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Targeted Delivery of siRNA to Macrophages
for Anti-inflammatory Treatment
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Inflammation mediated by tumor necrosis factor-a
(TNF-0) and the associated neuronal apoptosis charac-
terizes a number of neurologic disorders. Macrophages
and microglial cells are believed to be the major source
of TNF-o in the central nervous system (CNS). Here,
we show that suppression of TNF-a by targeted deliv-
ery of small interfering RNA (siRNA) to macrophage/
microglial cells dramatically reduces lipopolysaccharide
(LPS)-induced neuroinflammation and neuronal apop-
tosis in vivo. Because macrophage/microglia express
the nicotinic acetylcholine receptor (AchR) on their
surface, we used a short AchR-binding peptide derived
from the rabies virus glycoprotein (RVG) as a target-
ing ligand. This peptide was fused to nona-p-arginine
residues (RVG-9dR) to enable siRNA binding. RVG-9dR
was able to deliver siRNA to induce gene silencing in
macrophages and microglia cells from wild type, but
not AchR-deficient mice, confirming targeting speci-
ficity. Treatment with anti-TNF-o. siRNA complexed to
RVG-9dR achieved efficient silencing of LPS-induced
TNF-o production by primary macrophages and micro-
glia cells in vitro. Moreover, intravenous injection with
RVG-9dR-complexed siRNA in mice reduced the LPS-
induced TNF-a levels in blood as well as in the brain,
leading to a significant reduction in neuronal apoptosis.
These results demonstrate that RVG-9dR provides a tool
for siRNA delivery to macrophages and microglia and
that suppression of TNF-o. can potentially be used to
suppress neuroinflammation in vivo.

Received 9 September 2009, accepted 6 December 2009;
published online 9 March 2010. doi:10.1038/mt.2010.27

INTRODUCTION

Inflammation is a complex biological reaction of the immune sys-
tem in response to harmful stimuli including pathogens, damaged
cells, or irritants.! It is a protective attempt by the body to remove
harmful stimuli as well as to initiate the healing process.? However,
inflammatory response is often superfluous and, in turn, can cause
more damage to the body. Dysregulated inflammatory response

can lead to autoimmune disorders such as inflammatory bowel
disease, multiple sclerosis, and rheumatoid arthritis.?

Inflammatory processes occurring in the central nervous system
(CNS) are closely related to neuronal cell death in many types of neu-
rodegenerative diseases including Alzheimer’s disease, Parkinson’s
disease, and multiple sclerosis.** The inflammatory response in the
brain is mediated by activated microglia, the resident macrophages
of the nervous system, that normally respond to neuronal damage
and phagocytose damaged cells.® Although microglial activation is
critical for host defense, chronic activation of microglia may cause
neuronal damage through the release of potentially cytotoxic proin-
flammatory cytokines and reactive oxygen intermediates.”®

Macrophages and microglia are the major producers of tumor
necrosis factor-a (TNF-a), a proinflammatory cytokine, following
exposure to infection and inflammation. Peripheral infection can
also initiate the synthesis of TNF-a within the CNS.>! In fact, an
acute peripheral insult can result in chronic activation of microglial
cells. For example, after systemic administration of lipopolysaccha-
ride (LPS) in mice, the peripheral macrophages rapidly produce
large amounts of TNF-a, which in turn, activates the microglial
cells in the brain to produce TNF-a over long periods of time.®
Chronic microglial activation is seen in several CNS disorders'"'?
and the activated “primed” microglial cells respond with exagger-
ated cytokine secretion upon further peripheral challenge.* Thus,
nonspecific systemic infection or inflammation in people with
existing inflammation in the brain may contribute to disease pro-
gression through further activation of the already primed microglia
in the brain.* Therefore, suppressing TNF simultaneously in both
macrophages and microglial cells should be particularly beneficial
in reducing inflammation within the CNS.

There has been a tremendous interest in neutralizing TNF
for therapeutic application in a variety of autoimmune diseases
including rheumatoid arthritis, inflammatory bowel disease,
psoriatic arthritis, and ankylosing spondylitis."**"* Currently, there
are three TNF-a antagonists licensed for clinical use in the United
States including two monoclonal antibodies (infliximab and adali-
mumab) and a recombinant soluble TNF-a receptor (etanercept)
and treatment with these agents have provided significant benefits
for a variety of inflammatory disorders in humans.'®'” However,
since the antibodies do not readily cross the blood-brain barrier,
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they are unlikely to be useful to suppress TNF in microglial cells.
Moreover, the possible toxic side effects associated with chronic
antibody treatment also necessitate development of newer
methods to suppress TNF within the CNS.

