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The interleukin-17 (IL-17) cytokine family is crucial to the
progression of experimental autoimmune encephalomy-
elitis (EAE), an animal model of multiple sclerosis (MS).
It has been shown in a neuroectoderm-specific knockout
study that astrocyte-restricted ablation of Act1, a key and
common transcription factor for signals mediated by IL-17
family members (IL-17A, IL-17F, and IL-17C), ameliorates
EAE. However, the effect of Act1 deficiency in astrocytes
on ongoing disease, which is of clinical relevance for MS
therapy, has not been investigated. Here we report that
intracerebroventricular (i.c.v.) injection of a novel len-
tiviral vector (shAct1) to knockdown Act1 expression in
astrocytes effectively inhibited disease progression at EAE
induction, clinical onset, and peak of disease (ongoing
phases), with significantly reduced numbers of infiltrat-
ing inflammatory cells and percentage of Th17 cells in
the central nervous system (CNS). This was mainly due
to the suppressed expression of Th17-related chemokines
in astrocytes, while neurotrophic factors in the CNS and
immune responses in the periphery were not affected.
These results demonstrate that blocking the IL-17 path-
ways in astrocytes is a promising therapeutic approach
for MS in a CNS-specific manner, which does not interfere
with systemic immune responses, a major concern in con-
ventional MS therapy.
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INTRODUCTION

Multiple sclerosis (MS) and its animal model, experimental auto-
immune encephalomyelitis (EAE), are autoimmune demyelinat-
ing diseases of the central nervous system (CNS).! MS is thought
to begin when peripherally activated myelin-reactive T cells
infiltrate into the CNS, followed closely by other cells, including
T cells, macrophages, dendritic cells, B cells, and neutrophils.>*
Once in the CNS, myelin-reactive T cells undergo reactivation
and produce proinflammatory cytokines, thereby triggering an
inflammatory cascade that results in myelin damage.* In spite
of extensive research to develop pharmacotherapeutic agents to
reduce myelin damage, only a few therapies are available, all with

systemic side effects and only mild to moderate efficacy.” A thera-
peutic strategy that specifically targets inflammation in the CNS
is highly desirable.

Although EAE and MS had been considered a typical Thl
cell-mediated diseases,*” growing evidence indicate that Th17
cells play an important role in the effector mechanisms of these
and other autoimmune diseases.*'? Thus, any factor that directly
impairs development of Th17 cells, or a deficiency of factors that
promote this lineage (IL-1, IL-6, IL-23), consistently abrogates
EAE.">" Interleukin-17A (IL-17A) is the hallmark cytokine of
Th17 lineage.”” IL-17A, as a homodimer or a heterodimer with
its homologue IL-17F, binds to the heteromeric transmembrane
receptor (IL-17RA and IL-17RC), which results in recruitment
of Actl and formation of a signaling complex that facilitates
inflammatory responses.'® Both IL-17A and IL-17F have proin-
flammatory effects via induction of proinflammatory cytokines,
chemokines, and metalloproteinases in a broad spectrum of cells.”
Mice that lack the IL-17 or IL-17 receptor are less susceptible to
EAE induction, and IL-17-specific inhibition attenuates inflam-
mation, suggesting that IL-17 signaling plays a critical role in the
effector stage of EAE." Importantly, increased IL-17 production
and messenger RNA expression were reported in MS patients with
active disease.!*!

Astrocytes are the most abundant cell type in the mammalian
CNS constituting ~90% of human brain tissue, and have been con-
sidered both an ally and enemy in the fight against CNS immune
infiltration and restoration of neuronal function.”? Astrocytes
support neural transmission, maintain survival of neurons and
other glia, and sustain the integrity of the blood-brain-barrier;
on the other hand, astrocytes are now considered important non-
professional antigen presenting cells that play complex roles in
CNS immunopathogenesis.”? During CNS inflammation, astro-
cytes secrete proinflammatory cytokines, activate autoreactive T
cells® and are the major producers of chemokines, thus promot-
ing secondary waves of immune cell infiltration into the CNS.2>
Further, astrocytes proliferate and upregulate their expression of
glial fibrillary acidic protein (GFAP) upon activation in a process
termed astrogliosis, a main cause of the formation of MS plaque.”
Thus, targeting inflammatory pathways in astrocytes, while not
interfering with their protective properties, could be a highly
effective CNS-specific approach for MS treatment.
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A recent study using neuroectoderm-specific knockout mice
showed that blockade of IL-17 signaling, through ablation of Actl
in astrocytes, inhibited the induction of EAE.?® This result demon-
strated an important role of IL-17 signaling in astrocytes during
disease development; however, it is not known whether inhibition
of IL-17 signaling in astrocytes after disease onset would have a
therapeutic effect. To test this possibility, in the current study we
generated a novel lentiviral vector to specifically knockdown Actl
expression and block the IL-17-IL-17R pathway in astrocytes. We
found that this approach not only prevented EAE development,
but also effectively suppressed ongoing EAE, without affecting
secretion of neurotrophic factors by astrocytes and the periph-
eral immune system. This study provides a unique CNS-specific
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treatment for EAE/MS that avoids systemic side effects caused by
conventional MS therapies.

