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C5 and its robust activity in pre-clinical models of
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Complement component 5 (C5), an important molecule in the
complement cascade, blockade by antibodies shows clinical ef-
ficacy in treating complement-mediated disorders. However,
insufficient blockading induced by single-nucleotide polymor-
phisms in the C5 protein or frequent development of “break-
through” intravascular hemolysis in patients with paroxysmal
nocturnal hemoglobinuria treated with eculizumab have been
reported. Herein, we developed a lipid nanoparticle (LNP)-
formulated siRNA targeting C5 that was efficiently delivered
to the liver and silenced C5 expression. We identified a potent
C5-siRNA with an in vitro IC50 of 420 pM and in vivo ED50 of
0.017 mg/kg following a single administration. Single or
repeated administrations of the LNP-formulated C5-siRNA al-
lowed robust and durable suppression of liver C5 expression in
mice. Complement C5 silencing ameliorated C5b-dependent
anti-acetylcholine receptor antibody-induced myasthenia
gravis and C5a-dependent collagen-induced arthritis symp-
toms. Similarly, in nonhuman primates, a single administra-
tion of C5-siRNA/LNP-induced dose-dependent plasma C5
suppression and concomitantly inhibited serum complement
activity; complement activity recovered to the pre-treatment
levels at 65 days post administration, thus indicating that the
complement activity can be controlled for a specific period.
Our findings provide the foundation for further developing
C5-siRNA delivered via LNPs as a potential therapeutic for
complement-mediated diseases.
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INTRODUCTION
Complement component 5 (C5) is a critical molecule that controls the
center of the complement pathway in innate immunity.1,2 The initia-
tion of the terminal pathway via the assembly of C5 convertases is
achieved through the activation of any of the three canonical activa-
tion routes: the classical pathway, lectin pathway, and alternative
pathway.3 C5 is composed of alpha and beta polypeptide chains
with a disulfide bridge and is cleaved by C5 convertases to produce
C5a and C5b. C5a is an anaphylatoxin that induces chemotactic activ-
ity. C5a can also activate neutrophils that release inflammatory cyto-
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kines such as IL-8.4 Alternatively, C5b forms a complex with comple-
ment C6 and other complement components to produce C5b-9, a
membrane attack complex (MAC) that eventually disrupts the cell
membrane of target cells. Several reports indicate that C5a and
C5b-9 are involved and play a critical role in several autoimmune/in-
flammatory disorders such as paroxysmal nocturnal hemoglobinuria
(PNH),5,6 anti-neutrophil cytoplasmic antibody-associated vascu-
litis,7,8 atypical hemolytic uremic syndrome (aHUS),9 systemic lupus
erythematosus,10,11 rheumatoid arthritis (RA),12 ischemia/reperfu-
sion injury,13 myasthenia gravis (MG),14,15 neuromyelitis optica spec-
trum disorder (NMOSD),16 and Guillain-Barré syndrome.17 In addi-
tion, C5a and C5b-9 are also implicated in antibody-mediated
rejection.18 Therefore, blockade of C5 cleavage has emerged as an
attractive therapeutic approach that has led to the approval of eculi-
zumab as a first-in-class C5 inhibitor for the treatment of comple-
ment-mediated disorders such as PNH,19,20 aHUS,21 MG,22,23 and
NMOSD.24 In addition to clinical benefits, long-term safety and toler-
ability were also observed in those phase 2 or 3 studies and its open-
label extension study; however, there are several limitations to anti-
C5 antibody therapy. First, genetic polymorphisms can occur within
the antibody-binding region of C5.25,26 Of the 345 Japanese patients
with PNH who received eculizumab, 11 had a poor response. All 11
patients had a single missense C5 heterozygous mutation,
c.2654G/A, which predicts the polymorphism p.Arg885His. The
prevalence of this mutation among the patients with PNH (3.2%)
was similar to that among healthy Japanese persons (3.5%).26

Second, anti-C5 antibodies require large dosages and frequent intra-
venous (i.v.) administration because of the high plasma concentration
of C5.19,27 Furthermore, patients with PNH on eculizumab frequently
develop “breakthrough” intravascular hemolysis owing to incomplete
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inhibition for strong complement activation during bacterial or viral
infections.28 Finally, because of the limited treatment options for C5
blockade therapy, approved indication has been mostly limited for
orphan diseases.1 Therefore, other therapeutic approaches that
circumvent these concerns are likely to be preferred by patients and
clinicians.

RNA interference (RNAi) is a naturally occurring cellular system that
degrades mRNA and consequently suppresses protein synthesis.29

Synthetic small interfering RNAs (siRNAs) have emerged as potent
yet specific therapeutics that can target any endogenous mRNA
within cells.30 Since siRNA targets mRNA, upstream of protein pro-
duction, siRNA targeting C5 can potentially bypass the above-
mentioned issues of anti-C5 monoclonal antibodies. However, the
major challenge in developing such therapeutics is the delivery of
negatively charged large molecules into target cells.31 Complement
C5 is predominantly produced within hepatocytes and secreted to cir-
culation.32 Lipid nanoparticles (LNPs) represent one of the most clin-
ically advanced delivery materials33,34 that are currently used for three
approved siRNA- and mRNA-based medicines. We previously re-
ported the development of unique ionizable lipids and LNPs that
can efficiently deliver RNA molecules to hepatocytes.35,36 i.v. admin-
istration of LNP-formulated siRNA that targets liver-derived factor
VII or proprotein convertase subtilisin kexin 9 (PCSK9) resulted in
robust gene silencing with improved tolerability derived from the
rapid clearance of biodegradable lipid.37

Evidence indicates that complement deposition and complement frag-
ment are implicated in various autoimmune diseases, such as MG and
RA. MG is caused by autoantibodies directed at proteins of the neuro-
muscular junction, primarily the acetylcholine receptor (AChR), result-
ing in neuromuscular transmission failure.38 Several studies suggest
that complement activation is the primary effector mechanism in pa-
tients with MG and MG animal models.39,40 The administration of an-
tibodies against C5 or C5-specific inhibitors has been shown to reduce
the severity of MG in animal models.41,42 Collagen-induced arthritis
(CIA) is an animal model of autoimmune polyarthritis that resembles
human RA.43 As in RA, both humoral and cellular immune systems
contribute to disease pathogenesis.44 Previous studies evaluated the
role of the complement system in CIA and showed that the administra-
tion of anti-C5 antibodies diminished arthritis development and that
C5-deficient mice were resistant to CIA.45,46

In this study, we describe the development of LNP-formulated C5-
siRNA and their ability to suppress the synthesis of liver-derived
C5. Our approach targeting C5 mRNA clearly ameliorated the
severity in pre-clinical models of MG and RA.