Small interfering RNA (siRNA)-mediated gene silencing offers
an alternative therapeutic strategy to overcome inflammatory
conditions.'*! Several proof of principal studies have demon-
strated the potential of RNA interference to suppress proinflamma-
tory cytokines.'®*! However, the major impediment for therapeutic
use of siRNAs is the lack of methods to deliver siRNA to desired cell
types in vivo.* Delivery to microglial cells poses a special challenge
because of the presence of the blood-brain barrier*** We have
earlier reported that rabies virus glycoprotein (RVG)-9dR peptide
may allow siRNA delivery across the blood-brain barrier.” In this
study, we find that macrophages and microglial cells also express a7
subunit of the acetylcholine receptor (AchR) to which RVG peptide
binds and that the chimeric RVG-9dR peptide allows siRNA deliv-
ery to these cell types in vitro as well as in vivo to suppress neuroin-
flammation and neuronal apoptosis mediated by TNF-a.

RESULTS

RVG-9dR peptide allows delivery of siRNA

to macrophages and microglia cells in vitro

We previously showed that RVG peptide specifically binds AchR
a7 subunit-expressing neuronal cells and addition of 9dR residues
to its carboxyl-terminus allows siRNA binding so that the chimeric
RVG-9dR peptide can transduce siRNA to neuronal cells.”? Because
neuronal targeting in this system is dependent on AchR expression,
we considered the possibility that RVG-9dR peptide might also
target non-neuronal cells if they expressed a7 subunit of AchR. It
has recently been reported that AchRs are also expressed on blood-
borne macrophages and brain microglia cells.”> We therefore first
tested whether cell lines of macrophage (Raw 264.7) and glial (N9)
origin express the AchR a7 subunit using specific antibody staining.
Both Raw 264.7 and N9 cells were found to express high levels of
AchR (Supplementary Figure Sla, upper panel). The receptor was
constitutively expressed and the level of expression did not change
after cellular activation by LPS treatment. We next tested whether
RVG-9dR could transduce fluorescently labeled siRNA into these
cells. Fluorescein isothiocyanate (FITC)-conjugated siRNA (siFITC)
was mixed with RVG-9dR at a 1:10 molar ratio and the cells were
incubated with the complex for 4 hours, washed and cultured over-
night in fresh media before flow cytometric analysis. RVG-9dR
peptide was able to transduce siFITC into N9 (about 90%) and Raw
264.7 cells (about 65%) (Supplementary Figure Sla, lower panel).
To confirm that the transduced siRNA is delivered into the cell
cytoplasm, we also tested gene silencing. Green fluorescent protein
(GFP)-expressing Raw 264.7 cells were transduced with RVG-
9dR-complexed GFP siRNA and gene silencing tested 48 hours
later. GFP was silenced with efficiency of nearly 70%, as assessed
by the reduction in mean fluorescent intensity of GFP expression
(Supplementary Figure S1b,c). However, treatment of cells with
siRNA alone without a carrier or transfection with irrelevant anti-
luciferase siRNA (siLuc) complexed to RVG-9dR showed negligible
silencing effects. RVG-9dR was also superior compared with the
conventional transfection reagent Lipofectamine 2000 in inducing
gene silencing.
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We next tested whether the a7 subunit of AchR is expressed
in primary macrophages. Spleen cells from wild type and AchR
a7-deficient mice were analyzed by flow cytometry after staining
with AchR a7 subunit-specific antibody. The CD11b gated splenic
cells from wild type but not knockout mice expressed the AchR a7
subunit (Figure 1a). As expected, CD11b* microglia cells freshly
isolated from the mouse brain also expressed the receptor (data not
shown). To confirm that RVG peptide can bind specifically to AchR
on primary macrophages, we initially used a FITC-labeled RVG
peptide (RVG-FITC) or a FITC-labeled control peptide (scram-
bled RVG-FITC) to stain the cells. In concordance with receptor
expression, RVG-FITC bound macrophages from wild type but
not AchR knockout mice (Figure 1b), confirming the specificity
of interaction. As expected, scrambled RVG-FITC peptide did
not even bind wild-type macrophages. Next, we tested RVG-9dR
for siRNA delivery. To test siRNA transduction, we treated spleen
cells with siFITC complexed with RVG-9dR or a control (rabies
virus matrix (RV-MAT-9dR) peptide. Again, RVG-9dR was able to
transduce siFITC into macrophages from wild type, but not AchR
knockout mice and the control RV-MAT-9dR peptide was not
able to transduce siFITC into wild-type macrophages (Figure 1c).
Taken together, these results suggest that RVG-9dR can be used to
deliver siRNA to primary macrophages in vitro.