RESULTS

Lentiviral vector for expression of Act1-specific
shRNA in astrocytes

To test the therapeutic effects and mechanisms of astrocyte-
restricted interference with IL-17 signaling in EAE, we generated
a novel lentiviral vector that expresses Actl-specific short hairpin
RNA (shRNA) in astrocytes. A schematic map of pLenti-GFAP-
pro-EGFP-shActl vector is shown in Figure 1a; the vector map
is shown in Supplementary Figure S1. To obtain an astrocyte-
specific transcription, CMV and EF1 promoters were substituted
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Figure 1 Efficacy and astrocyte specificity of shActl lentiviral vector. (a) Schematic map of the astrocyte-specific shActl lentiviral vector.
(b) Primary astrocytes were infected with shAct1- and control lentivirus. Three days later, Actl mRNA expression was assayed by real-time RT-PCR.
**P < 0.01 (n = 3 each group). (c) Act1 protein expression (red) in astrocytes (green) was determined by immunohistochemistry. (d) Act1 protein
expression in astrocytes was determined by western blot. (e) Immunofluorescence of GFP (green) and neural specific markers (red) in spinal cord
tissue sections 3 days after i.c.v. injection. GFAP, astrocytes; NeuN, neurons; GalC, oligodendrocytes; CD11b, microglia; NG2, oligodendrocyte
progenitor cells (OPCs). GFAP, glial fibrillary acidic protein; i.c.v., intracerebroventricular; LTR, long terminal repeat; mRNA, messenger RNA; RT-PCR,
reverse transcription-PCR.
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with a 682-bp long GFAP promoter. Enhanced green fluorescent
protein (EGFP) was used as a reporter gene; miR-30 based shActl1
cassette was inserted downstream of the EGFP stop codon, which
was thus transcribed simultaneously with EGFP.

In vitro cultured primary astrocytes were infected with
shActl or control lentivirus (shVec) and the expression of Actl
was examined 3 days later. shActl lentivirus markedly reduced
messenger RNA and protein levels of Actl, as determined by
real-time reverse transcription-PCR (Figure 1b), immunohis-
tochemistry (Figure 1c), and western blot (Figure 1d). We then
intracerebroventricularly (i.c.v.) injected lentivirus containing
shActl vectors to mice, and killed the mice 3 days later to test
cell-specific expression of EGFP. As shown in Figure le, only
astrocytes (GFAP) were co-stained with EGFP. More than 70%
of astrocytes from white and gray matter of brain and spinal cord
expressed EGFP (data not shown), while other CNS cell types,
including neurons, oligodendrocytes, microglia, and oligoden-
drocyte precursor cells, did not express EGFP (Figure le), thus
confirming astrocyte-specific expression of shAct1.

Act1 knockdown in astrocytes suppresses EAE

To determine whether interfering with IL-17 signaling in astro-
cytes affects EAE induction, shActl lentivirus and control lentivi-
rus (1 x 107 infectious units (IU) in 20 pl phosphate-buffered saline
(PBS)/mouse) were given to mice by i.c.v. administration 3 days
before immunization. A substantial reduction in Actl expression
was observed 36 hours after shActl lentivirus injection, and the
effect lasted until the end of the experiment (data not shown). The
shVec control lentivirus-treated group developed typical EAE,
while shActl treatment resulted in significantly decreased disease
severity (P < 0.01; Figure 2a).

We then tested the therapeutic effect of shActl on ongoing
EAE. Mice were i.c.v. injected with shActl lentivirus at disease
onset (day 14 postimmunization (p.i.)) or its peak (day 20 p.i.).
shActl treatment at both time points significantly suppressed
EAE progression (Figure 2b,c). Consistent with these observa-
tions, treated groups of mice showed reduced disease scores
(Figure 2d), delayed disease onset (Figure 2e), and improved sur-
vival rate (Figure 2f) compared to control groups. The improve-
ment in clinical symptoms was observed 3-4 days after virus
injection, and the effect persisted until the end of the experiment.
These data show that knocking down Actl in astrocytes by lenti-
viral shRNA expression has a significant therapeutic effect in EAE,
which may translate in a novel approach for treatment of MS.

Given that Actl participates in signaling of IL-17, which is
produced by Th17 but not Thl cells, we tested our hypothesis
that shActl would suppress only Th17 cell-induced, but not Thl
cell-induced adoptive EAE. Polarized myelin oligodendrocyte
glycoprotein (MOG)-specific Th1 and Th17 cells were transferred
into shActl and shVec lentivirus-injected recipient mice for EAE
induction. EAE severity in mice receiving Th17 cells was effectively
reduced by shActl; by contrast, shActl injection in mice receiving
Th1 cells did not protect them from EAE (Figure 2g). These data
confirm the specific effect of astrocyte-specific shActl lentivirus
on Th17 cell-, but not Th1 cell-induced EAE pathogenesis.

To further examine the relationship between shActl and
IL-17 in suppression of EAE we used IL-17A~~ mice. While these
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Figure 2 i.c.v. injection of shActl lentivirus ameliorates disease
severity. C57BL/6 mice were injected i.c.v. with 1 x 107 IU shAct1 len-
tivirus (a) 3 days before EAE induction (n = 10 each group), (b) 14 days
p.i. (disease onset) (n = 8 each group), or (c) 20 days p.i. (peak dis-
ease) (n = 8 each group). Control mice were given the same amount of
control lentivirus. Clinical scores were recorded daily. Results are shown
as mean = SEM (n = 10 or 8 in each group). (d) Disease distribution
at the end points of experiment, (e) disease incidence, and (f) survival
rate of shActl lentivirus- and control virus-treated groups are shown.
(g) C57BL/6 mice were injected i.c.v. with 1 x 107 IU shAct1 or con-
trol lentivirus a day before cell adoptive transfer; clinical scores of Th1
cell- and Th17 cell-induced EAE are shown as mean = SEM (n = 5 each
group). (h) IL-17A deficient and WT C57BL/6 mice were i.c.v. injected
with T x 107 IU shAct1 or control lentivirus a day before immunization;
clinical scores were shown as mean + SEM (n = 5 each group). One
representative of three independent experiments is shown in a,b,c,g,
and h. The data in d,e, and f come from three independent experiments
when virus was injected 3 days before immunization. EAE, experimental
autoimmune encephalomyelitis; i.c.v., intracerebroventricular; IL, inter-
leukin; 1U, infectious units; n.s., not significant; p.i., postimmunization;
Th1, T-helper 1; WT, wild-type.

