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Relapsing-remitting multiple sclerosis is commonly associated with motor impairments, neuropathic
pain, fatigue, mood disorders, and decreased life expectancy. However, preclinical pharmacological stud-
ies predominantly rely on clinical scoring of motor deficit as the sole behavioral endpoint. Thus, the
translational potential of these studies is limited. Here, we have assessed the therapeutic potential of a
novel anti-inflammatory interleukin-10 (IL-10) non-viral gene therapy formulation (XT-101-R) in a rat
relapsing remitting experimental autoimmune encephalomyelitis (EAE) model. EAE induced motor defi-
cits and neuropathic pain as reflected by induction of low-threshold mechanical allodynia, suppressed
voluntary wheel running, decreased social exploration, and was associated with markedly enhanced mor-
tality. We also noted that voluntary wheel running was depressed prior to the onset of motor deficit, and
may therefore serve as a predictor of clinical symptoms onset. XT-101-R was intrathecally dosed only
once at the onset of motor deficits, and attenuated each of the EAE-induced symptoms and improved sur-
vival, relative to vehicle control. This is the first pharmacological assessment of such a broad range of EAE
symptoms, and provides support for IL-10 gene therapy as a clinical strategy for the treatment of multiple
sclerosis.
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1. Introduction use the experimental autoimmune encephalomyelitis (EAE) model,

rely solely on clinical scoring of motor deficit as the behavioral

Approximately 85% of multiple sclerosis (MS) patients are
affected by relapsing remitting neurological deficits (Trapp and
Nave, 2008). Beyond motor impairments, MS is commonly associ-
ated with neuropathic pain, fatigue, mood disorders, and decreased
life expectancy (Induruwa et al, 2012; Marrie et al, 2015;
O’Connor et al., 2008; Ragonese et al., 2008; Truini et al., 2013).
Yet, the vast majority of preclinical studies, which almost exclusively

Abbreviations: EAE, experimental autoimmune encephalomyelitis; IL-10, inter-
leukin 10; IFA, incomplete Freund’s adjuvant; MS, multiple sclerosis; MOG, myelin
oligodendrocyte glycoprotein.
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endpoint. This is also true of studies evaluating novel therapeutics.
However, recommendations to improve therapeutic translation for
central nervous system diseases have focused on assessment of a
broad range of disease-related behaviors (Markou et al., 2009;
Mogil, 2009). Thus, potential therapeutics should also be screened
for reversal of other EAE/MS-related symptoms, beyond motor
deficits.

Relapsing remitting MS and EAE are characterized by localized
inflammatory lesions in the brain and spinal cord that contain
auto-reactive T- and B-lymphocytes, and reactive dendritic cells
and microglia. Demyelination, axonal transection and conduction
block follow at these lesions, leading to motor deficits (Ciccarelli
et al,, 2014). Such central immune signaling is also known to
underpin other symptoms of MS—neuropathic pain, fatigue, and
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mood disorders (Dantzer et al., 2008; Grace et al., 2014a; Morris
et al, 2015; Salim et al., 2012). Thus, immuno-modulation is a
viable and effective therapeutic approach for a range of EAE/
MS-related symptoms.

We have developed a biodegradable microparticle formulation,
which slowly releases plasmid DNA encoding interleukin 10 (IL-
10) (XT-101-R) (Soderquist et al., 2010). The microparticles are
taken up by meningeal macrophages, leading to sustained
intrathecal delivery of the anti-inflammatory cytokine IL-10
(Soderquist et al., 2010). This formulation drives long-lasting
action of IL-10, in contrast to other formulations that have been
developed (Kwilasz et al., 2015). IL-10 has the potential to decrease
disease severity by decreasing expression of pro-inflammatory
cytokines, decreasing antigen presentation, inducing T cell anergy
and promoting neuroprotection (Kwilasz et al., 2015). However,
the effect of a single intrathecal administration of XT-101-R in
EAE has not previously been explored, nor has such an approach
been assessed for potential effects on broader symptomatology.
Hence, the aim of this study was to determine whether a single
intrathecal administration of XT-101-R could attenuate a broad
range of EAE associated symptoms; namely, motor symptoms, neu-
ropathic pain, fatigue, anxiety, and decreased life expectancy.

2. Methods
2.1. Animals

Male Dark Agouti rats (200-225 g; Harlan Labs) were used in all
experiments, and housed in temperature (23 °C +3 °C) and light
(12:12 light/dark) controlled rooms with standard rodent chow
and water available ad libitum. All procedures were approved by
the University of Colorado Boulder IACUC, and all behaviors were
assessed by blinded experimenters.