RVG-9dR peptide allows delivery of siRNA

to macrophages and microglia cells in vivo

To test in vivo delivery, first we determined whether RVG peptide
binds to macrophages and microglia cells in vivo. We injected RVG-
FITC peptide intravenously (i.v.) into wild type and AchR knock-
out mice and after 1 hour, tested for FITC uptake on CD11b™ cells
in the blood, spleen, and brain cells. As shown in the overlay histo-
gram (upper panel) and the mean fluorescent intensity shift (lower
panel) in Figure 2a, CD11b gated cells from wild type but not
knockout mice were FITC positive, suggesting that the i.v. injected
peptide is able to bind AchR-bearing cells in vivo. The binding was
not as high as seen in vitro studies in Figure 1 probably because
of the dilution of the peptide in circulation (only 50 ug of peptide
was injected once) as well as the tendency for short peptides to be
rapidly cleared by glomerular filtration. Next, we tested for siRNA
delivery and gene silencing in CD11b* cells in vivo using RVG-9dR
peptide. For this, mice were injected with cyclophilin B (CyPB)
siRNA (siCyPB) complexed with RVG-9dR i.v. After 24 and 48
hours of siRNA treatment, CD11b* macrophages and microglia
cells were immunomagnetically isolated from the spleen and brain,
respectively. To confirm delivery, small RNA fraction isolated from
CD11b selected cells from the spleen and brain were tested for
the presence of CyPB siRNA by quantitative reverse transcrip-
tion (RT)-PCR using CyPB siRNA-specific primers. As shown in
Figure 2b, we could detect the presence of siRNA only in siCyPB/
RVG-9dR injected mice but not in uninjected and siLuc/RVG-9dR
injected mice. Consistent with this, CyPB gene was also effectively
silenced after RVG-9dR-mediated siRNA delivery, as measured
by quantitative RT-PCR from total RNA extracted from CD11b*
cells from spleen and brain (Figure 2c¢). In a similar experiment,
i.v. injection of naked CyPB siRNA did not result in gene silenc-
ing confirming that macrophages do not nonspecifically take up
siRNA (Supplementary Figure S2).
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Figure 1 RVG-9dR peptide allows delivery of siRNA to primary splenic macrophages in vitro. (a) AchR expression in CD11b gated primary
macrophages from the spleens of wild type (WT) and AchR knockout (KO) mice was tested using flow cytometry. Filled histogram, isotype control;
thick open histogram, wild-type mice; thin open histogram, AchR knockout mice. (b) Spleen cells from wild type and AchR knockout mice were
incubated with a FITC-labeled RVG peptide (RVG-FITC) or the control scrambled RVG-FITC peptide along with CD11b antibody for 1 hour, then ana-
lyzed by flow cytometry. FITC positivity on CD11b gated cells is shown. Filled histograms represent cells without peptide treatment. (c) Spleen from
wild type and AchR knockout mice were treated with FITC-labeled siRNA complexed with RVG-9dR or control RV-MAT-9dR peptides. Twenty-four
hours later, cells were stained with CD11b antibody and analyzed by flow cytometry. FITC positivity on CD11b gated cells is shown. Gray histograms
represent cells without siRNA treatment. Each figure is representative of at least three experiments with similar results. AchR, acetylcholine receptor;
FITC, fluorescein isothiocyanate; RVG, rabies virus glycoprotein; siRNA, small interfering RNA.

TNF-o is essential for LPS-induced neuronal
cell death in the mouse brain

brain of LPS-injected TNF-a knockout mice and phosphate-buft-
ered saline (PBS)-injected wild-type mice. Thus, TNF-a appears to

Although it is generally believed that excessive TNF-a might dam-
age neurons in the brain, whether TNF-a is necessary and sufficient
to induce neuronal apoptosis is not clear. To address this, we com-
pared wild type and TNF-a-deficient mice for LPS response. LPS
injection into wild-type mice induced TNF-a production rapidly
and its serum level peaked 1 hour after injection and declined to
basal level by 24 hours as assessed by enzyme-linked immunosor-
bent assay (ELISA). In contrast and as expected, no TNF-a could
be detected in TNF-a-deficient mice (Figure 3a). Correspondingly,
we found significant brain cell death as assessed by terminal dUTP
nick-end labeling staining, in the brains of LPS-injected wild-type
mice 24 hours after injection (Figure 3b). However, there were no
significant terminal dUTP nick-end labeling positive cells in the

Molecular Therapy vol. 18 no. 5 may 2010

be critical to cause neuronal death following LPS injection.