mice developed milder EAE compared to wild-type mice, strik-
ingly, astrocyte-specific Actl knockdown significantly delayed
disease onset and reduced EAE severity in IL-17A~~ mice as
well (Figure 2h). These results are consistent with known func-
tions of Actl as a common adaptor protein for several cytok-
ines of IL-17 cytokine family that also play a pathogenic role
in EAE.
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Astrocyte-restricted blocking of IL-17 signaling does
not alter the peripheral immune system

We then tested whether Actl knockdown in astrocytes impacts
peripheral immune response in EAE mice. There was no signifi-
cant difference in spleen cell numbers between treatment and con-
trol groups (Figure 3a), and the numbers of Th1 and Th17 cells
in spleens of the shActl-treated group were not changed in com-
parison with those treated with control virus, as determined by
intracellular cytokine staining of interferon-y (IFN-y) and IL-17
(Figure 3b). Splenocytes from the shActl- and shVec-treated
groups produced similar amounts of IFN-y, IL-17, and IL-4 upon
MOG-stimulation (Figure 3c). Also, there was no significant dif-
ference in spleen cell proliferation between the two groups after
restimulation with MOG (Figure 3d). Together, these results
suggest that interference with IL-17 signaling through astrocyte-
restrict knockdown of Actl does not affect peripheral immune
response during EAE.

Astrocyte-restricted blocking of IL-17 signaling
inhibits inflammatory cell infiltration into the CNS
Consistent with clinical signs, typical mononuclear cell (MNC)
infiltration foci were observed in the spinal cord white matter of
control virus-treated mice, with an inflammation score of 2.7 +
0.3, which was similar to sham-treated EAE mice (Figure 4a,b). In
contrast, the score for inflammatory infiltration in shAct1-treated
mice was decreased to 0.5 £ 0.1 (P < 0.01). The average numbers
of MNC:s per spinal cord were 26 x 10* in control virus-treated
mice versus 5.0 x 10* in shAct1-treated mice (Figure 4d; P < 0.01).
While shActl- and shVec-treated mice showed similar percent-
ages of CD4 T cells that produced IL-17 and IFN-y in flow cyto-
metric analysis (Figure 4c), the absolute numbers of these cells
were significantly reduced in shActl-treated mice (3,320 + 118
versus 427 + 25 for IL-17 and 3,530 + 220 versus 689 + 45 for
IFN-y; Figure 4d). Staining for myelin basic protein expression
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showed that knockdown of Actl in astrocytes substantially inhib-
ited demyelination compared to control treatments (Figure 4e).

Given that numbers of Actl™ astrocytes in the CNS were
greatly decreased in the shActl-treated mice compared to shVec-
treated mice (Figure 4f), we tested whether this reduction in
Actl™ cells resulted from a possible cytotoxicity of shActl. shActl
lentivirus infection did not affect lactate dehydrogenase levels in
cultured primary astrocytes (Supplementary Figure S2), indicat-
ing that the infection had no cytotoxic effect. Staining for acti-
vated caspase-3 showed that shActl lentivirus infection did not
promote astrocytes death compared to the control virus (data not
shown). These results indicate that the reduction in Actl™ cell
numbers was indeed due to knocking down its expression, but not
due to the death of infected cells.

To analyze which types of inflammatory infiltration were
inhibited, MNCs were isolated from spinal cords and ana-
lyzed by flow cytometry. As shown in Figure 5a, percentages
of CD4™ T cells, CD11c" dendritic cells and Gr-17 neutrophils
were reduced in the shActl-treated mice compared to the con-
trol group. Although percentages of CD19" B cells and F4/807
macrophage/microglia were slightly increased in these mice, due
to the dramatically reduced total numbers of MNCs in the CNS
after shActl treatment (Figure 4d), the absolute numbers of all
infiltrating cell types were significantly reduced in shAct1-treated
mice (all P < 0.05-0.01; Figure 5b).

Blocking IL-17 signaling in astrocytes impairs
chemokine expression in vivo

To determine why interfering with IL-17 signaling in astrocytes
inhibits inflammatory cell infiltration, we explored an array of
cytokine/chemokine gene expression in the spinal cords of shAct1-
and control-treated EAE mice. As shown in Figure 6, expression
of both Actl and receptors of IL-17 family members, including
IL-17RA and IL-17RE, in the spinal cords of EAE mice was reduced
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Figure 3 Peripheral immune system was not impacted by i.c.v. injection of shAct1 lentivirus. Splenocytes were harvested at the end point of
the experiment shown in Figure 2b. (a) Total cell numbers were counted and (b) frequencies of IFN-y* and IL-17% cells in gated CD4% T cells were
measured by flow cytometry. (c) After 3 days’ culture, cytokine production in culture supernatants was determined by ELISA and (d) T cell prolifera-
tion determined by 3H-incorporation. Results are shown as mean + SD (n = 5 each gro up). One representative of three experiments is shown. cpm,
counts per minute; ELISA, enzyme-linked immunosorbent assay; i.c.v., intracerebroventricular; IFN, interferon; IL, interleukin, n.s., not significant.
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Figure 4 Knocking down Act1 expression in astrocytes suppressed inflammatory infiltration in the CNS. Spinal cords of mice in Figure 2b were
harvested at day 34 p.i. and inflammatory infiltration scores were assessed by H&E staining at L3 level. (a) Quantification of CNS inflammation and
demyelination was performed on six sections per mouse (n =5 each group). (b) **P < 0.01 compared to Sham-EAE group. (c) Similar amounts of the
remaining spinal cord tissues were processed for cell suspension, and frequencies of Th1 and Th17 cells were assessed by flow cytometry. (d) Total
mononuclear cell (MNC) numbers in spinal cord suspensions were counted, and absolute numbers of Th1 and Th17 cells were calculated by multi-
plying the percentages of these cells in c and total MNC numbers in each spinal cord; **P < 0.01. (e) Demyelination in each group was assessed by
MBP staining. (f) Act1 expression in spinal cord after treatment was determined by immunohistochemistry. One representative of three experiments
is shown. CNS, central nervous system; DAPI, 4’,6-diamidino-2-phenylindole; EAE, experimental autoimmune encephalomyelitis; H&E, hematoxylin

and eosin; IFN, interferon; IL, interleukin; MBP, myelin basic protein; p.i., postimmunization; Th1, T-helper 1.