2.2. EAE induction

Relapsing-remitting EAE was induced with rat myelin oligoden-
drocyte glycoprotein (MOG; amino acids 1-125) emulsion (4 pg for
social exploration experiments; 17 pg for mechanical allodynia;
35 pg for all other experiments), as previously described (Sloane
et al.,, 2009). MOG doses <35 g were used to decrease the severity
of paralysis/paresis that might otherwise confound testing for
mechanical allodynia and social interaction. The two low MOG
doses were derived from different aliquots, but elicited a peak clin-
ical score of <3. Rats were briefly anesthetized with isoflurane and
given a single intradermal injection (100 pl total volume) into the
dorsal skin just rostral to the base of the tail.

2.3. IL-10 pDNA (XT-101-R) preparation and injection

The plasmid construct encoding for rat interleukin-10 (pDNA-
IL-10F12%5; previously described in detail (Milligan et al., 2006))
was encapsulated in PLGA microparticles as previously described
(Soderquist et al.,, 2010), or commercially by Evonik Industries
(Birmingham, AL) (for mechanical allodynia). PLGA microparticles
without pDNA (blank) served as the vehicle control, as previous
studies have shown no behavioral effect of foreign plasmid DNA
per se on behavior at higher doses than used here (Milligan et al.,
2006). Further, we have previously demonstrated that PLGA
microparticles containing approximately the same or higher
amount of non-coding, control plasmid DNA have no effect on
behavior (Soderquist et al., 2010). On the first day that motor
deficits were observed (clinical score > 1; range across studies
was 9-14 days post immunization), either 8 pg IL-10 pDNA or con-
trol was intrathecally administered in 20 pl DPBS, using methods

previously described (Milligan et al., 1999). The dosing schedule
allowed the immune response to be mounted in the absence of a
therapeutic intervention, as well as allowing the effect of
XT-101-R to be assessed on overt motor impairments in this
aggressive model.

2.4. Motor score and body weight

Rats were monitored daily for body mass changes and motor
symptoms, as previously described (Ledeboer et al., 2003; Loram
et al., 2015; Sloane et al., 2009). Motor deficits were scored on a
scale from O to 7 based on the degree of ascending paralysis: 0,
no symptom expression; 1, partial tail paralysis; 2, full tail paraly-
sis; 3, hindlimb weakness (unsteady gait while walking); 4, partial
hindlimb paralysis (no weight bearing but observable movement
of the limb); 5, full hindlimb paralysis; 6, partial forelimb paraly-
sis; 7, euthanasia due to disease progression.

2.5. Mechanical allodynia

The von Frey test was performed as previously described (Grace
et al,, 2014b). Rats were excluded on a given testing day if they dis-
played a motor deficit score > 3. This only occurred on day 18 post
symptom onset (control group: n=2; XT-101-R: n=0).

2.6. Social interaction

Given the sensitivity of social interaction to anxiogenic and anx-
iolytic pharmacological agents, this behavior was used to assess
anxiety as previously described in detail (Christianson et al.,
2008). Exploratory behaviors initiated by the adult rat were timed.
Tests were performed prior to MOG immunization, 3 days after
MOG immunization, and 3 and 12 days after symptom onset. No
rats were excluded from analysis due to motor deficit score >3
on testing days.

2.7. Voluntary wheel running

All rats were single housed and allowed voluntary, unrestricted
access to in-cage running wheels, beginning the day of EAE induc-
tion, and continuing to study termination (day 16 post symptom
onset). Daily wheel revolutions were recorded digitally using Vital
View software (Mini Mitter, Bend, OR), and daily distance traveled
calculated by multiplying number of revolutions by wheel circum-
ference (1.081 m).

2.8. Survival

Death was recorded following spontaneous expiration or when
animals were euthanized (clinical score = 7), relative to the onset
of paralysis. The rats used here were from the same as those used
for clinical scoring and body weights.

2.9. Statistics

Differences between treatment groups for motor scores were
analyzed using a Mann-Whitney U test, corrected for multiple
comparisons. Differences between treatment groups for all other
endpoints were determined using unpaired t-test, one-way
ANOVA, or repeated measures two-way ANOVA, with Holm-
Sidak’s post hoc test, as appropriate. AUCs were calculated from
the first day that motor deficits were observed (clinical score > 1).
Spearman rank correlation was used to determine the correlation
between motor scores and distance traveled. Differences between
Kaplan-Meier survival curves were determined using the log rank
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Mantel-Cox test. P < 0.05 was considered significant, and data are
presented as mean + SEM.

