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was dispensable for the anti-HBV effect, as PSC833, a
CsA derivative inactive for CN inhibiton (Fig. 4B),'®
could still inhibit HBV infection (Fig. 4C). As
PSC833 and FK506 did not bind to the active site of
CyPs (Fig. 4D), CyP inhibition is not likely to be
responsible for the anti-HBV activity.

CsA Blocked HBYV Infection Through Targeting
NTCP Recently, NTCP was reported as a candidate
entry receptor for HBV.?* A transporter activity assay
showed that CsA inhibited the activity of NTCP both
in 293 (Fig. 5A) and HepG2 cells (Fig. 5B) engineered
to stably overexpress NTCP, as previously reported.*
CsA was also suggested to bind to NTCP on the
membrane in a ligand binding assay using HepG2-
NTCP cells (Fig. S2).

NTCP messenger RNA (mRNA) was expressed in
HepaRG cells and PHH, which are HBV-susceptible,
while little to no expression was detected in HBV-
nonsusceptible cell lines including HepG2, Huh-7,
FLC4, and nonhepatocyte Hela cells (Fig. 5C). In con-
trast, CyPA and CyPB were expressed in all of these cell
lines, irrespective of infection susceptibility. Intriguingly,
we found that the inhibition of NTCP transporter
activity correlated with anti-HBV entry activity (Figs.
5A, 4AB). These results suggest the possibility that
compounds targeting NTCP have the potential to block
HBYV infection. To test this prediction, we treated Hep-
aRG cells with compounds known to inhibic NTCR
including ursodeoxycholate, cholic acid, propranolol,
progesterone, and bosentan®>?® to investigate the effect
on HBV entry using the protocol in Fig. 1A. As shown
in Fig. 5D, these compounds inhibited HBV infection.
Thus, inhibition of NTCP blocked HBV infection. We
also showed that HepG2 cells overexpressing NTCP
were susceptible to HBV infection (Fig. 5E), as reported
recently.®* Treatment with CsA also reduced HBs and
HBe secretion when these cells were infected with
HBV (Fig. 5E), suggesting that CsA inhibited NTCP-
mediated HBV infection.

The binding of the HBV large envelope protein
(LHBs) to NTCP was reported to be important for
HBV entry.”* Thus, one mechanism by which com-
pounds that directly inhibit NTCP activity may block
HBV entry is interruption of the binding between
NTCP and LHBs. To test this possibility, we established
an AlphaScreen assay to evaluate LHBs-NTCP binding
in vitro as described in the Materials and Methods. Iz
vitro synthesized NTCP and LHBs were at least partially
functional, as NTCP bound to its substrate TCA (Fig.
S3A) and LHBs could neutralize HBV infection into
HepaRG cells (Fig. S3B). As shown in Fig. 5, incuba-
tion of recombinant NTCP with LHBs but not middle
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(MHBs) and small envelope protein (SHBs) produced a
significant AlphaScreen signal (Fig. 5F-a, left) indicative
of a direct protein-protein interaction. In contrast to
NTCP, recombinant GST or other nonrelevant proteins,
LCK and FYN,” did not produce a binding signal
when incubated with LHBs (Fig. 5F-a), suggesting that
our AlphaScreen assay produced a specific signal for the
interaction of NTCP with LHBs. Consistent with the
report that the pre-S1 region of LHBs was important
for the binding to NTCP? the signal was decreased in a
dose-dependent manner by the addition of pre-S1 lipo-
peptide HBVpreS/2-48™"° (Fig. SF-b) but not of an
inactive mutant of pre-S1 (Fig. S3C), indicating a com-
petition of pre-S1 with LHBs for NTCP binding. In
this assay, CsA as well as FK506 and a CsA derivative,
SCYX1454139 (see the next section), were shown to
reduce the signal for LHBs-NTCP binding in a dose-
dependent manner (Fig. 5F-c,d,e). These results suggest
that CsA targets NTCP and thereby inhibits the interac-
tion between LHBs and NTCP.

Identification of CsA Analogs Possessing a Higher
Anti-HBV  Potential. Considering CsA as a lead
compound, we tested CsA analogs for anti-HBV activ-
ity. As shown in Fig. 6A, SCYX618806 reduced HBs
secretion after HBV infection, while a related analog
SCYX1774198 did not have a significant anti-HBV
effect (Fig. 6A,C). Additional analogs, SCYX827830
and SCYX1454139, had significant anti-HBV activities
(Fig. 6A,C). Alisporivir (Debio 025), an ant-HCV
drug candidate,”® also decreased HBV infection to the
equivalent level to CsA (Fig. 6B). Figure 6D shows a
dose-dependent reduction of HBs secretion by treat-
ment with SCYX618806, SCYX827830, and
SCYX1454139, all of which had more potent anti-
HBV activities than CsA (compare Fig. 6D with Fig.
2A). These results indicate that ant-HBV activity is
not disrupted by at least some changes to the 3-
glycine, 4-leucine, and 8-alanine residues of CsA,
although additional analogs will need to be evaluated
for a full understanding of the structure-activity rela-
tionships. Notably, SCYX618806 and alisporivir bear
modifications on the 4-leucine residue of the CsA
backbone that prevent CN binding and immunosup-
pressive activity (Table S1), further confirming that
anti-HBV activity does not require immunosuppressive
activity. Notably, SCYX1454139 showed the strongest
anti-HBV entry activity among 50 CsA derivatives
examined (data not shown and Fig. GE). The median
inhibitory concentrations (ICsgs) for anti-HBV activity
as well as CCsps determined by an MTT-based cell
viability assay are shown in Fig. GE. The ICsy and
CCsq of SCYX1454139 were 0.17 £0.02 and >10
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Fig. 5. NTCP inhibitors blocked HBV infection. (A) NTCP transporter activity was examined following CsA, FK506, rapamycin, and PSC833
treatment of 293 cells overexpressing NTCP, as described in the Materials and Methods. Dose-response curves and ICsps for inhibition of NTCP
transporter activity are shown. (B) NTCP transporter activity was measured in HepG2-NTCP cells treated with or without CsA 10 uM or taurourso-
deoxycholic acid (TUDCA) 10 uM as a positive control. (C) Expression of mRNAs for NTCR, CyPA, CyPB, and GAPDH in HepaRG, PHHs, HepG2,
Huh-7, Hela, and FLC4 cells was determined by RT-PCR. (D) HepaRG cells were treated with or without CsA 4 uM, ursodeoxycholate 100 uM,
cholic acid 100 uM, propranolol 100 uM, progesterone 40 uM, bosentan 100 uM, and heparin 25 U/mL according to the scheme in Fig. 1A.
Secretion of HBs and HBe was quantified. (E) HepG2 cells overexpressing NTCP (HepG2-NTCP) and the parental HepG2 cells were pretreated
with or without CsA or heparin for 2 hours, then treated with HBV for 16 hours. HBV infection was monitored with HBs and HBe secreted from
the cells. (F) AlphaScreen assay to evaluate the binding between NTCP and large envelope protein (LHBs) as described in the Materials and
Methods. (a) Left, His-tagged GST (white bars) or NTCP (black bars) are incubated with large (LHBs), middle (MHBs), or small envelope protein
(SHBs). Right, His-tagged NTCP and other nonrelevant proteins, LCK and FYN, and GST were incubated with LHBs, MHBs, and GST. (b-e) His-
tagged GST (white bars) or NTCP (black bars) were incubated with LHBs in the presence of varying amounts of pre-S1 lipopeptide HBVpreS/2-
48™7 (b; 0, 7.7, 15.3, 30.7, and 61.3 uM), CsA (c; 0, 37.5, 75, 150, and 300 uM), FK506 (d; 31, 63, 125, 250, and 500 uM), and
SCYX1454139 (e; 0, 37.5, 75, 150, and 300 uM), respectively. *P < 0.05, **P < 0.01.

UM, respectively, a profile superior to that of CsA SCYX1454139 was also observed in PHHs, in which
(ICsp and CCsp of 1.17 £0.22 and >10 uM, respec- also the anti-HBV effect of SCYX1454139 was more
tively). Inhibition of HBV infection by treatment with remarkable than that of CsA (Fig. 6F). These results
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Fig. 6. Analysis of CsA analogs. (A,B) Anti-HBV activity of CsA analogs. HepaRG cells were treated with or without dimethyl sulfoxide (DMSQ),
heparin 10 U/mlL, lamivudine 1 uM, CsA 4 uM, or its analogs, SCYX618806, SCYX1774198, SCYX827830, and SCYX1454139 (A) or alisporivir
(B) at 4 uM, as shown in Fig. 1A to measure HBs and HBe secretion level. (C) Chemical structures of CsA and its derivatives. (D) Dose-
response curves for CsA analogs. HepaRG cells were treated with or without various concentrations of SCYX618806, SCYX827830, or
SCYX1454139 (0.25, 0.5, 1, 2, and 4 uM) as shown in Fig. 1A. (E) ICses (1M) for CsA and its analogs in blocking HBV infection are shown.
CCs0S (uM) determined by the MTT cell viability assay are also shown. (F) PHHs were treated with CsA and its derivatives at 4 uM or left
untreated according to the protocol in Fig. 1A, and HBV infection was monitored by HBs protein secretion. *P < 0.05, **P < 0.01.

clearly indicate that analogs of CsA may include com-
pounds with greater anti-HBV potency than that of
CsA itself.