by shActl treatment (Figure 6a,b), and expression of inflammatory
cytokines, including granulocyte-macrophage colony-stimulating
factor (GM-CSF), IL-17A, IL-17E IL-23, insulin-like growth fac-
tor-1 (IGF-1), and fibroblast growth factor-2 (FGF-2) was substan-
tially reduced as well (Figure 6c). Expression of certain chemokines
including CXCL1, CXCL2, CCL20, and matrix metalloproteinase
MMP3, was greatly reduced, while expression of chemokines
induced by IFN-y signaling (CXCL-9, CXCL-10, and CXCL11)*
did not change (Figure 6d). When levels of several Th1- and Th17-

1342

related chemokines and cytokines in the spinal cord tissue lysate
were tested by western blot, we found that expression of CXCLI,
CXCL2, CCL20, and IL-17A was reduced after shActl treatment,
and expression of CXCL9, CXCL10, CXCL11, and IFN-y remained
unchanged (Figure 6e), consistent with real-time PCR results.
While inducible nitric oxide synthase has been reported to play var-
ious roles in the progression of EAE”, there was no difference in the
expression level of inducible nitric oxide synthase in the spinal cord
of EAE mice treated with shActl or control lentivirus (Figure 6f).
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Figure 5 Subtypes of reduced inflammatory cells in the CNS after shAct1 treatment. Cell suspensions from spinal cord tissues were prepared
as described in Figure 4c and (a) percentages of CD4% T cells, B cells (CD19%), DCs (CD11c*), macrophages/microglia (F4/80%), and neutrophils
(Gr-17) cells in inflammatory infiltrates were determined by flow cytometry. (b) Quantification of CNS-infiltrating inflammatory cells. Absolute num-
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tive of two experiments is shown. CNS, central nervous system; DCs, dendritic cells; MNC, mononuclear cell.

These results suggest that the impact of astrocyte-restricted block-
ing of IL-17 signaling on the induction of EAE was probably due to
a defect in IL-17-induced inflammatory molecules.

Blocking IL-17 signaling in astrocytes does not
change the production of neurotrophic factors
Astrocytes favor neuron/oligodendrocyte survival by secret-
ing various neurotrophic factors such as neurotrophin-3 (NT-3)
and brain-derived neurotrophic factor (BDNF).* To determine
whether interfering with IL-17 signaling in astrocytes affects the
secretion of neurotrophic factors, the transcription levels of BDNF
and N'T-3 in spinal cords of EAE mice were analyzed by real-time
PCR. There was no significant difference in expression of these
two neurotrophic factors between the shActl-treated and control
groups (Figure 6g), suggesting that shAct1 treatment influences
only the inflammatory response activity of astrocytes, but does
not affect their capacity for neurotrophic factor secretion.

Blocking IL-17 signaling in astrocytes impairs their
chemokine expression in vitro

To further confirm the in vivo finding that blocking IL-17 signaling
in astrocytes inhibited their chemokine production, we determined
the profile of chemokine expression of astrocytes under different
culturing conditions. The expression of CXCL-1, CXCL-2, and
CCL-20, which are inducible by IL-17,° was reduced in shActl-
treated astrocytes, either with or without IL-17, IL-17 plus tumor
necrosis factor-a (TNF-a) treatment, or treatment with supernatant
of MOG-stimulated spleen cells from 2D2 mice (Figure 7a). The
expression of these three chemokines was not changed by TNF-q,
IFN-y or TNF-a plus IFN-y treatment, but IL-17 and TNF-a in
combination enhanced the expression of these chemokines. In
contrast, CXCL-9, CXCL-10, and CXCL-11 were only induced
by IFEN-y or IFN-y combined with TNF-a, but not by IL-17 or
IL-17 plus TNF-a, regardless of infection with shActl or shVec
(Figure 7a). We also measured expression of IL-17 receptors
IL-17RA and IL-17RC by real-time PCR. Treatment with IL-17 or
IL-17 with TNF-a induced the expression of these IL-17 receptors,
but there was no significant difference between shAct1 and control
lentivirus treatment (Figure 7b,c). This suggests that Actl interfer-
ence did not affect the signaling pathway upstream of IL-17. The

Molecular Therapy vol. 20 no. 7 july 2012

chemokine secretion capacity of astrocytes treated with shAct1 and
control lentivirus was compared by enzyme-linked immunosorbent
assay. Consistent with real-time PCR data, CCL20 content was sig-
nificantly reduced after shActl treatment in the culture medium of
astrocytes stimulated with IL-17 plus TNF-a, while CXCL9 secre-
tion remained unchanged (Figure 7d).

Furthermore, a transmigration assay was performed to test
the chemoattractive capability of astrocytes whose IL-17 signal-
ing had been blocked. Compared to the control lentivirus-treated
astrocytes, knocking down Actl expression in astrocytes signifi-
cantly inhibited the transmigration of MOG-stimulated spleno-
cytes of 2D2 mice (Figure 7e,f).

