
This is a repository copy of Phase 1–2 trial of AAVS3 gene therapy in patients with 
hemophilia B.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/189484/

Version: Published Version

Article:

Chowdary, P., Shapiro, S., Makris, M. orcid.org/0000-0001-7622-7939 et al. (15 more 
authors) (2022) Phase 1–2 trial of AAVS3 gene therapy in patients with hemophilia B. New
England Journal of Medicine, 387 (3). pp. 237-247. ISSN 0028-4793 

https://doi.org/10.1056/nejmoa2119913

© 2022 Massachusetts Medical Society. Reproduced in accordance with the publisher's 
self-archiving policy.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 387;3 nejm.org July 21, 2022 237

From the Katharine Dormandy Haemo-
philia and Thrombosis Centre (P.C., M.P., 
A.R., M.R.P., E.T., A.N.), Health Services 
Laboratory, Sonic Healthcare (A.R.), and 
the Department of Hepatology and Liver 
Transplantation (D.W.P.), Royal Free Hos-
pital, University College London (P.C., 
M.P., M.Q., A.N.), Guy’s and St. Thomas’ 
Hospital (G.D.), and Wstats (M.W.), Lon-
don, Oxford University Hospitals Foun-
dation Trust, Oxford NIHR Biomedical 
Research Centre, and Oxford University, 
Oxford (S.S.), the University of Sheffield, 
Sheffield (M.M.), East Kent Hospitals 
NHS University Foundation Trust, Can-
terbury (G.E.), University Hospital South-
ampton, Southampton (S.B.), Newcastle 
upon Tyne Hospitals NHS Trust, New-
castle (K.T.), and Freeline Therapeutics, 
Stevenage (A.D., A.N.) — all in the Unit-
ed Kingdom; St. Jude Children’s Research 
Hospital, Memphis, TN (U.R.); and 
Freeline Therapeutics, New York (A.L.). 
Dr. Nathwani can be contacted at  
 a . nathwani@  ucl . ac . uk or at Katharine 
Dormandy Haemophilia Centre and 
Thrombosis Unit, Royal Free Hospital, 
Pond St., London NW3 2QG, United 
Kingdom.

N Engl J Med 2022;387:237-47.

DOI: 10.1056/NEJMoa2119913

Copyright © 2022 Massachusetts Medical Society.

BACKGROUND

FLT180a (verbrinacogene setparvovec) is a liver-directed adeno-associated virus 

(AAV) gene therapy that uses a synthetic capsid and a gain-of-function protein to 

normalize factor IX levels in patients with hemophilia B.

METHODS

In this multicenter, open-label, phase 1–2 trial, we assessed the safety and effi-

cacy of varying doses of FLT180a in patients with severe or moderately severe he-

mophilia B (factor IX level, ≤2% of normal value). All the patients received gluco-

corticoids with or without tacrolimus for immunosuppression to decrease the risk 

of vector-related immune responses. After 26 weeks, patients were enrolled in a 

long-term follow-up study. The primary end points were safety and efficacy, as 

assessed by factor IX levels at week 26.

RESULTS

Ten patients received one of four FLT180a doses of vector genomes (vg) per kilo-

gram of body weight: 3.84×1011 vg, 6.40×1011 vg, 8.32×1011 vg, or 1.28×1012 vg. 

After receiving the infusion, all the patients had dose-dependent increases in fac-

tor IX levels. At a median follow-up of 27.2 months (range, 19.1 to 42.4), sustained 

factor IX activity was observed in all the patients except one, who resumed factor 

IX prophylaxis. As of the data-cutoff date (September 20, 2021), five patients had 

normal factor IX levels (range, 51 to 78%), three patients had levels from 23 to 

43%, and one had a level of 260%. Of the reported adverse events, approximately 

10% were related to FLT180a and 24% to immunosuppression. Increases in liver 

aminotransferase levels were the most common FLT180a-related adverse events. 

Late increases in aminotransferase levels occurred in patients who had received 

prolonged tacrolimus beyond the glucocorticoid taper. A serious adverse event of 

arteriovenous fistula thrombosis occurred in the patient with high factor IX levels.