Discussion

Previous reports have demonstrated that CsA sup-
presses the replication of a variety of viruses including
human immunodeficiency virus, HCV, influenza virus,

cy

severe acute respiratory syndrome coronavirus, human
papillomavirus, flaviviruses, vesicular stomatitis virus,
and vaccinia virus.'®**® Virological analyses using
CsA further demonstrate that CyPs are involved in the
replication of these viruses. In this study, we showed
that CsA inhibited the entry of HBV but in an appa-
rent CyP-independent manner. It was previously
reported that CsA suppressed HBV replication in a cell
culture system carrying an HBV transgene,47 However,
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this antireplication effect is not likely to be responsible
for the anti-HBV activity observed in this study, based
on several observations. First, the experimental system
mainly used in this study (Fig. 1A) is likely to evaluate
the early phase of HBV infection but not HBV repli-
cation. Second, the suppression of HBV replication by
CsA reported previously was mediated by blocking the
mitochondrial permeability transition pore possibly
through binding to mitochondrial CyPD.***® The
anti-HBV activity shown in this study, however, had
no correlation with binding to CyPs, suggesting that
the inhibition of HBV infection in HepaRG cells and
PHHs is not from the result of suppression of HBV
replication. Rather, CsA inhibited NTCP transporter
activity and disrupted the binding between NTCP and
LHBs in vitro. Moreover, inhibition of HBV infection
could be observed by treatment with other compounds
having the capacity to inhibit NTCP. These results
suggest that targeting NTCP blocks HBV infection.
The current anti-HBV agents are mainly comprised
of nucleos(t)ide analogs and IFNs. Development of
anti-HBV agents targeting different molecules is greatly
needed for achieving improved treatment of HBV
infection, especially to combat drug-resistant virus.
HBV cell entry mechanisms have been poorly defined.
At the initial stage, HBV attaches to target cells with
low affinity through binding involving cellular factors
including heparan sulfate proteoglycans.”®* For the
subsequent entry mechanism, it has recently been
reported that NTCP is essential for HBV-specific
entry.”> Although the precise mechanism for entry and
internalization is as yet incompletely understood, inter-
ference with this step has emerged as an attractive
approach for development of novel therapeutics. For
example, Gripon et al.” demonstrated that a peptide
mimicking the pre-S1 region of large envelope protein
prevented HBV infection in a mouse model. These
results suggest that inhibiton of virus cell entry could
be an effective strategy for preventing HBV infection
to achieve clinical outcomes such as for postexposure
prophylaxis, blockage of vertical transmission, and pre-
vention of HBV recurrence after liver transplantation.
Given that HBV reactivation generally occurs under
immunosuppressive conditions,”® it is uncertain
whether clinically relevant doses of CsA or FK506
could be helpful in preventing HBV reactivation after
liver transplantation. It remains also unknown in gen-
eral whether entry inhibitors could be effective in elim-
inating chronic HBV infection. Future studies should
evaluate whether inhibition of HBV entry by CsA or
its derivatives can reduce persistent HBV infection,
especially in combination with nucleos(t)ide analogs or
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interferons. In this study, we obtained nonimmunosup-
pressive CsA derivatives that could inhibit HBV entry
(Fig. 6). Moreover, a small-scale analog analysis identi-
fied a CsA derivative exhibiting more potent inhibition
of HBV infection, with an ICsy of 0.1-0.2 uM (Fig.
6). This ICsg is equivalent to the anti-HCV replication
activities of alisporivir or SCY-635 (0.22 uM and 0.08
uM, respectively), drugs which have been shown to
reduce HCV viral load in infected patients during clin-
ical trials.’® Further analog analysis using CsA as a
plattorm may identify more potent anti-HBV
compounds.

In general, antiviral drugs targeting a cellular factor
select drug-resistant viruses at a lower frequency than
do direct-acting antiviral agents. Cellular targets rele-
vant for anti-HBV drug development have been poorly
defined to date. This study has demonstrated that
small molecules targeting NTCP can inhibit HBV
infection. Further study of NTCP inhibitors and CsA

derivatives may provide a new anti-HBV strategy tar-
geting a cellular factor, which is less likely to foster
emergence of drug-resistant viruses.
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Table 1. Sorafenib-Related Adverse Events (AEs)

Toxicity Grade 1 Grade 2 Grade 3 Total
Nonhematological

HFS 6 (19.3%) 3 (9.7%) 6 (19.3%) 15 (48.4%)
Diarrhea 7(22.6%) 6 (19.3%) 1(3.2%) 14 (45.2%)
Abdominal pain 7 (22.6%) 1 (3.2%) 3 (9.7%) 11 (35.5%)
Fatigue 7 (22.6%) 10 (32.2%) 7 (22.6%) 24 (77.4%)
Anorexia 0 (0%) 9 (29.0%) 0 (0%) 9 (29.0%)
Nausea 4(12.9%) 1(3.2%) 0 (0%) 5 (16.1%)
Hyperbilirubinemia 9 (29.0%) 3 (9.7%) 3 (9.7%) 15 (48.4%)
Hypertransaminasemia 18 (58.1%) 6 (19.3%) 0 (0%) 24 (17.4%)
Hematological

Thrombocytopenia 13 (41.9%) 3 (9.7%) 4 (12.9%) 20 (64.5%)
Neutropenia 1 (3.2%) 4 (12.9%) 0 (0%) 5 (16.1%)
Anemia 1 (3.2%) 3(9.7%) 0 (0%) 4 (12.9%)

Therefore, we conducted a retrospective analysis to evaluate the
tolerability of sorafenib in elderly patents with advanced HCC.
The study involved a consecutive cohort of 31 padents, aged
between 70 and 83 years, with advanced HCC, Child-Pugh A or
B, Eastern Cooperative Oncology Group (ECOG) Performance
Status 0-2, and who were not suitable candidates for or had pro-
gressed after locoregional therapies. Patients were treated with
single-agent sorafenib, at a standard dose of 400 mg twice daily
orally. Treatment was continued until disease progression or unac-
ceptable toxicity. Self-sufficiency and impact of treatment on qual-
ity of life were assessed administering the IADL (Instrumental
Activities of Daily Living) scale at baseline and every clinic visit.
Adverse events (AEs) were reported using the National Cancer
Institute Common Terminology Criteria for Adverse Events (NCI
CTCAE) version 3.0.

Our sample included an elderly population with frequent
comorbidities. The most represented (80.6%) were cardiovascular
discases (primarily hypertension). Therefore, blood pressure was
monitored weekly during the first 6 weeks of treatment and regu-
larly thereafter. No adjustment or new institution of antihyperten-
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sive therapy was required. The median duraton of sorafenib
creatment was 139 days, ranging from a minimum of 1 to a maxi-
mum of 12 months. AEs were reported in all patients, mostly dur-
ing the first month and of grade 1 or 2. Grade 3 side effects were
fatigue (22.6%), hand-foor syndrome (19.3%), thrombocytopenia
(12.9%), hyperbilirubinemia (9.7%), abdominal pain (9.7%), and,
only in one case, diarrhea (3.29%). No grade 4 toxicity was noted
(Table 1). At baseline, the IADL score was >5 in 22 (71%)
patients. Only 150 days after starting treatment, that IADL score
decreased in 6 (19.3%) of 21 padents. This proves that the
observed toxicity did not affect the quality of life and the level of
self-sufficiency of most patients.

Our results indicate that sorafenib therapy is well tolerated also
in elderly patients with advanced HCC and it has a positive impact
on their self-sufficiency and quality of life.

Given the retrospective nature and the small sample size of this
analysis, our conclusions could be considered not generalizable.
However, we hope that they will promprt future prospective studies
which will focus more on the HCC elderly population.

Epoarpo Francing, M.D.
VINCENZO Bianco, M.D.
Sapienza University of Rome
Medical Oncology Unit
Rome, Italy
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Strategy for Preventing Hepatitis B Reactivation in Patients With Resolved Hepatitis B Virus
Infection After Rituximab-Containing Chemotherapy

To the Editor:

In a recent article in HepaToLoGy, Hsu et al.' reported on a
prospective study (NCT00931299) to determine the incidence of
hepatitis B virus (HBV) reactivation in 150 patients with resolved
HBYV infection receiving rituximab/CHOP chemotherapy. The
researchers indicated that HBV reactivation is not uncommon and
can be managed with regular monitoring of HBV DNA in serum.
However, there are some concerns regarding the management of
HBV DNA monitoring as described in this report.

First, Hsu et al.' reported that no HBV-related death occurred
during the study period, but that HBV-related severe hepatitis and
chemotherapy delay occurred in 7 (4.6%) and 2 (1.3%) patients,
respectively. Fusthermore, patients with HBV reactivation may have
a poorer prognosis than those without reactivation, suggesting that
HBV DNA monitoring could not enable successful management
of HBV reactivation in this setting. In fact, the researchers have
already described the usefulness of a more-sensitive HBV DNA
assay and they should show whether a second polymerase chain
reaction assay (detection limit: 300 copies/mL, assay #2) could pre~
vent severe hepatitis flare resulting from HBV reactivation by esti-
mating, in their retrospective analysis, the exact time between early
HBV DNA detection and onset of hepatitis.

