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BACKGROUND
Fidanacogene elaparvovec, an adeno-associated virus (AAV) gene-therapy vector 
for hemophilia B containing a high-activity human factor IX variant (FIX-R338L/
FIX-Padua), was associated with sustained factor IX activity in a phase 1–2a study.

METHODS
We conducted a phase 3 open-label study of fidanacogene elaparvovec at a dose of 
5×1011 vector genome copies per kilogram of body weight. Men 18 to 65 years of age 
with hemophilia B and a factor IX level of 2% or less were eligible for screening if 
they had received at least 6 months of therapy with prophylactic factor IX concen-
trate. The primary end point, tested for noninferiority, was the annualized bleeding 
rate (treated and untreated bleeding episodes) from week 12 to month 15 after 
treatment with fidanacogene elaparvovec as compared with the prophylaxis lead-in 
period. Superiority, additional efficacy end points, and safety were also assessed.

RESULTS
Of 316 men who underwent screening for the lead-in study, 204 (64.6%) were not 
eligible; 188 (59.5%) of those were ineligible owing to the presence of anti-AAV 
neutralizing antibodies. Of the 45 participants who received fidanacogene elapar-
vovec, 44 completed at least 15 months of follow-up. The annualized rate of bleed-
ing for all bleeding episodes decreased by 71%, from 4.42 (95% confidence inter-
val [CI], 1.80 to 7.05) at baseline to 1.28 (95% CI, 0.57 to 1.98) after gene therapy, 
a treatment difference of −3.15 episodes (95% CI, −5.46 to −0.83; P = 0.008). This 
result shows the noninferiority and superiority of fidanacogene elaparvovec to 
prophylaxis. At 15 months, the mean factor IX activity was 26.9% (median, 22.9%; 
range, 1.9 to 119.0) by one-stage SynthASil assay. A total of 28 participants (62%) 
received glucocorticoids for increased aminotransferase levels or decreased factor 
IX levels (or both) starting between 11 and 123 days. No infusion-related serious 
adverse events, thrombotic events, development of factor IX inhibitors, or malignant 
conditions were observed.

CONCLUSIONS
Fidanacogene elaparvovec was superior to prophylaxis for the treatment of partici-
pants with hemophilia B, leading to reduced bleeding and stable factor IX expres-
sion. (Funded by Pfizer; BENEGENE-2 ClinicalTrials.gov number, NCT03861273.)
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The current treatment for hemo-
philia B is the episodic intravenous ad-
ministration of plasma-derived or recom-

binant factor IX replacement,1 including products 
with extended half-lives,2 to raise factor IX activ-
ity to prevent or treat bleeding. However, fre-
quent intravenous injections impose a substan-
tial burden on patients and their families.3,4 
Despite therapeutic advances in reducing the 
frequency of infusions, current prophylactic 
therapies are not curative and do not eliminate 
all symptoms, and joint damage still occurs.5,6 
Other agents that do not contain factor IX, such 
as small interfering RNA agents (e.g., fitusiran) 
that reduce antithrombin synthesis in hepato-
cytes7 and monoclonal antibodies (e.g., conciz-
umab8 and marstacimab9,10) that bind and neu-
tralize the inhibitory activity of tissue factor 
pathway inhibitor,11 are in advanced develop-
ment or have been approved. Once available, 
these agents may reduce the frequency of treat-
ment and bleeding episodes, but they still re-
quire regular administration. Gene therapy could 
enable patients to live without the need for on-
going treatments and the burden of regular 
disease management.12,13 The first gene-therapy 
product for hemophilia B has been approved in 
the United States and Europe.14,15 The approved 
therapy is a single infusion (2×1013 genome cop-
ies per kilogram of body weight) of an adeno-
associated virus (AAV) serotype 5 vector express-
ing a high-activity factor IX variant (FIX-R338L, 
also known as FIX-Padua).16

Fidanacogene elaparvovec is an AAV vector 
that is designed to deliver transgene production 
of FIX-R338L17 for hemophilia B.18 The transgene 
leverages the hepatic-control region of the gene 
encoding apolipoprotein E (APOE), a liver-specific 
human α1-antitrypsin promoter, and a codon-
optimized FIX-R388L minigene. In a phase 1–2a 
study and a longer-term follow-up study, treat-
ment with fidanacogene elaparvovec resulted in 
sustained factor IX activity in the range of mild 
hemophilia to normal, with associated low oc-
currences of bleeding and a reduction in exoge-
nous factor IX consumption.19 These results were 
achieved with one of the lowest vector doses re-
ported in hemophilia gene-therapy trials to date 
(5×1011 vector genome copies per kilogram).16,20-22 
Here, we present data from phase 3 of the clini-
cal study of fidanacogene elaparvovec in persons 
with hemophilia B.