CONCLUSIONS

Sustained factor IX levels in the normal range were observed with low doses of 

FLT180a but necessitated immunosuppression with glucocorticoids with or with-

out tacrolimus. (Funded by Freeline Therapeutics; ClinicalTrials.gov numbers, 

NCT03369444 and NCT03641703; EudraCT numbers, 2017 - 000852 - 24 and 2017 

 - 005080 - 40.)
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H
emophilia B is an X-linked, inher-

ited bleeding disorder caused by muta-

tions in the gene encoding coagulation 

factor IX (F9) that lead to decreased production 

of the protein.1,2 Insufficient coagulation factor 

IX results in a bleeding tendency that classically 

involves musculoskeletal tissues but can affect 

other tissues and critical organs. Severe hemo-

philia B is characterized by coagulation factor IX 

levels of less than 1% of the normal value (<1 IU 

per deciliter). The standard care for severe he-

mophilia B is lifelong prophylaxis by means of 

regular intravenous infusions of factor IX con-

centrate.2 In the past decade, the use of factor-

replacement therapies with an extended half-life 

has been a major advance by enabling less fre-

quent administration and maintenance of higher 

factor trough levels.2-4 However, factor prophy-

laxis remains an invasive, expensive, and bur-

densome lifelong treatment approach that can-

not completely prevent long-term complications.5,6

Adeno-associated virus (AAV) gene therapy is 

a promising treatment approach for hemophilia 

B, with multiple reports of factor production in 

patients after a single vector infusion, albeit 

typically at levels below the normal range of 50 

to 150 IU per deciliter (50 to 150% of the normal 

value).7-13 Remaining challenges for the develop-

ment of AAV gene therapies in hemophilia B in-

clude generating sufficient factor levels to nor-

malize hemostasis and managing vector-related 

increases in liver aminotransferase levels, which 

can lead to loss of transgene expression. Predict-

able and stable factor expression in the normal 

range would be expected to provide protection 

from bleeding, even in situations that necessi-

tate intensive factor replacement, such as serious 

trauma or surgery.

FLT180a (verbrinacogene setparvovec) is a liver-

directed AAV gene therapy in development for 

the treatment of hemophilia B. FLT180a consists 

of a synthetic capsid (AAVS3) constructed by ra-

tional design to transduce substantially more 

liver cells than other currently used natural sero-

types (AAV5 and AAV8).14 The expression cas-

sette encodes a variant of factor IX with a gain-

of-function Padua mutation (R338L) that has 

approximately eight times the specific activity as 

wild-type factor IX.15-17 Here, we report the 

safety and efficacy of FLT180a in patients with 

severe or moderately severe hemophilia B from a 

clinical trial (B-AMAZE) and preliminary data 

from a long-term follow-up study. In addition to 

FLT180a, patients received prophylactic immu-

nosuppression intended to mitigate vector-relat-

ed immune responses, improve the predictability 

of factor expression, and preserve the expression 

of transgenic factor. The goal of this treatment 

approach was sustained expression of factor IX 

in the normal range.

Me thods

Trial Oversight

B-AMAZE was approved by the relevant regula-

tory authority and ethics committee at each trial 

site and was performed in accordance with the 

Good Clinical Practice guidelines of the Interna-

tional Council for Harmonisation. Written in-

formed consent was obtained from all the pa-

tients before trial-related activity.

The trial, which was funded by Freeline 

Therapeutics, was sponsored by University Col-

lege, London, and was overseen by a trial steer-

ing committee, an independent data and safety 

monitoring committee, and a trial management 

group. The ongoing long-term follow-up study is 

also funded by Freeline Therapeutics.

The trial was designed by University College 

London and Freeline Therapeutics with input 

from the authors. The data were collected by the 

clinical investigators, who are listed among the 

authors, and were analyzed by the trial spon-

sors. The first and last authors wrote the first 

draft of the manuscript, with subsequent input 

from the other authors and editorial support 

provided by Freeline Therapeutics. The authors 

vouch for the completeness and accuracy of the 

data and for the fidelity of the trial to the proto-

col, which is available with the full text of this 

article at NEJM.org.

