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Hemophilia A is a hemorrhagic disease due to congenital defi-
ciencies of coagulation factor VIII (FVIII). Studies show that
hemophilia patients with anticoagulant deficiency present less
severe hemorrhagic phenotypes. We aimed to find a new ther-
apeutic option for hemophilia patients by RNA interference
(RNAi) targeting heparin cofactor II (HCII), a critical antico-
agulant protein inactivating the thrombin. The optimal small
interfering RNA (siRNA) was conjugated to an asialoglycopro-
tein receptor ligand (N-acetylgalactosamine [GalNAc]-HCII),
promoting targeted delivery to the liver. After administration,
GalNAc-HCII demonstrated effective, dose-dependent, and
persistent HCII inhibition. After 7 days, in normal mice,
GalNAc-HCII reduced HCII levels to 25.04% ± 2.56%,
11.65% ± 2.41%, and 6.50% ± 1.73% with 2, 5, and 10 mg/kg
GalNAc-HCII, respectively. The hemostatic ability of hemo-
philia mice in the GalNAc-HCII-treated group significantly
improved, with low thrombus formation time in the carotid
artery thrombosis models and short bleeding time in the tail-
clipping assays. After repeated administration, the prolonged
activated partial thromboplastin time (APTT) was reduced. A
30 mg/kg dose did not cause pathological thrombosis. Our
study confirmed that GalNAc-HCII therapy is effective for
treating hemophilia mice and can be considered a new option
for treating hemophilia patients.

INTRODUCTION
Hemophilia A (HA) is a congenital hemorrhagic disorder caused by
the absence of coagulation factor VIII (FVIII). In more than 90% of
cases, the first symptoms develop in childhood, presenting hemor-
rhage primarily in the skin, joints, and deep tissues. Severe cases
may develop hemophiliac arthropathy leading to joint deformities
or present intracerebral hemorrhage, causing permanent neurolog-
ical sequelae and even death.1,2 In the past, for the management of
hemophilia, intravenous supplementation of clotting factors is per-
formed two or three times per week, demonstrating low patient
compliance, high cost, and production of inhibitory antibodies after
long-term treatment.3 Recently, gene therapy has been explored and
proved to be a promising therapeutics for hemophilia.4,5 For
example, the recombinant FVIII (N8-GP) has a longer half-life,
lower immunogenicity, and superior hemostatic efficacy.6 Also, re-
combinant adeno-associated virus (AAV) delivery of FVIII has
shown very promising efficacy in several preclinical and clinical
studies.7 As the routine prophylaxis and treatment, a recently devel-
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oped drug emicizumab, mainly connecting FIX and X for exerting
the FVIIIa cofactor function to rebuild the disordered coagulation
system, is now widely approved for patients.8,9 Moreover, the inhi-
bition of anticoagulants to correct hemorrhage tendency has ex-
hibited superior effectiveness and specificity as expected, such as
antithrombin III (ATIII; fitusiran), tissue factor pathway inhibitor
(TFPI; concizumab), activated protein C (APC; KRK a1AT), and
protein S (PS; PS small interfering RNA [siRNA]).10–13 These are
attractive, innovative approaches with excellent prospects for clin-
ical applications but having some limitations to their efficacy and
safety. For example, to maintain the level of supplementary factors
in plasma for successfully preventing hemorrhage, the standard
dosing regimen of recombinant FVIII needs to be further deter-
mined because of individual differences of FVIII activity.14,15

Although AAV gene therapy is a great success, some significant
safety concerns are associated with it, such as the genotoxicity of
viral integration and the immune responses against the virus in
humans.16,17 Despite a proven clinical application, the efficacy of
emicizumab is not indicated in hemophilia B.18 A patient who
participated in one of the clinical trials of fitusiran suffered cerebral
sinus venous thrombosis after FVIII treatment, resulting in death.
Therefore, further risk assessment is necessary to ensure the safety
of fitusiran usage.19 The potency of KRK a1AT has been proved in
animals, but its side effects on other systems need deeper exploration
and evaluation because of the strong anti-inflammatory and cyto-
protective roles of APC.20 Similarly, it remains to be observed how
PS siRNA influences the complement system for which PS partici-
pates in humans’ complement regulation.21 In order to obtain stable
therapeutic effects, further research and development are needed for
concizumab because the plasma drug concentration varies signifi-
cantly among patients taking the same dosage.22 It is thus essential
to find more effective and safer approaches to meet the extensive
need for HA treatment.
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Figure 1. A simple description of the coagulation pathway, expounding the

inactivation effect of HCII for thrombin with the help of DS

An anti-coagulation pathway was also depicted with anticoagulants, including

antithrombin (AT), protein C (PC), and protein S (PS).
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Heparin cofactor II (HCII), containing 480 amino acid residues, is a
serine protease inhibitor encoded by the SERPIND1 gene.23 It
is secreted by the liver and circulates in the plasma at 1.2 ±

0.4 mmol/L.24 Being one of the homologous proteins of ATIII, HCII
plays a vital role in the anticoagulant system with its typical thrombin
inhibition mechanism.25 Unlike ATIII with several target proteases
(thrombin, FXa, and FIXa), HCII specifically inhibits thrombin and
does not affect other coagulants (Figure 1). This is due to different res-
idues at the active site (Arg for ATIII, Leu for HCII), leading to incon-
sistent binding sites with thrombin.26 Under normal physiological
conditions, a third of thrombin is inactivated by HCII at a slow basal
rate. Its efficiency to inactivate thrombin is about 1/10 of ATIII.27