DISCUSSION
In the present study, we introduced a novel lentiviral vector to spe-
cifically knockdown Actl expression and block the IL-17-IL-17R
pathway in astrocytes; we then tested its therapeutic effects and
mechanisms of action in EAE. This approach effectively suppressed
clinical EAE when treatment was started at induction phase or at
peak of disease, and strongly reduced numbers of infiltrating cells
in the CNS, including Th1l and Th17 cells. The therapeutic effect
was mainly attributable to the suppressed expression of chemokines
in astrocytes, such as CXCL1, CXCL2, CCL20, and matrix metal-
loproteinase MMP3, which are essential for the recruitment of
peripheral leukocytes into the CNS. Importantly, this approach did
not impair the immune system in the periphery or the production
of neurotrophic factors in the CNS. Thus, this study, for the first
time, provides a promising therapeutic approach for MS in a CNS-
specific manner, without affecting systemic immune responses.
IL-17 is a potent proinflammatory cytokine and a hallmark
of Th17 cells, which play a crucial role in EAE.'"'? Mice deficient
in IL-17A developed less severe EAE,' and anti-IL-17A treat-
ment of relapsing-remitting EAE delayed relapse and reduced
relapse incidence and severity.”® Recently, it has been shown
that neuroectoderm-restricted knocking out of Actl, the key
adaptor molecule in IL-17-mediated signaling, delayed disease
onset and reduced disease severity, suggesting that IL-17 signal-
ing in astrocytes may be a promising target for MS treatment.'®
However, it is hard to translate this approach into therapy
because: (i) Actl expression may cause severe side effects due
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Figure 6 Expression of chemokines, cytokines, and neurotrophic fac-
tors in the CNS after shAct1 treatment. Total RNA was prepared at the
end of experiment from a fraction of spinal cords of shAct1-treated or
control lentivirus-treated EAE mice described in Figure 2b. RT-PCR was
performed to determine mRNA levels of (a) Act1, (b) receptors for IL-17
family cytokines, (c) cytokines, and (d) chemokines. (e) Expression of sev-
eral Th1- and Th17-related chemokines and cytokines was confirmed by
western blot. (f) Expression of iNOS, and (g) neurotrophic factors BDNF
and NT-3 was determined by real-time PCR. Relative expression was cal-
culated by —AACt values from triplicate PCR. *P < 0.05, **P < 0.01 (n=5
each group). One representative of two experiments is shown. BDNF,
brain-derived neurotrophic factor; CNS, central nervous system; CNTF,
ciliary neurotrophic factor; EAE, ex perimental autoimmune encephalomy-
elitis; FGF2, fibroblast growth factor-2; GM-CSF, granulocyte-macrophage
colony-stimulating factor; IGF1, insulin-like growth factor-1; IL, interleu-
kin; iINOS, inducible nitric oxide synthase; mRNA, messenger RNA; n.s.,
not significant; NT-3, neurotrophin-3; RT-PCR, reverse transcription-PCR;
TGF-B, transforming growth factor-; Th1, T-helper 1.

to the important functions of IL-17 in immune responses, espe-
cially in infectious disease and cancer;*-*' and (ii) it is impos-
sible to define the effect of a knockout approach on ongoing
disease, which represents the real clinical situation. Our novel
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Figure 7 Expression and chemotaxis function of shAct1-treated astro-
cytes in vitro. (@) Primary astrocytes generated from neonatal mice were
infected with shActl or control lentivirus and stimulated by different
cytokines or culture supernatants of MOG,; . -stimulated spleen cells from
2D2 mice. Twenty-four hours later, chemokine expression was determined
by RT-PCR. (b,c) Expression of IL-17RA and IL-17RC was determined by
RT-PCR after 24 hours of different treatments. (d) Concentrations of CCL20
and CXCL9 in culture supernatants were determined by ELISA. They were
selected as the representative chemokines responsive to IL-17 signaling
or IFN-y signaling, respectively. (e) Primary astrocytes were infected with
shAct1 or control lentivirus for 72 hours, then stimulated with IFN-y, IL-17,
and/or TNF-a for 16 hours. MOG,, ,-stimulated 2D2 splenic cells were
loaded onto the luminal side of transwell inserts with a pore size of 3uym
and incubated for 24 hours. (f) Numbers of cells in the abluminal side
were quantified. Data in this figure represent mean + SEM of three inde-
pendent experiments. *P < 0.05. ELISA, enzyme-linked immunosorbent
assay; IFN, interferon; IL, interleukin; MOG, myelin oligodendrocyte gly-
coprotein; RT-PCR, reverse transcription-PCR; TNF, tumor necrosis factor.

lentiviral vector can bridge this gap by specifically targeting
Actl in astrocytes.

The GFAP gene promoter has been found to be astrocyte-spe-
cific and the ABC,D part of this promoter has enhanced activity
and astrocyte specificity.> We thus cloned different parts of the
GFAP promoter region from mouse genomic DNA and combined
them with a new GFAP promoter made up of ABC D to drive
shRNA expression. As GFAP protein expression will be largely
induced in EAE and MS,” it is an ideal promoter to strongly drive
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gene or shRNA expression in astrocytes of EAE mice, while the
emergence of microRNAs and their transcription characteristics
makes it possible to use cell-specific RNA polymerase II promoter
to transcribe microRNA-based shRNAs for cell-targeted gene
knocking down. Several reports have shown that incorporating
sequences encoding small interfering RNAs targeting different
genes into a human miR-30 pre-microRNA (pre-microRNA)
backbone can express small interfering RNAs in cells,** and this
method can achieve a more efficient knockdown than small inter-
fering RNA expressed as conventional siIRNA. We therefore intro-
duced a miR-30 based shAct1 cassette directly downstream of the
terminal codon of marker gene EGFP driven by astrocyte-specific
promoter GFAP, such that the EGFP marker gene and shActl
would be transcribed as one cassette, and EGFP fluorescence
could be used to monitor the amount and location of shRNA. Our
in vitro and in vivo data have shown that this novel vector can
specifically deliver an exogenous gene and shRNA into astrocytes,
whose Actl pathway can be dramatically reduced.