Me thods

Study Design and Oversight

BENEGENE-2 is a phase 3 study involving par-
ticipants with moderately severe or severe hemo-
philia B conducted at 27 centers in 13 countries. 
The protocol (available with the full text of this 
article at NEJM.org) was approved by the rele-
vant regulatory authorities and ethics commit-
tees responsible for each study site. The study 
was conducted in accordance with the Good 
Clinical Practice guidelines of the International 
Council for Harmonisation and the principles of 
the Declaration of Helsinki. The study began on 
July 29, 2019, and the primary completion date 
was November 16, 2022, with an updated data-
cutoff date of August 30, 2023; safety and effi-
cacy data collection will continue until each 
participant has had 6 years of follow-up. The 
study was designed and overseen by employees 
of the sponsor (Pfizer), who were responsible for 
site selection, site monitoring, data management, 
and data storage, in collaboration with a group 
of academic investigators (the scientific advisory 
committee) (Sections S1 and S2 in the Supplemen-
tary Appendix, available at NEJM.org).

Analyses were performed by the sponsor. The 
academic authors provided oversight for the ac-
curacy and completeness of the data and could 
request additional analyses. The first draft of the 
manuscript was written by a medical writer con-
tracted by Pfizer under the direction of the au-
thors; all the authors critically reviewed the manu-
script and provided substantive input during 
drafting. The authors vouch for the complete-
ness and accuracy of the data and for the fidelity 
of the study to the protocol.

Study Population

Full eligibility criteria are described in Section 
S3. Men 18 to 65 years of age with hemophilia B 
(factor IX level, ≤2%) who had received factor IX 
prophylaxis therapy for at least 6 months during 
the BENEGENE-1 lead-in study (ClinicalTrials.
gov number, NCT03587116) and who agreed to 
suspend prophylaxis after fidanacogene elapar-
vovec infusion were eligible. Factor IX replace-
ment therapy was permitted according to clini-
cal need. Key exclusion criteria were detectable 
anti-AAV neutralizing antibodies; a history of or 
positive test for factor IX inhibitors; the presence 
of unstable or clinically significant disease other 

http://clinicaltrials.gov/show/NCT03587116
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than hemophilia; a level of alanine aminotrans-
ferase, aspartate aminotransferase, or alkaline 
phosphatase that was more than twice the upper 
limit of the normal range; active hepatitis B or C 
status; and active human immunodeficiency vi-
rus (HIV) infection. All the participants provid-
ed written informed consent.

Study Procedures

The study design is shown in Figure S1. On day 
1, the participants received a single intravenous 
infusion of fidanacogene elaparvovec at a dose 
of 5×1011 vector genome copies per kilogram by 
means of an infusion pump. Additional study 
procedures are described in Section S4. Guid-
ance that was supplied to investigators regard-
ing the use of glucocorticoids, along with safety 
information, is shown in Section S5.

Study End Points

Details of the study end points, as well as the 
definition of target joints, are provided in Section 
S6. The primary end point was the annualized 
bleeding rate (treated and untreated bleeding epi-
sodes) from week 12 to month 15 after treatment 
with fidanacogene elaparvovec as compared with 
the prophylaxis lead-in period. Among the key 
secondary end points that were included in the 
statistical testing sequence were the annualized 
rate of bleeding for treated bleeding episodes, the 
annualized infusion rate of exogenous factor IX, 
and the activity level of factor IX (Section S7). 
Safety assessments included annual ultrasonogra-
phy of the liver, measurement of vector shedding, 
and assessment of immune response directed at 
the AAV vector or the transgene product.

Statistical Analysis

All eligible participants were assigned to the 
study intervention. When 40 participants com-
pleted at least 15 months of follow-up, the pro-
tocol specified comparison of the annualized rate 
of bleeding for total bleeding episodes for nonin-
feriority as compared with prophylaxis (margin, 
3.0 episodes per year) and, if noninferiority was 
achieved, comparison for superiority. The primary 
and secondary efficacy end points were tested 
hierarchically to control for overall type I error. 
When 40 participants completed at least 15 
months of follow-up, data for the annualized rate 
of bleeding for total bleeding episodes provided 

the study with 90% power, with a one-sided test at 
an alpha level of 0.025, to show noninferiority of 
fidanacogene elaparvovec with regard to the an-
nualized rate of bleeding for total bleeding epi-
sodes, with the use of a repeated-measure nega-
tive binomial regression. A sensitivity analysis for 
factor IX activity was performed, with missing 
factor IX activity at month 15 imputed with the 
use of the average values from the preceding and 
following visits. Additional details of the statisti-
cal analyses are provided in Section S7 and the 
statistical analysis plan, available with the proto-
col. The primary analysis population for efficacy 
and safety analyses consisted of all the partici-
pants who received fidanacogene elaparvovec, 
regardless of the length of follow-up.

