the number of activated micro-
glia (Ibal staining) (Fig. 4 A-F) and astrocytes (GFAP staining)
(Fig. 4 G-L) in AAV2/9-MIF-treated animals versus AAV2/9-
GFP-injected controls.

AAV9-MIF-Mediated Reduction of Misfolded SOD1 Delayed Onset and
Extended Survival in the Slow Progressive loxSOD1%*’® Model of ALS.
To test the efficacy of AAV2/9-MIF in an additional model of
ALS, we treated cohorts of the slow progressive loxSOD1%°7R
mice (50) with a single intraspinal injection of AAV2/9-MIF or
AAV2/9-GFP at P1 as we have done with SOD1°**# mice. In
this case, disease onset was significantly delayed by a median of
33 d for 1oxSOD1*"® mice injected with AAV2/9-MIF compared
with their AAV2/9-GFP-injected littermates and 18 d compared
with noninjected loxSOD1%*"® mice (Fig. 5 A4 and C; AAV2/9-
GFP: 220 d; noninjected: 235 d; AAV2/9-MIF: 253 d; P < 0.05).
Survival of 1oxSOD1%*® mice was significantly extended by
AAV2/9-MIF injection, by a median of 27 d compared with
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Fig. 3. Overexpression of MIF in the spinal cord suppresses the accumula-
tion of misfolded SOD1 in the SOD1°%** mouse model of ALS. Representa-
tive micrographs of lumbar spinal cord sections from AAV2/9-GFP-treated
SOD1%%3A mice (A-D) and AAV2/9-MIF-treated SOD1%%*A mice (E-H), pro-
cessed for immunofluorescence by using the B8H10 antibody, which detects
misfolded SOD1 (A and E), anti-MIF (B and F), and anti-NeuN antibody,
which detects neuronal cells (C and G). Overexpression of MIF inhibits the
accumulation of misfolded SOD1 species as detected by B8H10 antibody.
(Scale bar: 25 pm.) (/ and J) Quantification of the relative fluorescence in-
tensity of the B8H10 (/) or anti-MIF (J) staining of lumbar spinal cord from
SOD1%%3A mice injected with AAV2/9-GFP (red) or AAV2/9-MIF (blue). About
30 to 35 different areas from different mice of each treatment were ana-
lyzed. The bar graph represents mean + SEM. P value was determine by
Student’s t test. **P < 0.01; *P < 0.05.

PNAS | July 16,2019 | vol. 116 | no.29 | 14757

NEUROSCIENCE


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904665116/-/DCSupplemental

AAV2/9-GFP

MlF

Fig. 4. Overexpression of MIF in the spinal cord does not affect the over-
activation of astrocytes and microglia in SOD1°%*# mice. Representative
micrographs of lumbar spinal cord sections from AAV2/9-GFP-treated
SOD1%%** mice (A-C and G-/) and AAV2/9-MIF-treated SOD1%%** mice (D-F
and J-L), processed for immunofluorescence by using the anti-MIF antibody
(A, D, G, and J) anti-lba1 antibody, which detects activated microglia (B and
E) and anti-GFAP, which detects activated astrocytes (H and K). No signifi-
cant difference was observed in microglia (A-F) or astrocyte (G-L) activation
following the overexpression of MIF in the spinal cord. (Scale bar: 25 pm.)
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AAV2/9-GFP-injected littermates and 22 d compared with
noninjected 10oxSOD1%*"® mice (Fig. 5 B and D; AAV2/9-GFP:
384 d; noninjected: 389 d; AAV2/9-MIF: 411 d; P < 0.01). Im-
portantly, the injection of AAV2/9-GFP had no significant effect
on disease onset or survival compared with noninjected
1oxSOD1%*"R littermates (Fig. 5). In addition, as we have shown
before for SOD19%** mice, injection of AAV2/9-MIF into the
spinal cord of P1 loxSOD1%*"® mice strongly reduced the ac-
cumulation of misfolded SOD1 in the spinal cord as analyzed by
immunostaining with BSH10 antibody (SI Appendix, Fig. S3), but
had no effect on the overactivation of microglia (SI Appendix,
Fig. S4).

