
© 2018 Machin and Ragni. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Journal of Blood Medicine 2018:9 135–140

Journal of Blood Medicine Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
135

R e v i e w

open access to scientific and medical research

Open Access Full Text Article

http://dx.doi.org/10.2147/JBM.S159297

An investigational RNAi therapeutic targeting 
antithrombin for the treatment of hemophilia A 
and B

Nicoletta Machin 
Margaret v Ragni
Department of Medicine, University 
of Pittsburgh, Hemophilia Center of 
western Pennsylvania, Pittsburgh, 
PA, USA

Abstract: Fitusiran is an RNA interference therapeutic that targets antithrombin (AT) in the 

liver and interferes with AT translation by binding and degrading messenger RNA-AT, thereby 

silencing AT gene expression and preventing AT synthesis. In both preclinical and clinical 

studies, AT knockdown results in dose-dependent AT lowering when fitusiran is given weekly 

or monthly subcutaneously. In clinical trials, fitusiran dose escalation has resulted in improved 

thrombin generation and clinical hemostasis as measured by reduction in annualized bleed rate. 

Unlike currently licensed drugs, this improvement was not only in patients with hemophilia A but 

in also those with hemophilia B, with or without inhibitors. In dental and surgical procedures, 

fitusiran also provided perioperative hemostasis in association with AT lowering. Fitusiran is well 

tolerated, with minor local injection site reactions, but in one subject with severe hemophilia 

A, the concomitant use of daily high-dose factor VIII, inconsistent with trial guidance to avoid 

high, repeat doses of clotting factor, was associated with fatal thrombosis, suggesting the need 

for caution when using hemostatic agents in conjunction with fitusiran. Preclinical in vitro and 

in silico studies indicate improvement in thrombin generation in rare bleeding disorder plasmas, 

including in plasmas from patients with severe factors V, VII, and X deficiency, suggesting 

potential therapeutic benefit.
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Background
The burden of disease for individuals with hemophilia is high, particularly in those 

who develop inhibitors. Fitusiran, an RNA interference (RNAi) therapy, presents a 

novel mechanism to treat these patients, and in those with inhibitors, provides a more 

effective bypass agent than currently available. The purpose of this review is to provide 

an update of completed and ongoing clinical trials in hemophilia A and B patients, 

with and without inhibitors, receiving fitusiran prophylaxis for bleed prevention. In 

particular, the efficacy and safety data in hemophilia with or without inhibitors will 

be reviewed, as well as preclinical data in rare bleeding disorders.

Hemophilia is an X-linked bleeding disorder resulting from a deficiency of factor 

VIII, for hemophilia A, or a deficiency of factor IX, for hemophilia B. Clotting factor 

deficiency results in clinical bleeding, spontaneous or traumatic, primarily in joints and 

muscles.1 Recurrent bleeding into joints results in significant morbidity, with chronic 

arthritis, disability, and pain.1 The current standard of care to prevent bleeds is through 

prophylactic intravenous infusion of concentrated factor products multiple times per 

week.2 In the 30% who develop inhibitors from infused factor VIII, the inhibitor 
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neutralizes factor VIII, so that bypass therapy with activated 

prothrombin complex concentrates (APCCs) or rFVIIa, is 

required. Response to bypass is poor, however, resulting in 

significantly greater cost, hospitalization, and mortality than 

in those without inhibitors.3,4 Treatment with clotting factor 

is costly and patients’ quality-of-life is reduced, with limita-

tions on career choice, sports, and life activities. Prophylaxis, 

although effective in preventing bleeds and reducing joint 

disease, is associated with a high rate of noncompliance, so 

that although begun in childhood, over half of affected adults 

with hemophilia no longer  practice prophylaxis due to its 

invasiveness and inconvenience, and revert to less-effective, 

on-demand therapy.3 Even with perfect compliance on pro-

phylaxis therapy, spontaneous or traumatic bleeding may 

occur which may be life-threatening, such as central nervous 

system bleeding or retroperitoneal bleeding. Thus, the bur-

den of disease and invasiveness of treatment are high, and 

better approaches to treatment are needed. The novel bypass 

agents under development, in particular those utilizing RNAi 

technology, provide potential for simpler, less invasive and 

more effective treatment than currently available.