R esult s

Participants

A total of 316 men with factor IX levels of 2% or 
less underwent screening for entry into the BE-
NEGENE-1 lead-in study (Fig. 1); 204 (64.6%) of 
those screened were not eligible — 188 (59.5%) 
because they were positive for anti–AAV-neutral-
izing antibodies and 16 (5.1%) on the basis of 
other criteria (Table S1). Of the 102 men who 
were enrolled, 51 had completed the BENE-
GENE-1 study and underwent screening for the 
BENEGENE-2 study (Fig. 1), 51 did not undergo 
screening for the BENEGENE-2 study (40 were 
ongoing, 3 had withdrawn from the BENEGENE-1 
study, and 8 had completed the BENEGENE-1 study 
but did not enroll in the BENEGENE-2 study). Of 
the 51 participants who underwent screening for 
the BENEGENE-2 study, 6 did not meet eligibil-
ity criteria (1 had anti–AAV-neutralizing anti-
bodies detected at the BENEGENE-2 screening; 
the criteria for the other 5 who were deemed to 
be ineligible are listed in Fig. 1).

A total of 45 men were enrolled in BENE-
GENE-2 and received fidanacogene elaparvovec; 
the baseline demographic and clinical character-
istics of the participants are shown in Table 1. 
The mean age was 33.2 years (range, 18 to 62), 
and 73% of the participants were White. At base-
line, 2% of the participants had controlled HIV 
infection (determined by their medical history), 
29% had positive serologic tests for previous 
hepatitis B infection, and 33% were positive for 
previous hepatitis C infection. Overall, 29% had 



n engl j med 391;12 nejm.org September 26, 2024 1111

Fidanacogene Elaparvovec Ther apy for Hemophilia B

target joints. The demographic characteristics of 
the participants in the BENEGENE-1 lead-in 
study were similar to those of the participants 
enrolled in BENEGENE-2 (Section S7).

Follow-up

Of the 45 participants enrolled in BENEGENE-2, 
44 completed at least 15 months of follow-up, 
and the remaining participant had completed 12 

Figure 1. Screening in the BENEGENE-1 Study and Screening, Participation, and Follow-up in the BENEGENE-2 
Study.

NAb denotes anti–adeno-associated virus neutralizing antibodies, and vg/kg vector genome copies per kilogram 
of body weight.

102 Were enrolled in BENEGENE-1 study

316 Participants were screened for entry
into the BENEGENE-1 lead-in study

204 (64.6%) Were not eligible
188 (59.5%) Had a NAb titer above

the established threshold
16 (5.1%) Had other reason

51 Were not screened for BENEGENE-2
study

40 Were still ongoing in BENEGENE-1
study

3 Withdrew from BENEGENE-1 study
8 Completed BENEGENE-1 study but

did not enroll in BENEGENE-2 study

51 Completed BENEGENE-1 lead-in
study and were assessed for eligibility

6 Were not eligible
1 Had NAb titer above the established threshold
1 Did not complete 6 mo of routine factor IX

prophylaxis therapy during the lead-in study and
had ≥50 lifetime exposure days to a factor IX
protein product

1 Was unable to adhere to scheduled visits,
treatment plans, and laboratory tests and other
study procedures up to 6 yr after infusion

1 Had unstable liver or biliary disease at entry
of study

1 Had screening laboratory values for hemoglobin,
platelets, and creatinine outside the acceptable
range

1 Withdrew consent

45 Were included in the analysis population

44 Completed 15 mo of follow-up
1 Completed 12 mo of follow-up

43 Continued in ongoing long-term 
follow-up study

2 Withdrew consent
1 Had lack of efficacy
1 Had unknown reason

45 Were infused with a single dose of
fidanacogene elaparvovec (5×1011 vg/kg)
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months of follow-up at the time of data cutoff. 
All the participants were included in the primary 
and secondary efficacy and safety analyses, in-
cluding 2 who withdrew consent (Fig. 1). De-
tailed narratives regarding follow-up and safety 
end points are provided in Section S8.).