However, the activity of HCII can be significantly enhanced by the
catalysis of glycosaminoglycans (heparin, heparan sulfate, dermatan
sulfate [DS], etc.), which promotes the acidic N terminus of HCII
that binds tightly to the anion-binding exosite I of thrombin for
rapidly forming the thrombin-HCII complex.28 As a specific catalyst,
DS can increase the activity of HCII by more than 1000-fold, much
higher than heparin and heparin sulfate. This is primarily due to
the different binding sites with HCII.29 DS is synthesized by vascular
smooth muscle cells and fibroblasts and generally exists on the blood
vessel walls. This indicates that HCII mainly plays a role in connective
tissues, while ATIII mostly in plasma. When the vessel wall is
damaged, HCII enters it and comes in contact with DS to exert its
anticoagulant effect.30 The physiological function of HCII is relatively
single. Studies have shown that lack of HCII does not interfere with
hematopoiesis and pregnancy and does not cause clinically severe
complications or death.31 Besides, many case reports found that indi-
viduals with HCII deficiency had a medical history of thrombotic dis-
eases.32,33 Lopaciuk et al.34 have reported a significantly higher prev-
alence of HCII deficiency in thrombotic patients than in controls
(5.7% versus 0.9%). Furthermore, a previous study indicated that
compared with wild-type (WT) control mice, HCII depletion mice
had significantly shorter thrombus formation time under vascular
damage (34 ± 4 versus 60 ± 12 min).35 Therefore, we speculated
that the reduction of HCII might promote hemostasis in bleeding dis-
orders, such as hemophilia. This study aimed to explore the effect of
RNA interference (RNAi) therapy targeting HCII on the coagulation
pathway and confirm a novel way for hemostasis in HA patients.

RESULTS
In vitro thrombin generation tests (TGTs)

In hemophilia, it is confirmed that the ability of thrombin generation
in plasma is associated with the clinical severity of the bleeding
phenotype.36 To evaluate the effect of HCII reduction on the hemo-
static capacity in hemophilia plasma, we measured the thrombin
levels in FVIII-deficient plasma depleted of HCII to 9.7%, including
peak thrombin and endogenous thrombin potential (ETP). Because
the ability of HCII to inactivate thrombin was determined by DS con-
tent with different tissue distributions, we had set up various levels of
DS in TGT to assess the potency of decreased HCII for thrombin gen-
eration accurately.37 In the absence of DS, results showed that there
was no significant difference in thrombin generation between
HCII-reduced (9.7%) and HCII normal (100%) groups (peak
thrombin, p = 0.435; ETP, p = 0.987) (Figure 2A; Table 1). After add-
ing a large amount of DS (250 mg/mL), thrombin was entirely in-
hibited in healthy control and HCII normal groups. However, the
reduction of HCII promoted the generation of thrombin (Figure 2B;
Table1). Then, we tried a lower concentration of DS (25 mg/mL) and
found that the thrombin levels in the HCII-decreased group (9.7%)
were remarkably higher than that of the HCII normal (100%) group
(p = 0.032 for peak thrombin and p < 0.001 for ETP) (Figure 2C; Ta-
ble 1). Furthermore, it demonstrated an additive thrombin generation
response to recombinant human FVIII (rhFVIII) in the background
of reduced and not reduced HCII. However, neither the peak
thrombin nor ETP in the HCII-diminished group with rhFVIII sur-
passes healthy control (p = 0.143 and p = 0.769). Thus, the risk for
thrombin overproduction, namely, the potential risk of thrombosis,
may be low in the HCII-reduced plasma even with the replacement
factor (rhFVIII). Also, we demonstrated that the depletion of HCII
did not affect other anticoagulants’ activities, such as antithrombin
(AT), protein C (PC), and PS, indicating that the alteration of
thrombin generation was due to only the reduction in HCII activity
(Figure S1). Our results were per the hypothesis that the decreased
expression of HCII protein could effectively and safely rebalance
the coagulation and anti-coagulation pathways to improve the hemo-
static ability in hemophilia plasma.

Pharmacokinetics and pharmacodynamics in WT mice

The RNAi therapeutic technology was applied to the present study to
inhibit the expression of HCII in vivo. An optimal siRNA targeting the
HCII gene was screened out via cellular assays (siRNA-HCII). HCII
mRNA levels, consistent with the protein alterations, were significantly
reduced in the siRNA-HCII-treated group, about 6.65% ± 1.61% and
6.17% ± 4.50% relative to the siRNA-control-treated group in mouse
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Figure 2. Thrombin generation curves in HA plasma depleted of HCII activity to 9.7% in the background of DS with various levels

(A–C) Thrombin generation conducted in the absence of DS (A), with DS at a concentration of 250 (B) or 25 mg/mL (C). Healthy control plasmawas generated from themixture

plasma of 15 volunteers. Further control plasma was produced by adding back rhFVIII (1 IU/mL) to recover the thrombin generation to an average level. All measurements

were run with 1 pM tissue factor and 4 mM phospholipids. The ordinate represented the alterations of thrombin levels over time.
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(Hepa 1–6) or human (Hepg2) cells (Figures 3A and 3B). This siRNA
was then conjugated to the GalNAc ligand and was chemically modi-
fied for specific delivery to hepatocytes and stable inhibition of HCII
in vivo (Figure 3C).