RNAi utilizes a normal cellular process, first identified in 

plants, which results in highly specific gene silencing.5 Gene 

silencing occurs through a cellular degradation mechanism 

for messenger RNA (mRNA) transcripts, which are targeted 

for elimination by double-stranded RNA (dsRNA; Figure 1).6 

Most commonly, fully complementary dsRNAs, minimally 

19–23 bp, are used to interfere with a target mRNA, with 

optimal binding achieved through the particular nucleotide 

composition or modification of nucleotides.7 This RNAi 

specificity makes it attractive for therapeutic development 

in rare and orphan diseases, including hemophilia.7 Initially, 

its clinical use was stymied by difficulties with targeting the 

correct cell population, RNAi (siRNA) instability, limited cell 

uptake, and pharmacokinetics issues.6 Recent breakthroughs, 

however, in lipid-based nanoparticle formulations have 

solved many of the remaining problems in cellular target-

ing and delivery.7 The availability of novel therapeutics, in 

particular siRNA targeting antithrombin (AT) for those with 

hemophilia, has the potential to reduce bleeding and the 

burden of treatment, and improve quality-of-life.

The evolution of siRNA-AT
An important step for the development of siRNA therapy as 

a therapeutic agent for individuals with hemophilia was the 

identification of an appropriate therapeutic target. Pro- and 

antithrombotic factors present within the coagulation system 

tightly control the generation of thrombin, the key terminal 

enzyme which converts fibrinogen to fibrin. Hemophilia 

patients who have a concomitant prothrombotic mutation 

Figure 1 Site of action of fitusiran on coagulation cascade.
Note: Fitusiran is an RNAi therapeutic that targets AT in the liver and interferes with AT translation by binding and degrading mRNA-AT, silencing AT gene expression, 
and preventing AT synthesis.
Abbreviations: AT, antithrombin; mRNA, messenger RNA; RiSC, RNA-induced silencing complex; RNAi, RNA interference.
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such as factor V Leiden, protein C deficiency, protein S 

deficiency, or AT deficiency have less severe bleeding phe-

notypes.8,9 Of these, AT deficiency was deemed an attractive 

target for siRNA therapy, as studies in mice with hemophilia 

A and AT deficiency had decreased bleeding, and studies 

with AT inhibitors normalized coagulation parameters in 

hemophilic blood.10,11

An RNAi therapeutic (ALN-AT3) was developed that 

targeted AT mRNA in the liver and interfered with mRNA AT 

translation by binding to and degrading mRNA AT to prevent 

AT synthesis, and thereby promote hemostasis ( Figure 1). In 

preclinical studies, AT knockdown demonstrated a potent 

response in mice and nonhuman primates.12 In these stud-

ies, AT knockdown led to a dose-dependent lowering of AT 

levels, which corresponded to a dose-dependent increase in 

thrombin generation and reduction in bleeding. Based on 

animal models and in vivo tail clip studies, it was shown 

that achieving a >50% reduction in AT levels was hemo-

static and could predictably reduce the bleeding phenotype 

in patients with hemophilia, with or without inhibitors.12 

ALN-AT3 targets hepatocytes by conjugation of N-acetyl-

galactosamine, a ligand for the asialoglycoprotein receptor 

located on hepatocytes,13 and also the site of synthesis and 

release of AT into the circulation.11 This approach was con-

sidered to be an ideal means to accomplish prophylaxis, or 

bleed prevention, in individuals with hemophilia by provid-

ing a simpler subcutaneous mode of administration with a 

prolonged duration of action.14

Phase I and I/II clinical trials
Fitusiran has been evaluated in hemophilia patients with 

and without inhibitors in Phase I and II trials and is cur-

rently under evaluation in Phase III trials (Table 1). A Phase 

I, open-label dose-escalation trial of ALN-AT3 (fitusiran) 

was conducted in four healthy volunteers and 30 patients 

with hemophilia A or B.15 In healthy volunteers, a single 

subcutaneous dose of fitusiran resulted in maximum AT 

lowering (19%) by day 21, with AT recovery into the normal 

range by day 56. Alternate dosing schedules were evaluated 

in hemophilia patients with weekly and monthly subcutane-

ous dosing. A fixed dose of fitusiran 80 mg monthly was 

demonstrated to achieve a mean maximum AT lowering of 

87%. The association between AT lowering and increased 

thrombin generation was also confirmed and shown to be 

similar between subjects with hemophilia A and B.