RESULTS
In vitro and in vivo screening identified candidate C5-siRNA

We designed siRNA sequences that are cross-reactive to mice,
nonhuman primates, and human C5 mRNA (Figure 1A). All
siRNAs were chemically modified with 20-OMe nucleotides to sup-
press undesired immune responses as described previously.47 First,
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siRNAs were tested in vitro in Hep3B cells for C5 silencing by trans-
fection (Figure 1B). The top 3 sequences (SEQ001-1, SEQ007-1, and
SEQ008-1) based on silencing performance were selected and then
subjected to in vivo investigation to confirm the durability of their ef-
fects on C5. Three siRNAs targeting C5 gene expression and control
siRNA targeting luciferase gene expression (Ctrl siRNA) were formu-
lated in LNPs as described previously.37 i.v. injection of LNP-formu-
lated siRNAs into mice revealed that SEQ008-1 had the best effect on
lowering both plasma C5 and liver C5 mRNA (Figures 1C and 1D).
Notably, siRNA derivatives of SEQ008 targeting ±1 and ±2 positions
of C5 mRNA showed no or at least 10-fold lower activity compared
with that of SEQ008-1, implicating high siRNA specificity (Figure 1E).
To further increase the treatment durability, we chemically and struc-
turally modified SEQ008 and generated a panel of derivatives. The
transfection of modified siRNAs into Hep3B cells allowed the identi-
fication of siRNAs that showed an equal to or greater C5 mRNA
silencing activity than that of SEQ008 (Figure S1). Finally, six se-
quences in LNPs were tested in mice using a single i.v. administration
at 0.3 mg/kg siRNA dose. We identified SEQ008-34 as the most du-
rable candidate C5-siRNA that significantly lowered both plasma
C5 and liver C5 mRNA (Figures 1F and 1G).

Characterization of C5 suppression in mice

The effect of candidate compounds was characterized inHuh7 cells and
in BALB/cmice. LNP-formulated SEQ008-34 exhibited a half-maximal
inhibitory concentration of 420 pM inHuh7 cells (Figure 2A). Single i.v.
administration of LNP-formulated SEQ008-34 at doses ranging be-
tween 0.01 and 1 mg/kg resulted in a clear dose-dependent reduction
in C5 mRNA in the liver (Figures 2B and 2C) and circulating C5 levels
(Figures 2D and 2E) on days 7 and 14 post administration. The half-
maximal effective concentration of plasma C5 suppression (ED50)
was estimated to be 0.017 mg/kg on day 7 and 0.028 mg/kg on day
14. The potent suppression of plasma C5 was achieved on days 7
(>95%) and 14 (>90%) using a dose of 0.3 mg/kg compared with that
observed in the PBS-treated group (Figures 2D and 2E).

SEQ008-34 single and repeated dosing induced robust

suppression of hemolytic activity

Complement activity triggeredby theMACwasquantifiedbyhemolysis
based on a sensitized sheep red blood cell (RBC) lysis assay. A decrease
in the levels of circulating C5 is expected to reduce MAC formation,
leading to a decrease in hemolytic activity. To further characterize the
candidate compound, SEQ008-34 was evaluated with single and
repeated dosing schedules. As expected, single i.v. administration of
LNP-formulated SEQ008-34 siRNA at 0.3, 1, and 3 mg/kg led to a
dose-dependent reduction in hemolytic activity (Figure 3A). Impor-
tantly, repeated i.v. administration every 2 weeks resulted in a sustained
reduction in hemolytic activity over a test period of 8 weeks (Figure 3B).

Treatment with mouse/rat C5-siRNA/LNP suppresses disease

symptoms and loss of neuromuscular junctions in experimental

MG model in rats

Next, we tested LNP-formulated mouse/rat surrogate C5-siRNA/
LNP (m/r C5-siRNA/LNP) in experimental animal models. Based



Figure 1. Screening and identification of candidate C5-siRNA

(A) Schematic representation of siRNA screening. Sequences were designed to have cross-reactivity with mouse, nonhuman primates, and human C5 mRNA. All

siRNAs were chemically modified with 20-OMe nucleotides to suppress unwanted immune responses. (B) Human C5 mRNA levels in Hep3B cells transfected

with a panel of siRNAs (3 nM) overnight were quantified using qRT-PCR and normalized to the housekeeping gene GAPDH. The top 3 sequences are described

in the blue bar. (C and D) In vivo screening. The selected three C5-siRNAs and Ctrl-siRNA were formulated with lipid nanoparticles (LNPs). Mice (n = 3/group)

received a single i.v. administration of 0.1 mg/kg PBS, Ctrl-siRNA/LNP, or C5-siRNA/LNP. Plasma C5 protein and liver C5 mRNA levels (mouse C5/mouse

GAPDH) were quantified using ELISA and qRT-PCR on days 5 and 14 post administration. (E) Sequence walk. The mRNA position of top preforming SEQ008

was 2451 on C5 mRNA. Four siRNAs targeting ±1 and ±2 positions were prepared. C5 mRNA levels in Hep3B cells treated with siRNAs (1 and 10 nM) were

quantified using qRT-PCR. (F and G) In vivo screening to identify SEQ008-34 as a candidate C5-siRNA. SEQ008 was chemically or structurally modified to

produce derivatives. After in vitro screening, the six selected siRNAs were formulated with LNPs and then subject to in vivo screening using single i.v.