Patients

Adult men (≥18 years of age) who had hemo-

philia B that was categorized as severe (factor IX 

level, <1%) or moderately severe (factor IX level, 

1 to 2%, with a severe bleeding phenotype) with 

no evidence of inhibitors to factor IX were eli-

gible to participate in the trial. All the patients 

had no evidence of AAVS3-neutralizing antibod-

ies and met the screening criteria, as described 

in the protocol.

A Quick Take 
is available at 

NEJM.org
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Trial Design

B-AMAZE was a multicenter, open-label, single-

dose, phase 1–2 clinical trial of FLT180a. FLT180a 

was assessed with the use of an ascending– 

descending adaptive design in which patients 

received one of four doses in vector genomes 

(vg) per kilogram of body weight: 3.84×1011 vg, 

6.40×1011 vg, 8.32×1011 vg, and 1.28×1012 vg. 

These dose levels differ from doses that were 

described in previous reports of this trial owing 

to a change in the vector genome titer assay and 

reference standard. (Details regarding these 

changes are provided in the Methods section in the 

Supplementary Appendix, available at NEJM.org.)

Prophylactic immunosuppression consisted 

of prednisolone with or without tacrolimus. 

Vector-related increases in liver aminotrans-

ferase levels were treated with various combi-

nations of oral prednisolone, tacrolimus, and 

intravenous methylprednisolone. The dose and 

timing of immunosuppressive agents were it-

eratively adjusted throughout the trial on the 

basis of discussion with the trial management 

group. Patients were followed for 26 weeks 

before enrollment in the ongoing long-term 

follow-up study. According to the protocol, 

trial week 1 of B-AMAZE began on day 7 after 

treatment.

Assessments

The primary end points were safety, as assessed 

by adverse events, and efficacy, as assessed by 

factor IX levels at week 26. Secondary end points 

included changes in annualized bleeding rates 

and consumption of factor IX concentrate, devel-

opment of factor IX inhibitors, and clearance of 

viral genomes. A complete list of end points is 

provided in the protocol. The objective of long-

term follow-up was to assess safety and durabil-

ity for 15 years.

Factor IX activity was measured by a one-

stage clotting assay at a central laboratory. 

(Details are provided in the Supplementary 

Methods section.) Baseline annualized data 

for bleeding and factor IX consumption were 

collected retrospectively starting at 3 years 

before treatment. Annualized bleeding and 

factor IX consumption after the receipt of 

gene therapy were evaluated starting on day 

15 after gene therapy through the last follow-

up assessment.

Vector Design and Production

FLT180a (AAV2/S3-FRE1-Ti-FIXco1) is a single-

stranded recombinant AAV vector consisting of 

a rationally designed capsid (AAVS3) containing 

a transgene cassette that includes a liver-specific 

promoter (FRE1) and a partially codon-opti-

mized gene encoding factor IX with a gain-of-

function mutation (Padua; R338L) and a trun-

cated intron in a natural position between factor 

IX exons (E1 and E2) (Fig. S1 in the Supplemen-

tary Appendix). FLT180a was manufactured in 

an adherent mammalian cell-production system 

by Children’s GMP at St. Jude Children’s Re-

search Hospital; all the vector that was used in 

the trial came from a single lot. Details of the 

vector manufacturing process are provided in 

the Supplementary Appendix.

Statistical Analysis

The trial was terminated early in October 2020 

after changes were made in the clinical develop-

ment plan. The long-term follow-up study is 

ongoing. Preliminary data from the two studies 

were pooled as of the data-cutoff date of Sep-

tember 20, 2021, and descriptive statistics were 

produced for this article. Details regarding 

changes to the development plan and the statis-

tical analysis plan are provided in the Supple-

mentary Methods section.

R esult s

Patients

From December 2017 through March 2020, a 

total of 17 patients underwent screening, and 10 

men with severe or moderately severe hemo-

philia B were treated with FLT180a (Fig. S2). 

Patients were excluded from treatment because 

of the following reasons: liver dysfunction (in 

1 patient), presence or history of a factor IX in-

hibitor (in 2 patients), a lack of a negative result 

on screening for AAVS3 neutralizing antibodies 

(in 2 patients), withdrawal from participation in 

the trial (in 1 patient), and early termination of 

the trial (in 2 patients). One patient had two 

reasons for exclusion: a history of a factor IX 

inhibitor and lack of a negative result on screen-

ing for AAVS3 neutralizing antibodies.