After a single subcutaneous injection, GalNAc-HCII rapidly diffused
into the plasma with maximum concentrations that appeared after
30 min, about 0.30, 0.39, and 0.95 mg/mL for dosages of 2, 5, and
10 mg/kg, respectively. Drug levels significantly decreased at 4 h after
dosing (Figure 4A). Simultaneously, the levels of GalNAc-HCII in the
liver increased promptly, showing the peak concentrations with 6.2,
29.0, and 59.3 mg/g for administrations of 2, 5, and 10 mg/kg, respec-
tively. The drug remained in the liver for a long time, up to 2 weeks
(Figure 4B). The concentration of GalNAc-HCII in the liver and
plasma was predominantly dependent on the administered dosage.
Furthermore, to verify the liver specificity of GalNAc-HCII, we
observed the drug levels in other organs, which were relatively low
or even below the limit of quantitation (Figures S2A–S2D). In addi-
tion, we analyzed frozen sections of the liver after the administration
of GalNAc-HCII at 1 mg/kg labeled with cyanine dye 3 (Cy3). Results
showed that the drug specifically targeted the liver with utmost
fluorescence intensity emerging at 4 h after dosing, and no drug accu-
mulation was observed in other organs (Figure 4C; Figure S2E). Alter-
ations in the fluorescence intensity were consistent with the drug
pharmacokinetics curve mentioned above.

Furthermore, we explored the inhibition efficacy of GalNAc-HCII in
WT mice. After a single subcutaneous administration, dose-depen-
dent inhibition of HCII protein levels was observed in the plasma.
The greatest inhibitory potency appeared on day 7, with relative
HCII protein level reduced to 25.04% ± 2.56%, 11.65% ± 2.41%,
and 6.50% ± 1.73% at doses of 2, 5, and 10 mg/kg, respectively.
HCII suppression was long-lasting with the maintenance of protein
levels less than 50% for 7 and 21 days at dosages of 2 and 5 mg/kg.
Moreover, a high dose of 10 mg/kg resulted in maintenance of
HCII levels less than 20% for 14 days (Figure 5A). As expected, the
inhibition of HCII antigen in plasma was correlated with reductions
of plasma HCII activity, liver HCII mRNA, and HCII protein, per the
mechanism of RNAi action (Figures S3A–S3C). When dosed repeat-
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edly, GalNAc-HCII induced dose-dependent, persistent suppression,
with HCII protein decreased to stable levels (�20%) after 2 weeks of
administration (Figure 5B).

The hemostatic capacity of HA mice

To explore the hemostatic effects of HCII reduction in HA mice, we
generated carotid artery thrombosis models to evaluate the capacity
of thrombus formation. Stable thrombus formation was observed at
the carotid artery after induction by ferric chloride solution (FeCl3)
in GalNAc-HCII-treated HA mice (15/15), while no stable clot was
observed in the phosphate-buffered saline (PBS)-treated HA group
(0/4). The time of thrombus formation was closely correlated to the
doses, with approximately 19.6 ± 3.05, 11.6 ± 1.82, and 8.2 ±

1.64 min for 2, 5, and 10 mg/kg, respectively (Figure 6A; Figure S4).
Moreover, there was no significant difference in thrombus formation
time between WT and HA mice administered GalNAc-HCII at a
dosage of 10 mg/kg (p = 0.996). Because factor replacement is an
important therapy in hemophilia, we needed to compare the
hemostatic potency of GalNAc-HCII and rhFVIII treatments for
HA mice. Results showed better hemostatic capacity when dosed
with 10 mg/kg in GalNAc-HCII-treated mice compared with rhFVIII
supplementary group (p = 0.014), while no difference was observed
between HA mice administered a dose of 5 mg/kg and rhFVIII
(p = 0.927).

We then conducted a tail-clipping assay to evaluate further the effect
of HCII depletion on the hemostatic ability in HA mice. HA mice
treated with GalNAc-HCII showed significantly shortened bleeding
time of the tail artery (15/15), while most HA mice treated with
PBS could not stop bleeding within 30 min (3/4). A dose-dependent
effect was observed for bleeding time, with approximately 13.9 ± 1.88,
8.0 ± 1.84, and 7.3 ± 0.97 in the GalNAc-HCII-dosed group at 2, 5,
and 10 mg/kg, respectively (Figure 6B). When administered 5 or
10 mg/kg, the hemostatic potency of the GalNAc-HCII-dosed group
was similar and showed no difference to that of the WT group (p =
0.129 and p = 0.298). As an additional control, four animals were
administered 100 IU/kg rhFVIII before tail clipping. Results showed
better hemostatic effect when dosed with 5 or 10 mg/kg in GalNAc-
HCII-treated mice compared with the animals supplemented with



Table 1. Parameters of thrombin generation from healthy control and FVIII-deficient plasma (HA plasma) with various levels of DS

Groups Lag time (min) Time to peak (min) Time to tail (min) Peak thrombin (nM) ETP (nM$min)