Second, Hsu et al.' concluded that reappearance of hepatitis B
surface antigen (HBsAg) was the most important predictor of
HBV-related hepatitis flare, but there is no information regarding
the sensitivity and specificity of the HBsAg assay and these might
influence clinical outcome. The researchers should provide infor-
mation regarding the HBsAg assay in the Methods section and
specify the time between the reappearance of HBsAg and onset of
HBV-related hepatitis. In addidon, they should specify the inci-
dence of reappearance of HBsAg with persistence for more than
6 months in patients with HBV reactivation, because the chronic
HBV carrier state might negatively influence long-term outcomes,
regardless of fulminant hepatitis and HBV-related death.

Third, Hsu et al." discussed the importance of host factors associated
with HBV reactivation, but several articles have reported that the devel-
opment of fulminant hepatitis was associated with viral factors, which
especially included high levels of replication assodiated with muradons
in the precore region.>® The rescarchers should specify whether the
kinetics of HBYV DNA and severe heparitis were associated with precore
and/or basal core promoter mutations in the patents with HBV reacti-
vation, because general readers need to be aware of such important viral
factors to perform safe monitoring of HBV DNA.

Preemptive antiviral therapy guided by regular monitoring of
HBV DNA is a reasonable strategy to prevent HBV reactivation
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in padents with resolved HBV infection,"*” but a standard man-
agement according to the risk of HBV reactivation has not been
established as yet. We hope that the additional information can
help readers regarding the optimal interval and sensitivity of the
HBV DNA monitoring assay. In addition, if the reappearance of
HBsAg and viral mutations related to viral replication are good
predictive markers for severe hepatitis resulting from HBV
reactivation, we can recommend that antiviral treatment should
be started immediately for those patients with HBV reactivation.

Sigeru Kusumoro, M.D., Pu.D.!

Yasunrmo Tavaka, M.D., Pu.D.?

Masast Mizokami, M.D., Pr.D.?

Rvuzo Uepa, M.D., Pr.D.*

! Department of Medical Oncology and Immunology
Nagoya City University Graduate School of Medical
Sciences

Nagoya, Japan

“Department of Virology and Liver Unit
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Reply:

We thank Dr. Kusumoto and his colleagues for their comments
on our study,) Management of chemotherapy-induced hepatitis B
virus (HBV) reactivation in lymphoma patients with resolved HBV
infection is a challenging issue in endemic areas because 50%-60%
of the general population in those areas have resolved HBV infec-
tion, and the clinical courses of HBV reactivation in this patient
population vary greatly. Dr. Kusumoto pointed out several impor-
tant points that warrant further investigation.

With increasing sensitivity of the HBV DNA  tests,
chemotherapy-induced HBV reactivation can be detected in about
20% of lymphoma patients who receive rituximab/CHOP chemo-
therapy and can be detected earlier (median, 11.8 weeks eatlier
than the less-sensitive assay)."> However, in our study, most of the
additional HBV reactivations detected by the more-sensitive assay
were asymptomatic. Only 1 patient had a hepatitis flare, which
resolved spontaneously. It is difficult to analyze whether earlier use
of antiviral therapy by a more-sensitive assay can further reduce the
number of HBV-related heparitis flares, given the small number of
patients. Therefore, the clinical benefit of HBV reactivation
detected by the more-sensitive assay for pre-emptive antivirals
remains to be established.

Reappearance of hepatitis B surface antigen (HBsAg), which
can be measured conveniently in the clinic by chemiluminescent
immunoassay, such as the Abbotr Architect assay (Abbott Labora-
tories, Abbott Park, IL), was found, in our study, to be signifi-
cantly associated with HBV-related hepatitis flares. The sensitivity
of HBsAg tests currently used in the clinic can be as low as 0.05
IU/mL. Most of the patients were found to be HBsAg" ar the
time of hepatitis flare. Therefore an assay for HBsAg during the
chemotherapy course is strongly advocated, in additon to HBV
DNA. Whether HBsAg assay is useful, and more cost-effective
for managing HBV reactivations in lymphoma patients, warrants
a prospective study. Finally, we agree with Dr. Kusumoto that
persistence of HBsAg positivity for more than 6 months may
negatively influence long-term outcome, and long-term follow-up
of patients with reappearance of HBsAg is ongoing.

Dr. Kusumoto pointed out the potential importance of viral
factors, including the HBV replication levels and the presence of
precore/basal core promoter mutations, in the development of
severe hepatitis flare. Because the majority of the patients did not
have detectable HBYV DNA at baseline, we could not study the
viral factors before therapy. For those patients with HBV
reactivations, we are currently characterizing the viral genotypes
and variants. However, because the patient number is still limited,
studies of larger sample size and more-comprehensive evaluation of
the viral and host factors thar may contribute to HBV reactivation
are definitely needed.

Dr. Huang and his colleagues recently reported on a random-
ized trial of prophylactic antiviral therapy in lymphoma patients
with resolved HBV infection.” Although the short-term efficacy in
preventing HBV viral reactivation was clearly demonstrated, future
studies are warranted to evaluate the optimal duration of antiviral
therapy, the high-risk patient population for whom prophylactic
antiviral therapy is most indicated, and the effect of prophylactic
antiviral therapy on long-term outcome. In the endemic area, the
management strategies have to take additional factors, especially
cost-effectiveness, into account.

Cuun Hsu, M.D., Pu.D.M*

Per-Jer CHeN, M.D., Pr.D.>?

ANN-Lu CHeng, M.D., Pu.D."

Departments of IO;zca[ogy and Internal Medicine
National Taiwan University Hospital

Taipei, Taiwan



Journal of Controlled Release 201 (2015) 41-48

Journal of Controlled Release

journal homepage: www.elsevier.com/locate/jconrel

Contents lists available at ScienceDirect

Treatment of neurological disorders by introducing mRNA in vivo using
polyplex nanomicelles

Miyuki Baba *®, Keiji Itaka **, Kenji Kondo ”, Tatsuya Yamasoba ®, Kazunori Kataoka

@ CrossMark

a,ckk

# Laboratory of Clinical Biotechnology, Center for Disease Biology and Integrative Medicine, Graduate School of Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
Y Department of Otolaryngology, Head and Neck Surgery, Faculty of Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655, Japan
€ Department of Materials Engineering, Graduate School of Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

ARTICLE INFO

ABSTRACT

Article history:

Received 10 September 2014
Accepted 16 January 2015
Available online 17 January 2015

Keywords:

Messenger RNA (mRNA) administration
Neurological disorders

Olfactory dysfunction

Brain-derived neurotrophic factor (BDNF)
mRNA-based therapy

Sensory nerve disorders are difficult to cure completely considering poor nerve regeneration capacity and diffi-
culties in accurately targeting neural tissues, Administering mRNA is a promising approach for treating neurolog-
ical disorders because mRNA can provide proteins and peptides in their native forms for mature non-dividing
neural cells, without the need of entering their nuclei. However, direct mRNA administration into neural tissues
in vivo has been challenging due to too unstable manner of mRNA and its strong immunogenicity. Thus, using a
suitable carrier is essential for effective mRNA administration. For this purpose, we established a novel carrier
based on the self-assembly of polyethylene glycol (PEG)-polyamino acid block copolymer, i.e. polyplex
nanomicelles. To investigate the feasibility and efficacy of mRNA administration for the treatment of sensory
nerve disorders, we used a mouse model of experimentally induced olfactory dysfunction. Intranasal administra-
tion of mRNA-loaded nanomicelles provided an efficient and sustained protein expression for nearly two days in
nasal tissues, particularly in the lamina propria which contains olfactory nerve fibers, with effectively regulating
the immunogenicity of mRNA. Consequently, once-daily intranasal administration of brain-derived neurotrophic
factor (BDNF)-expressing mRNA using polyplex nanomicelles remarkably enhanced the neurological recovery of
olfactory function along with repairing the olfactory epithelium to a nearly normal architecture. To the best of our
knowledge, this is the first study to show the therapeutic potential of introducing exogenous mRNA for the treat-
ment of neurological disorders. These results indicate the feasibility and safety of using mRNA, and provide a
novel strategy of mRNA-based therapy.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Sensory nerve disorders are difficult to cure completely considering
poor nerve regeneration capacity and difficulties in accurately targeting
neural tissues. Various bioactive factors, including nerve growth factor,
brain-derived neurotrophic factor (BDNF) and neurotrophin-3, have
been investigated for enhancing nerve regeneration and for nerve pro-
tection [1-4]. However, administering these factors in the form of re-
combinant proteins or peptides involves problems of poor stability
under physiological conditions and a considerably short duration of ac-
tion to achieve sufficient therapeutic effects; thus, their application for
treatment has been hindered.