administration of 0.3 mg/kg. Plasma C5 protein and liver C5 mRNA levels were quantified on days 5, 14, and 21 post administration. Data are presented as

mean ± SEM.
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on previous reports, pre-clinical MG rat models were generated
through the i.v. injection of antibodies against AChR.41,42 Since
SEQ008-34 does not react with rat C5 mRNA, we prepared a sur-
rogate siRNA (m/r C5-siRNA) that cross-reacts with mice and
rats. We used the surrogate siRNA in the following rodent pre-
clinical model. In brief, normal rats received i.v. injection of
PBS, Ctrl-siRNA/LNP, or m/r C5-siRNA/LNP on day 0. After
7 days, MG symptoms were induced via i.v. injection of 1 mg/kg
of anti-AChR mAb (mAb35). Rats treated with PBS or 1 mg/kg
of Ctrl-siRNA/LNP began to display clinical symptoms, such as
reduced fore limb grip strength, hindlimb weakness, and/or partial
paralysis on days 8 and 9 (Figure 4A), accompanied by a reduction
in body weight (Figure 4B). In contrast, all animals treated with
0.01, 0.03, and 0.1 mg/kg of m/r C5-siRNA/LNP showed reduced
or no clinical manifestations of MG on days 8 and 9 (Figure 4A),
with no reduction in body weight (Figure 4B). Hemolytic activity
on day 9 was significantly suppressed in a dose-dependent manner
in the m/r C5-siRNA/LNP treatment group compared with that
observed in the PBS or Ctrl-siRNA/LNP treatment groups (Fig-
ure 4C). On day 9, m/r C5-siRNA/LNP significantly suppressed
the liver complement C5 mRNA expression in a dose-dependent
manner compared with that in PBS-treated animals. (Figure 4D).

The fluorescence intensity of a-bungarotoxin (a-BTX), a marker of
neuromuscular junction, in both normal and m/r C5-siRNA/LNP-
treated rats was significantly greater than that of Ctrl-siRNA/LNP-
treated rats, indicating protection from injury (Figure 4E). Signals
of C5b-9 were clearly observed at the neuromuscular junction in
rats treated with Ctrl-siRNA/LNP, and the intensity of C5b-9 was
decreased upon treatment with m/r C5-siRNA/LNP, demonstrating
that m/r C5-siRNA/LNP treatment could suppress the progression
of complement cascade followed by C5 (Figures 5A–5I). These data
indicate that m/r C5-siRNA/LNP suppressed MG symptoms with a
marked reduction in serum hemolytic activity and prevention of
Molecular Therapy: Nucleic Acids Vol. 31 March 2023 341
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Figure 2. Robust C5 suppressive activity of LNP-formulated C5-siRNA (SEQ008-34)

(A) Half-maximal inhibitory concentration measurement. Huh7 cells were treated with LNP-formulated C5-siRNA or Ctrl siRNA at concentrations of 0.01–10 nM. After

overnight incubation, human C5 mRNA levels normalized to human GAPDH were quantified using qPCR. (B–D) C5 suppressive activity of C5-siRNA. Mice (n = 5/group)

received a single i.v. administration of either PBS, 1 mg/kg of Ctrl-siRNA/LNP, or 0.01–1 mg/kg of C5-siRNA/LNP on day 0. Blood and the liver were collected on days 7 (B

and D) and 14 (C and E) to evaluate plasma C5 concentration and liver C5 mRNA levels (mouse C5/mouse GAPDH). Data are presented as mean ± SEM. ****p < 0.0001

versus PBS. The differences in complement C5 mRNA expression levels or plasma complement C5 protein levels between vehicle-treated and SEQ008-34/LNP-treated

groups were calculated using Dunnett’s multiple comparison test.
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neuromuscular junctions via the inhibition of complement C5
expression in the liver.

Treatment with mouse/rat C6-siRNA/LNP suppresses MG

symptoms in rats

To evaluate the involvement of MAC in the onset of MG, we attemp-
ted to downregulate complement C6 in the liver, an essential compo-
nent of the C5b-9 complex. Surrogate siRNA targeting mouse and rat
C6 (i.e., m/r C6-siRNA) was prepared and formulated into LNP. Rats
treated with PBS or 1 mg/kg of Ctrl-siRNA/LNP exhibited severe
symptoms and began to lose weight consistently after MG induction
(Figures 6A and 6B). In contrast, rats treated with 0.1 or 1 mg/kg of
m/r C6-siRNA/LNP showed the complete suppression of clinical
manifestations of MG without losing body weight (Figures 6A and
6B). Hemolytic activity on day 9 following administration was sup-
pressed in a dose-dependent manner in the m/r C6-siRNA/LNP-
treated group, but not in the PBS or Ctrl-siRNA/LNP-treated groups
(Figure 6C). On day 9 following m/r C6-siRNA/LNP administration,
the mRNA expression of complement C6 remained significantly sup-
pressed (Figure 6D). These data indicate the importance of comple-
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ment C6 in the onset of MG, suggesting that C5b-9 MAC, but not
anaphylatoxin C5a, mainly contributes to MG pathogenesis.

Treatment with m/r C5-siRNA/LNP, but not m/r C6-siRNA/LNP,

suppressed arthritis symptoms in CIA mice

Based on previous reports,45,46 we tested the effect of surrogatem/r C5-
siRNA/LNP on CIA animal models using both prophylactic and ther-
apeutic protocols. In the prophylactic protocol, m/r C5-siRNA/LNP
was administered once 4 days before the first immunization and
then administered once a week. We observed a significant and almost
complete inhibition of CIA progression, as indicated by a reduction in
arthritis scores, with a slight recovery in weight loss, compared with
those observed in the animals treated with PBS or Ctrl-siRNA/LNPs
(Figures 7A and 7B). Serum hemolytic activity on week 13 also clearly
decreased following treatment with m/r C5-siRNA/LNP, accompanied
by a robust reduction in serum complement C5 protein compared with
that of PBS-treated animals. The levels of plasma matrix
metalloproteinase-3 (MMP-3) were also increased in PBS-treated ani-
mals and those levels were robustly suppressed by the treatment with
m/r C5-siRNA/LNP (Figures 7C, 7D, and S2), along with the reduction