Discussion

Although the first mutations in SOD1 were found in ALS pa-
tients more than 25 y ago, what determines the selective, age-
dependent degeneration of upper and lower motor neurons in
ALS is still unknown. In mutant SOD1-related ALS cases, motor
neuron death is accompanied by the accumulation of misfolded
SOD1 and its association with intracellular organelles (10, 11,
13). Moreover, the accumulation of misfolded SOD1 and its
mitochondrial association in vitro correlates with the severity of
the disease in mutant SOD1 patients (9). A few years ago, we
determined that such association of misfolded SOD1 with the
mitochondria and ER can be suppressed by a cytosolic protein
with chaperone-like activity named MIF, which inhibits SOD1
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misfolding (11) and formation of SOD1 amyloid aggregates (47).
Moreover, we have shown that MIF levels are extremely low
within the motor neuron cell bodies, and that up-regulation of
MIF extends the survival of motor neurons and neuronal cell
lines (11, 13, 47). Eliminating endogenous MIF in a mutant
SOD1 mouse model of ALS accelerated disease onset and pro-
gression. Finally, the lack of MIF in motor neurons correlates
with higher accumulation of misfolded SOD1 species and mito-
chondrial association (13).

Notably, it was recently shown that overexpressing the chap-
erone grotein hsp110 in neurons extends the survival of
SOD1%**R_YFP and SOD1%%** mice (51). However, altering the
expression levels of other chaperones previously linked to SOD1,
including hsp70, hsp90, hsp27, and aB-crystallin, failed to sig-
nificantly affect the disease course in different mutant SOD1
mouse models (52-56).

In the current study, using a gene-targeting approach based on
adeno-associated virus AAV2/9, we demonstrate that increasing
the expression of the chaperone-like protein, MIF, in vivo in the
spinal cord delays disease onset and late disease progression as
well as significantly extends the lifespan of two different mutant
SOD1 mouse models. Importantly, the delay of disease onset
and progression was accompanied by a reduction of misfolded
SOD1 accumulation in the spinal cord. However, the over-
activation of microglia and astrocytes normally observed at the
late stages of the disease, was not affected by MIF over-
expression. Our results also show that intraspinal cord injection
of AAV2/9-MIF is safe and well tolerated in wild-type mice,
without any adverse effects following long term assessment.
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Fig. 5. Overexpression of MIF in the spinal cord delays disease onset and
extends the survival of loxSOD1%3R mice. loxSOD1%*’% mice received a single
intraspinal injection of AAV2/9-MIF at P1 (n = 8, blue). Treated mice were
monitored up to end stage and compared with AAV2/9-GFP-injected (n =5,
green) or noninjected mice (n = 20, red). AAV2/9-MIF injection into P1
SOD1%37R mice significantly delayed median disease onset (A and C) com-
pared with AAV2/9-GFP-injected or to noninjected mice (AAV2/9-GFP: 220 d;
noninjected: 235 d; AAV2/9-MIF: 253 d; P < 0.05) and extended median
survival (B and D) (AAV2/9-GFP: 384 d; noninjected: 389 d; AAV2/9-MIF: 411 d;
P < 0.01). Mean age of disease onset was determined as the time when
mice reached peak body weight. Disease end stage was determined as the
time when the mouse could not right itself within 20 s when placed on its
side. At each time point, P value was determined by t test. Error bars denote
SEM. **P < 0.01; *P < 0.05; NS, no significance.
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Apart from MIF’s protective function in this context, we must
take into consideration the inflammatory effects of MIF when
overexpressed in a tissue for long periods (42). For instance, it
has been shown that MIF levels increased in microglia located in
the epicentral lesion 3 d after spinal cord injury (SCI) in rats
(57). This up-regulation of MIF levels correlates with data from
human patients suffering from acute (58) or chronic SCI (59).

Moreover, injection of a MIF antagonist peptide into the spinal
cord reduces expression of proinflammatory genes and is neuro-
protective in a model of encephalomyelitis (60). These data sug-
gest that MIF elicits its pathological functions in the spinal cord by
activation of proinflammatory mechanisms which may induce
profound neurotoxic effects in the spinal cord (61). Therefore,
although such toxic effects were not observed in our studies, a
strategy to avoid such potential toxicity will have to be undertaken
in the future development of a MIF-based therapy for ALS.

Alongside the question of MIF’s therapeutic relevance lies the
debate about the AAV approach as a therapeutic gene delivery
tool. The small DNA genome of AAV can be successfully
replaced with a gene of interest that is packaged into replication-
defective viral particles, thus serving as an efficient mechanism
for intracellular delivery of the gene of interest. Importantly,
AAYV vectors do not require integration for gene expression.
Usually, expression from these vectors results in extrachromo-
somal persistence as episomes (62).