DS = 0 mg/mL

Healthy control 2.4 ± 0.1 5.5 ± 0.6 20.2 ± 0.4 278.0 ± 15.7 1,636.0 ± 56.8

HCII-100% 3.2 ± 0.2 9.8 ± 0.3 21.5 ± 1.8 104.8 ± 8.2 1,248.0 ± 113.2

HCII-9.7% 3.1 ± 0.1 9.1 ± 0.4 21.6 ± 0.8 115.3 ± 6.0 1,240.0 ± 27.6

HCII-100%-rhFVIII 2.1 ± 0.2 5.0 ± 0.2 20.2 ± 0.5 271.1 ± 12.9 1,554.0 ± 53.86

HCII-9.7%-rhFVIII 2.0 ± 0.2 4.4 ± 0.2 24.0 ± 2.2 278.3 ± 14.6 1,665.0 ± 61.9

DS = 250 mg/mL

Healthy control �1 �1 �1 0 0

HCII = 100% �1 �1 �1 0 0

HCII = 9.7% 8.9 ± 0.4 16.1 ± 0.9 38.5 ± 1.1 45.8 ± 5.5 792.3 ± 70.8

HCII-100%-rhFVIII �1 �1 �1 0 0

HCII-9.7%-rhFVIII 7.6 ± 0.1 16.5 ± 0.9 41.0 ± 1.5 45.0 ± 4.4 767.0 ± 115.7

DS = 25 mg/mL

Control 2.8 ± 0.1 5.8 ± 0.4 18.6 ± 0.7 145.1 ± 16.7 853.3 ± 99.4

HCII = 100% 9.4 ± 1.2 12.2 ± 0.5 26.0 ± 0.6 8.2 ± 2.1 96.0 ± 6.5

HCII = 9.7% 5.9 ± 1.1 12.0 ± 0.3 32.5 ± 2.1 34.2 ± 3.1 455.4 ± 18.8

HCII-100%-rhFVIII 2.8 ± 0.6 5.2 ± 0.3 19.7 ± 0.9 134.2 ± 9.4 814.1 ± 31.5

HCII-9.7%-rhFVIII 2.2 ± 0.5 5.0 ± 0.5 16.8 ± 1.1 165.6 ± 8.5 884.7 ± 23.8

Experiments were carried out in triplicate. Values are mean ± SD. “�1” represents error in curve parameters due to no thrombin generation; HCII = 9.7% or HCII = 100%, HA plasma
with reduced or non-reduced HCII activity.
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rhFVIII (p = 0.013 and p = 0.004), whereas no difference was
observed between groups administered GalNAc-HCII at 2 mg/kg
and rhFVIII (p = 0.923).

Activated partial thromboplastin time (APTT) is an important eval-
uation index of the hemostatic ability in hemophilia. Prolonged
APTT was evident in HAmice with PBS due to abnormal coagulation
mechanisms. At 7 days after single dosing, mice treated with GalNAc-
HCII showed a reduced APTT, with 64.8 ± 2.3, 54.4 ± 0.8, and 53.1 ±
1.4 s at 2, 5, and 10mg/kg, respectively. Moreover, according to APTT
values in plasma with various FVIII levels, the correction effects of
APTT in HA mice with GalNAc-HCII corresponded to approxi-
mately 6.6% ± 1.6%, 19.7% ± 1.6%, and 22.8% ± 3.3% normal levels
of FVIII protein in vivo (Figure S5). Although the correction capacity
of APTT was not better than for the rhFVIII supplementary group,
the maintenance of APTT was more durable in GalNAc-HCII-dosed
mice, with 10 and 14 days for 5 and 10mg/kg, respectively (Figure 6C).
After repeated administration, the APTT was further reduced in the
GalNAc-HCII-treated group but did not reach normal levels of WT
mice (35.7 ± 5.3 s), even when the HCII inhibition was over 80% (Fig-
ure 6D; Figure S6).

Acute toxicity studies

To assess the short-term accumulation effects and acute toxicity of
GalNAc-HCII in vivo, we gave repeated injections of 30 mg/kg.
BothWT andHAmice well tolerated the drug after 2 weeks of admin-
istration, with no abnormal phenotypes and no significant alterations
in some hematological indexes, including complete blood count
(CBC), renal functions, and myocardial enzymes. Nevertheless, the
slight elevation of liver function indexes was observed in all mice
treated with GalNAc-HCII or GalNAc-control, involving alanine
transaminase (ALT), aspartate aminotransferase (AST), and total bili-
rubin (T-BIL) (Figure 7A; Figures S7A–S7C). There was no difference
in liver functions between GalNAc-HCII- and GalNAc-control-dosed
groups. Results of histopathological sections indicated mild liver
injury in treated groups, characterized by punctate hepatocyte necro-
sis with leukocyte infiltration and hepatocyte degeneration in the
focal perivascular (Figure 7B). Moreover, no difference of serum
HCII levels was observed between HAmice dosed with GalNAc-con-
trol and PBS (p = 0.919; Figure S7D). It suggested that the liver
damage was related to generalized toxicity from repeated GalNAc-
RNAi molecules, but not to the knockdown of HCII. In addition,
no death occurred in all groups at this dosage and frequency of
administration.

Potential risk for thrombosis

Because thrombotic events have been reported in hemophilia patients
with fitusiran after FVIII replacement treatment, we need to evaluate
the potential risk for thrombosis in HA mice receiving GalNAc-HCII
therapy, especially those givenhemostatic agents at the same time.After
repeated dosing of 30mg/kg, no edema or paleness was observed in the
upper and lower limbs. Results of organs anatomy showed no abnor-
malities in the size, shape, color, andweight. Thenplasmawas collected.
As expected, results of TGT indicated improved thrombin generation
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Figure 3. The reduction effects of siRNA-HCII in cellular assays and the synthesis of GalNAc-modified siRNA-HCII

(A and B) Analysis of mRNA transcript levels (A) and HCII protein levels (B) of HCII gene in Hepa 1–6 and Hepg2 cell lines transfected with siRNA-HCII or a control siRNA