Figure 3. Single and repeated administration of LNP-

formulated C5-siRNA (SEQ008-34) lowers

complement hemolytic activity in mice

(A and B) Mice (n = 4/group) received a single or repeated

i.v. administration of either PBS or 0.3, 1, and 3 mg/kg of

C5-siRNA/LNP. Blood samples were collected prior to

and post administration (twice a week) and analyzed for

complement hemolytic activity using a sheep RBC

hemolysis assay. Hemolysis values were normalized to a

“maximal hemolysis” control (lysis by water). Data are

presented as mean ± SEM; q2w, every 2 week dosing.
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of arthritis score. To evaluate the therapeutic efficacy ofm/r C5-siRNA/
LNP, the treatment was administration once per week after the onset of
arthritis. The m/r C5-siRNA/LNP treatment significantly reduced the
arthritis score, with a trend toward recovery in weight loss, compared
with those observed following treatments with PBS or Ctrl-siRNA/LNP
(Figures 7E and 7F). To assess the involvement of MAC in the onset of
CIA, m/r C6-siRNA/LNP was used to deplete complement C6 in CIA
mice. Notably, m/r C6-siRNA/LNP treatment had no impact on the
Figure 4. Treatment with mouse/rat C5-siRNA/LNP suppresses disease symptoms and loss of neurom

Disease severity (A), body weight change (B), hemolysis (C), and complement C5 expression levels in the liver (D) o

or 0.01, 0.03, or 0.1 mg/kg of mouse/rat (m/r) C5-siRNA/LNP are shown. (A) Rats received i.v. administration of P

C5-siRNA/LNP on day 0. On day 7, anti-AChRmAb (mAb35, 1mg/kg) was i.v. administered to rats to induce the s

and 9. (B) Body weights of rats treated with PBS, Ctrl-siRNA/LNP, or rat C5-siRNA/LNP were expressed as a ratio

were collected from the jugular vein on days 3, 7, 8, and 9 and livers were collected on day 9 to evaluate the compl

C5 mRNA expression levels (rat C5/rat GAPDH). (E) Soleus muscle sections were stained with Alexa Fluor 488-la

least 50 or more neuromuscular junctions in each treated rat. Data are presented as the mean ± SEM. n = 3 in
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development of CIA and body weight
(Figures 7G and 7H). Importantly, plasma com-
plement C6 protein levels were completely sup-
pressed by the m/r C6-siRNA/LNP treatment (Figure S3). This clearly
indicates that anaphylatoxin C5a, but not C5b-9, may play a critical
role in the induction and development of CIA.

Single dose of C5-siRNA/LNP induced a potent, dose-

dependent plasma C5 reduction in nonhuman primates

Finally, we tested our candidate compound in nonhuman primates.
Cynomolgus monkeys (n = 4/group) received a single i.v. dose of
uscular junctions in experimental MG model in rats

f MG rats (n = 3/group) treated with PBS, Ctrl-siRNA/LNP,

BS, 0.1 mg/kg Ctrl-siRNA/LNP, or 0.01–0.1 mg/kg of m/r

ymptoms of MG. Disease severity wasmonitored on days 8

of the initial body weight (day 0). (C and D) Blood samples

ement hemolytic activity in the serum and liver complement

beled a-BTX, and fluorescence signal was quantified for at

each group; **p < 0.01 versus Ctrl-siRNA/LNP.
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Figure 5. Treatment with mouse/rat C5-siRNA/LNP

suppresses the deposition of C5b-9 at the

neuromuscular junction in experimental MG model

in rats

Tissue sections from normal rats (A, D, and G), rats treated

with Ctrl-siRNA/LNP (B, E, and H), or 0.1 mg/kg of mouse/

rat (m/r) C5-siRNA/LNP (C, F, and I) were stained with

a-bungarotoxin (a-BTX) (A–C) and C5b-9 (D–F) at the

neuromuscular junctions in soleus muscles as shown.

The merged composite of red and green images shows

the localization of C5b-9 deposition at the neuromuscular

junction. Soleus muscle sections were stained with Alexa

Fluor 488-labeled a-BTX or anti-C5b-9 antibody, followed

by Cy3-labeled secondary antibody to detect the C5b-9

signals. Maximum intensity projection (10 mm thick). Scale

bars, 10 mm.
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0.03, 0.1, 0.3, or 1 mg/kg of LNP-formulated SEQ008-34. In this
experiment, we evaluated the total hemolytic complement activity us-
ing the 50% hemolytic unit of complement (CH50) levels, which are
widely used as a tool for routine clinical diagnosis. Circulating C5 and
CH50 levels were normalized to those in the average pre-dose samples
for each animal. With a single injection, we observed a clear dose-
dependent reduction in circulating C5 levels (Figure 8A). In the
1 mg/kg dose group, a maximum of 70%–89% C5 reduction was
observed on days 8–15 post administration and the levels returned
to the baseline 65 days post injection. Accordingly, CH50 levels
showed similar reduction curve as that of circulating C5 (Figure 8B).
These data clearly demonstrate that a single administration of LNP-
formulated SEQ008-34 induces a potent decrease in blood C5 levels
in nonhuman primates.

DISCUSSION
In this study, we identified a potent and durable C5-siRNA, SEQ008-
34, which has cross-reactivity with mice, nonhuman primates, and
human C5 mRNA. Our LNPs allowed the delivery of C5-siRNA to
hepatocytes, the main producers of circulating C5. We showed that
a single administration of SEQ008-34/LNP in mice and nonhuman
primates resulted in a significant suppression of serum C5 and hemo-
344 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
lytic activity. In pre-clinical models, surrogate
C5-siRNA/LNP showed robust efficacies in
MG and arthritis models.