It has been suggested that IL-17A exerts its proinflammatory
function via inducing chemokine production, such as CXCLI,
CXCL2, CCL20,” which in turn leads to an accumulation of
immune cells, particularly neutrophils and monocytes, at the site of
inflammation.'® In EAE, IL-17A, primarily produced by infiltrating
Th17 cells, activates astrocytes to produce large amounts of these
chemokines, thus attracting the secondary wave of inflammatory
infiltration, and causing myelin damage.*® Inflammatory infiltra-
tions result in an environment containing elements that are intrin-
sically hostile to the oligodendrocyte lineage, thus blocking possible
spontaneous remyelination.’®* Reducing autoimmune responses in
the CNS would convert the hostile environment into one supportive
of the remyelination process. Inhibition of CNS inflammation could
also reverse neural stem cell niche dysfunction, and promote neural
repair.®® Our study showed that knocking down Actl signaling in
astrocytes effectively reduced expression of IL-17-induced chemok-
ines CXCL1, 2, and CCL20. As a result, treated mice exhibited sig-
nificantly decreased CNS infiltrations of neutrophils, macrophages/
microglia, CD4" T cells, B cells, dendritic cells, and decreased
expression of proinflammatory molecules such as IL-17A, IL-17E,
IL-23, IGF-1, and FGF-2. Interestingly, blocking IL-17 signaling in
astrocytes did not influence their expression of neurotrophic factors
(e.g., BDNF and NT-3), which play an important role in remyelina-
tion and neuroregeneration.’** Together, this approach succeeds in
retaining the protective properties of astrocytes while blocking their
pathogenic properties.

While astrocyte specificity and Actl knockdown efficiency
have been confirmed in vitro and in naive mice in vivo, we found
that the numbers of non-astrocyte Act1% cells in CNS lesions were
also reduced in EAE mice after shActl virus injection. The reasons
for this phenomenon could be that: (i) numbers of Act1t infiltrat-
ing cells were significantly reduced; (ii) IL-17 signaling is required
to trigger Actl expression. After infection with shAct1,IL-17 secre-
tion in the CNS decreased because of the reduced absolute number
of IL-17-secreting cells in the CNS, and thus Actl expression by
CNS cells was not triggered. The reduced numbers of Act1™ cells
in the CNS after shActl treatment were not due to cell death of
Actl1™ astrocytes, given that both in vivo activated caspase-3 stain-
ing and in vitro cytotoxicity assay showed that shActl lentivirus
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treatment was not toxic to astrocytes. Unchanged expression of
NT-3 and BDNF after shActl lentivirus treatment also indicates
a comparable number of astrocytes, the major producer of neu-
rotrophic factors.”” Together, these results suggest that astrocyte-
restricted Actl knockdown also has some indirect effects on CNS
environment that may favor disease treatment.

It has been found that expression IL-17 receptors were upreg-
ulated in the CNS of EAE mice in vivo and in activated astrocytes
in vitro.** In the current study, expression of both IL-17RA and
IL-17RE (responsive to IL-17C) in the CNS of shActl-treated
mice was significantly lower than in control mice. However,
in vitro studies showed no difference in expression of any of the
IL-17 receptors tested in astrocytes infected by shActl or shVec
lentivirus. These results suggest that shActl does not directly
influence expression of IL-17 receptors; instead, reduced expres-
sion in the CNS after shAct1 treatment may be an indirect effect of
the reduction of inflammatory cell infiltration and of proinflam-
matory mediators in the CNS, which fail to upregulate the IL-17
receptors as typically observed in inflammation.

Interestingly, astrocyte-specific shActl knocking down also
delayed disease onset and reduced the severity of disease in IL-17A
deficient mice. This suggests that, in addition to the IL-17A-IL-
17RA/IL-17RC-Actl pathway, other Actl-related pathway(s) in
astrocytes are involved in EAE pathogenesis. This hypothesis is
supported by a recent finding that IL-17C-IL-17RE-Actl path-
way also plays an important role in EAE development.'® These
authors did not study whether this pathway is also functional in
astrocytes. However, our results showed that IL-17RE expression
greatly increased during EAE (Supplementary Figure S3a). In
addition, the supernatant of MOG-stimulated spleen cells from
2D2 mice can induce expression of IL-17RE in astrocytes, simi-
larly to IL-17RA and IL-17RC (Supplementary Figure S3b).
These data indicate that an IL-17C-IL-17RE-Actl pathway may
play a role similar to that of the IL-17A-IL-17-RA/IL-17RC-Act1
pathway in astrocytes during EAE pathogenesis. More impor-
tantly, the observation that Actl knockdown blocks all rather than
only one of such IL-17-related pathways is a promising aspect of
this approach for potential clinical use in MS.

All of the currently available MS therapies target immune
molecules that are neither antigen-specific, nor organ-specific,
and carry the inherent risk of infection and systemic side effects.”
An approach to reach this goal may be CNS-specific manipula-
tion, i.e., therapeutic agents that target only CNS tissue without
affecting systemic immune responses. Indeed, Mi et al. found
that clinical EAE was dramatically suppressed in mice lacking
LINGO-1, a key negative regulator of oligodendrocyte differ-
entiation and remyelination, while MOG-induced T cell prolif-
eration and Th1/Th2/Th17 cytokine production in the periphery
remained unchanged.* Croxford et al. found that, while systemic
administration of IL-10 failed to suppress EAE, delivery of cells
that expressed IL-10 into the CNS had a significant effect.*> We,
in the current study, provide evidence that specifically blocking
IL-17 signaling in astrocytes significantly protected CNS tis-
sue from inflammatory infiltration of systemic immune cells,
while the peripheral immune system remained unaffected. These
results indicate that systemic immunomodulation, as with all cur-
rent MS therapies, may not be necessary. Instead, CNS-targeted
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manipulation could be a novel and sufficient MS therapy, with the
great advantage of not disturbing the global immune system.