RVG-9dR mediates siRNA delivery to microglia

and macrophages and silences TNF-a production

in vitro and in vivo

Since TNF-a plays an important role in mediating neuronal
apoptosis, we next tested whether we could block TNF-a secre-
tion using RVG-9dR peptide to deliver anti-TNF-a siRNA (siTNF)
to macrophages and microglial cells. Initially, we tested for siRNA
effects on the LPS response in cell lines. Raw 264.7 and N9 cells
were treated with RVG-9dR/siTNF for 4 hours, cultured overnight
and then stimulated with LPS. Ten hours later, TNF-a mRNA lev-
els in the cell pellet were measured by RT-PCR and secreted TNF-a
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Figure 2 RVG-9dR-mediated in vivo siRNA delivery in macrophages and microglial cells. (a) Mice were i.v. injected with RVG-FITC and FITC
uptake by CD11b™ cells in the spleen, peripheral blood, and brain determined by flow cytometry 1 hour after injection. Representative histo-
grams (upper panel) and cumulative data (lower panel) from two independent experiments with three mice each are shown. Mean values were
normalized to control. Gray, wild-type mice without RVG-FITC injection; black, wild-type mice injected with RVG-FITC; red, AchR knockout mice
injected with RVG-FITC. Error bars indicate SD; *P < 0.05. (b,c) Mice were i.v. injected with cyclophilin B siRNA (siCyPB) complexed with RVG-
9dR and CD11b* macrophages and microglia cells were immunomagnetically isolated from the spleen and brain 24 and 48 hours after siRNA
treatment and tested for the presence of (b) specific siRNA and (c) cyclophilin B gene silencing by qRT-PCR. Mean values were normalized to
U6B snRNA in b and to B-actin and expressed as percentage of no siRNA control in €. ND, not detected. Error bars indicate SD; *P < 0.05. AchR,
acetylcholine receptor; FITC, fluorescein isothiocyanate; qRT-PCR, quantitative reverse transcription-PCR; RVG, rabies virus glycoprotein; siRNA,

small interfering RNA.

levels in the culture supernatants were quantitated by ELISA. Both
TNF-a mRNA and secreted TNF-a were significantly reduced in
Raw 264.7 and N9 cells when treated with RVG-9dR/siTNE, but
not with an irrelevant siLuc bound to RVG-9dR (Figure 4a,b).
Next, we tested whether siTNF delivered by RVG-9dR peptide
was able to silence TNF-a secretion by microglia and macrophages
in vivo. Mice were i.v. injected with siTNF or control siLuc com-
plexed with RVG-9dR and 24 hours later, treated with LPS. TNF-a
mRNA levels in the immunomagnetically isolated CD11b™ splenic
macrophages and brain microglial cells were determined 1 and 24
hours after LPS injection. At 1 hour after LPS injection, TNF-a
mRNA level in the macrophages obtained from LPS injected and an
irrelevant siRNA (siLuc)-treated mice increased 24-fold compared
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to that of macrophages from mice not treated LPS (Figure 4c,
upper panel). Strikingly, TNF-a mRNA levels in macrophages from
siTNF-treated mice was reduced by nearly 90% compared to that
of siLuc-treated mice macrophages. TNF-a mRNA levels of mac-
rophages decreased to basal level in all animals 24 hours after LPS
injection. In contrast to the splenic macrophages, TNF-a mRNA
levels in the brain microglia cells did not increase significantly
in any group of animals at 1 hour after LPS injection. However,
24 hours after LPS injection TNF-a mRNA levels in siLuc-treated
mice microglia increased 15-fold compared to that in normal mice
microglia without LPS treatment (Figure 4c, lower panel). TNF-a
mRNA expression in microglia from siTNF-treated mice was
reduced ~65% compared to that of microglia from siLuc-treated
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Figure 3 LPS-induced neuronal cell death in mice brain is TNF-a dependent. (a) LPS-induced production of TNF-o. was measured by ELISA in
the serum of TNF-o. knockout (KO) and wild-type (WT) mice 1 hour and 24 hours after administration of LPS (5mg/kg, i.p.). Open bars, 1 hour;
solid bars, 24 hours. Error bars indicate SD. N = 3. (b) Representative images of TUNEL staining of brain tissue sections from TNF-o. knockout and
wild-type mice 24 hours after LPS injection. PBS was injected as a control. DAPI (blue), TUNEL (red). n = 3. DAPI, 4’,6-diamidino-2-phenylindole;
ELISA, enzyme-linked immunosorbent assay; i.p., intraperitoneal; LPS, lipopolysaccharide; PBS, phosphate-buffered saline; TNF-o, tumor necrosis

factor-o; TUNEL, terminal dUTP nick-end labeling.