The depletion of circulating C5 leads to inacti-
vated innate immunity, which is associated
with increased infection susceptibility.48 Thus,
vaccination for meningococcal disease is highly
recommended before treatment with eculizu-
mab49 because the clearance of Neisseria menin-
gitidis is highly dependent on the terminal com-
plement pathway.50 Therefore, treatment that
can suppress C5 and allow the recovery to
baseline sooner is favorable. Kusner et al. sug-
gested the conjugation of C5-siRNA with the
liver-targeting ligand N-acetylgalactosamine (GalNAc).51 In general,
GalNAc-conjugated siRNA shows highly durable silencing activity,
with single-dose siRNA treatments targeting PCSK952 or TTR53 elic-
iting long-term gene suppression between 6 and 12 months in hu-
mans. Accordingly, a single dose of 5–25 mg/kg GalNAc-conjugated
C5-siRNA showed robust serumC5 knockdown in cynomolgus mon-
keys and its effects were sustained with approximately 75%–95%
serumC5 suppression over 71 days post administration.51 In contrast,
a single administration of 0.3–1 mg/kg SEQ008-34/LNP led to
approximately 70%–80% serum C5 suppression in cynomolgus mon-
keys, and the serum C5 levels returned to baseline 65 days post
administration (Figure 8A). Brown et al. reported that GalNAc-con-
jugated siRNA accumulates in the endosomal compartments of hepa-
tocytes with a slow release into the cytoplasm, which results in their
prolonged activity; conversely, LNPs facilitate endosomal escape in
hepatocytes and the rapid release of siRNA into the cytoplasm.54

The observed difference in the duration of C5 suppression is likely
mainly derived from the siRNA delivery method to the hepatocytes.54

Zilucoplan is a small peptide inhibitor of complement C5,55 and phar-
macodynamic results were confirmed in a phase 2 study of patients
with generalized MG.56 Interestingly, zilucoplan exhibited equipotent



Figure 6. Mouse/rat C6-siRNA/LNP treatment suppresses MG symptoms in rats

Disease severity (A), body weight change (B), hemolysis (C), and complement C6 expression levels in the liver (D) of MG rats (n = 3/group) treated with PBS, Ctrl-siRNA/LNP,

or 0.1 and 1mg/kgmouse/rat (m/r) C6-siRNA/LNP are shown. (A) Rats received i.v. administration of PBS, 0.1mg/kg of Ctrl-siRNA/LNP, or 0.01 or 0.1mg/kgm/r C6-siRNA/

LNP on day 0. On day 7, anti-AChRmAb (Mab35, 1 mg/kg) was i.v. administered to rats to induce the symptoms of MG. Disease severity was monitored on days 8 and 9 (B).

Body weights of rats treated with PBS, Ctrl-siRNA/LNP, or rat C6-siRNA/LNP were expressed as a ratio of the initial body weight (day 0). (C and D) Blood samples were

collected from the jugular vein on days 3, 7, 8, and 9 and livers were collected on day 9 to evaluate the complement hemolytic activity in serum and liver complement C6

mRNA expression levels (rat C6/rat GAPDH). Data are presented as the mean ± SEM. n = 4 in each group; *p < 0.05 and **p < 0.01 versus Ctrl-siRNA/LNP.
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binding and inhibition of hemolysis induced by C5 variants,
including the mutation associated with poor response to eculizu-
mab,55 The efficacy of zilucoplan in patients with anti-AChR+ gener-
alized MG was assessed in a phase 2 trial. Treatment with zilucoplan
resulted in rapid, clinically meaningful, and statistically significant
improvements compared with placebo in quantitative MG score at
12 weeks.56 Zilucoplan can be self-administered; however, zilucoplan
needs to be administered subcutaneously once a day.

Collectively, our results illustrate the potential advantage of LNP-
formulated siRNA for C5 suppression because the impaired comple-
ment function status can be adequately controlled for the required
treatment period.

To test the efficacy of C5 inhibition using siRNA/LNP, we employed
rat MG and mouse CIAmodels, wherein the involvement of the com-
plement pathway is essential for etiopathogenesis.51,57,58 In the rat
MG model, C5-siRNA/LNP completely suppressed the MG symp-
toms (Figures 4A and 4B), indicating that the C5 and the complement
pathway are closely related to the onset of MG.51 Furthermore, we
used C6-siRNA/LNP to validate the involvement of C5b-9 and
MAC in MG pathogenesis. C6-siRNA/LNP markedly prevented the
onset of MG (Figures 6A and 6B), demonstrating that MAC forma-
tion is essential for MG pathogenesis. In contrast, C5-siRNA/LNP
ameliorated arthritis symptoms in the mouse CIA model, whereas
C6-siRNA/LNP showed no effects (Figures 7A and 7F). Ji et al.
showed that C5a plays a more important role in arthritis development
than C5b-9 (i.e., MAC) by using complement C5 or C6 gene-disrup-
ted mice.57 Consistent with this finding, our data clearly highlighted
the importance of C5a in CIA pathology. Our pre-clinical data in two
disease models suggest that the therapeutic approach using C5-
siRNA/LNP could be effective for targeting the complement pathway,
C5a, and C5b-9 (i.e., MAC).

In summary, we developed a potent siRNA therapeutic targeting C5
mRNA. Repeated administration of the identified SEQ008-34/LNP
showed robust efficacy in two complement-mediated disease models.
Our findings provide a foundation for the further development of C5-
siRNA delivered via LNP as potential therapeutics for complement
C5-mediated diseases.

MATERIAL AND METHODS
Animals

Female or male BALB/c mice as well as male DBA/1 mice and female
Lewis rats were purchased from Charles River Laboratories (Japan).
Male cynomolgusmonkeys were purchased fromHAMRI (Japan). An-
imal care and experimental procedures were performed in an animal
facility accredited by the Health Science Center for Accreditation of
Laboratory Animal Care and Use of the Japan Health Sciences Foun-
dation. The mice and rats were housed under controlled temperature
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Figure 7. Mouse/rat C5-siRNA/LNP treatment, but not of m/r C6-siRNA/LNP, suppresses the development of arthritis in CIA mice

(A–C) Prophylactic treatment with m/r C5-siRNA/LNP. Arthritis score (A), body weight change (B), and hemolysis (C) in CIA mice treated with PBS (n = 8), Ctrl-siRNA/LNP

(n = 8), or m/r C5-siRNA/LNP (n = 8) and in normal mice (n = 4) are shown. Mice received i.v. administration of PBS, 1 mg/kg Ctrl-siRNA/LNP, or 0.1 mg/kg m/r C5-siRNA/

LNP once per week from the day of the first immunization (day 0). Arthritis score wasmonitored from second immunization (day 21) onward, once or twice per week. (b) Body

weights of mice treated with PBS, Ctrl-siRNA/LNP, or m/r C5-siRNA/LNP were expressed as a ratio of the initial body weight (day �4). (C and D) Blood samples were

collected to evaluate the complement hemolytic (C) activity andMMP-3 level (D). Data are presented as the mean ± SEM. n = 4–8/group; *p < 0.05 and ****p < 0.0001 versus