3. Results
3.1. XT-101-R attenuated EAE motor symptoms

A single intrathecal treatment of XT-101-R or vehicle control
was administered on the first day that motor deficits were
observed. The rats receiving vehicle control demonstrated the
relapsing remitting motor impairment (Fig. 1A) as described previ-
ously (Ledeboer et al., 2003; Loram et al., 2015; Sloane et al., 2009).
However, treatment with XT-101-R significantly attenuated the
clinical score (Fig. 1A and B; P<0.05). Loss of body weight was
significantly attenuated (Fig.1C and D; time x treatment:
F20’350 =2.38, P<0.001; time: F20'350 =26.38, P<0.001; treatment:
F]']g = 2.64, P= 0.1).

3.2. XT-101-R attenuated a range of EAE-related behaviors

Mechanical allodynia thresholds were assessed as a measure of
neuropathic pain. There was a significant interaction between time
and treatment (Fig. 2A; Fipg0 = 4.89, P < 0.001), as well as signifi-
cant effects of time (Fs5g0=9.72, P<0.001) and treatment
(F212=33.74, P<0.001). Rats receiving vehicle control developed
mechanical allodynia compared to naive controls (P < 0.01), while
XT-101-R significantly attenuated such allodynia (P < 0.01).
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Social interaction was assessed as a measure of anxiety
(Christianson et al., 2008). Tests were performed prior to MOG
immunization (BL), 3 days post MOG immunization (pre-
symptoms), and days 3 and 12 after paralysis onset (Day 3; Day
12), and presented in Fig.2B (time x treatment: F445=7.76,
P<0.001; time: Fy45=2.38, P=0.1; treatment: F;45=9.12,
P<0.001). No group differences were observed at either pre-
immunization or pre-symptoms. However, EAE significantly atten-
uated social exploration time in the control group at day 3
(P<0.01) and day 12 (P < 0.001), which was significantly restored
by XT-101-R (P < 0.01). The motor deficits for the MOG doses used
for nociceptive hypersensitivity (17 pug) and social exploration
(4 ng) experiments (see Section 2.2) are presented in Fig. 2C.

Voluntary wheel running has previously been used as a mea-
sure of fatigue/lethargy in both an endotoxemia and chemotherapy
model, which are not associated with motor deficits (Harden et al.,
2011; Ray et al., 2011). It is therefore possible that voluntary wheel
running will be sensitive to fatigue, in addition to motor deficits.
There was a significant interaction between time and treatment
(Fa0,440 = 2.34, P<0.001), as well as significant effects of time
(F40‘440 =5.53, P< 0001) and treatment (F2_22 =19.22, P< 0001)
(Fig. 2D and E). Beginning at day —1, voluntary running was signif-
icantly suppressed in rats receiving vehicle control, compared to
naive controls (P <0.01). Treatment with XT-101-R significantly
reversed EAE-suppressed distance traveled (P<0.05). Notably,
daily distance traveled progressively fell in the days preceding
symptom onset (P<0.01). Distance traveled was negatively
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Fig. 1. XT-101-R therapy attenuated EAE-induced motor paralysis and loss of body weight. Motor deficits were scored and body weights recorded prior to and every day
following MOG immunization. Scores are displayed relative to the first day that motor deficits were observed (clinical score > 1). Intrathecal injections of XT-101-R or vehicle
control occurred on the first day that motor deficits manifested (day 0). 'P<0.05, "P<0.01, ""P < 0.001. n = 10/group.
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Fig. 2. XT-101-R therapy attenuated a range of EAE-induced behaviors. (A) Mechanical allodynia thresholds were assessed prior to (BL) and every 3-4 days following MOG
immunization with the exception of rats that displayed a motor deficit score of 3 (unsteady hind limb gait) or higher on a given day (n = 6/group [n = 4 for control group on
day 18]). (B) Social interaction was assessed by introducing a juvenile rat to the adult test cage for 3 min. Exploratory behaviors initiated by the adult rat were timed. Tests
were performed prior to MOG immunization (BL), 3 days post MOG immunization (pre-symptoms), and days 3 and 12 after paralysis onset (Day 3; Day 12) (n = 6/group). (C)
Clinical scores for the MOG doses used in nociceptive hypersensitivity (17 ng) and social exploration (4 ig) experiments (see Section 2.2). (D, E) Rats were single housed with
access to a running wheel from the day of MOG immunization. Distance traveled was calculated daily prior to and every day following MOG immunization. Prior to the onset
of hind limb paralysis, a significant fall in distance traveled was observed over several days (n = 9/group). (F) Death was recorded following spontaneous expiration or when
animals were euthanized (clinical score = 7; n = 10/group). All data are displayed relative to the day of intrathecal injection of XT-101-R or vehicle control (onset of paralysis).
“P<0.01, "P<0.001: relative to vehicle control; **P < 0.01, **#P < 0.001: relative to naive control.

correlated with the motor score, irrespective of treatment group
(rs=—0.84; P<0.001).