Administering mRNA is a promising approach for treating neurolog-
ical disorders because mRNA has several advantages for providing

* Corresponding author.
** Corresponding author at: Department of Materials Engineering, Graduate School of
Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan.
E-mail addresses: itaka-ort@umin.net (K. Itaka), kataoka@bmw.t.u-tokyo.ac,jp
(K. Kataoka).

http://dx.doi.org/10.1016/jjconrel 2015.01.017
0168-3659/© 2015 Elsevier B.V. All rights reserved.

therapeutic proteins or peptides to neural tissues; for example, mRNA
can be used for protein or peptide expression in their native forms at a
target site [5,6]. The sustained synthesis of proteins resulting from the
delivered mRNA can facilitate the synchronization between the kinetics
of signal receptor expression and bioactive factor availability [7]. The
combined use of two or more bioactive factors to provide better neuro-
trophic and neuroprotective effects is much easier than using recombi-
nant proteins or peptides, because mRNA can be designed for the
expression of any protein or peptide by simply altering the base se-
quence [8]. Indeed, this is also true for DNA administration, however,
mRNA has a much higher potential for protein expression in neural tis-
sues, because it can be used to produce proteins and peptides in mature
non-dividing neural cells, without the need for entering their nuclei.
Most importantly, the probability of mRNA randomly integrating into
the genome is negligible, thus avoiding the aberrant expression of onco-
genes as a result of insertional mutagenesis.

However, direct mRNA administration into neural tissues in vivo has
been challenging due to two major issues: (1) introduced mRNA is often
too unstable to achieve sufficient protein expression and (2) mRNA is
strongly immunogenic and induces immune responses through its
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recognition by Toll-like receptors [6,9,10]. Thus, only a few studies have
attempted in vivo mRNA administration [11-13], and even fewer have
attempted targeting neural tissue.

Thus, using a suitable carrier is essential for effective mRNA admin-
istration. For this purpose, we recently established a novel carrier that
was applicable for in vivo mRNA delivery based on the self-assembly
of polyethylene glycol (PEG)-polyamino acid block copolymer, i.e.
polyplex nanomicelles [14]. These nanomicelles have a core-shell
structure surrounded by a PEG outer layer, with the inner core of a func-
tionalized polyamino acid, poly[N’-[N-(2-aminoethyl)-2-aminoethyl]
aspartamide] [PAsp(DET)] [15]. PAsp(DET) has a high capacity for
enhanced endosomal escape due to pH-sensitive membrane destabili-
zation as well as the unique characteristic of rapidly degrading into non-
toxic forms under physiological conditions [16~18]. The nanomicelles
[PEG-PAsp(DET) block copolymer/mRNA] were shown to be safe and
stable mRNA carriers to allow in vivo mRNA introduction into the cen-
tral nervous system [14] and other tissues and organs (unpublished
data). In addition, they exhibited a pronounced effect for regulating im-
mune responses that could be induced by exogenous mRNA [14]. This is
likely due to the shielding effect of PEG to avoid mRNA recognition by
Toll-like receptors on host immune cells.

To establish the feasibility and efficacy of mRNA administration for the
treatment of sensory nerve disorders, we used a mouse model of experi-
mentally induced olfactory dysfunction [19]. Neurogenesis occurs
throughout life in the olfactory epithelium, where olfactory receptor neu-
rons {ORNs) are continuously replaced by new ORNs [20]. During this
process, neurotrophic factors such as BDNF play an important role in pro-
moting the survival and differentiation of ORNs [21]. TrkB, a high affinity
receptor for BDNF, is abundantly expressed by immature and mature
ORNs and globose basal cells [22], suggesting that BDNF can likely be
used as a therapeutic agent to treat pathological conditions involving
ORNs.

In this study, we applied BDNF-expressing mRNA into the nasal
cavity using polyplex nanomicelles. The nasal cavity is a potentially at-
tractive target for administering therapeutic agents considering its rela-
tively large surface area of nasal mucosa and good vascularity [23],
although the abundance of RNase in nasal mucus is unfavorable for
mRNA administration. However, the function of polyplex nanomicelles
should be underscored for effectively introducing mRNA into neural tis-
sues. To the best of our knowledge, this is the first study to show the
therapeutic potential of introducing exogenous mRNA for the treatment
of neurological disorders. The effects of BDNF-expressing mRNA on im-
paired olfactory sensation were investigated by comprehensive analy-
ses, including behavioral assessments of mice and histopathological
evaluations of the olfactory epithelium.

2. Materials and methods
2.1. Preparation of mRNA

mRNA was prepared by in vitro transcription (IVT) of DNA templates
that were constructed by inserting a protein-expressing fragment into a
pSP73 vector (Promega, Madison, W1, USA) that included a T7 promoter.
The protein-expressing fragments were obtained from pDNAs encoding
photinus pyralis luciferase (pGL4; Promega), Aequorea coerulescens GFP
(AcGFP; Clontech, Mountain View, CA, USA) and BDNF (pUNO1-hBDNFa;
InvivoGen, San Diego, CA, USA). pDNAs were used as a template for IVT
after linearization by Nde-L IVT was performed using an mMESSAGE
mMMACHINE T7 Ultra Kit (Ambion, Invitrogen, Carlsbad, CA), followed by
polyadenylation using a poly(A) tailing kit (Ambion). To generate modi-
fied mRNA, modified ribonucleic acid triphosphates (5-methyl-CTP,
pseudo-UTP and 2-thio-UTP; Trilink BioTechnologies, San Diego, CA)
were added to the reaction solution at 20% of 5-methyl-CTP of total CTP,
and 10% pseudo-UTP and 10% 2-thio-UTP of total UTP, following the pro-
cedures reported previously [11]. Prior to the administration to mice, the
transcribed mRNA was purified using a QlAquick PCR purification kit

(Qiagen) and analyzed for size and purity with an Agilent RNA 6000
Nano Assay on a BioAnalyzer 2100 (Agilent Technologies).

22. Animals

Balb/c mice (7-10 weeks old) were purchased from Charles River Lab-
oratories (Yokohama, Japan) and maintained under specific pathogen-
free conditions. Mice were kept in individually ventilated cages, on a
12 h/12 h light/dark cycle, and provided food and water ad libitum.
They were intraperitoneally injected with methimazole (Sigma-Aldrich
Japan, Tokyo, Japan) at 150 mg/kg body weight to cause damage to the ol-
factory epithelium [19]. All experiments conformed to the guidelines of
the University Committee for the Use and Care of Animals, University of
Tokyo and the National Institutes of Health Guide for the Care and Use
of Laboratory Animals.

2.3. Preparation of polyplex nanomicelle solutions

PEG-PAsp(DET) block copolymers were synthesized as previously
described [15]. PEG used in this study had a molecular weight of
12,000. The polymerization degree of the PAsp(DET) portion was deter-
mined to be 57 by "H NMR analysis. To prepare polyplex nanomicelles,
PEG-PAsp(DET) polymers and mRNA were separately dissolved in
10 mM HEPES buffer. At this stage, the concentration of mRNA was set
to 300 pg/ml and that of PEG-PAsp(DET) was adjusted to obtain a ratio
of amino groups in polymers to phosphate in mRNA (N/P ratio) of 3.

24. Intranasal administration

Mice were briefly anesthetized with 2.5% isoflurane (Abbott Japan
Co., Ltd., Tokyo, Japan), placed in a supine position, and instilled intrana-
sally with 50 1l of a solution containing 10 ug mRNA using a P200 Gilson
pipetman.

To note is that we used mRNA solution comprised of 10 mM HEPES
buffer for intranasal administration, because the hypotonic buffer
would be available for intranasal administration without causing per-
manent damages on the nasal membrane [24-27]. It was reported
that the hypotonic formulation would exert effects to temporarily
open epithelial junctions and facilitate the uptake of drugs and genes
[25].

2.5. Luciferase protein expression by bioluminescence assay

p-Luciferin substrate was dissolved in PBS, and the final volume was
adjusted to obtain a concentration of 15 mg/ml. Bioluminescence emis-
sions were measured using an IVIS imaging system (Xenogen, Alameda,
CA, USA) 10 min after intraperitoneally injecting 200 pl of the p-luciferin
solution (3 mg/mouse). Bioluminescence signals in the nose region
were analyzed by background subtraction using Living [mage Software
version 2.50 (Xenogen).

2.6. Real-time RT-PCR for TNF-y, [L-6, and OMP mRNA in nasal tissues

Mice were sacrificed under deep anesthesia and total RNA was ex-
tracted from the nasal mucosa using an RNeasy Fibrous Tissue Mini
Kit (Qiagen, Hilden, Germany), according to the manufacturer's proto-
col. cDNA was synthesized using a QuantiTect Reverse Transcription
Kit (Qiagen, Hilden, Germany). mRNA expression for inflammatory cy-
tokines (TNF-a and IL-6) and olfactory marker protein (OMP) was eval-
uated by real-time quantitative PCR (ABI Prism 7500 Sequence
Detector; Applied Biosystems, Foster City, CA, USA) using TagMan
Gene Expression Assays (Mm00443258 for TNF-c,, Mm00446190_m1
for [L-6, Mm00436450_m1 for OMP and Mm00607939 for R-actin).
The relative mRNA expression for target genes was normalized using
[3-actin mRNA expression.
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2.7. Histological examination after administering GFP-expressing mRNA in-
to the nose

Mice were sacrificed and decapitated 24 h after administering GFP-
expressing mRNA. The mandibles were discarded, and the trimmed
heads were skinned. Serial sections (thickness, 5 um) at the level of
the anterior end of the olfactory bulb were prepared. These sections
were stained with hematoxylin and eosin (H&E).