PBS. (E and F) Therapeutic treatment withm/r C5-siRNA/LNP. Arthritis score (E) and bodyweight change (F) in CIAmice treated with PBS (n = 10), Ctrl-siRNA/LNP (n = 10), or

m/r C5-siRNA/LNP (n = 7) and in normal mice (n = 4) are shown. (E) Mice with arthritis scores of 1–3 were randomly enrolled into groups and received i.v. administration of

PBS, 1 mg/kg Ctrl-siRNA/LNP, or 1 mg/kg m/r C5-siRNA/LNP once per week from the day of enrollment. Arthritis score was sequentially monitored from enrollment once or

twice per week. (F) Body weights of mice treated with PBS, Ctrl-siRNA/LNP, or m/r C5-siRNA/LNP were expressed as a ratio of the initial body weight (week �1). Data are

presented as the mean ± SEM. n = 4–10/group; **p < 0.01 and ****p < 0.0001 versus PBS. (G and H) Prophylactic treatment with m/r C6-siRNA/LNP. Arthritis score (G) and

body weight change (H) in CIA mice treated with PBS (n = 6), Ctrl-siRNA/LNP (n = 6), or m/r C6-siRNA/LNP (n = 6) and in normal mice (n = 4) are shown. (F) Mice received i.v.

administration of PBS, 1 mg/kg Ctrl-siRNA/LNP, or 1 mg/kg m/r C6-siRNA/LNP once per week from the day of the first immunization (day 0).
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(23�C ± 3�C) and humidity (55% ± 5%) conditions, with a 12 h light-
dark cycle and were provided access to water and standard pelleted
food ad libitum. Animal care and experimental procedures were per-
formed in the animal facility accredited by the Health Science Center
for Accreditation of Laboratory Animal Care and Use of the Japan
Health Sciences Foundation. All protocols were approved by the Insti-
tutional Animal Care and Use Committee and carried out in accor-
dance with the Animal Experimentation Regulations of KAN Research
Institute or Eisai to laboratory animal welfare guidelines.

siRNA design and lipid nanoparticles formulation

For in vitro screening, siRNAs were designed to exhibit cross-reac-
tivity with human, mouse, and nonhuman primate C5 mRNA. The
346 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
siRNA sequences were chemically modified with 20-OMe nucleotides
to minimize potential immune responses.47 The designed siRNAs
were synthesized using the standard phosphoramidite method at
GeneDesign (Osaka, Japan). In general, the synthesized sense or anti-
sense strands were purified using either a silica-based column for
in vitro study or reverse-phase HPLC for in vivo study. The oligonu-
cleotides purified using reverse-phase HPLC have a purity of more
than 90%. Identification of molecular weight was performed with
MALDI-TOF-MS. The identified sense and antisense strands were
annealed to form siRNA, which were stored at �20�C prior to use.
Surrogate siRNA targeting C5 (m/rC5-siRNA) and C6 (m/rC6-
siRNA) were designed to exhibit cross-reactivity with mouse and
rat C5 and C6 mRNA, respectively (Table S1). As Ctrl-siRNA, we



Figure 8. Dose-dependent reduction in C5 protein

levels and CH50 in nonhuman primates treated with

a single dose of SEQ008-34/LNP

Cynomolgus monkeys (n = 3/group) received a single

treatment with 0.03, 0.1, 0.3, or 1 mg/kg LNP-formulated

C5-siRNA (SEQ008-34) on day 0 at an injection volume of

10 mL/kg by 30 min intravenous infusion with a syringe

pump. (A) Serum C5 levels were quantified using ELISA

and normalized to the average of three repeats. Values

are expressed as the post-dose/pre-dose ratio for each

animal. (B) Serum CH50 levels were quantified using a

biochemistry automatic analyzer using diagnostics. Data

are presented as the mean ± SEM (n = 3 in each group).
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used luciferase-targeting siRNA as described previously.59,60 Each
siRNA was formulated into LNP and characterized as described
previously.37 In general, siRNA was dissolved in 10 mM citric acid
(pH 4.0). A proprietary ionizable lipid, cholesterol (Nippon Fine
Chemical, Japan), 1,2-distearoyl-sn-glycero-3-phosphocholine (Nip-
pon Fine Chemical), and mPEG2000-DMG (NOF no. SUNBRIGHT
GM-020) were dissolved in ethanol. The siRNA solutions and lipid
solutions were mixed at a flow ratio of 3:1 using a pump. The solu-
tions were dialyzed with PBS using a 100 kDa dialysis tube (Spectrum
Labs no. G235071) and filtered through a 0.22 mmmembrane filter to
produce LNP-formulated siRNA.

In vitro siRNA experiment

Each siRNA in combination with the transfection reagent Lipofect-
amine RNAiMAX (Invitrogen no. 13778150) was diluted in Opti-
MEM medium (Gibco no. 31985062) to prepare the siRNA/RNAi-
MAX mixed solution. The siRNA/RNAiMAX mixtures were
dispensed into 96-well plates and cells (Hep3B [ATCC no. HB-
8064] or Huh7 [NIBIOHN JCRB Cell Bank no. JCRB0403]) were
seeded in each well. Following overnight incubation, cells were har-
vested, and C5 mRNA expression levels were quantified using qRT-
PCR and TaqMan primers. The C5 mRNA expression level from cells
treated with either diluent or only the transfection reagent was
considered the baseline level, and a C5 mRNA residual rate (relative
value) was calculated for each siRNA treatment.