mice. Correspondingly, microglial activation as revealed by CD86
expression was also significantly lower in siTNF-treated mice
compared to siLuc-treated mice (Figure 4d). Although peripheral
macrophage-released TNF-a is also known to stimulate microglial
cells to secrete more TNF-q,° this is unlikely to be the sole reason
for TNF-a silencing in microglia cells because our results shown
in Figure 2 clearly demonstrated siRNA delivery and gene silenc-
ing in microglia cells in vivo. However, to confirm siRNA delivery
to microglia cells in this series of experiments, we also tested for
the physical presence of TNF siRNA in isolated microglia cells by
quantitative RT-PCR. As shown in Figure 4e, TNF siRNA could
be detected in microglia cells from siTNF-, but not in the control
siLuc-treated mice. Collectively these results show that TNF-a can
be suppressed by RVG-9dR-peptide mediated siRNA delivery in
macrophages and microglial cells in vitro as well as in vivo.

RVG-9dR mediated siTNF delivery protects from
LPS-induced neuronal cell death in mice brains

To discern the effects of TNF-a silencing on LPS-induced neuronal
death, we measured the number of neurons undergoing apoptosis.
Mice were treated with siTNF or the control siLuc siRNA com-
plexed with RVG-9dR and 24 hours later, LPS was administered
as described earlier. Brain sections, obtained 24 hours after LPS
treatment were stained with the neuronal marker Nissl and the cell
death marker, cleaved caspase-3. Few cleaved caspase-3 positive
cells were found in normal mouse brain without LPS treatment
(Figure 5a,b). In the LPS-injected group without siRNA treatment,
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the number of cleaved caspase-3 positive cells was significantly
increased by eightfold as compared with that in normal mouse
brain. The number of apoptotic cells was significantly reduced by
62% in siTNF-treated group, when compared with that in the non-
siRNA-treated group (Figure 5a,b). However, this protective effect
was not observed in siLuc-treated group and the number of apop-
totic cells was similar to that of non-siRNA-treated group. From
the same animals, we could also observe reduced TNF-a produc-
tion only in siTNF-treated group both at the mRNA and protein
levels (Figure 5¢,d). Thus, RVG-9dR mediated siTNF delivery sup-
presses LPS-induced neuronal apoptosis.

DISCUSSION

Due to the relatively large size (compared to small molecule drugs)
and anionic charge of siRNAs, delivery to the target cells in vivo
remains the major constraint for its therapeutic use. In the pres-
ent study, we have developed a new nonviral method for systemic
delivery of siRNA to microglia and macrophages and shown
the practical utility of this approach by preventing LPS-induced
neuronal apoptosis in the mouse brain.

Macrophages and microglia play a critical role in the initia-
tion and maintenance of neuroinflammation by releasing proin-
flammatory cytokines that can lead to tissue destruction. In fact,
elevated levels of TNF are seen in a large number of neurologi-
cal disorders including multiple sclerosis, Alzheimer’s disease,
and Parkinson’s disease. Manipulation of TNF and TNF recep-
tor pathway in several animal models of disease also suggest
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an important role for TNF in neurological diseases (reviewed
in ref. 14). Thus, targeting TNF action in the brain may be an
attractive therapeutic strategy that might slow the progression
or attenuate the severity of the disease. RNA interference pro-
vides a novel method to silence-specific gene expression and is
under clinical trial for several diseases.® siRNA has also been
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used to suppress TNF and in fact, siRNA complexed with the cat-
ionic lipid TransIT TKO transfection reagent effectively silenced
TNF in vivo and rescued mice from the lethal effects of LPS.”
Similarly, intraperitoneal administration of TNF siRNA com-
plexed to TransIT TKO also silenced TNF in macrophages and
enhanced herpes simplex virus encephalitis in mice.? However,
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PCR; RVG, rabies virus glycoprotein; TNF-o, tumor necrosis factor-c.