Primary and Secondary Efficacy End Points

Table 2 summarizes key results. The primary end 
point of the annualized rate of bleeding for total 
bleeding episodes was 4.42 (95% confidence in-
terval [CI], 1.80 to 7.05) in the prophylaxis pe-
riod and 1.28 (95% CI, 0.57 to 1.98) from week 
12 to month 15 after fidanacogene elaparvovec 
therapy, for a treatment difference estimate of 
−3.15 episodes (95% CI, −5.46 to −0.83; P = 0.008), 
a finding that showed the noninferiority (pri-
mary end point) and superiority (secondary end 
point) of gene therapy as compared with factor 
IX prophylaxis (Fig. 2A). Fidanacogene elapar-
vovec therapy significantly reduced the mean an-
nualized rate of bleeding for total bleeding epi-
sodes (by 71%) as compared with prophylaxis 
(P<0.001). The annualized rate of bleeding for 
treated bleeding episodes was 3.34 (95% CI, 
1.70 to 4.98) in the prophylaxis period and 0.73 
(95% CI, 0.23 to 1.23) after fidanacogene elapar-
vovec therapy, for an estimated treatment differ-
ence of −2.61 (95% CI, −4.27 to −0.96; P = 0.002) 
(Fig. 2A). Fidanacogene elaparvovec therapy sig-
nificantly reduced the mean annualized rate of 
bleeding for treated bleeding episodes (by 78%) 
as compared with prophylaxis (P<0.001), a change 
that was associated with a 92.3% reduction in 
the mean annualized infusion rate (Fig. 2B) and 
a 92.4% reduction in annualized total factor IX 
consumption.

The mean factor IX activity at month 15 was 
26.9% (median, 22.9; range, 1.9 to 119.0) mea-
sured by the one-stage SynthASil assay (38 par-
ticipants). Results of the factor IX activity sensi-
tivity analyses (Fig. S4) were generally consistent 
with those shown in Figure 2C and Figure S2 
(which along with Fig. S3 show factor IX activity 
during the 24 months after gene therapy). At 24 
months after fidanacogene elaparvovec therapy, 
factor IX levels above 5% were maintained in 
82% of the participants (Fig. 2D).

Additional End Points

Other prespecified secondary end points are list-
ed in Table 2. The percentage of participants 

Table 1. Characteristics of the Participants at Baseline.*

Characteristic
Value 

(N = 45)

Age — yr

Mean 33.2±10.9

Median (range) 29 (18–62)

Male sex — no. (%) 45 (100)

Race — no. (%)†

White 33 (73)

Asian 7 (16)

Black 1 (2)

Not reported 4 (9)

Geographic region — no. (%)

Europe 13 (29)

North America 12 (27)

Middle East 9 (20)

Asia–Pacific 6 (13)

South America 3 (7)

Australia 2 (4)

Body-mass index‡

Mean 27.9±5.5

Median (range) 28 (18–48)

Infection — no. (%)

HIV infection§ 1 (2)

Previous hepatitis B infection¶ 13 (29)

Previous hepatitis C infection¶ 15 (33)

Target joints — no. (%)

Overall 13 (29)

One target joint 7 (16)

Two target joints 3 (7)

Three or more target joints 3 (7)

Category of factor IX therapy‖

Extended half-life 29 (64)

Plasma-derived 2 (4)

Recombinant standard half-life 15 (33)

*  Plus–minus values are means ±SD.
†  Race was reported by the participant.
‡  Body-mass index is the weight in kilograms divided by 

the square of the height in meters.
§  Status with respect to human immunodeficiency virus 

(HIV) infection was determined from the medical history.
¶  Previous hepatitis B or C infection was determined from 

serologic results.
‖  Participants may have been prescribed more than one 

type of factor IX replacement therapy.
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who had no bleeding episodes was 29% (13 par-
ticipants) during the prophylaxis period before 
fidanacogene elaparvovec therapy and 64% (29 
participants) from week 12 to month 15 after 
fidanacogene elaparvovec therapy. Similarly, the 
percentage of participants who had no treated 
bleeding episodes was 36% (16 participants) be-

fore fidanacogene elaparvovec therapy and 73% 
(33 participants) from week 12 to month 15 af-
ter fidanacogene elaparvovec therapy. After fida-
nacogene elaparvovec therapy, 13% of the partici-
pants (6 participants) resumed treatment with 
factor IX prophylaxis (5 owing to low factor IX 
activity and 1 owing to the frequency of bleeding 