In addition to being efficient, AAV-mediated expression is also
stable. For example, recombinant AAV expression has been
shown to be sustained 15 y in the primate brain (63) and up to 19
mo in the rat brain with no obvious side effects (64). In dog
studies, long-term gene expression has been noted for up to 8y,
which represents almost the lifespan of the dog (65). In human
trials, the longest follow-up has been reported in patients with
hemophilia B, and durability appears to be good at up to 10y (66).
Encouragingly, the US Food and Drug Administration (FDA) has
recently approved the first AAV gene therapy treatment for
inherited retinal disease (IRD) and many other AAV clinical trials
are currently underway, including trials for neurodegenerative
diseases. In patients with spinal muscular atrophy (SMAL), a
single iv. infusion of AAV vector encoding SMN resulted in
longer survival, superior achievement of motor milestones, and
better motor function than in historical cohorts. This treatment
can increase serum aminotransferase (a liver enzyme) levels to a
degree that is considered a serious adverse event. However, this
can be controlled with steroid medication treatment (67).

Therefore, recombinant AAV may serve as a very attractive
therapeutic delivery tool in general and in the nervous system in
particular, especially since wild-type AAV is known to be
nonpathogenic.

Undoubtedly, safety issues will remain the main goal in the
field. Therefore, many aspects of AAV biology, such as immu-
nogenicity and potential genotoxicity will have to be further
elucidated. Although animal models remain essential for the
development of optimized gene therapy drugs, in some cases,
only human studies will definitely determine the real therapeutic
value of these strategies.

Further supporting AAV studies in the CNS in general, and
strengthening our current findings in particular, are recently
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published gene-targeting studies using AAV9. Using AAV9Y-
shRNA for silencing mutant SOD1 increased survival of
SOD19%** mice by 38% when injected at P1 (68). In addition,
overexpressing the neurotrophic factor neuroregulin by in-
tramuscular injection enhanced muscle reinnervation but was
not enough for improving the global disease outcome of the
SOD1°%*# mice (69). Finally, overexpressing IGF1 in the spinal
cord by AAVY administration increased median survival of
mutant SOD1 mice by only 7% (70).

Taken together, we propose that MIF chaperone-like activity
in the spinal cord may play a crucial role for suppressing the
accumulation of misfolded SOD1 and its subsequent toxicity, as
we have previously proposed (13), thus overexpressing MIF in
the spinal cord may have future therapeutic significance in the
treatment of ALS. Furthermore, given the critical involvement of
MIF in processes related to misfolding and neurodegeneration,
as reported here and before (11, 13, 42, 47), it will be interesting
to test whether MIF can function as a protein modifier in other
familial-related cases of ALS, FTD, and other neurological dis-
eases such as Alzheimer’s, Parkinson’s, or Huntington’s diseases
in which misfolded proteins play a central role.

In summary, the identification of MIF as a cytosolic chaperone-
like protein that modifies misfolded SOD1 and possibly inhibits its
aggregation in vivo suggests avenues for therapies in ALS, medi-
ated by increasing intracellular MIF levels within the nervous
system.

Materials and Methods

SOD1 Transgenic Mice. Transgenic mice expressing the human SOD and
loxSOD1%37R were as originally described (48, 50). Importantly, all mouse
lines were bred on a pure C57BL6 background to eliminate confounding
genetic influences. SOD1°%*# mice were injected with AAV2/9-MIF (n = 15)
or AAV2/9-GFP (n = 9) to obtain the experimental cohorts that were com-
pared. Similarly, loxSOD1%3’R mice were injected with AAV2/9-MIF (n = 8) or
AAV2/9-GFP (n = 5) or noninjected (n = 20) to obtain the experimental co-
horts that were compared. Mice (IloxSOD137® and SOD1%%34) were weighed
twice a week as an objective and unbiased measure of disease course (13).
Time of disease onset was retrospectively determined as the time when mice
reached peak body weight, which is observed before any motor perfor-
mance decline. Disease end stage was defined by a severe paralysis that the
animal could not right itself within 20 s when placed on its side, an endpoint
frequently used for mutant SOD1 transgenic mice (13). Mice were geno-
typed by PCR of DNA extracted from a tail biopsy. All mice were maintained
in the animal facility of Ben-Gurion University of the Negev using standard
protocols. All procedures involving animals were consistent with the re-
quirements of the Animal Care and Use Committees of Ben-Gurion Univer-
sity of the Negev.

1693A

Statistical Analysis. Values are reported throughout as mean + SEM. Com-
parisons of two datasets were performed by the Student’s t test, after
confirming a normal distribution by the Shapiro-Wilk normality test as
performed previously (13). Significance was set at a confidence level of 0.05.
In all figures, * denotes P < 0.05, **P < 0.01, and ***P < 0.001. Statistical
analysis was performed with SigmaPlot 14 (SYSTAT Software) as
previously described (13).
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