the lipid-based TransIT transfection reagent that was used in
those studies to deliver siRNA is not ideal for human therapy and
moreover, will not be useful for siRNA delivery to microglial cells.
We have previously shown that RVG-9dR peptide can transport
siRNA into the CNS and is therefore suited for silencing genes in
the brain cells. Because as shown here, AchR is also expressed by
macrophages and microglial cells, this system provides a power-
ful way for dual targeting of macrophages and microglia cells.
Such dual targeting appears to be important for TNF-related CNS
diseases because of the crosstalk between peripheral macrophages
and CNS microglia cells. As mentioned earlier, a short outburst
of TNF from peripheral macrophages can lead to chronic activa-
tion of microglia and once primed, microglia cells respond more
vigorously to the peripheral macrophage-released TNF-a and
therefore perpetuate neuroinflammation.® Thus, by preventing
both this initial damage by peripheral macrophages and the reac-
tive microgliosis at the same time, RVG-9dR-mediated siRNA
delivery is likely to prevent the self-propelling and vicious cycle
of neuronal damage. Moreover, peripheral macrophages can also
cross the blood-brain barrier to enter the brain in certain disease
situations and suppressing TNF-a in peripheral macrophages
would also prevent CNS inflammation induced by this. It is theo-
retically possible that uptake of siRNA by other AchR-expressing
cells (neuronal cells and neuromuscular junction) might limit
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delivery to macrophages and conversely uptake by macrophages
might limit delivery to neuronal cells. However, our experiments
suggest that at a clinically acceptable dose of 2.5 mg/kg, effective
siRNA delivery and gene silencing occurs in macrophages as well
as microglia cells.

Although naked siRNA is rapidly destroyed by serum nucle-
ases, by using the appropriate delivery system, it is possible to
improve the biological stability, targeted cell uptake, and the
pharmacokinetics of siRNA.?” We have previously shown that
siRNA binding to RVG-9dR peptide confers resistance to nucle-
ase degradation and thus improves the biological stability of siR-
NA.? In other studies, we have found that substituting chemically
stabilized siRNA to naked siRNA for RVG-9dR binding did not
enhance gene silencing activity in vivo, suggesting that RVG-9dR
binding is enough for stability. Thus our delivery method obvi-
ates the need for introduction of expensive chemical modifica-
tions to the siRNA for in vivo use. In addition, since it allows
targeted delivery to desired cell types, our method also enhances
the bioavailability of siRNA. We have also previously shown
that injection of RVG-9dR/siRNA complex in mice does not
induce toxicities due to activation of interferon or innate immu-
nity. Similarly the peptide also did not induce peptide-antibody
responses and thus this system could be used for repeated siRNA
administration.
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Although silencing TNF-a provided substantial protection
against LPS-induced apoptosis, the protection was not complete.
This could be because TNF-a may not be the sole contributor to
neurotoxicity. Because factors other than TNF-a are also involved
in inflammatory reactions, silencing these pathways might be
important. For example, in multiple sclerosis, activated mac-
rophages secrete an increased amount of nitric oxide, which has
neurotoxic effects.® In addition, excessive oxidative stress is also
thought to play a critical role during the pathogenesis of Parkinson’s
disease and much attention has been placed on nitric oxide as a key
factor.” Thus, a combination of siRNAs to silence several inflamma-
tory mediators may be necessary to enhance neuronal protection.
Because RVG-9dR provides a generic platform for siRNA delivery,
multiple gene silencing in targeted cells could be achieved simply by
mixing the different siRNAs with the peptide. Moreover, AchR a7
subunit is also expressed by human macrophages and our unpub-
lished data suggests that RVG peptide also binds to the receptor
human macrophages, making clinical translation relatively easy.

In summary, we have shown that RVG-9dR provides a tool
for targeted siRNA delivery to both microglia and macrophages
in vivo. These findings overcome a critical barrier of in vivo delivery,
significantly enhancing the prospect of siRNA-based therapeutics
for autoimmunity and neuroinflammation.

MATERIALS AND METHODS

Peptides and siRNAs.RVG (Y TIWMPENPRPGTPCDIFTNSRGKRASNG),
scrambled RVG (WESYRTRAIPKCSPGTDPMINPFTRGNGN), RVG-
9dR  (YTTWMPENPRPGTPCDIFTNSRGKRASNGGGGRRRRRRRRR),
and RV-MAT-9dR (MNLLRKIVKNRRDEDTQKSSPASAPLDGGGGRR
RRRRRRR) peptides were synthesized and purified by high-performance
liquid chromatography at the Tufts University Core Facility (Boston, MA).
In RVG-9dR and RV-MAT-9dR peptides, the carboxy-terminal nine argi-
nine residues were D-arginine. For some experiments, RVG and scram-
bled RVG peptides were conjugated with FITC at the amino terminus.
siRNAs used in the studies included those targeting GFP (siGFP; 5'-GGC
UACGUCCAGGAGCGCAATAT-3"), firefly luciferase (siLuc; 5'-CUUACG
CUGAGUACUUCGAJTAT-3"),” mouse TNF-a (siTNF; 5-GACAACCA
ACUAGUGGUGCATAT-3’), and CyPB (siCyPB, 5-UGUCUUGGUGCU
CUCCACCATAT-3’), were synthesized at Dharmacon (Lafayette, CO). For
some experiments, siRNA with FITC label at the 3" end of the sense strand
was used.