In summary, our data demonstrate that blocking IL-17 signal-
ing in astrocytes by knocking down Actl expression can effec-
tively treat ongoing EAE without affecting the peripheral immune
system. The lentiviral vector, which has been widely used in clini-
cal trails,* has been confirmed as a highly safe tool for gene
therapy. I.c.v. injection, by which the therapeutic reagents are rap-
idly diffused in the CNS via cerbrospinal fluid circulation, closely
mimics intrathecal injection (subarachnoid space injection) in
humans and is a simple and common practice in treating a broad
range of CNS diseases.***” Further, an inducible regulation system
(e.g., Tet-on) can be added in the vector to turn on/oft Actl signal
in astrocytes, as desired, for future clinical use. Taken together,
the approach tested in the present study represents a novel CNS-
specific strategy for EAE/MS therapy.

MATERIALS AND METHODS

Mice. Female C57BL/6 mice, 8-10 weeks of age, were purchased from the
Jackson Laboratory (Bar Harbor, ME). 2D2 (TCRM°®) transgenic mice
(B6 background; purchased from the Jackson Laboratory) and IL-17A
deficient mice (B6 background; purchased from the Amgen, Thousand
Oaks, CA), were bred in the animal facility of Thomas Jefferson University.
All animal procedures were performed in accordance with the guidelines
of the Institutional Animal Care and Committee of Thomas Jefferson
University.

Construction of pLenti-GFAP-EGFP-mi-shAct1 and control lentiviral vec-
tors. Lentiviral vector backbone plasmid pPCDH-CMV-MCS-EF1-copGFP
was digested with Spel and Sall to remove CMV promoter, multiple clon-
ing site, EF1 promoter and copGFP, were then replaced with a fragment
containing ABC D region of human gfa2 promoter.” The ABC D region of
human gfa2 promoter was separately amplified with primer pairs of gfaaF,
gfaaR and gfabF, gfabR (Supplementary Table S1). The two purified PCR
products were digested with Spel, Sacl (for gfaa fragment) and Sacl, Sall
(for gfab fragment). The digested fragments were ligated with digested len-
tiviral backbone. The EGFP ORF fragment was amplified by primer pair
EGFPF and EGFPR (Supplementary Table S1) and cloned into down-
stream of GFAP promoter, after which a fragment containing miR-30 based
shActl cassette (Open Biosystems, Lafayette, CO; Cat No. V2LMM2517)
was amplified by primer pair shMiAct1F and shMiActlR, and then cloned
into multiple cloning sites downstream of the EGFP gene to form a pLen-
ti-GFAPpro-EGFP-mi-shActl lentiviral vector. The constructed vector
sequence was verified by sequencing. The vector without the insertion of
mi-shAct1 was used as a vector control.

Virus packaging, concentrating, and titering. The newly generated
pLenti-GFAppro-EGFP-mi-shActl and three other helper plasmids
pLP1, pLP2, pLP/VSV-G (Invitrogen, Carlsbad, CA) were amplified and
their concentration was adjusted to 1ug/ul. Ninety percent of confluent
293T cells in 100mm dishes were transfected with plasmid DNA con-
taining 15pg pLenti-GFAppro-EGFP-mi-shActl or 15ug pLenti-GFAp-
pro-EGFP-MCS (negative control vector), 6.5ug pLP1, 2.5ug pLP2, and
3.5ug pLP/VSV-G through CaCl, method.”® After overnight incubation,
the medium with plasmids was replaced by 10 ml fresh Dulbecco’s modi-
fied Eagle’s medium medium supplemented with 10% fetal bovine serum,
2 mmol/l L-Glutamine, 100 IU/ml penicillin, and 100 ug/ml Streptomycin
(Mediatech, Herndon, VA). Supernatants were harvested after 30 hours’
culture and filtered through a 0.45 um membrane. The filtered supernatant
was mixed with 10% PEG-10000 and incubated at 4 °C overnight, then was
centrifuged for 1 hour at 3,500 rpm. The pellet containing lentivirus was
resuspended in PBS, and aliquots were stored at —80°C. Viral titers were
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assayed by infection of 293T cells at different dilutions; titers were adjusted
to 5 x 10% IU/ml before infection and injection.

Viral infection of purified astrocytes and in vivo injection. For in vitro
virus infection, purified astrocytes were rooted in poly-lysine coated 6-well
plates at a concentration of 5 x 10° cells/well. Two days later, the culture
medium was replaced by fresh complete Dulbeccos modified Eagles
medium supplemented with 1 x 10¢ IU/well different lentivirus and 8 ug/
ml polybrene, and then incubated for 16 hours at 37°C. After incubation,
the medium with virus soap was replaced by fresh medium, and cultured
for further use.

For in vivo injection, mice were anaesthetized and fitted with i.c.v.
cannula for virus microinjection. A microsyringe was inserted into 2.0-
mm lateral, 1.0-mm caudal to bregma, and 2.5 mm below the skull surface;
1 x 107 IU/mouse shAct or control virus (in 20 pl volume) was given to the
mice. Injection speed was maintained at 1 ul/minute to prevent leaking.

Induction and assessment of EAE. For active EAE, mice were
immunized subcutaneously on the back with 200ug of MOG,
(MEVGWYRSPFSRVVHLYRNGK) emulsified in CFA (Difco Lab, Detroit,
MI) containing 4mg/ml Mycobacterium tuberculosis H37Ra (Difco).
Two hundred nanogram of pertussis toxin (List Biological Lab, Epsom,
England) was given intraperitoneally on days 0 and 2 (p.i.). For passive
EAE, shActl or shVec lentivirus-injected mice were transferred with 3.0
x 107 polarized MOG,_ , -specific Th1 or Th17 cells/mouse 4 hours after
sublethal irradiation (550 Rad). To prepare MOG-specific polarized T cell
populations, draining lymph nodes and spleen cells were prepared from
mice immunized as described above at day 9 p.i. Cells were cultured for 4
days with MOG35-55 at a concentration of 25 pug/ml under Th1- (20 ng/ml
rmIL-12 (PeproTech, Rocky Hill, NJ), 2 ug/ml anti-IL23p19 (eBioscience,
San Diego, CA)) or Th17- (20 ng/ml rmIL-23 (PeproTech)) polarizing con-
ditions.” Mice were scored daily for appearance of clinical signs of EAE
on a scale from 0 to 5 as described previously®: 0, no clinical sign; 1, fully
limp tail; 2, paralysis of one hind limb; 3, paralysis of both hind limbs; 4,
paralysis of trunk; 5, moribund or death.