(siRNA-control) by Lipofectamine 3000 reagent. The housekeeping gene GAPDHwas used to normalize the abundance of HCII mRNA in quantitative real-time PCR or as an

internal control to normalize the gray values of HCII protein in western blot. Untreated hepatocytes were evaluated as control (mock). The graph bars represent the mean

value ± SD in three independent experiments. (C) Structure diagram of GalNAc-HCII showing the siRNA-HCII conjugated with a GalNAc ligand. Also presented are the

modifications of the nucleotides performed in this study, including 20-O-methyl (20-OMe) and 20-deoxy-20-fluoro (20-F). Phosphorothioate (PS) linkages are used for the

modifications of the backbone.
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in GalNAc-HCII-dosedmice comparedwith untreatedHAmice. After
supplemented FVIII, a more obvious elevation of thrombin levels was
observed in HA mice with or without GalNAc-HCII, but neither
different from the normal level of WT mice (peak thrombin, p =
0.113 and p = 0.926; ETP, p = 0.792 and p = 1.00) (Figure 7C; Table
2). In accordance with the results above, APTT exhibited a decrease
in GalNAc-HCII-injected mice with not reaching the normal value of
WT mice. Although significantly corrected with rhFVIII, APTT still
does not surpass the normal range of WT mice (Figure 7D).

DISCUSSION
It has been reported that HA patients with anticoagulant deficiency
present less severe hemorrhagic phenotypes.38,39 This study suggested
that on reducingHCII, an important anticoagulant protein, specifically
inactivating thrombin, thrombin generation could be upregulated, and
the hemostatic ability of HA mice could be significantly improved.
Therefore, targeting HCII may be a potential treatment for HA.

We know that the inactivation rate of thrombin by HCII is regulated
explicitly by DS.37 For the absence of DS in commercial FVIII-defi-
cient plasma, the ability of HCII to inactivate thrombin is relatively
low, whether it is reduced or not, resulting in higher thrombin gener-
ation than that of hemophilia patient plasma in other research works.
After adding DS, we found that thrombin levels in the HCII-reduced
group with DS at low concentrations were much lower than that of
high concentrations for the dose-dependent regulation of DS on
HCII. The higher the concentration of DS, the more the thrombin
is inactivated by HCII, which means that thrombin will be retained
662 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
more when HCII is reduced. In addition, even in the presence of
DS with high concentrations, the thrombin generation curve was
not corrected to the normal level. This is because HCII just inactivates
a part of thrombin in vivo even with the maximum activity, and the
HCII reduction did not affect the inactivation of thrombin by other
anticoagulants. These data also suggested that HCII reduction was
relatively safe for avoiding excessive thrombin production to over-
activate coagulation. Furthermore, HA mice supplemented with
rhFVIII did not obtain the hemostatic capacity equivalent to that of
WT mice, whereas suppression of HCII did. Possible reasons are as
follows: the rhFVIII mainly affects the production of thrombin in
plasma,40 while HCII inhibition primarily affects the injured vessels
for DS’s existence. In our study, mice models primarily involving
vascular damage resulting in rhFVIII could not prove themselves
adequately. This may be one reason why APTT in HA mice with
HCII suppression was not corrected to normal, reflecting the coagu-
lation in plasma.41

Heterozygous HCII deficiency has been reported to be associated with
thromboembolic events, but some epidemiological studies suggested
that heterozygous HCII deficiency is as common in healthy people
as in patients with deep vein thrombosis (DVT).42 The first subject
with homozygous HCII deficiency had been reported for recurrent
thrombosis, which was confirmed to be accompanied by ATIII defi-
ciency.43 A screening study of thromboembolic events in adolescents
revealed two patients with HCII Rimini mutation, and they were
proved to be complicated with FV Leiden mutation and type I PC
deficiency.44 Besides, it was shown that mice with homozygous



Figure 4. Pharmacokinetics and liver targeting of GalNAc-HCII in WT mice

(A and B) Drug levels of GalNAc-HCII in plasma (A) and liver (B) after a single administration in WT mice at different dosages. Two mice were sacrificed in each dose group at

each time point. All detection values were plotted, and those lower than the minimum quantitation were considered 0 mg/mL in plasma or 0 mg/g in the liver. (C) Fluorescence

intensity of Cy3-labeled GalNAc-HCII (excited, 550 nm; visualized, 570 nm) in liver at 1, 2, 4, 12, and 24 h after a single administration with a dose of 1 mg/kg. The nucleus of

tissue sections is incubated with DAPI (excited, 358 nm; visualized, 461 nm). WT mice treated with PBS were used as control. Scale bar, 50 mm.
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HCII deficiency presented significantly shorter time of thrombus
formation in the carotid artery after endothelial injury. However,
no evidence of spontaneous thrombosis was found in mice without
induction.35 Accordingly, HCII deficiency may play a limited role
as a risk factor for thrombosis in vivo. Patients with HCII deficiency
are likely to have a thrombotic tendency when other thrombogenic
factors exist simultaneously, such as thrombophilia-related gene de-
fects or obvious risk factors of thrombosis. One possible reason has
been mentioned above that the activity of HCII in plasma is relatively
low, and only a small part of thrombin is inactivated specifically.27 In
addition, this study demonstrated that HCII inhibition mainly
affected the hemostasis of damaged vessels with slightly improved
thrombin levels and marginally shortened APTT. Even with the addi-
tion of rhFVIII, the thrombin generation and APTT in HCII-reduced
groups still did not surpass the normal levels in vitro and in vivo.
Moreover, pathological thrombosis was not found in the organs of
mice after frequent injection of GalNAc-HCII. Therefore, our method
is safer for significantly reducing the potential risks of thrombosis
than other anticoagulant inhibition therapies.