For immunohistochemical staining, 5-pum-thick frozen sections were
prepared using an adhesive film-based method [28]. These sections
were incubated at room temperature (RT) for 1 h with a blocking solu-
tion (PBS containing 2% fetal bovine serum and 0.1% Tween 20) to re-
duce non-specific antibody binding, and then incubated overnight
with a rabbit anti-GFP monoclonal antibedy (1:500 in the blocking solu-
tion; Invitrogen, Carlsbad, CA, USA). After several washes in PBS, the
sections were incubated for 2 h at RT with an Alexa488-conjugated sec-
ondary antibody (1:200 in the blocking solution; Invitrogen, Carlshad,
CA, USA). After more washes with PBS, the nuclei were stained with
Hoechst 33342 (1:300 in the blocking solution; Dojindo, Kumamoto,
Japan). The sections were then observed under an Axiovert 200 fluores-
cence microscope (Carl Zeiss, Jena, Germany) using a 20x EC Plan
Neofuar objective (Carl Zeiss). As a negative control, the primary anti-
body was omitted from the reaction. There was no obvious labeling cor-
responding to immunostaining by the primary antibody (data not
shown).

2.8. Olfactory function assessments

Buried food tests were performed as previously described, with
some modifications [29]. Pieces of cheese were placed in animals’
cages for at least 3 consecutive days before the test to familiarize the
mice to the smell of the cheese. Mice were then individually placed in
cages and deprived of food for 24 h. A small piece of cheese was buried
4 cm beneath the bedding surface in a randomly chosen corner of the
cage. The time required to uncover the food, to grab or to eat it was re-
corded. These tests were performed 4 times at intervals of 10 min. The
upper time limit to uncover the food was set at 5 min (300 s). If a
mouse could not uncover the food within this time limit, the cut-off of
300 s was recorded.

2.9, Histopathological examination after inducing olfactory dysfunction and
treatinent with BDNF-expressing mRNA

Histopathological examinations were made by H&E staining and
detecting OMP expression in the olfactory epithelium. For tissue
preparation, mouse heads were fixed by immersion in 10% neutral
buffered formalin (Muto Kagaku, Tokyo, Japan) at RT for 1 week,
followed by decalcification in 10% ethylenediaminetetraacetic acid
(EDTA, pH 7.0) at 37 °C for two weeks. After decalcification, speci-
mens were washed, dehydrated in a graded ethanol series and em-
bedded in paraffin. Serial sections (thickness, 5 um) at the level of
the anterior end of the olfactory bulb were prepared. These sections
were then stained with H&E. For OMP immunostaining, rehydrated
sections were immersed in 10 mM citrate buffer (pH 6.0; Dako
Cytomation Japan, Kyoto, Japan) and autoclaved at 121 °C for
20 min for antigen retrieval. Next, the sections were incubated for
1 h with a blocking solution [PBS, pH 7.4, containing 4% fetal bovine
serum (Invitrogen, Tokyo, Japan), 0.1% Triton-X 100 and 0.1% sodium
azide] at RT to reduce non-specific antibody binding, and then incu-
bated with a goat anti-OMP antibody (1:5000 in the blocking solu-
tion; Wako Chemical USA, Richmond, VA) for 1 h at RT. After
several washes with PBS, the sections were incubated for 1 h at RT
with an Alexa546-conjugated secondary antibody (1:400 in the
blocking solution; Invitrogen, Carlsbad, CA, USA). After more washes
with PBS, the sections were mounted and the nuclei were stained

with ProLong Gold Antifade Reagent with DAPI (Invitrogen, Carls-
bad, CA, USA).

2.10. Statistical analysis

Statistical analyses were performed using StatMate (Atoms, Tokyo,
Japan). One-sample Kolmogorov-Smirnov tests were used to compare
the data distributions against a normal distribution. Results are ex-
pressed as mean -+ standard error of the mean (SEM). A two-tailed un-
paired t-test or Mann-Whitney U-test was used for statistical
comparisons. p < 0.05 was considered to indicate statistical significance.

3. Results

3.1. Sustained protein expression in vivo after intranasal mRNA administra-
tion using polyplex nanomicelle

After incorporation into polyplex nanomicelles, luciferase-
expressing mRNA (10 pg) was intranasally administered to BALB/c
mice. We then evaluated luciferase expression using an [VIS imaging
system; bioluminescence could be detected in nasal tissues 4 h after
the administration (Fig. 1A), lasting for up to 48 h (Fig. 1B). In contrast,
almost no luciferase expression was observed after administering an
equal quantity of naked mRNA (Fig. 1A, B).

Histological analysis was performed using GFP-expressing mRNA.
GFP-positive staining was widely observed in the lamina propria,
which contains olfactory nerve fibers and endings, and in the airway ep-
ithelial cells and the basal part of the olfactory epithelial cells (Fig. 2).
However, no GFP-staining was detected in nasal septal cartilages and
bones.

The induction of proinflammatory cytokine genes after the adminis-
tration of luciferase-expressing mRNA was evaluated using real-time
quantitative PCR (qPCR) by measuring the mRNA expression levels of
genes encoding tumor necrosis factor (TNF)-« and interleukin (IL)-6
in nasal tissues (Fig. 3). At 4 h after mRNA administration using the
nanomicelles, cytokine gene mRNA expression levels were increased
compared with untreated control levels. However, at 24 h after admin-
istration, the expression levels had decreased to untreated control
levels. In contrast, when mRNA was administered in the form of naked
mRNA, the increase in cytokine gene induction was significantly higher
than that using the nanomicelles, even at 24 h after the administration.

3.2. Introducing BDNF-expressing mRNA using polyplex nanomicelles
promotes early recovery of olfactory function

An olfactory dysfunction was induced in wild-type BALB/c mice by
intraperitoneally injecting methimazole (150 mg/kg body weight)
[19]. Methimazole causes cell death and degeneration in the olfactory
epithelium, which leads to a transient disturbance in olfactory sensa-
tions. These sensations spontaneously show a gradual recovery over a
few weeks, although the olfactory epithelium exhibits metaplasia.

We applied BDNF-expressing mRNA using polyplex nanomicelles to
treat this olfactory dysfunction. Olfactory sensations were evaluated
with a buried food test to determine the amount of time required for
mice to uncover food [29]. As shown in Fig. 4A, the intranasal adminis-
tration of BDNF-expressing mRNA into the nose significantly promoted
the recovery of olfactory sensations after Day 3, as the average time re-
quired to uncover food was remarkably shorter for mice that received
BDNF-expressing mRNA in comparison with control mice that received
HEPES buffer. Fig. 4B shows the percentages of mice that showed cura-
tive recovery (could uncover food within 120 s) [29]. All mice that re-
ceived BDNF-expressing mRNA recovered to the curative level by Day
5, whereas the control mice that received HEPES buffer required
10 days until they all recovered to the curative level.

Histopathological examinations of the damaged olfactory epitheli-
um on Day 1 showed that administering BDNF-expressing mRNA
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Fig. 1. Bioluminescence after intranasally administering luciferase-expressing mRNA. (A) Bioluminescence images obtained by an IVIS Imaging System 4 h after administering luciferase-
expressing mRNA-loaded polyplex nanomicelles (upper) and an equal quantity of naked mRNA (lower).(B) Time course of bioluminescence after intranasally administering mRNA using
polyplex nanomicelles (closed circle) and naked mRNA (open circle), Statistical analyses were performed by two-tailed Student's t-test, ***p <0.001, **p < 0.01. RLU; relative luminescence
units, Results are means + SEMs (n = 4).

maintained the olfactory epithelium in a nearly-normal architecture. A (Fig. 5A). In contrast, in the control group that received HEPES buffer,
gross analysis of the H&E stained sections of the nasal septa indicated the olfactory epithelium was severely sloughed (Fig. 5A) and the area
that approximately half of the interior nasal surface area was covered covered by the intact olfactory epithelium was significantly reduced to
with intact olfactory epithelium that was attached to the lamina propria approximately 20% (Fig. 5B).

(B) Hoechst

Fig. 2. Histological analysis after intranasally administering GFP-expressing mRNA. Mice were sacrificed and decapitated 24 h after administering GFP-expressing mRNA. (A) GFP expres-
sion visualized by immunostaining using an anti-GFP monoclonal antibody. (B) Cell nuclei stained by Hoechst. (C) Merged image. GFP-positive staining was widely observed in the lamina
propria (arrowheads), but not in nasal septal cartilages and bones (asterisk). Scale bar: 50 pm.
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Fig. 3. Induction of proinflammatory cytokine genes after intranasal mRNA administration.
Proinflammatory gene mRNA expression levels were evaluated 4 and 24 h after mRNA ad-
ministration using real-time quantitative PCR (qPCR) by measuring the mRNA expression
levels of genes encoding tumor necrosis factor (TNF)-« (A) and interleukin (IL)-6 (B) in
nasal tissue administration of mRNA into the nasal tissue. mRNA was administered
using polyplex nanomicelle (open bar) or in the form of naked mRNA {closed bar). Statis-
tical analyses were performed by two-tailed Student's t-test, *, p < 0.05. Results are
means + SEMs (n = 10).