In an extension Phase I and Phase I/II studies conducted 

in 25 hemophilia A and B patients without inhibitors, a 

monthly fixed dose of fitusiran was evaluated.15 Initial dosing 

with 50 mg in six patients resulted in AT lowering of 81% 

and a preliminary, post-hoc analysis suggested this resulted 

in a 49%–100% reduction in bleeding frequency. Trials also 

assessed the 80 mg dose in six hemophilia A and B patients 

with inhibitors.16 This dose is under evaluation in the ongoing 

Phase III trials. To date, fitusiran appears to be a promising 

investigational therapy for hemophilia patients complicated 

by inhibitors.

Efficacy
While the Phase I trial was neither designed nor powered 

to examine efficacy, a post-hoc exploratory analysis was 

conducted to examine the impact of monthly administration 

of fitusiran on bleeding rates. This analysis demonstrated a 

decrease in bleeding rates for patients receiving fitusiran, 

which correlated with the reduction in AT levels.15 More 

robust efficacy data were observed in a Phase II open-label 

extension trial which enrolled 33 patients, including 14 

with inhibitors.17,18 Before treatment with fitusiran, patients 

without inhibitors receiving prophylaxis had an annualized 

Table 1 Fitusiran for hemophilia A and B

Trial Subjects Dose/route AT reduction (%) ABR Adverse events

Phase i
(001)

HA, HB (N=30) 0.015–0.075 mg/kg SQ/weekly
0.225–1.8 mg/kg SQ/monthly

70–89 – Mild injection site reactions

Phase ii
(002)

HA, HB (N=33)
HA-i, HB-i

50 mg SQ monthly
80 mg SQ monthly

78–88 1.7 injection site reactions
LFT elevationsa

Cavernous sinus thrombosisb

Phase iii
(003)
Phase iii
(004)

HA-i, HB-i (N=54)
On-demandc

HA, HB (N=120)
Prophylaxis

80 mg SQ monthly
80 mg SQ monthly

– – –

Notes: aAsymptomatic LFT elevations occurred in patients with untreated chronic hepatitis C. bFatal event occurred with concomitant fitusiran and bypass agent use. cPhase 
III trials are ongoing, and planned enrollment figures are provided.
Abbreviations: ABR, annualized bleed rate; AT, antithrombin; HA, hemophilia A; HA-i, hemophilia A with inhibitor; HB, hemophilia B; HB-i, hemophilia B with inhibitor; 
LFT, liver function test. 
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bleeding rate (ABR) of 2, compared with an ABR of 1.7 after 

receiving fitusiran prophylaxis for a median of 13 months. 

Those without inhibitors receiving on-demand therapy who 

had a greater ABR of 12, were similarly able to reduce ABR 

to 1.7 during fitusiran prophylaxis during the same period. 

Inhibitor patients showed an even more striking change in 

ABR, with a pre-fitusiran ABR of 38 and a 6-month post-

fitusiran ABR of zero.17,18 Overall, with an 80% AT lowering, 

a median ABR of 1 was observed for all patients, 48% of 

whom were bleed-free and 67% of whom experienced no 

spontaneous bleeds. Observed bleeding events in noninhibi-

tor patients were mostly traumatic and located in joints, all 

of which were successfully treated with FVIII therapy.17,18 

Current efficacy data for fitusiran appear encouraging, 

particularly for inhibitor patients, and it will be instructive 

to follow the ongoing Phase III trials for additional data on 

clinical endpoints including ABR, joint ABR, spontaneous 

ABR, as well as quality-of-life.