Our research also has some shortcomings. First, acute hepatotoxicity
was found in the GalNAc-HCII-treated group with large doses, which
raised some concerns about the safety of this approach in patients
with chronic liver diseases, such as fibrosis and cirrhosis. It is essential
for us to develop more toxicity-reducing studies in the future to
improve the feasibility of this therapy for patients with liver diseases.
Second, our protocols are limited to HA. In theory, for HA and hemo-
philia B, this treatment’s effect should be the same because HCII
specifically acts on thrombin with no effect on other coagulation fac-
tors.26 However, due to the lack of FIX-deficient mice, this drug’s
effects on hemophilia B and even other hemophilia types remain to
be elucidated. Finally, some clinical studies have suggested that the
concentration of HCII in plasma is negatively correlated to athero-
sclerosis and restenosis after angioplasty, which is due to the promo-
tion of HCII deficiency to the neointimal formation and vascular
remodeling.45–48 In our study, the period of explorations on pharma-
codynamics and toxicity for GalNAc-HCII is relatively short. In addi-
tion, there are no hemophilia mice with atherosclerosis currently. So
we fail to find apparent alterations of HCII inhibition on vascular
intima, which may require further research.

This study aimed to elucidate a novel RNAi therapy for HA targeting
HCII. This method has no mention in any of the previous studies.
Our results suggest that it is an effective treatment for HA mice.
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 663
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Figure 5. Pharmacodynamics of GalNAc-HCII in WT

mice

(A) Dose-response and maintenance of HCII reduction

after a single injection of GalNAc-HCII at different dos-

ages. Plasma HCII levels were detected using an ELISA

kit. Relative HCII protein levels at each time point for each

mouse were determined by normalizing to HCII levels

seen in PBS-treated WT mice. The graph bars represent

the group mean (n = 4) ± SD. The black arrow below the

vertical axis represented the time of dosing (0 days). (B)

Stable maintenance of HCII reduction after repeated

dosing of GalNAc-HCII at different dosages. Relative HCII protein levels at each time point for each mouse were determined by normalizing to HCII levels detected in PBS-

treated WT mice. The graph bars represent the group mean (n = 4) ± SD. Black arrows below the vertical axis represented the time of dosing (0, 7, and 14 days).
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Although there are still some issues to be solved, this method repre-
sents a new idea for HA treatment andmay provide a better choice for
patients in the future.

MATERIALS AND METHODS
We have received informed consent from all subjects. This study was
reviewed and approved by the Medical Ethical Committee and the
Animal Ethics Committee of Union Hospital, Huazhong University
of Science and Technology.

Preparation of plasma samples

Healthy control plasma was obtained from the mixture plasma of 15
healthy volunteers. The FVIII-deficient plasma (Hyphen Biomed,
France) was used to simulate HA plasma from patients. The depletion
of HCII in vitro was performed by adding HCII neutralizing antibody
(Affinity Biologicals, ON, Canada) to the FVIII-deficient plasma in
the ratio 1:9, which leads to the activity of HCII reduced to 9.7%, de-
tected by the chromogenic substrate method.49 Activities of ATIII,
PC, and PS in human plasma samples were detected on an automatic
coagulator (Sysmex, Japan) by corresponding kits according to the
manufacturer’s instructions (Siemens Healthcare Diagnostics,
Germany). Further control plasma was generated by adding rhFVIII
(obtained from Union Hospital) to the FVIII-deficient plasma at 1
IU/mL to recover the thrombin generation to the normal level of
healthy control.

The plasma of mice was obtained from the inferior vena cava by add-
ing 3.8% sodium citrate (1:9). All plasma samples were centrifuged at
2,000 � g for 20 min to obtain platelet-poor plasma (PPP) and then
stored at �80�C until use. The plasma of HA mice was diluted with
WT mice plasma in different ratios to generate HA plasma with
various levels of FVIII. APTT and FVIII activity of mixture plasma
wasmeasured on the coagulation analyzer (Diagnostica Stago, France).

TGT

TGT was conducted in human and animal plasma samples through
an automatic thrombin generation detector (Thrombinoscope, the
Netherlands) according to the manufacturer’s protocols.36 Before
measuring thrombin generation, DS (Affandi-e, China) was added
to human plasma with various concentrations (0, 25, 250 mg/mL).
The coagulation pathway was activated by adding tissue factors (1
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pM), phospholipids (4 mM), and FluCa kit (containing CaCl2) to
the plasma. Then, thrombin was generated to cleavage the fluorescent
substrates to release signals for detection.

Cell culture and siRNA transfection

Hepatocyte cell lines (mouse: Hepa 1–6; human: Hepg2), purchased
from the cell bank of the Chinese Academy of Sciences, were main-
tained in DMEM (Gibco, Carlsbad, CA, USA) supplemented with
10% FBS (Gibco, Carlsbad, CA, USA). Cell lines were seeded in a
six-well plate at a density of 105 cells/well. After 24 h, cells were trans-
fected with an optimal siRNA targeting HCII gene (siRNA-HCII,
50-UGGUGGAGAGAUGGCAAAAAA-30, suitable for mouse and
human) or a negative control siRNA (siRNA-control, 50-UUCUCC
GAACGUGUCACGU-30, suitable for mouse and human) (100
pmol) by using Lipofectamine 3000 (Invitrogen, USA). 48 h later,
total RNAwas extracted using the TRIzol reagent (Takara, Japan). Af-
ter reverse transcription, quantitative real-time PCR was performed
to detect the relative abundance of HCII mRNA normalized to the
housekeeping gene GAPDH using a ChamQ SYBR qPCR Master
Mix (Vazyme, China).