All 10 patients who received FLT180a com-

pleted the 26-week trial and enrolled in the long-

term follow-up study. The characteristics of the 

The New England Journal of Medicine 
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patients are described in Tables 1 and S1; the 

representativeness of this patient sample for 

the broader hemophilia B population is de-

scribed in Table S6.

Safety

No patients withdrew from the trial because of 

toxic effects, and no deaths were reported. No 

infusion reactions and no discontinuations of 

infusions occurred. At the time of the data-

cutoff date, no inhibitors of factor IX had been 

detected. Adverse events that were considered 

by the investigators to be related to FLT180a 

are listed in Table 2. Additional details, includ-

ing serious adverse events and adverse events 

related to immunosuppression, are listed in 

Tables S2 to S5. Of all adverse events, approxi-

mately 10% were considered to be related to 

FLT180a and 24% to immunosuppression. Of 

the 12 serious adverse events that were thought 

to be associated with FLT180a, 9 were increases 

in liver aminotransferase levels. All the patients 

had at least 1 adverse event related to immuno-

suppression, and events were consistent with 

the known safety profiles of glucocorticoids 

and tacrolimus. Vector genome levels in plas-

ma, urine, saliva, stool, and semen were typi-

cally below the limit of quantification within 4 

weeks after treatment. Details regarding these 

analyses are provided in the Supplementary 

Results section.

Treatment Response, According to Dose Level

The ascending–descending adaptive dosing de-

sign is shown in Figure 1. Factor IX levels at the 

week 26 visit, from month 12 onward, and at the 

latest follow-up for all patients are provided in 

Table 1. Factor IX levels, alanine aminotransfer-

ase (ALT) levels, and immunosuppression over 

time are shown in Figure 2. The annualized 

bleeding rate and factor IX consumption before 

and after gene therapy are provided in Figure 3 

and Table S1.

Dose 1 — 3.84×1011 vg per Kilogram

Patients 1 and 2 received the lowest dose of 

FLT180a. Prophylactic immunosuppression 

consisted of tapering courses of prednisolone 

starting at 60 mg daily from week 6 to week 12. 

Neither patient had increases in liver amino-

transferase levels or in adverse events related to 

FLT180a. The mean (±SD) factor IX level was T
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47.8±4.0% in Patient 1 from month 12 through 

month 42 and 38.2±3.6% in Patient 2 from 

month 12 through month 36. Neither patient 

received exogenous factor IX after day 5 follow-

ing gene therapy. In Patient 1, two minor bleed-

ing episodes after trauma resolved without 

treatment.

Dose 2 — 1.28×1012 vg per Kilogram

The highest dose was administered nonconsecu-

tively to Patients 3 and 6. Factor IX levels rose 

steadily in Patient 3 and reached 167% by week 

5. Prophylactic prednisolone was initiated at 60 

mg daily at week 4. The patient was treated with 

intravenous methylprednisolone and tacrolimus 

for vector-related increases in ALT levels at week 

7. The mean factor IX level from month 12 

through month 30 was 80.1±8.7%. Patient 3 had 

no bleeding since day 3 after gene therapy and 

had not received exogenous factor IX.

Factor IX levels in Patient 6 increased into the 

normal range approximately 1 week after infu-

sion. Prophylactic prednisolone was initiated at 

a dose of 90 mg daily at week 3. Because the 

factor IX levels continued to increase above the 

normal range, a thrombosis risk assessment was 

performed. Subsequent prophylactic anticoagu-

lation with apixaban was initiated at week 3 in 

consideration of the patient’s older age (67 years), 

renal impairment, hypertension, body-mass in-

dex of 32.1, and use of glucocorticoids. At week 

4, the factor IX level was 310% and the ALT 

level had increased to a peak of 69 U per liter. 

The ALT level responded to intravenous methyl-

prednisolone and tacrolimus and normalized 

within 4 days. Apixaban (at doses ranging from 

2.5 and 5.0 mg twice daily) was used for antico-

agulation for approximately 7 months. After a 

temporary interruption in apixaban owing to 

suspected bleeding, the development of an arte-

riovenous fistula thrombosis in the right arm 

resulted in hospitalization and anticoagulation 

with dalteparin.