Safety, adverse events
In Phase I dose-escalation trial no serious adverse events or 

discontinuations occurred in healthy volunteers. Five mild 

adverse events were reported in two volunteers, four of which 

were not deemed by investigators as drug related. There was 

one event of spontaneously resolving headache, which was 

considered possibly related to fitusiran.15 In 25 participat-

ing hemophilia patients receiving fitusiran, 19 reported an 

adverse event of which nine were deemed possibly related to 

the drug. The most common mild adverse events were injec-

tion site pain in six participants and injection site erythema 

in four participants. Two patients experienced an increase 

in alanine aminotransferase level which resolved following 

cessation of the drug. Three participants experienced a severe 

adverse event including an episode of viral pneumonia, tooth 

fracture, and noncardiac chest pain. The patient who experi-

enced chest pain also experienced an elevation in C-reactive 

protein, alanine aminotransferase, aspartate aminotransfer-

ase, and d-dimer. Extensive medical evaluation, however, 

was unable to identify an underlying event. The participant 

improved with drug cessation, analgesics, and antacids.15

In ongoing Phase I/II trials, fitusiran was generally well 

tolerated in hemophilia A and B patients, including those with 

inhibitors.16–18 Interim data from the Phase II open-label exten-

sion, which enrolled 33 patients, again demonstrated elevations 

in liver enzymes in 11 participating patients. In this analysis, 

it was noted that all were asymptomatic, and in eight, the 

liver enzymes resolved without dose interruption.19 Whether 

untreated chronic hepatitis C with detectable HCV viral load 

(PCR) played a role is not known. To date, no antibody devel-

opment to fitusiran has been seen in study participants.16–18

After release of the Phase II interim data, one subject 

on the trial suffered a fatal cerebral sinus thrombosis.20 This 

severe adverse event occurred after repeated infusions of 

high-dose factor VIII for >24 hours, which had been advised 

against in the trial. Following this event, the Food and Drug 

Administration placed a hold on the Phase II trials, which 

was subsequently lifted after risk mitigation measures were 

implemented to reduce risk of bleeding, thrombosis, and liver 

disease and to standardize management of these potential 

risks. These included safety precautions for concomitant use 

of clotting factor with fitusiran.

Mitigation procedures in ongoing 
trials
Procedures have been put in place in ongoing and new clini-

cal trials, including ALN-AT3SC-003 for hemophilia A or B 

inhibitor patients and ALN-AT3SC-004 for hemophilia A or B 

patients without inhibitors, to help mitigate risk and standard-

ize management of bleeding, thrombosis, and liver disease.

For bleeding, an individualized bleed management plan 

with lower doses of factor or bypass agents must be used, 

specifically, FVIII, 10–20 IU/kg, FIX 20–30 IU/kg, APCC 

30–50 IU/kg, or rFVIIa≤45 µg/kg, and antifibrinolytics can-

not be combined with the latter. If a second dose is required, 

subjects must be in contact with their center, and, if multiple 

repeated doses are required, they must be evaluated clinically. 

In addition, a patient education module and brochure, diary, 

home storage and administration guidelines, and emergency 

cards are provided. Thrombin generation and other coagula-

tion parameters will be assessed pre- and posttreatment with 

factor or bisphenol A.

For thrombosis, there is a low threshold to evaluate any 

signs and symptoms of thrombosis, including appropriate 

imaging studies, laboratory studies including prothrombin 

activation fragment PF 1+2, and consideration for AT reversal 

and anticoagulation.

For liver safety, liver function test (LFT) monitoring for 

fibrosis will be assessed by Fibrotest or Fibroscan, and in 

those with past hepatitis C infection, treatment with direct-

acting antiviral agents will be required prior to participating in 

fitusiran trials. Dosing was similar in those with liver disease.