Besides, western blotting (WB) was conducted to assess protein levels
of HCII relative to the internal control (GAPDH). Total cellular
lysates (30 mg/lane) were separated on 10% SDS-PAGE gels. The
proteins were transferred onto polyvinylidene fluoride (PVDF) mem-
branes. Afterward, the membranes were blocked and incubated over-
night with the rabbit anti-mouse or human polyclonal antibodies
against HCII (1:1,000) (ABclonal, BSN, USA) or GAPDH (1:1,000)
(Antgene, China), followed by incubation with goat anti-rabbit
immunoglobulin G (IgG) antibody (1:3,000) for 1 h. The enhanced
chemiluminescence (ECL) reagent was used to visualize the target
bands in an imaging analyzer (Bio-Rad, CA, USA), and the gray value
of each band was quantified by an ImageJ software.

Synthesis of GalNAc-siRNAs

GalNAc-HCII and GalNAc-control were synthesized with the help of
the TranSheepBio company (Shanghai, China). In brief, optimal
siRNA-HCII and siRNA-control were chemically modified and
conjugated to an asialoglycoprotein receptor ligand derived from
N-acetylgalactosamine (GalNAc) to promote targeted delivery to
the liver in vivo.50,51



Figure 6. Hemostatic effects of GalNAc-HCII in HA

mice via carotid artery thrombosis models, tail-

clipping assays, and measurements of APTT

(A and B) Thrombus formation time of carotid artery in

FeCl3-induced thrombosis models (A) and bleeding time

of tail artery in tail-clipping assays (B) on HA mice

administered with GalNAc-HCII at different dosages (n = 5

for each dosage) or rhFVIII at a concentration of 100 IU/kg

(n = 4). WT (n = 4) and HA mice (n = 4) are injected PBS as

controls. Bars represent the groupmean ± SD. A one-way

ANOVA test followed by a multiple comparison test was

used. ap < 0.05 versus WT mice with PBS; bp < 0.05

versus HA mice with PBS; cp < 0.05 versus HA mice with

rhFVIII. (C) Alterations of APTT over time in HA mice after a

single dosing of GalNAc-HCII with different doses or

rhFVIII at 100 IU/kg. WT and HAmice with PBS were used

as controls. Plasma from two mice was mixed to generate

a plasma sample. Six mice were used for each group.

Bars represent the group mean ± SD. (D) APTT correction

in HA mice after three weekly injections of 2 or 5 mg/kg

GalNAc-HCII for 2 weeks (n = 3 for each group). WT (n = 4)

and HA mice (n = 4) with PBS were used as controls

(35.7 ± 5.3 s for WT mice and 75.8 ± 4.9 s for HA

mice). Bars represent the group mean ± SD. A one-way

ANOVA test followed by a multiple comparison test was

used. ap < 0.05 versus WT mice with PBS; bp < 0.05

versus HA mice with PBS.
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Pharmacokinetics in mice

Male mice (C57BL/6, 6–8 weeks old) (GemPharmatech, China) were
subcutaneously administered GalNAc-HCII at 2, 5, or 10 mg/kg
(10 mL/kg body weight). At 0.5, 1, 2, 4, 12, 24, 48, 96, 168, 240, and
336 h of dosage, two mice were sacrificed at each dose level. Plasma
and tissue samples, including liver, heart, spleen, lung, and kidney,
were collected to assess for drug levels. Saline perfusion was used
for mice before tissue acquisition and after blood collection. Gal-
NAc-HCII levels in plasma and tissues were detected via stem-loop
quantitative real-time PCR assays (Vazyme, China).52–54 The lower
limit of detection range, determined in PBS-treated mice, was
0.001 mg/mL in plasma and 0.116, 0.137, 0.156, 0.235, and
0.254 mg/g in liver, heart, spleen, lung, and kidney. All detection
values are normalized by subtracting the background values in
PBS-treated mice, and those lower than the minimum quantitation
were considered 0 mg/mL or 0 mg/g.

Another group of mice was dosed GalNAc-HCII labeled with Cy3 dye
(TranSheepBio, China), excited by 550 nm and visualized at 570 nm, at
1 mg/kg. At the different time point of administration, frozen sections
of tissue samples were collected and stained with DAPI dye, excited by
358 nm, and visualized at 461 nm. The fluorescence intensity of Cy3
and DAPI was observed to demonstrate the targeting specificity of
GalNAc-HCII by a fluorescence microscope (Olympus, Japan).

Pharmacodynamics in WT mice

Malemice (C57BL/6, 6–8weeksold)were subcutaneously administered
PBS orGalNAc-HCII at 2, 5, or 10mg/kg (10mL/kg bodyweight). At 3,
7, 10, 14, 17, and 21 days of dosage, plasma samples from retro-orbital
were collected to detect HCII protein levels by an ELISA according to
themanufacturer’s protocols (ELISA,Biorbyt,UK).RelativeHCII levels
at each time point are determined by normalizing to serum HCII con-
centration detected in PBS-treated mice. A separate cohort of mice was
sacrificed at 3 days after dosing. HCII protein levels and activities were
measured in plasma, as mentioned previously. Liver tissues were
obtained, and the mRNA level of HCII was tested by quantitative
real-time PCR. Another batch of mice was repletely treated with Gal-
NAc-HCII at 2, 5, or 10 mg/kg weekly for a total of 3 weeks. At 3, 7,
14, 21, and 28 days of dosage, relative HCII protein levels in plasma
were detected using the method mentioned above.52