After discharge, Patient 6 continued to re-

ceive apixaban prophylaxis at a dose of 2.5 mg 

twice a day. His factor IX level was stable above 

the normal range at a mean of 279.0±26.9% 

from 12 to 24 months after gene therapy. He 

also had four serious adverse events (epigastric 

pain, increased troponin and amylase levels, and 

Table 2. Adverse Events Related to FLT180a, According to Dose.*

Event
3.84×1011 vg/kg 

(N = 2)
1.28×1012 vg/kg 

(N = 2)
6.40×1011 vg/kg 

(N = 2)
8.32×1011 vg/kg 

(N = 4)

Incidence
No. of 
Events Incidence

No. of 
Events Incidence

No. of 
Events Incidence

No. of 
Events

no. (%) no. (%) no. (%) no. (%)

Any adverse event 0 0 2 (100) 14 2 (100) 4 4 (100) 11

Increased aminotransferase† 0 0 2 (100) 5 2 (100) 3 4 (100) 5

Fatigue or malaise 0 0 1 (50) 2 0 0 1 (25) 2

Increased coagulation factor IX 0 0 2 (100) 2 0 0 0 0

Muscle spasm, musculoskeletal 
pain, or myalgia

0 0 0 0 0 0 1 (25) 3

Dyspepsia or eructation 0 0 1 (50) 2 0 0 0 0

Arteriovenous fistula throm-
bosis

0 0 1 (50) 1 0 0 0 0

Decreased coagulation factor IX 0 0 0 0 1 (50) 1 0 0

Headache 0 0 0 0 0 0 1 (25) 1

Pulmonary sepsis 0 0 1 (50) 1 0 0 0 0

Somnolence 0 0 1 (50) 1 0 0 0 0

*  Listed are adverse events that were reported during the 26-week B-AMAZE trial and the follow-up long-term study until the data-cutoff date 
of September 20, 2021, that were considered by the investigators to be related to FLT180a. The timing of follow-up varies according to the 
dose level. Additional details regarding adverse events are provided in Tables S2 to S5.

†  Included in this category are increased levels of either alanine aminotransferase or aspartate aminotransferase.
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chest sepsis) over an approximate 2-week period 

that began 10 weeks after FLT180a treatment. A 

narrative of these events is provided in the Sup-

plementary Results section. The patient reported 

one minor, spontaneous bleeding episode after 

FLT180a treatment but did not receive exogenous 

factor IX.

 Dose 3 — 6.40×1011 vg per Kilogram

Patients 4 and 5 received an intermediate 

 FLT180a dose. Patient 4 had an initial steady 

increase in the factor IX level to 47% by week 5. 

Prophylactic immunosuppression was initiated 

with 70 mg of prednisolone daily at week 4. 

After the ALT level increased from approximate-

Figure 1. Ascending–Descending Adaptive Dosing of FLT180a in the 10 Trial Patients.

Patients 1 and 2 received the initial, lowest dose of of FLT180a of 3.84×1011 vector genomes (vg) per kilogram. Factor IX levels increased 
to nearly the lower limit of the normal range in these patients, which led to a protocol-driven dose increase to 1.28×1012 vg per kilogram. 
Patient 3 had a rapid increase in the factor IX level to 167% by week 5 but then had an increase in the alanine aminotransferase (ALT) 
level, which led to a decrease in the factor IX level; that level subsequently stabilized in the normal range after treatment with intrave-
nous methylprednisolone and tacrolimus. The high initial factor IX level and immune response that was observed in Patient 3 led to a 
decrease in dose to an intermediate level of 6.40×1011 vg per kilogram in Patients 4 and 5. In these patients, the factor IX level also in-
creased to approximately the lower limit of the normal range. The factor IX response at the dose of 6.40×1011 vg per kilogram prompted 
a dose increase back to 1.28×1012 vg per kilogram in Patient 6. However, after the factor IX level exceeded the normal range, the dose 
was subsequently reduced to 8.32×1011 vg per kilogram in Patients 7 through 10.