Concomitant treatment with bypass 
agents
Experience with the use of bypass agents to treat breakthrough 

bleeds in hemophilia patients receiving fitusiran is limited and 
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based on expert opinion. However, recent reports of in vitro 

spiking studies of hemophilia plasmas offer some guidance.21 In 

these studies, platelet-poor plasma, obtained from hemophilia 

patients with and without inhibitors, before and after treatment 

with fitusiran, was spiked with bypass agents, including APCC 

(eg, factor VIII inhibitor bypass activity) and rFVIIa over a 

wide dose range. Heightened increases in peak thrombin were 

observed after the addition of each of these bypass agents, 

even with low-dose APCCs. The latter was observed to be 

equivalent to peak thrombin increases observed after full-dose 

APCC in pre-fitusiran-treated plasma samples from the same 

patient. These data, therefore, suggest that reduced-dose bypass 

agents may be a safer approach than full-dose bypass agents for 

breakthrough bleeding during fitusiran treatment.21

Surgery
Surgical experience with fitusiran is limited. In early clini-

cal trials several participants required surgical procedures 

while receiving fitusiran and provided some information in 

this area.22 Four patients with severe hemophilia A, includ-

ing two with inhibitors, have undergone surgical procedures 

while on fitusiran. These procedures included endoscopic 

cholecystectomy, thoracotomy/partial lung segmentectomy, 

molar tooth extraction, and premolar tooth extraction. Before 

these procedures, the AT level of each patient was <20% of 

baseline. The choice of factor therapy, including FVIII, APCC, 

or rFVIIa, was left to the discretion of the investigators. In 

four of the five procedures, hemostatic treatment of variable 

duration was provided based on the procedure, including 15 

hours for the premolar tooth extraction and up to 13 days for 

the thoracotomy. There was minimal blood loss with all the 

procedures. While limited, the clinical experience in patients 

receiving fitusiran therapy and undergoing surgical procedures 

suggests it is possible to manage patients receiving fitusiran 

with hemostatic agents, and that AT levels when available 

may be helpful in guiding perioperative management. For 

example, elective surgery might be scheduled for 2 weeks 

after fitusiran dosing, when maximum AT lowering occurs, so 

that little if any additional hemostatic agent would be needed. 

For complex or emergency surgeries, reversing or stopping 

fitusiran with AT replacement might be considered to enable 

concomitant use of additional hemostatic agents, eg, factor 

concentrate, temporarily, with a plan to resume fitusiran fol-

lowing postoperative achievement of surgical hemostasis.

Other rare bleeding disorders
An ongoing area of research is the potential hemostatic 

effect of fitusiran on other rare bleeding disorders. Similar 

to hemophilia, rare bleeding disorders are characterized 

by insufficient thrombin generation due to deficiencies of 

other rare clotting factors. In vitro studies of plasmas from 

patients with severe deficiency of factor V, VII, or X have 

shown that thrombin generation improves with the addition 

of fitusiran.23,24 This suggests fitusiran may provide potential 

therapeutic benefit in individuals with rare bleeding disor-

ders, but confirmation of this hypothesis will require future 

clinical trials.

Current challenges
The optimal use of fitusiran in the setting of bleeding events, 

trauma, or emergency procedures is still not robust. More-

over, while in vitro and in silico studies suggest the need for 

lower dosing of bypass agents when used during fitusiran 

therapy, what dose and what hemostatic agent(s) to use for 

breakthrough bleeds in hemophilia A or B patients with 

inhibitors remains unclear and will require further study in 

ongoing clinical trials.

Conclusion
Fitusiran is unique among potential hemostatic agents for 

congenital bleeding disorders, as it provides hemostasis 

and annualized bleed rate lowering in hemophilia A and B 

patients, with and without inhibitors. Further, as its mecha-

nism of action is not specific for hemophilia, and based on 

preclinical in vitro studies, it may have potential utility in the 

hemostatic treatment of rare bleeding disorders, eg, severe 

factor V, VII, and X deficiency. Safety will be critical, not 

only in hemophilia patients requiring concomitant hemostatic 

agents for breakthrough bleeds, but also in those with rare 

bleeding disorders of varying severity. As more experience 

and data accrue in the ongoing Phase III (ATLAS) trials, the 

optimal patient management of those with bleeding disorders 

receiving this novel bypass agent will be informed.
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