Hemostatic models in HA mice

Hemophilia mice (HA mice, male, 6–8 weeks old; B6/JGpt-
F8em430Cd5d452/Gpt) (GemPharmatech, China) were subcutaneously
injected with 2, 5, and 10 mg/kg GalNAc-HCII and PBS, respectively.
HA mice, treated with 100 IU/kg rhFVIII 15 min before doing hemo-
static models, were used as positive controls and WT mice treated
with PBS as negative controls. After 7 days of dosage, carotid artery
thrombosis models were induced by FeCl3 and recorded on Laser
Doppler Flowmetry (Moor Instruments, UK) in line with the manu-
facturer’s instructions. In brief, the carotid artery was separated,
gently lifted with a silk thread, and then infiltrated with 10% FeCl3
for 1 min, immediately followed by a laser probe detection to alter
blood flow.35,55,56 Stable thrombus formation was defined as a reduc-
tion in blood flow to less than 20% of the maximum level, and the
thrombus formation time was recorded, which was no more than
40 min for those that failed to generate a stable clot. Tail-clipping
models were generated by transecting the distal tails at 4 mm with
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Figure 7. Potential hepatotoxicity and thrombosis risk for GalNAc-HCII in HA mice

(A) The toxicity effect on liver functions after repeated dosing of GalNAc-HCII or GalNAc-control at a concentration of 30 mg/kg in WT and HA mice (n = 6 for each group),

including ALT, AST, T-BIL, D-BIL, and ALB. Bars represent the group mean ± SD. A one-way ANOVA test followed by a multiple comparison test was used. ap < 0.05 versus

WT mice with PBS; bp < 0.05 versus HA mice with PBS. (B) H&E staining of liver sections prepared to explore the microscopic appearance of hepatotoxicity in WT and HA

mice (n = 6 for each group) dosed with GalNAc-HCII or GalNAc-control at 30 mg/kg for six times. WT (n = 6) and HA mice (n = 6) with PBS were used as controls. The black

arrow represented punctate hepatocyte necrosis with leukocyte infiltration, and the black triangle represented hepatocyte degeneration. (C) Thrombin generation curves in

HAmice dosed with GalNAc-HCII at 30 mg/kg every 2 days for six times or 100 IU/kg rhFVIII once a day for 3 days after the last dosing of GalNAc-HCII. WT and HAmice with

PBSwere used as controls. Fourmice were used for each group. (D) APTT detections in HAmice after frequent dosing of GalNAc-HCII at 30mg/kg or rhFVIII at 100 IU/kg.WT

and HA mice with PBS were used as controls. Four mice were used for each group. Bars represent the group mean ± SD. A one-way ANOVA test followed by a multiple

comparison test was used. ap < 0.05 versus WT mice with PBS; bp < 0.05 versus HA mice with PBS.
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the bleeding time recorded at no more than 30 min.11,13 Besides, at 7,
10, 14, 17 and 21 days after dosing, plasma from the retro-orbital in
another batch of mice was collected to detect APTT.

A separate cohort of mice received three weekly injections of 2 or
5 mg/kg GalNAc-HCII or PBS for 2 weeks. On day 21 (7 days after
the last dose), plasma was collected to measure APTT and HCII an-
tigen levels by the method described above.52

Acute toxicity studies and potential risk for thrombosis

WT (male, 6–8 weeks old) and HA mice (male, 6–8 weeks old) were
administered GalNAc-HCII or GalNAc-control every 2 days at
0 and 30 mg/kg for six times. On the day of the last dosing, HA
mice received 100 IU/kg rhFVIII once a day until the termination of
the observation (3 days after the last dose). The clinicalmanifestations,
such as weight, diet, activity, limbs, and survival, were observed in
Table 2. Parameters of thrombin generation from plasma of WT mice (n = 4) tre

HCII (30 mg/kg), or rhFVIII (100 IU/kg)

Groups Lag time (min) Time to peak (min)

WT-PBS 2.7 ± 0.5 5.8 ± 0.4

HA-PBS 10.2 ± 1.1 12.6 ± 0.5

HA-30 mg/kg 7.3 ± 0.5 11.2 ± 0.3

HA-rhFVIII 2.2 ± 0.2 5.5 ± 0.4

HA-30 mg/kg-rhFVIII 2.0 ± 0.2 4.9 ± 0.4

Values are group mean ± SD.
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administration duration. Plasma was collected to detect thrombin
generation, APTT, CBC, and biochemistry indexes, including liver
functions (AST, ALT, T-BIL, direct bilirubin [D-BIL], albumin
[ALB]), renal function (blood urea nitrogen [BUN], creatinine [CR],
uric acid [UA]), and myocardial enzyme (creatine kinase [CK],
L-type lactate dehydrogenase [LDH-L]). Anatomy of organs,
including heart, liver, spleen, lung, and kidney, was performed to eval-
uate the size, shape, color, and weight. Furthermore, histopathological
sections of tissue samples were obtained to evaluate the microscopic
appearance of cells by using a microscope (Olympus, Japan).52,57

Statistical analysis

Data were expressed as group mean ± SD (standard deviation), and
comparisons between the groups were analyzed using one-way
ANOVA test with GraphPad Prism 8.0 software. The significance
level was set at p <0.05.
ated with PBS and HA mice (n = 4 for each group) dosed with PBS, GalNAc-

Time to tail (min) Peak thrombin (nM) ETP (nM$min)

19.8 ± 1.8 195.8 ± 16.7 1125.0 ± 95.0

30.3 ± 1.7 7.9 ± 2.5 72.3 ± 15.2

26.7 ± 0.8 27.9 ± 4.1 360.0 ± 38.9

19.0 ± 1.3 192.2 ± 14.2 1124.0 ± 112.8

21.5 ± 0.6 218.9 ± 15.7 1089.0 ± 46.1
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