 The FLT180a recombinant vector genome includes inverted terminal repeats (ITRs) at each end, which are the only adeno-associated 
virus (AAV) DNA sequences included in the vector and are required to enable replication and packaging of the expression cassette dur-
ing production. The expression construct contains a liver-specific promoter (FRE1) and a partially codon-optimized coding DNA for fac-
tor IX with the Padua mutation (replacement of arginine with leucine at residue 338). The factor IX–Padua coding DNA is interrupted be-
tween exons 1 and 2 (E1 and E2) by a truncated version of the corresponding native intron (TI), which enhances factor IX expression. 
BgPa denotes bovine growth factor polyadenylation signal.
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ly 10 U per liter in weeks 1 to 4 to 57 U per liter 

in week 5, he was treated with intravenous 

methylprednisolone and tacrolimus. While he 

was receiving 2.5 mg of prednisolone daily, an 

increase in the ALT level occurred approximately 

22 weeks after gene therapy. This increase was 

unanticipated owing to the length of time since 

the FLT180a infusion, which led to delayed rec-

ognition. Prednisolone was increased to 40 mg 

daily, and tacrolimus was reinitiated. However, 

factor IX levels decreased to less than 2% at 

month 11, and factor IX prophylaxis was re-

sumed during month 13. The delayed recogni-

tion of the increased ALT level in Patient 4 led to 

an extension of twice weekly ALT monitoring in 

subsequent patients.

Patient 5 started prophylactic prednisolone 

at a dose of 80 mg daily at week 3. At week 4, 

he had a mild increase in the ALT level (39 U 

per liter) that was treated with intravenous 

methylprednisolone and tacrolimus. The mean 

factor IX level from month 12 through month 

24 was 61.0±4.2%. Since receiving FLT180a, he 

reported having one traumatic bleeding episode 

and one minor, spontaneous bleeding episode 

but did not receive treatment with exogenous 

factor IX.

Dose 4 — 8.32×1011 vg per Kilogram

On the basis of changes in factor IX levels ob-

served at dose levels 2 and 3, the next dose was 

selected to fall between 6.40×1011 and 1.28×1012 vg 

per kilogram. The immunosuppression regimen 

for Patients 7 through 10 was amended to in-

clude prophylactic tacrolimus beginning concur-

rently with glucocorticoids starting at week 3.

Factor IX levels in Patient 7 reached 228% at 

week 4. He had two episodes of increases in 

liver aminotransferase levels: an initial break-

through at week 5 and another at week 16 after 

tapering of glucocorticoids. His factor IX levels 

decreased after the second episode of elevation 

but subsequently reached steady levels with a 

mean of 52.3±2.9% for months 12 through 22. 

Tacrolimus troughs in Patient 7 were difficult to 

get into the desired range (10 to 15 ng per milli-

liter), potentially caused by a drug interaction 

with carbamazepine.18

Patients 8, 9, and 10 all had factor IX levels of 

more than 150% by week 4 or 5. Prophylactic 

immunosuppression with glucocorticoids and 

tacrolimus suppressed vector-related increases 

in liver aminotransferase levels, and high factor 

IX levels were sustained throughout the 26-week 

trial period. Patients 8, 9, and 10 received tacro-

limus for 17 or 18 weeks with tacrolimus contin-

ued 6 to 8 weeks after cessation of glucocorti-

coids. After the completion of tacrolimus, all 

three patients had increases in aminotransferase 

levels at or near month 6. Immunosuppression 

was reinitiated, but factor IX levels ultimately 

decreased before stabilizing at levels consistent 

with mild hemophilia B or near the lower limit 

of the normal range (Tables 1 and S1).

Among Patients 7 through 10, six minor 

traumatic bleeding episodes were noted after 

FLT180a treatment. One such bleeding episode 

in Patient 8 was treated with factor IX replace-

ment on the basis of the physician’s choice de-

spite the presence of an endogenous factor IX 

level within the normal range.