siRNA transduction and gene silencing in vitro. Uptake of FITC-labeled
siRNA and silencing of target gene expression were monitored in vitro
using N9, Raw 264.7, GFP-expressing Raw 264.7 cells (transduced with
the pLL3.7 lentiviral vector). Cells were plated in 12-well plates at 2.5 x 10°
cells per well for 12-16 hours before transduction. RVG-9dR/siRNA com-
plexes, prepared by incubating 100 pmol of indicated siRNA (100 pmol/l
concentration for cell culture) with RVG-9dR peptide at a 10:1 peptide/
siRNA ratio in serum-free medium for 15 minutes, were added to the
wells in a final volume of 0.5ml. After incubation for 4 hours at 37 °C the
medium was replaced with 0.5 ml of fresh medium supplemented with 10%
fetal bovine serum (Invitrogen, Carlsbad, CA) and the cells were cultured
for a further 24 or 48 hours before being examined by flow cytometry
or RT-PCR. Transfection with Lipofectamine 2000 (Invitrogen) was per-
formed in accordance with the manufacturer’s instructions. To test TNF-a
gene silencing, Raw 264.7 and N9 cells were transduced with 100 pmol of
siTNF (100 umol/l concentration for cell culture) complexed to RVG-9dR
peptide and treated with 5pg/ml of LPS (Sigma, St Louis, MO) 24 hours
later. TNF-a expression was analyzed by RT-PCR and ELISA 10 hours
after LPS treatment.
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Animal experiments for testing siRNA delivery and gene silencing.
BALB/cJ, C57BL/6], B6.129S7-Chrna7tm1Bay/] (AchR knockout mice),
and B6; 129S-Tnftm1GKkl/] (TNF knockout mice) mice were purchased
from The Jackson Laboratory (Bar Harbor, ME) and used at 6-8 weeks of
age. All animal experiments had been approved by the Immune Disease
Institute institutional review board and performed in the animal facil-
ity at the Immune Disease Institute. To test peptide uptake in vivo, 50 ug
of RVG-FITC or scrambled RVG-FITC peptides in 0.2ml of PBS were
injected into tail veins of AchR knockout mice and wild-type mice; 1 hour
later, single-cell suspensions of spleens, brains, and peripheral blood were
treated with phycoerythrin-labeled CD11b antibody and analyzed by
flow cytometry. To test LPS-induced neuronal cell death in mice, 5mg/
kg LPS was injected intraperitonealy into TNF knockout and wild-type
mice. TNF-a production was monitored by ELISA in the serum 1 hour
and 24 hours after LPS injection. Terminal dUTP nick-end labeling
staining of brain sections was performed to assess neuronal cell death
24 hours after LPS injection using in situ cell death detection kit (Roche,
Indianapolis, IN). Brains were embedded in OCT compound (Sakura
Finetek, Torrance, CA) and frozen sectioned on a sliding microtome
(Leica Instruments GmbH, Nussloch, Germany) at a thickness of 40 um.
Brain sections were stained in accordance with the manufacturer’s pro-
tocol and counter-stained with 0.5 pug/ml 4’,6-diamidino-2-phenylindole
(Vector Laboratories, Burlingame, CA). For all siRNA delivery experi-
ments, peptide/siRNA complexes (at a peptide to siRNA molar ratio of
10:1) were prepared in 100-200 pl of 5% glucose and injected i.v. into the
tail vein at 50 pg of siRNA (2.5mg/kg for in vivo injection) per mouse
per injection. To test siCyPB delivery, C57BL/6] mice were injected with
peptide/siRNA complexes twice, 6 hours apart, and spleen and brain were
harvested after a further 18 hours to analyze siRNA uptake and gene
silencing. To test in vivo TNF-a silencing, BALB/c] mice were i.v. injected
twice with peptide/siRNA complexes, 6 hours apart. Twenty-four hours
later, LPS (5mg/kg) was intraperitonealy injected into mice and organs
were harvested after a further 1 hour and 24 hours. Microglia and mac-
rophages were immunomagnetically isolated from harvested brain and
spleen using CD11b* magnetic beads (Militenyi Biotec, Auburn, CA)
and analyzed for TNF-a mRNA expression by RT-PCR. To isolate micro-
glia, total CNS leukocytes were directly isolated from mice as described.*
Mice were transcardially perfused with ice-cold PBS. Brains were dis-
sected and mechanically dissociated in PBS. Single-cell suspensions
prepared and centrifuged over a 37%/70% discontinuous Percoll gradi-
ent (GE Healthcare, Piscataway, NJ) and immune cells isolated from the
interface. Microglia were selectively purified from the CNS by CD11b™*
magnetic beads as described.”® For testing protection against neuronal
apoptosis, harvested brains were frozen sectioned and incubated for 24
hours at 4 °C with fluorescein-conjugated anti-cleaved caspase-3 antibod-
ies (1:100 dilution; Cell Signaling Technology, Danvers, MA). Next, the
sections were counter-stained with the nuclear Nissl counterstain, Neuro
Trace Red Fluorescent Nissl Stain (1:200 dilution; Molecular Probes,
Leiden, the Netherlands).