3.3. Introducing BDNF-expressing mRNA using polyplex nanomicelles enables
complete regeneration of the olfactory epithelium after drug-induced
olfactory dysfunction

To evaluate the long-term effects of BDNF-expressing mRNA on the
olfactory epithelium, the thickness of the epithelium was measured via
the histological sections by determining the distance between the basi-
lar membrane and the top of the cell layer of the nasal septum. On Day 1,
the group that received BDNF-expressing mRNA tended to have a
thicker olfactory epithelium than the control group that received
HEPES buffer (Fig. 6A, B). This was consistent with the results reported
in Fig. 5 regarding the nearly normal architecture of the olfactory epi-
thelium in the BDNF-expressing mRNA treatment group. However, on
Days 4 and 7, the mean epithelial thickness was comparable between
the groups, presumably due to the enhanced turnover of the epithelium
[30]. Further, after Day 14, the treated group showed a higher recovery
of epithelium thickness (Fig. 6A). The representative images of the

histological sections suggested that the nearly normal architecture of
the olfactory epithelium was recovered in the treatment group, whereas
in the control group, the epithelium still showed abnormal metaplasia
(Fig. 6B).

To further confirm the recovery of the olfactory epithelium after ad-
ministering BDNF-expressing mRNA, we evaluated olfactory marker
protein (OMP) which s specifically expressed by mature olfactory neu-
rons [31]. By qPCR analysis of OMP mRNA expression levels in nasal tis-
sues, OMP expression was found to be enhanced, particularly after Day
15, in the treatment group (Fig. 6C). Immunostained sections using an
anti-OMP antibody (Day 28) indicated that in the treatment group,
OMP-positive olfactory neurons were uniformly distributed throughout
the nearly normal architecture of the olfactory epithelium (Fig. 6D),
whereas in the control group, there were much fewer OMP-positive
neurons and they exhibited morphological abnormalities (Fig. 6D).
These results strongly suggest that BDNF-expressing mRNA effectively
provided a favorable environment to enhance the regeneration of olfac-
tory neurons.

4. Discussion

In this study, we demonstrated that intranasal mRNA administration
can be used to treat an olfactory nerve dysfunction. The incorporation of
mRNA into polyplex nanomicelles provided diffuse protein expression
in the lamina propria. BDNF-expressing mRNA remarkably enhanced
the neurological recovery from olfactory dysfunction by repairing the
olfactory epithelium to a nearly normal architecture. These results clear-
ly indicate the therapeutic potential of mRNA for neurogenic disorders
via sufficient and sustained expression of therapeutic proteins or
peptides.

The chief advantage of using mRNA is its competency with non-
dividing cells. It is usually difficult to use pDNA transfection for non-
dividing cells because of the low efficiency of nuclear import of pDNA
[32], however, mRNA does not need to be internalized into the nuclei
of these cells, allowing efficient protein expression in the cells. Indeed,
in our preliminary study, pDNA exhibited much less transgene expres-
sion after intranasal administration, even when using the same polyplex
nanomicelle (unpublished data). In contrast, intranasal mRNA adminis-
tration provided diffuse GFP expression in the lamina propria beneath
the basement membrane of epithelial cells (Fig. 2). The Jamina propria
primarily consists of non-dividing cells, such as nerve and inflammatory
cells, interspersed among connective tissue and blood vessels. Although
we did not identify individual GFP-positive cells in our histological sec-
tions, the diffuse expression of GFP in the lamina propria strongly sug-
gested that mRNA had been successfully introduced into non-dividing
cells.

Another advantage of using mRNA is the early onset of protein ex-
pression. It has been reported that the protein expression was detect-
able even 15 min after mRNA transfection, much faster than that after
pDNA transfection [33]. In this study, protein expression in the nasal
cavity was obvious a few hours after intranasal mRNA administration
(Fig. 1A, B), clearly suggesting the rapid onset of protein expression in
nasal tissues.

It is notable that the duration of protein expression would tend to be
shorter with mRNA considering its rapid degradation [6,34]. Although
little is known about the mechanisms underlying translation control
in individual cells, a few studies have reported that the half-lives of
mRNA in the cytoplasm were generally in the range of hours [35~37],
indicating the very transient manner of protein expression from a single
mRNA molecule.

Considering these features of mRNA, the roles of polyplex nano-
micelles are not limited to transporting mRNA to target cells by
overcoming the barriers in the nasal cavity, including the mucous
layer, epithelial membrane and associated junctional barriers. These
nanomicelles are also likely to stably retain mRNA in their core, even
after they are internalized into target cells, thereby continuously
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Fig. 4. Behavioral assessments of olfactory function. Olfactory sensations were evaluated with a buried food test to determine the amount of time required for mice to uncover food. (A) Average
time required to uncover food of mice that received BDNF-expressing mRNA (open circle) and control mice that received HEPES buffer (closed circle). (B) Percentages of mice that showed
curative recovery (could uncover food within 120 s). Statistical analyses were performed by two-tailed Mann-Whitney U test, ¥, p < 0.05. Results are means + SEMs (n = 7).
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Fig. 5. Histopathological examination of the damaged olfactory epithelium. Mice were sacrificed and decapitated 24 h after administering GFP-expressing mRNA. The mandibles were
discarded, and the trimmed heads were skinned. Serial sections (thickness, 5 pm) at the level of the anterior end of the olfactory bulb were prepared. These sections were stained with
hematoxylin and eosin (H&E). (A) A representative image of a mouse that received BDNF-expressing mRNA or HEPES buffer. Green arrows indicate the basilar membranes. Scale bar:
100 um. (B) Area ratios that were covered by the intact olfactory epithelium. Statistical analyses were performed by two-tailed Student's t-test, **, p < 0.01. Results are means + SEMs
(n=4).
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Fig. 6. Long-term effects of BDNF-expressing mRNA on the olfactory epithelium.
(A) Thickness of the olfactory epithelium. The thickness of the epithelium was measured
via the histological sections by determining the distance between the basilar membrane
and the top of the cell layer of the nasal septum. Blue: Mice that received BDNF-expressing
mRNA-loaded polyplex nanomicelles, red: Those received HEPES buffer, green: Normal
mice that were not injected with methimazole.(B) Representative images of the olfactory
epithelium from mice that received BDNF-expressing mRNA-loaded polyplex
nanomicelles or HEPES buffer.(C) OMP mRNA expression levels in nasal tissues expression
in the nasal tissue evaluated using real-time quantitative PCR (qPCR). Statistical analyses
were performed by two-tailed Student's t-test, *, p < 0.05. Results are means 4+ SEMs
(n = 7).(D) Representative images of immunostained sections of olfactory epithelium
using an anti-OMP antibody 28 days after administering of BDNF-expressing mRNA-load-
ed polyplex nanomicelles or HEPES buffer. Scale bar: 50 pm.

releasing intact mRNA in the cytoplasm. This property enables sustained
protein expression in the cells for nearly two days. Thus, it would be
expected that therapeutic proteins would be continuously provided
for the nasal tissues by once-daily administration of mRNA-loaded
nanomicelles.

These aspects of rapidly-emerging and sustained activity considerably
augment the usefulness of mRNA for treating neurological disorders. In-
deed, BDNF protein has a half-life of only a few minutes in rat plasma
[38], and showed no therapeutic effect on olfactory dysfunction by intra-
nasal administration [39]. Direct administration of BDNF may not attain
significant therapeutic outcome for treating neurological disorders be-
cause prolonged action in a sustained manner is needed to acquire the
neurological recovery. Thus, modification of protein to elongate the
half-life, or the use of adjunctive means, such as continuous infusion de-
vices or incorporation into an artificial matrix for controlled drug release,
is required because the proteins generally have poor stability under phys-
iological conditions [40,41]. However, since these devices involve invasive
procedures, therapeutic outcomes are not easy to achieve, particularly for
neural tissues that require highly delicate manipulations.

From the toxicological standpoints, it is important that intranasal
mRNA administration using the nanomicelles induced minimal immune
responses, returning to the normal state 24 h after administration. We
previously reported that the nanomicelles effectively suppressed
mRNA immunogenicity, even when using wild-type mRNA, after admin-
istration into the subarachnoid space [14]. Because the nasal cavity is a
much more sensitive site for foreign materials, in this study, we used a
modified mRNA that exhibited reduced immunogenicity by interfering
with the interaction of mRNA with Toll-like receptors [11]. Indeed,
even this modified form of naked mRNA triggered strong immune re-
sponses after administration into nasal tissues. However, the identical
mRNA administered with the nanomicelles induced significantly re-
duced immune responses (Fig. 3), without any apparent damage to
nasal tissues (Fig. 2). Thus, it is reasonable to assume that the
nanomicelles are effective to regulate mRNA immunogenicity, further in-
creasing the usefulness of mRNA for therapeutic purposes.