Bleeding and Exogenous Factor IX 

Consumption

Among the 10 patients, the mean annualized 

bleeding rate at baseline was 2.93 events per year 

(range, 0 to 7.33), as compared with a mean of 

0.71 events per year (range, 0 to 1.70) after 

gene therapy. (Data for post-treatment bleed-

ing episodes include both treated and untreated 

episodes.) Annualized factor IX consumption 

per patient decreased from a baseline mean of 

226,026 IU per year (range, 83,263 to 423,333) to 

a mean of 9723 IU per year (range, 0 to 95,532) 

after gene therapy.

Discussion

The maintenance of factor IX levels within the 

normal range is an important therapeutic goal 

for hemophilia B gene therapy. Normalization of 

hemostasis would be expected to protect against 

spontaneous bleeding as well as excessive bleeding 

associated with trauma or surgery and with dam-

aging microbleeding episodes.19 Vector-related 

immune responses are a substantial barrier to 

predictable and durable expression after liver-

directed AAV gene therapy,20-22 but maintenance 

of normal factor IX levels after treatment is 

critical because retreatment with AAV vectors is 

unlikely to be successful because of the persis-

tence of capsid-specific neutralizing antibodies.
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To date, mean factor IX levels after AAV gene 

therapy for hemophilia B have generally been 

below the normal range despite the use of the 

factor IX Padua variant.9,12 Although levels of 

more than 50% have been reported on an occa-

sional basis in some studies, such levels were 

observed in the context of wide variability across 

patients. In this trial, we selected patients who 

did not have neutralizing antibodies against 

AAVS3. We also adopted a prophylactic immuno-

suppression regimen to improve the predictabil-

ity of the dose response and to increase the 

chances that normal factor IX levels would be 

reached and maintained in these patients.

Our results confirm that gene therapy with 

FLT180a can result in factor IX levels in the nor-

mal range with relatively low vector doses. Ini-

tial factor IX expression in patients who received 

FLT180a was dose-dependent and had a thresh-

old effect, in which patients who received lower 

doses had a plateau in factor IX activity that was 

near the lower limit of the normal range, where-

as patients who received higher doses had levels 

of more than 150% within a few weeks after 

treatment. Episodes of vector-related increases 

in liver aminotransferase levels were the most 

common adverse events and were associated 

with reductions in factor IX activity in some 

cases. However, only one patient resumed factor 

IX prophylaxis, which occurred after the failure 

of his immunosuppression regimen because of 

delayed recognition of an immune response oc-

curring approximately 22 weeks after treatment. 

Figure 2 (facing page). Factor IX Levels, Alanine 

 Aminotransferase (ALT) Levels, and Immunosuppression 

after Gene Therapy.

Shown are factor IX levels (left axes, red curve) and 
 serum ALT levels (right axes, blue curve) over time for 
each patient throughout the trial and long-term follow-
up. The dose in vector genomes per kilogram is indi-
cated for each patient. The normal range for factor IX 
levels (50 to 150 IU per deciliter) is indicated in light 
red shading in each plot. The axes that are shown in 
each plot have been rescaled for each patient for clarity. 
For some patients, the x axis has been split at 1 year  
to show more resolution in the early part of treatment, 
when elevated aminotransferase levels were occurring. 
In other patients, there is no split at 1 year because the 
follow-up was shorter and the decreases in factor IX 
levels were still occurring. The immunosuppression 
regimen for each patient is shown according to the tim-
ing of administration of prednisolone (P) and tacrolimus 
(T) (black bars) and methylprednisolone (M) (arrows). 
Decreases in factor IX levels occurred in response to 
increases in liver aminotransferase levels and the with-
drawal of glucocorticoids. Patient 4 resumed factor IX 
prophylaxis at month 13, so factor IX values beyond 
that point include exogenous factor IX. Factor IX activity 
was determined at a central laboratory by a one-stage 
clotting assay; ALT values were determined at a local 
laboratory. Data regarding doses and tapering of the 
immunosuppressive agents in each patient are avail-
able in the Supplementary Results section.

Figure 3. Effect of Gene Therapy on Annualized Bleeding Rate and Total 

 Factor IX Consumption.