RNA preparation and qRT-PCR

For in vitro experiments, total RNA templates were prepared from
cultured cells using a CellAmp Direct RNA Prep Kit for RT-PCR
(no. 3732, TaKaRa, Japan) and Proteinase K (no. 9034, TaKaRa).
For in vivo experiments, total RNA was isolated from harvested
organs using the RNeasy Mini Kit (QIAGEN no. 74106). Next,
cDNA was synthesized from total RNA using the PrimeScript RT
Master Mix (no. RR036A, TaKaRa). Finally, RT-PCR was performed
using cDNA and TaqMan probes (Applied Biosystems, Förster
City, CA), with TaqMan Fast Advanced Master Mix (no. 4444963,
Applied Biosystems) in a QuantStudio 3 Real-time PCR System
(Applied Biosystems) or TaqMan Gene Expression Master Mix
(Applied Biosystems, no. 4369016) in a 7500 Fast Real-Time
PCR System (Applied Biosystems). The expression levels of
human C5 (no. Hs00156197_m1), human glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) (no. Hs02758891_g1), mouse C5
(no. Mm00439275_m1), mouse C6 (no. Mm00489521_m1), mouse
GAPDH (no. Mm99999915_g1), rat C5 (Rn01436156_m1), rat C6
(no. Rn00566466_m1), and rat GAPDH (no. Rn01775763_g1) were
measured. In Huh7, the relative standard curves for complement
C5 and GAPDH were generated using five-point serial dilutions of
cDNA samples from nontreated Huh-7 cells. A five-point relative
standard curve was used for the relative quantitation of complement
C5 mRNA levels in each cDNA sample. The relative gene expression
of complement C5 compared with that of GAPDH was calculated. In
other experiments, GAPDH was used as an internal standard to
normalize mRNA expression levels. PCR products were quantified
using the comparative cycle threshold (Ct) method (2�DDCt). Data
are presented as the relative expression of the target gene compared
with that of GAPDH.

C5 protein level measurement

Blood was collected from the abdominal vein of each mouse under
light anesthesia with isoflurane. The blood was then transferred to
an EDTA-coated tube and the sample was centrifuged at 3,000 rpm
at 4�C for 15 min. The supernatant was then collected and stored
at �80�C until use. The mouse C5 protein was quantified using
ELISA as follows: the mouse anti-C5 antibody BB5.1 (no. HM1073-
FS, Hycult Biotech) was diluted in PBS to a concentration
of 2 mg/mL and immobilized in a 96-well assay plate (no. 442404,
Nunc). After incubation at 4�C overnight, blocking solution (PBS
containing 1% BSA [no. DY995, R&D systems]) was added and the
plate was incubated at room temperature for 1 h. The plate was
washed with washing buffer (PBS containing 0.02% Tween 20) and
the diluted plasma sample was added to the plate. Recombinant
mouse C5 protein (no. CO5-M52H4, ACROBiosystems) was used
as the standard. The plate was incubated at room temperature for 1
h, and then washed with washing buffer. Diluted goat anti-human
C5 antisera (no. A306, Quidel Corporation) solution was added
and the plate was incubated at room temperature for 1 h. The plate
was washed with washing buffer, diluted HRP-labeled bovine
anti-goat IgG (H + L) (no. 805-035-180, Jackson ImmunoResearch)
was added, and the plate was incubated at room temperature
for 1 h. The plate was washed with washing buffer and
3,30,5,50-tetramethylbenzidine working solution (no. 5120-0053, Ser-
acare Life Sciences) was added to each well to develop color. Stop
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solution (1 M/L of sulfuric acid [no. 198-09595, Wako]) was added as
a quenching solution, and absorbance was measured using the Mul-
tiskan GO microplate reader with SkanIt Software version 3.2.1.4
(Thermo Fisher Scientific, Waltham, MA) at 450 and 650 nm. Cali-
bration curves were constructed by plotting nominal concentrations
of C5 and the mean absorbance values with sigmoidal 4-parameter
regression using GraphPad Prism 9.0.2. (GraphPad Software, La
Jolla, CA).

The monkey C5 protein was quantified using a commercially avail-
able C5 human ELISA kit (no. KA2114, Abnova Corporation) and
measurement was conducted by the LSI Medience Corporation
(Tokyo, Japan).

Complement activity measurement

Serum isolation was conducted according to the method as described
previously.61 In brief, blood was collected from the abdominal vein of
each mouse or from the jugular vein from each rat under light anes-
thesia with isoflurane. The collected blood was transferred to Blood-
separ (no. 31203, Immuno-Biological Laboratories) tubes, and the
tubes were then subjected to tumbling and mixing. The samples
were maintained at room temperature for 30 min until clot retraction
was completely established, and the serum was collected after centri-
fugation (3,000 rpm, 4�C, 15 min). The collected serum was stored
at �80�C until use. Rat and mouse serum complement activities
were quantified using a serum complement titer CH50 kit (no.
400017, DENKA) in accordance with the manufacturer’s instruc-
tions. Serum samples were diluted with the same diluting medium.
For mouse serum samples, sheep erythrocytes, mouse serum samples,
and zymosan (final concentration of 10 mg/mL, no. 263-01491,
Wako) were mixed, and the mixture was incubated at 37�C for 16
h. For rat serum samples, sheep erythrocytes and mouse serum sam-
ples were mixed, and the mixture was incubated at 37�C for 1 h. After
incubation, the assay plate was centrifuged at 2,000 rpm at room
temperature for 10 min. The absorbance of the supernatant was
then measured at 415 nm using a Multiskan GO microplate reader
(Thermo Fisher Scientific). The post-administration to pre-adminis-
tration relative rates of hemolytic activity in mice, rats, and monkeys
were calculated using the following formula: R1 (%) = 100 �
[(Abs Post administration – Abs sRBC background)]/[(Abs Pre administration –

Abs sRBC background)]. Monkey CH50 levels in the serum samples
were measured using a biochemistry automatic analyzer (7180 Clin-
ical Analyzer; Hitachi High-Tech, Tokyo, Japan) and an Auto
CH50-L “Seiken” (DENKA).

C5 suppression in mice

Mice were divided into groups based on their average weights. Mice
were i.v. administered either PBS or siRNA/LNP at various siRNA
doses and sacrificed at the indicated time points to collect blood
and liver samples. By using the frozen mouse liver, C5 mRNA expres-
sion levels were quantified using qRT-PCR and TaqMan primers. The
liver C5 mRNA residual rate on each day of measurement for the PBS
administration group was defined as 100%, and liver C5mRNA resid-
ual rates (relative values) were calculated for each siRNA administra-
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tion group. The serum C5 concentration levels and hemolytic activity
were also measured.

C5 suppression in nonhuman primate

Male cynomolgus monkeys (3–4 years old, naive, n = 3/group) were
intravenously administered with 0.03, 0.1, 0.3, and 1 mg/kg of LNP-
formulated SEQ008-34, with an injection volume of 10 mL/kg by
30 min of intravenous infusion with a syringe pump. Serum was ob-
tained on days �1, 0, 3, 6, 9, 16, 23, 30, 37, 44, 51, 58, 65, 72, 79, and
86. The serum C5 concentration levels and hemolytic activity were
measured.