Analysis of cellular siRNA levels. Mice were given two administrations,
6 hours apart, of RVG-9R/siRNA (50 ug siRNA/injection, intravenous).
Twenty-four hours after administration, microglia and macrophages were
isolated from brain and spleen with CD11b* magnetic beads, and small
RNAs were extracted with the miRNeasy mini kit (Qiagen, Valencia, CA).
The small RNAs were poly(A) tailed by A-plus poly(A) polymerase tail-
ing kit (Epicentre, Madison, WT) and subjected to 3'RACE RT-PCR-based
real-time PCR with RT-oligo dT and siRNA specific or small noncoding
RNA U6B-specific primers as described.*

Quantitative RT-PCR. Total RNA was isolated from the cells or brain
tissue by using an RNeasy mini kit (Qiagen). The RNA was reverse tran-
scribed with the SuperScript IIT First Strand synthesis kit and random
hexamers (Invitrogen) in accordance with the manufacturer’s protocol.
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RT-PCR was performed on 2ul of complementary DNA with SYBR
Premix Ex Taq Polymerase (Takara Bio, Otsu, Japan) and ABI prism 7000
according to the manufacturer’s instructions. Amplification conditions
were as follows: 40 cycles of denaturation at 95 °C for 30 seconds, anneal-
ing at 55°C for 30 seconds, and extension at 72°C for 30 seconds with a
Bio-Rad iCycler (Bio-Rad, Philadelphia, PA). Primers used were: mouse
TNF-a (forward, 5'-CTACTCCCAGGTTCTCTTCAA-3" and reverse, 5’-
GCAGAGAGGAGGTTGACTTTC-3’), mouse B-actin (forward, 5- AGA
GGGAAATCGTGCGTGAC-3"andreverse, 5-CAATAGTGATGACCTG
GCCGT3’). Relative TNF-a and CyPB mRNA expression was normalized
with B-actin mRNA and calculated using the §Ct method.

Measurement of TNFa-production. Brains were removed after eutha-
nization and homogenized in 500l of sterile PBS. Supernatants were
collected by centrifugation at 12,000 r.p.m. for 5 minutes at 4°C and used
for analysis. Cell culture supernatants or serum samples were also col-
lected by centrifugation at 12,000 r.p.m. for 5 minutes at 4°C to remove
any particulates. Each sample was assayed by TNF-a ELISA kit (R&D
Systems, Minneapolis, MN) according to the manufacturer’s procedures.
Briefly, samples were added to a 96-well plate precoated with affinity-
purified polyclonal antibodies specific for mouse TNF-a. An enzyme-
linked polyclonal antibody specific for mouse TNF-a was added to the
wells and left to react for 2 hours, followed by a final wash to remove any
unbound antibody-enzyme reagent. The intensity of the color detected at
450 nm (correction wave length 570 nm) was measured after addition of
a substrate solution.

Flow cytometry. Flow cytometry of cell surface antigens was performed
as described.” The following monoclonal antibodies were used: rabbit poly-
clonal anti-nicotinic AchR a7 (Abcam, Cambridge, MA), FITC-conjugated
anti-rabbit IgG (Abcam), anti-CD86-Biotin (eBioscience, San Diego, CA),
and Streptavidin-APC (BD Biosciences, Franklin Lakes, NJ). Data were
acquired and analyzed on FACScan with CellQuest (Becton Dickinson,
Franklin Lakes, NJ) or FlowJo (TreeStar, Ashland, OR) software.

Statistical analysis. Statistical analysis was performed by one-way analysis
of variance and comparisons among groups were performed by indepen-
dent sample t-test or Bonferroni’s multiple-comparison ¢-test. P < 0.05 was
considered significant.

SUPPLEMENTARY MATERIAL

Figure S1. RVG-9dR allows siRNA delivery to AchR-expressing
macrophage and microglial cell lines in vitro.

Figure $2. Naked siRNA is not taken up by macrophages in vivo.
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