Bar charts of the annualized bleeding rate (Panel A) and annualized total fac-
tor IX consumption (Panel B) for each patient are shown. Pretreatment data 
were collected retrospectively for the 3 years before the patients received 
gene therapy. Post-treatment data include bleeding events and factor IX con-
sumption from day 15 after gene therapy to the latest follow-up as of the data-
cutoff date. Patient 4 resumed factor IX prophylaxis at month 13. Two other 
patients had spontaneous bleeding episodes (one episode each in Patients 5 
and 6). All other bleeding episodes were traumatic. Only Patients 4 and 8 re-
ceived exogenous factor IX after treatment. Patient 8 received a single factor 
IX infusion to treat a bleeding episode, which contributed to an annualized 
total factor IX consumption of less than 2000 IU per year.
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Steady factor IX activity (ranging from 28 to 

279%) was reached in the remaining nine pa-

tients starting at month 12, with correspond-

ingly low frequencies of bleeding and exogenous 

factor IX consumption.

Despite the high level of sustained factor IX 

expression, unexpected late episodes of increas-

es in liver aminotransferase levels and decreases 

in factor IX levels were observed. The factor IX 

activity patterns in Patients 8, 9, and 10 were 

particularly consistent. Increases in aminotrans-

ferase levels occurred on initial withdrawal of an 

extended course of prophylactic tacrolimus. Im-

munosuppression was reinitiated, and factor IX 

expression was initially steady but subsequently 

declined when immunosuppression was stopped. 

In these three patients, the factor IX levels stabi-

lized in the mild or normal range with a similar 

trajectory.

The immune response to AAV gene therapy is 

complex and can be triggered by vector capsids, 

genomes, and protein products.23 Immune re-

sponses to AAV are ubiquitous and have been 

seen across various disease states, routes of ad-

ministration, and capsid serotypes. The cytosine 

guanine dinucleotide (CpG) content of the trans-

gene has been identified as one potential trigger 

for immune response. The transgene of FLT180a 

has only 5 CpG motifs, as compared with 99 in 

the factor IX transgene, which was hypothesized 

to lead to an immune response in a previous 

clinical trial.24 Therefore, it seems unlikely that 

the immune responses to FLT180a were due to 

CpG motifs.

The decreases in factor IX levels that were 

reported approximately 9 to 12 months after 

treatment occurred only in the patients who had 

received prolonged courses of prophylactic tacro-

limus beyond the glucocorticoid taper and who 

had late increases in aminotransferase levels. 

Tacrolimus has multiple attributes that make it 

a good candidate for investigation in AAV gene 

therapy, since it potentiates glucocorticoid ef-

fects,25,26 is effective in autoimmune hepatitis 

refractory to standard glucocorticoid-based ap-

proaches,27 and is extensively used in solid-organ 

transplantation on the basis of its rapid action. 

Unlike immunosuppressive agents that disrupt 

the purine pathway,28 tacrolimus is also not ex-

pected to interfere with second-strand synthesis 

after AAV-mediated gene transfer. Furthermore, 

in a recent study of AAV gene therapy involving 

patients with hemophilia A, the potential util-

ity of tacrolimus as a steroid-sparing agent was 

shown.29 Work is ongoing to refine the immu-

nosuppression regimen with the goal of reduc-

ing vector-related immune responses in the early 

period after treatment and enabling durable 

factor IX expression without late decreases in 

values.

Our results highlight important areas for 

consideration in AAV gene therapy. Emerging 

data from this trial and the recent study involv-

ing patients with hemophilia A29 indicate that 

immune responses can occur later than previ-

ously expected and may coincide with the with-

drawal of immunosuppression. Consistent best 

practices for monitoring aminotransferase levels 

and deciding when ALT increases warrant inter-

vention remain a critical topic for the field. We 

also observed a case of thrombosis in a patient 

who had maintained factor IX levels above the 

normal range after gene therapy.

Thus, we found that normal factor IX levels 

can be achieved in patients with severe or mod-

erately severe hemophilia B with the use of rela-

tively low vector doses of FLT180a. In all but one 

patient, gene therapy led to durable factor IX 

expression, eliminated the need for factor IX 

prophylaxis, and eliminated spontaneous bleed-

ing leading to factor IX replacement. Our trial 

results support further evaluation of FLT180a in 

clinical trials to confirm the dose and immuno-

suppressive regimen that are necessary for the 

maintenance of adequate hemostasis in patients 

with hemophilia B.
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