MG model in rats

Rats were divided into groups based on their average weights. To test
the prophylactic efficacy of C5-siRNA in MG, 0.01, 0.1, and 1 mg/kg
doses of mouse/rat (m/r) surrogate C5-siRNA/LNP (n = 3/group),
1 mg/kg of Ctrl-siRNA/LNP (n = 3/group), or PBS (n = 3/group)
were i.v. administered to female Lewis rats at day 0. After 7 days,
rats were inoculated intravenously with 1 mg/kg of antibodies against
the AChR (clone Mab35 no. BE0123, BioXCell). One and 2 days after
the anti-AChR mAb administration, the disease severity of MG was
assessed according to the following scale: 0, can grip and lift lid of a
cage; 1, can grip but cannot lift the lid of a cage; 2, unable to grip
cage lid; 3, unable to grip and has forelimb paralysis, and 4, moribund,
severe paralytic disease as described previously.41 To test the prophy-
lactic efficacy of C6-siRNA in MG, 0.1 and 1 mg/kg of m/r surrogate
C6-siRNA/LNP (n = 3/group), Ctrl-siRNA/LNP (n = 3/group), and
PBS (n = 3/group) were i.v. administered to female Lewis rats at
day 0. After 7 days, rats were inoculated intravenously with
1 mg/kg of antibodies against the AChR. One and 2 days after the
anti-AChR mAb administration, the disease severity of rats was as-
sessed as described above.

Immunohistochemistry

Upon conclusion of the animal study, rats were deeply anesthetized
with isoflurane and perfused with PBS and 2% paraformaldehyde in
PBS. After perfusion, soleus muscles were collected from each rat,
post-fixed with 2% paraformaldehyde in PBS at 4�C for 24 h, treated
with 20% sucrose in PBS, and embedded in Tissue-Tek O.C.T. (Sakura
Finetek Japan, Tokyo, Japan). Tissue blocks were sliced into 12-mm-
thick sections. Cryosections were blocked in Block Ace (DS Pharma
Biomedical, Osaka, Japan) at room temperature for 1 h and incubated
with Alexa Fluor 488-conjugated a-BTX (no. B-13422, Life Technolo-
gies) and mouse anti-rat C5b-9 monoclonal antibody (no. HM3033,
Hycult) at room temperature for 2 h. The sections were washed three
times with 0.1% Triton X-100 in PBS and then incubated at room tem-
perature for 1 h with Cy3-conjugated donkey anti-mouse IgG (no. 715-
166-151, Jackson ImmunoResearch Laboratories). The sections were
washed three times with 0.1% Triton X-100 in PBS, mounted in
mounting medium (no. P10144, ProLong Gold, Thermo Fisher Scien-
tific), and analyzed using confocal laser microscopy (Nikon A1, Nikon,
Tokyo, Japan). Neuromuscular junctions were determined by fluores-
cently labeled a-BTX and were defined as areas of interest. At least 50
or more of neuromuscular junctions were included for observation in
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each rat. Fluorescence intensities were determined using the NIS-
Elements software (Nikon). The mean values were obtained for each
animal (n = 3/group).
CIA mouse model

In the prophylactic experiment, mice were divided into groups based
on their average weights. Bovine collagen type II (CII) (no. K42,
Collagen Research Center) was dissolved in 0.05 M acetic acid at
3 mg/mL and emulsified in an equal volume of complete Freund’s
adjuvant (no. 263810, Difco Laboratories). Mice were immunized
intracutaneously with 100 mL of the emulsion at the base of the tail.
At day 21 post immunization, mice were boosted with the same
amount of bovine CII, emulsified in incomplete Freund’s adjuvant
(no. 263910, Difco Laboratories). The progression of arthritis was
monitored continuously after the first immunization by assessing
arthritis score (the sum of scores on a 0–4 scale for all 4 limbs, based
on the swelling of the limbs, for a total possible score of 16 for each
mouse), using methods modified from those of Seeuws et al.62 and
Huang et al.63 A disease severity score of 0 indicated a normal joint,
without inflammation or redness; 1 = redness and swelling in one
digit; 2 = redness and swelling in two digits, or redness and mild
swelling in the ankle and wrist joints; 3 = redness and swelling
in >3 digits, or moderate swelling in the ankle and wrist joints, and
the foot; and 4 = severe swelling in the ankle and wrist joints, and
the foot. The arthritis score for each mouse was defined as the sum
of the scores for all four paws. For the prophylactic treatment exper-
iment using C5-siRNA, PBS (n = 8/group), 1 mg/kg of Ctrl-siRNA/
LNP (n = 8/group), or 1 mg/kg of m/r C5-siRNA/LNP (n = 8/group)
were i.v. administered. In the prophylactic treatment experiment us-
ing C6-siRNA, PBS (n = 6/group), 1 mg/kg of Ctrl-siRNA/LNP (n =
6/group), or 1 mg/kg of m/r C6-siRNA/LNP (n = 6/group) were i.v.
administered. For both prophylactic experiments, compounds were
administered once 4 days before the first immunization, and then
administered once a week. In the therapeutic treatment experiment,
mice were equally distributed across groups based on their clinical
score after an arthritis score of 1–3 was attained. PBS (n = 10/group),
1 mg/kg of Ctrl-siRNA/LNP (n = 10/group), or 1 mg/kg of m/r C5-
siRNA/LNP (n = 7/group) were i.v. administered to mice, once per
week from the day of enrollment.
Measurement of plasma parameters

Plasma levels of mouse MMP-3 were assessed using ELISA kits (no.
MMP-300, R&D Systems) according to the manufacturer’s
instructions.
Statistical analysis

Statistical analysis was performed in GraphPad Prism 9.0.2
(GraphPad Software, La Jolla, CA). Data are expressed as the
mean ± SEM. For statistical analysis, Dunnett’s multiple comparison
test was performed for the data represented in Figure 2. At other in-
stances, the nonparametric Kruskal-Wallis test was performed, fol-
lowed by the Mann-Whitney U test.
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