BDNF is a member of the neurotrophin family and its effects include
pro-survival activities for neurons under various pathological con-
ditions [42-45], and synaptic repair capacity to enhance synaptic trans-
mission, facilitate synaptic plasticity and promote synaptic growth [46,
47]. In agreement with its expected functions, the effects of BDNF dem-
onstrated in this study appeared to include two phases. The first was a
neuroprotective effect against methimazole-induced damage, as indi-
cated by the well preserved olfactory epithelial structure and early re-
covery of olfactory sensations within a few days after introducing
BDNF-expressing mRNA. Although it was difficult to directly determine
the amount of BDNF in the nasal tissue of small animals like mice by
ELISA, a therapeutic quantity of BDNF protein may be provided in a
sustained manner in the nasal cavity through the expression of BDNF-
coded mRNA for 5 consecutive days. The latter phase of BDNF effects in-
volved enhancing the regeneration of mature olfactory neurons with
significant differences from the untreated controls, as reflected by the
increased thickness of the olfactory epithelium and enhanced OMP sig-
nals (Fig. 6). After neurological damage, OMP signals gradually decrease
for a week during cell dropout from the epithelium, then shows a slow
recovery in parallel with the mitoses of basal cells [48]. In this study, it is
interesting that these effects were observed for a few weeks after mRNA
administration, although the period of administration was limited to
5 days. Thus, the supply of exogenous BDNF protein to nasal tissues
was likely to be terminated approximately a week after inducing an ol-
factory dysfunction. A reasonable speculation is that BDNF expressed by
mRNA not only stimulated the olfactory neurons for enhanced regener-
ation, but also effectively ameliorated the pathological conditions in
nasal tissues to be suitable for nerve regeneration.

In conclusion, we used mRNA to treat olfactory dysfunction by
in vivo intranasal administration using polyplex nanomicelles. mRNA
provided efficient, sustained protein expression for nasal tissues, partic-
ularly in the lamina propria. BDNF-expressing mRNA remarkably en-
hanced the neurological recovery of olfactory function along with
repairing the olfactory epithelium to a nearly normal architecture.
These results indicate the feasibility and safety of using mRNA and pro-
vide a novel strategy of mRNA-based therapy for neurogenic disorders.
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Spinal cord injury (SCl) is a serious clinical problem that suddenly deprives patients of neurologic function and
drastically diminishes their quality of life. Gene introduction has the potential to be effective for various
pathological states of SCI because various proteins can be produced just by modifying nucleic acid sequences.
In addition, the sustainable protein expression allows to maintain its concentration at an effective level at the
target site in the spinal cord. Here we propose an approach using a polyplex system composed of plasmid DNA
(pDNA) and a cationic polymer, poly{N'-[N-(2-aminoethyl)-2-aminoethyl]aspartamide} [PAsp(DET)], that has
high capacity to promote endasome escape and the long-term safety by self-catalytically degrading within a
few days, We applied brain-derived neurotrophic factor (BDNF)-expressing pDNA for SCI treatment by intrathe-
cal injection of PAsp(DET)/pDNA polyplex. A single administration of polyplex for experimental SCI provided
sufficient therapeutic effects including prevention of neural cell death and enhancement of motor function
recovery. This lasted for a few weeks after SCI, demonstrating the capability of this system to express BDNF in
a safe and responsible manner for treatment of various pathological states in SCIL.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Spinal cord injury (SCI) is a serious clinical problem that suddenly
deprives patients of neurologic function and drastically diminishes
their quality of life [1,2]. Initial mechanical trauma to the spinal cord is
followed by secondary injury, which is the progression of tissue damage
for several days due to delayed neural cell death around the original site
of injury [3~5]). Because initial injury has already occurred before
hospital arrival, the therapeutic target has been focused on attenuation
of secondary injury. However, there are few pharmacological strategies
showing solid evidence of therapeutic effectiveness in clinical settings.
One reason for this is the complex pathophysiology of secondary injury
such as inflammatory responses, a variety of molecules inhibiting
regeneration, and a lack of trophic support [6~10]. In addition, the
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pathophysiology is constant or increased for several days. Thus,
therapeutic molecules need to be effective and sustainable for various
pathological states in secondary injury. However, it is not only difficult
to choose adequate therapeutic molecules, but it is also difficult to
maintain the concentration of the molecules at an effective level at the
target site in the spinal cord [11].

Gene introduction has the potential to be effective for the treatment
of SCI because various proteins can be produced just by modifying
nucleic acid sequences. In addition, sustainable protein expression
resulting from an introduced gene is apparently beneficial for regulating
the complex pathophysiology of SCI. For this purpose, viral vectors such
as herpes simplex virus vectors had been evaluated [12]. However, viral
vectors still have problems surrounding their genotoxicity and immu-
nogenicity, hampering their administration for acute and serious states
of SCI [13-15].

A non-viral system that can introduce genes to express therapeutic
molecules has high potential for the treatment of SCI. Since neural tissue
is mostly composed of highly differentiated, non-dividing cells, the sys-
tem needs to have a high level of safety so as not to impede long-term
neural function after gene introduction.

In this context, we propose an approach using a polyplex system
composed of plasmid DNA (pDNA) and cationic polymers [16,17]. The
polyplex system can protect pDNA from nuclease attack and increase
cellular uptake through electrostatic interactions between a cationic
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polyplex and the anionic cell membrane. One of the critical barriers in
achieving good gene expression is the inefficient translocation from
endosomes to the cytoplasm. The capacity of polymers to buffer acidic
environments in the endosomes, typically represented by polyethy-
lenimine (PEI) [18], has been intensely investigated to increase the
efficiency of translocation, although the toxicity of the polymers
has hampered their application for therapeutic purposes [19]. Our
original cationic polymer, poly{N’-[N-(2-aminoethyl)-2-aminoethyl]
aspartamide} [PAsp(DET)] [20,21], effectively solves the safety issues by
self-catalytically degrading within a few days, minimizing the cumulative
toxicity caused by the polymers remaining in the cells [22]. Besides its
high capacity to promote endosome escape, it was revealed by a
pharmacogenomic analysis that PAsp(DET) did not alter the expression
profiles of endogenous genes after introduction into cells, confirming
the long-term safety of PAsp(DET) in not affecting innate cell function
[23,24].

The purpose of this study is to investigate the availability of the
polyplex system for the treatment of SCL. As a proof-of-concept study,
we used Brain-derived neurotrophic factor (BDNF) as a therapeutic
agent. BDNF is a member of neurotrophins, which have gained much
attention for exerting diverse effects as a trophic support in treating
SCI[25,26]. In animal studies, recombinant BDNF protein showed ther-
apeutic effects by enhancing neural cell survival and axonal regenera-
tion in SCI by intrathecal infusion [27,28]. However, multiple or
continuous administrations using a catheter are usually required to
maintain effective concentrations of BDNF protein at the injured site,
and this would cause complications such as scar formation at the cath-
eter tip, which can lead to infusion failure and damage to the spinal
cord caused by the catheter itself [29,30].

In this study, we applied BDNF-expressing pDNA for SCI treatment
by intrathecal injection of PAsp(DET)/pDNA polyplex. As shown later,
a single administration of polyplex provided sufficient therapeutic
effects including prevention of neural cell death and enhancement of
motor function recovery. This lasted for a few weeks after SCI, demon-
strating the capability of this system to express BDNF in a safe and
responsible manner for treatment of various pathological states in SCL

2. Materials and methods
2.1. Materials

Plasmid DNA (pDNA) encoding luciferase (pGL4.13: Promega,
Madison, WI, USA) and brain-derived neurotrophic factor {BDNF)
(pUNO1-hBDNFa: InvivoGen, San Diego, CA, USA) were amplified in
competent DH5a Escherichia coli and purified using NucleoBond Xtra
EF (Nippon Genetics, Tokyo, Japan). The pDNA concentration was deter-
mined by reading the absorbance at 260 nm. Linear polyethyleneimine
(LPEI) (Exgen 500, in vivo; MW = 22,000) was obtained from MBI
Fermentas (Burlington, ON, Canada). Lipofectamine 2000 transfection
reagent was from Thermo Fisher Scientific (Waitham, MA, USA).
PAsp(DET) polymer was synthesized as described previously [20].
By 'H-NMR analysis, the polymerization degree of PAsp(DET) was de-
termined to be 52.

2.2, Animals

C57BL6/] mice (female, eight-weeks-old) were purchased from
Charles River Laboratories (Yokohama, Japan). The mice were allowed
to feed and drink ad libitum on a 12-h light/dark cycle prior to experi-
mentation. All animal protocols were conducted with the approval of
the Animal Care and Use Committee of the University of Tokyo.