The day of death, relative to paralysis onset, was recorded
(Fig. 2F). XT-101-R significantly extended survival (P < 0.01), with
no deaths recorded in this group for the study duration versus
65% mortality in the control group.

4. Discussion

Here, we demonstrate the efficacy of a novel IL-10 gene therapy
formulation (XT-101-R) in a rat model of relapsing remitting EAE.
XT-101-R reversed motor symptoms, and attenuated loss of body
weight, the standard outcome measures for EAE. We also found
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that other behaviors were associated with EAE, including mechan-
ical allodynia (reflecting neuropathic pain), decreased voluntary
wheel running (reflecting fatigue and motor impairments), and
decreased social exploration (reflecting anxiety). These symptoms
are rarely assessed in rodent models, despite their frequent associ-
ation with MS. Assessment of nociceptive hypersensitivity in
relapsing remitting models is limited, but several studies have
demonstrated pharmacological reversal of allodynia (Khan et al.,
2014; Lu et al, 2012; Lynch et al.,, 2008; Ramos et al., 2010;
Schmitz et al., 2014; Sloane et al., 2009; Thibault et al., 2011;
Tian et al.,, 2013). While anxiety behaviors are a known feature in
EAE models (Acharjee et al., 2013; Peruga et al.,, 2011; Pollak
et al., 2000), only two studies have evaluated therapeutic modula-
tion (Di Prisco et al., 2014; Haji et al., 2012). Our study is the first to
quantify such a breadth of EAE-associated behaviors, and further
introduces a measure of fatigue, as well as demonstrating reversal
with XT-101-R.

Restored voluntary wheel running following XT-101-R treat-
ment may be linked to improvements in motor scores, given the
correlation between motor scores and voluntary wheel running.
We have previously shown that voluntary running serves as a mea-
sure of evoked pain (Grace et al., 2014b). Furthermore, voluntary
wheel running may confound study of EAE, as movement has been
shown to both attenuate (Benson et al., 2015) and exacerbate dis-
ease progression (Arima et al., 2012). Nonetheless, we propose that
it may also serve as a measure of fatigue or lethargy in EAE (induced
by the sickness response (Harden et al., 2011; Ray et al., 2011)), as
voluntary running declined to nearly zero before the onset of
motor symptoms or neuropathic pain. This may reflect the patho-
logical changes that are known to precede motor impairments
(Constantinescu et al., 2011), and suggests that the measure is not
completely confounded by paresis/paralysis. This finding is striking
and provides a means to predict the onset of motor symptoms.

XT-101-Ris a novel formulation of pDNA-IL-10F2% therapy. That
XT-101-R could resolve several EAE associated symptoms is reflec-
tive of the broad range of disease-modifying actions of IL-10
(Kwilasz et al., 2015). XT-101-R has previously been used only in a
rat neuropathic pain model (Soderquist et al., 2010). In this study,
a single intrathecal injection of XT-101-R attenuated mechanical
allodynia. Plasmid IL-10 mRNA was detected in both the CSF and
lumbar spinal cord, and increased the number of CD163+ cells (a
marker of M2 activation) in the lumbar spinal cord (Soderquist
et al,, 2010). Naked pDNA-IL-10"'2% or lentivirally expressed IL-10
previously attenuated motor symptoms and mechanical allodynia
in the rat model of relapsing remitting EAE (Sloane et al., 2009; van
Strien et al., 2010). Furthermore, naked pDNA-IL-10712% decreased
GFAP expression (a marker for astrocyte activation) and the number
of CD68+ cells (a marker of M1 activation) in the lumbar spinal cord
(Sloane et al., 2009). A limitation of this study is the absence of histo-
logical and biochemical analysis of CNS regions relevant to neuro-
pathic pain, fatigue, and mood disorders. However, such analyses
will be the focus of future studies, and may shed insights into the
mechanisms by which IL-10 normalizes these behaviors.

In summary, we have demonstrated that relapsing remitting
EAE in rat is associated with neuropathic pain, fatigue, and anxiety,
in addition to motor symptoms and decreased survival. These
symptoms mirror the clinical manifestation of MS. Furthermore,
these symptoms were normalized by a IL-10 gene therapy. This
is the first pharmacological assessment of such a broad range of
EAE symptoms, and provides support for IL-10 gene therapy as a
clinical approach for MS.
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