Isolation of primary astrocytes. Primary astrocytes were isolated and cul-
tured as previously described.* Briefly, newborn mice (P0) were killed,
and the whole brain was harvested and dissociated with Neural Tissue
Dissociation Kit (Miltenyi Biotech, Auburn, CA) following the manufac-
turer’s instructions. The dissociated cells were centrifuged at 300g for 10
minutes, then resuspended with Dulbecco’s modified Eagle’s medium/10%
fetal bovine serum, and seeded on poly-lysine-coated 60-mm dishes at a
density of 1 x 10°/dish. After 7 days, cultures were trypsinized and replated
in petri dishes. Cells from cultures that had been passaged twice were used
as astrocytes. Purity of astrocytes was >95% as determined by immunos-
taining with anti-GFAP antibodies.

Astrocyte treatment in vitro. Primary astrocytes were seeded on poly-lysine-
coated 60-mm dishes at a density of 1 x 10°/dish and cultured in Dulbecco’s
modified Eagle’s medium/10% fetal bovine serum medium except when
specified differently in figure legends. Cells were treated with IFN-y (10ng/
ml), IL-17A (50ng/ml), and/or TNF-a (10ng/ml). For the treatment with
supernatant of MOG,, -stimulated 2D2 spleen cells, 1 million cells/ml of
2D2 splenocytes were stimulated with 20 ug/ml MOG, . for 3 days, then the
astrocyte culture medium was replaced by the supernatant from the MOG,,
,;-stimulated 2D2 spleen cells. Cells were harvested at 24 hours for RNA
purification experiments, and at 48-60 hours for western blot.

Flow cytometry analysis. For intracellular staining, cells isolated from
spleen and spinal cord were stimulated with PMA (50ng/ml) and iono-
mycin (500 ng/ml) (Sigma-Aldrich, St Louis, MN) and GolgiStop (1 ug/10°¢
cells) (BD PharMingen, San Jose, CA) for 4 hours at a density of 1 x 10/
ml in RPMI1640 complete medium. Cells were harvested, washed in stain-
ing buffer (PBS) containing 1% fetal calf serum, 0.1% NaN, and, in some
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cases, blocked with anti-CD16/CD32 antibodies. After washes, cells were
first stained with fluorescent antibodies to surface markers, followed by
intracellular staining. For cell surface staining, MNCs isolated from spinal
cord were first counted, after which 1 x 10° cells/tube were washed with
staining buffer and then stained with different fluorescent antibodies to
surface marker for 30 minutes, then washed and resuspended in staining
buffer for flow cytometry analysis.

Migration assay. Astrocytes were infected by shActl and control lenti-
virus for 48 hours, then stimulated with IL-17 plus TNF-a for 24 hours.
Migration assays were performed as previously described, with some
modifications.”® Briefly, prestimulated astrocytes, either infected by
shActl or control lentivirus were cultured in 24-well plates. Then, 2D2
spleen cells that had been stimulated with 20 ug/ml MOG,__, for 3 days
were loaded onto the luminal side of Transwell inserts (3 pm pore size;
CORNING, Corning, NY) and incubated at 37°C/5% CO,. Twenty-four
hours later, 50 ul of 0.5mol/I ethylenediaminetetraacetic acid was added
to the abluminal side and the plates were placed on a shaker for 15 min-
utes to dislodge cells. Cells in the abluminal side were then harvested and
counted under light microscopy.

Immunohistochemical staining. Mice treated with shActl and control
lentivirus were, extensively perfused, and the brain and spinal cords were
harvested. Immunohistochemical staining was performed as previously
described, with some modifications.””*" Briefly, spinal cords were care-
fully excised from the brain stem to the lumbar region and cryoprotected
with 30% sucrose in PBS. The lumbar enlargement was identified and then
transected at the exact midpoint of the lumbar enlargement to standard-
ize a site along the longitudinal axis of the cord, ensuring that the same
lumbar spinal cord regions were analyzed for all conditions. Transverse
sections of brain and spinal cord were cut, and immunohistochemistry was
performed using different antibodies. Immunofluorescence controls were
routinely generated with irrelevant IgGs as first antibody. Finally, slides
were covered with Vectashield Mounting Medium (Vector Laboratories,
Burlingame, CA), containing 1umol/l 4’,6-diamidino-2-phenylindole
(DAPI). Results were visualized by fluorescent microscopy (Eclipse 800;
Nikon, Melville, NY).

Reagents, antibodies, and detailed methods for cell preparation,
proliferation assay, western blot, ELISA, LDH cytotoxicity, real-time
quantitative RT-PCR, and histopathology can be found in Supplementary
Materials and Methods. Primers used for real-time quantitative RT-PCR
analysis were listed in Supplementary Table S2.

Statistical analysis. Differences for clinical scores of EAE were analyzed
by using the two-way analysis of variance test. Inflammation scores were
analyzed using the Mann-Whitney test. Differences for other parameters
were analyzed by unpaired, two-tailed Student’s ¢-test. A value of P < 0.05
was considered statistically significant.

SUPPLEMENTARY MATERIAL

Figure S1. Vector map for astrocytes-specific expression.

Figure S2. Cytotoxicity of shAct1 lentivirus on astrocytes in vitro.
Figure $3. Expression of IL-17 family receptors.

Table S1. Primers used for pLenti-GFAP-EGFP-mi-shAct1
construction.

Table $2. Primers used for real-time quantitative RT-PCR analysis.
Materials and Methods.
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