2.3. Preparation of polyplex or lipoplex containing pDNA

To form PAsp(DET)/pDNA polyplex, PAsp(DET) polymer and pDNA
were separately dissolved in 10 mM HEPES buffer at pH 7.4. The

polyplex was obtained by simply mixing both solutions at N/P (]total
amines in polymer]/[DNA phosphates]) ratio of 8. LPEl-based pDNA car-
rier was prepared by mixing LPEI and pDNA solution at N/P ratio of 6,
which is recommended as an optimal transfection condition by the
manufacturer. Lipoplex was formed following the manufacturer's pro-
tocol by mixing Lipofectamine 2000 and pDNA. The final pDNA concen-
tration was adjusted to 200 pg/ml for all samples.

24. Intrathecal injection of pDNA solution

Mice were anesthetized with isoflurane (Escain: Mylan, Canonsburg,
PA, USA). The skin was incised so that the superficial fat could be pried
apart to dissect the muscle tissue and expose the lumbar laminae. An in-
jection needle was inserted into the dural space from the interlaminar
space between 14 and L5, and 10 gl of solution containing 2 pug pDNA
was injected in 60 s with Hamilton syringe (Sigma-Aldrich, St. Louis,
MO, USA). The tip of the needle was kept at the injection site for
5 min to prevent leakage of cerebrospinal fluid (CSF).

2.5. Experimental spinal cord injury

Twenty-four hours after the injection of carrier solutions, mice were
anesthetized with sodium pentobarbital (50 mg/kg) (Somno-pentyl:
Kyoritsu Seiyaku, Tokyo, Japan). The thoracic laminae were exposed,
and laminectomy was performed at the level of the 9th thoracic
vertebra. A contusion SCI was induced using Infinite Horizons Impactor
(Precision Systems and Instrumentation LLC, Fairfax, VA, USA) with an
impact force of 60 kilodynes. Mice underwent daily check for general
health, mobility within the cage, wounds, infections, and autophagy of
the toes throughout the experiment. Bladders were manually pressed
twice daily for the first week after operation and once daily until no
longer needed.

2.6. Evaluation of luciferase expression

In vivo luciferase expression was evaluated using the IVIS™ Imaging
System (Xenogen, Alameda, CA, USA) after intraperitoneal injection of
D-luciferin (150 mg/kg, Sumisho Pharmaceuticals International, Tokyo,
Japan), following the manufacturer's protocol.

2.7. Measurement of proinflammatory cytokines

Total RNA was isolated from extracted neural tissues using the
RNeasy Mini Preparation Kit (Qiagen, Hilden, Germany). The gene
expression of proinflammatory cytokines was analyzed by real-time
quantitative PCR using an ABI Prism 7500 Sequence Detector (Applied
Biosystems, Foster City, CA, USA), and TagMan Gene Expression Assays
(Mm00443258_m1 for tumor necrosis factor (TNF)-c, Mm00446

Table 1
CatWalk parameters.

CatWalk parameters Explanation

Print area Total surface area contacted by the
hindpaw during the complete
stance duration

Mean intensity of the pixels
forming the maximum area
Distance between the placement
of a hindpaw and the subsequent
placement of the same paw

Mean intensity

Stride length

Base of support (BOS) Distance between two hindpaws,
as measured perpendicular to the
walking direction

Print positions Distance between the placement of

a hindpaw and the ipsilateral
frontpaw placed just before
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(A) Representative 1VIS images of mice 1 day after injection. (B) Time course of luciferase expression quantified from the IVIS images. Data are expressed as means + SEMs (n = 5),
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Fig. 2. Proinflammatory cytokines gene expression 24 h after intrathecal injection of PAsp(DET)/pDNA (luciferase) polyplexes. The messenger RNA (mRNA) expression of TNF-ct (A), IL-6
(B), and IL-1p3 (C) in the lower thoracic spinal cord region was evaluated by real-time quantitative PCR, Data are expressed as a relative value to that from intact spinal cord region. Data are
expressed as means -+ SEMs (intact control: n = 3, the others: n = 5), *p < 0.05. (D) Spontaneous recovery of walking motion that was evaluated by BMS scoring after inducing
experimental SCI (n = 6). Intrathecal injection did not affect the recovery.
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Fig. 3. Analysis of walking motion by BMS scoring after intrathecal injection of BDNF-ex~
pressing pDNA using PAsp(DET) (close square), LPEI (triangle), or luciferase-expressing
PDNA using PAsp(DET) (open square), concomitantly with the induction of experimental
SCL. (A) BMS, (B) BMS subscore. Data are expressed as means + SEMs (n = 6), *p < 0.05.

190_m1 for interleukin (IL)-6, Mm00434228_m1 for IL-1P, and
MmO00607939 for -actin).

2.8. Behavioral assessments

Hind-limb motor function was evaluated using two separate proce-
dures, the Basso Mouse Scale (BMS) open field locomotor test and a
computerized gait analysis using CatWalk gait analysis system (Noldus,
Wageningen, Netherlands). In the former, two blinded persons assessed
parameters of stepping frequency, coordination, paw position, trunk
stability, and tail position, by scoring from 0 points (no ankle
movement) to 9 points (complete functional recovery) [31]. In addition,
since mice may not show formulaic recovery of motor function by
correlation with the BMS scores, we also calculated BMS subscore by
adding each score of the parameters described above. The scores of
right and left hind limbs were averaged.

In the latter, we analyzed the walking pattern in a quantitative
manner by assessing the parameters shown in Table 1, including those
reflecting regularity and relative paw placement [32]. Each mouse was
allowed to cross runway with a glass floor (L 50 cm x W 8 cm) in a
darkened room. Footprints, illuminated with green LED light, were ob-
served with a charge-coupled device (CCD) for following analyses
with CatWalk XT 10.0 software (Noldus).
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2.9, Evaluation of the cell apoptosis

We used the terminal deoxynucleotidyl transferase dUTP Nick-End
Labeling (TUNEL) assay. Mice were perfused transcardially under deep
ether anesthesia with buffered 4% paraformaldehyde. The spinal cords
were removed and postfixed in 4% paraformaldehyde at 4 °C for 4 h,
cryoprotected in buffered 20% sucrose at 4 °C for 24 h, 30% sucrose for
24 h, and were embedded in optimal cutting temperature compound
(Sakura Finetek, Torrance, CA, USA). Frozen tissues were cut into
14 pm longitudinal sections with a cryostat and mounted on glass slides.
The midline section was chosen and the apoptotic cells were labeled
with TMR red using In Situ Cell Death Detection Kit (Roche Applied
Science, Mannheim, Germany) following the manufacturer's protocol,
then mounted with 4/,6-diamidino-2-phenylindole (Vector Laborato-
ries, Burlingame, CA, USA). For counting of apoptotic cells, three areas
were chosen in rostal, caudal, and ventral regions surrounding the
spinal cord lesion (see Fig. 5A) for fluorescent microscopic observation
using AxioVision (Carl Zeiss, Oberkochen, Germany) under x 200 mag-
nification. The numbers of apoptotic cells and whole cells were counted
using an image analyzer software (WinROOF: Mitani Co., Tokyo, Japan).

2.10. Evaluation of the tissue sparing

Frozen tissue sections were prepared as described in the previous
section. Myelin and myelinated axons were stained with Luxol fast
blue (LFB) solution [33]. Briefly, the sections were hydrated with
95% ethanol and de-fatted with 1:1 ethanol/chloroform, hydrated with
95% ethanol, and left in 0.1% LFB solution (Solvent blue: MP Biomedicals,
Santa Ana, CA, USA) at 56 °C overnight. Then the sections were rinsed in
95% ethanol and distilled water, differentiated with the lithium carbon-
ate solution and 95% ethanol, rinsed with distilled water, differentiated
in 95% and 100% ethanol, cleared with xylene, and mounted. The section
was viewed with an optical microscope (BX51: Olympus, Tokyo, Japan),
and the images of the serial sections with an equal distance (200 pm)
spanning -+ 400 pum from the epicenter were obtained with an image
processing software (InStudio: Pixera Co., San Jose, CA, USA). For the
quantification of tissue sparing in the images, the edges of the stained
area were drawn with a pen tablet input device (Bamboo Pen:
Wacom Co., Tokyo, Japan) and the surrounding area was automatically
measured using WinROOF.

2.11. Statistical analysis

Statistical analyses were performed with an unpaired two-tailed
Student's t test for single comparisons and one-way ANOVA for multiple
comparisons. In all statistical analyses, values of p < 0.05 were consid-
ered statistically significant.

3. Results

3.1. Evaluation of transgene expression after intrathecal injection of
pDNA/PAsp(DET) polyplex and other carriers

The gene introduction capacity and safety was evaluated by
administering luciferase-expressing pDNA using cationic polymers
(PAsp(DET) or LPEI), lipid (Lipofectamine), or naked pDNA. For each
condition, an identical amount of pDNA was administered into normal
mice by intrathecal injection from the interlaminar space between 14
and L5, followed by evaluation of luciferase expression by [VIS™ Imag-
ing System.

One day after administration, the luciferase expression was well de-
tected for polyplexes with PAsp(DET) and LPEI (Fig. 1A). PAsp(DET)
showed significantly higher expression than LPEI (Fig. 1B), and the
expression was observed along the spinal canal, suggesting that the
polyplexes were distributed in the cerebral spinal fluid of subarachnoid
space. Despite a marked decrease a few days after administration, the