2

10

30

1

8

29

1

8

25

1

9

24

2

4

25

3
7

22

4

10

20

4

8

21

5

9

19

5

8

17

5

4

18

7

7

18

6 10 7 6 8 7 7 9 7 6 7

2 2 2 2 2

4.42

1.28

3.34

0.73

M
ea

n 
A

nn
ua

liz
ed

 B
le

ed
in

g
Ep

is
od

es
 (n

o.
)

8

6

2

4

0
Total Bleeding

Episodes
Treated Bleeding

Episodes

C Factor IX Activity Levels from the One-Stage SynthASil Assay

A Annualized Bleeding Rate B Annualized Infusion Rate

Period before infusion
of factor IX prophylaxis

Period after infusion
of factor IX prophylaxis

Fa
ct

or
 IX

 A
ct

iv
ity

 (%
)

150

100

50
40

5

0
Week 12 Month 6 Month 12 Month 15 Month 24

D Distribution of Factor IX Activity Levels

Pe
rc

en
ta

ge
 o

f P
ar

tic
ip

an
ts 100

80

60

40

20

0
4

40 44 44 41 39 40 43 42 44 39 33 39

8 12 18 24 32 42 52 65 78 91 104

Weeks since Gene Therapy

No. of Participants
with Data

44 39

27.7±21.3

42 38 39

27.8±15.2

25.3±21.6

26.9±25.1 26.6±24.9

No. of Participants with Data

0 to <3%

3 to <5%

5 to <15%

15 to <40%

40 to <150%

Factor IX Activity
Level

Treatment difference,
−3.15 (95% CI,
−5.46 to −0.83)

P=0.008 for noninferiority
and superiority

Treatment difference,
−2.61 (95% CI,
−4.27 to −0.96)

P=0.002 for superiority
58.83

4.54

M
ea

n 
A

nn
ua

liz
ed

 In
fu

si
on

s 
(n

o.
) 100

60

80

20

40

0
Period before Infusion

of Factor IX Prophylaxis
Period after Infusion

of Factor IX Prophylaxis

Treatment difference,
−54.29 (95% CI, −63.58 to −45.10)

P<0.001 for superiority



n engl j med 391;12 nejm.org September 26, 2024 1115

Fidanacogene Elaparvovec Ther apy for Hemophilia B

episodes), with time to resumption ranging from 
5.1 to 20.5 months. Details regarding the 6 par-
ticipants who resumed factor IX prophylaxis are 
included in the Supplementary Appendix. In all 
six cases, the participants initially had a response 
to fidanacogene elaparvovec therapy, and all 
were treated with glucocorticoids. The mean 
annualized bleeding rate according to specific 
type is shown in Table S2. A total of 13 partici-
pants had target joints at baseline (7 participants 
had one target joint, 3 had two target joints, and 
3 had at least three target joints). Within 15 
months after fidanacogene elaparvovec therapy, 
at least one target joint had resolved (i.e., no 
bleeding episodes) in 12 of 13 participants 
(92%). A new target joint developed in 1 partici-
pant (2%) subsequent to fidanacogene elapar-
vovec therapy.

Safety End Points

A total of 38 participants (84%) reported 206 
adverse events during the study; 7 (16%) report-
ed serious adverse events (Table S3). Adverse 
events affecting at least 5% of the participants 
are shown in Table 3. The most common adverse 
event associated with fidanacogene elaparvovec 
therapy was an increased level of aminotransferase 
(in 24 participants [53%]), which was generally 

mild and asymptomatic. A total of 28 participants 
(62%) received glucocorticoids for increased ami-
notransferase levels or decreased factor IX levels 
(or both) (Table S4); 6 of the 28 participants (21%) 
resumed prophylaxis. No other immunosuppres-
sive agents were used. The median time to glu-
cocorticoid initiation was 37.5 days (range, 11 
to 123), and the median duration of glucocorti-
coid treatment was 95.0 days (range, 41 to 276) 
(Table S5). Six participants (13%) received a 
second course of glucocorticoid therapy for a 
median duration of 62.0 days (range, 23 to 165). 
The results of liver-function tests are described 
in Section S9.

Figure 2 (facing page). Results of Primary and Key 
Secondary End-Point Analyses.

Panel A shows the annualized rate of bleeding for total 
bleeding episodes and treated bleeding episodes, and 
Panel B shows the annualized infusion rate (computed 
with the following formula: number of infusions [for 
any reason] during the given time period × 365.25 / [date 
of last day − date of first day + 1] in that time period). 
Panel C shows the factor IX activity levels from the 
one-stage SynthASil assay. For each period shown, the 
lower and upper edges of the blue box indicate the in-
terquartile range, the heavy horizontal line at the mid-
dle of the box indicates the median, and the I bar indi-
cates the minimum and maximum values, with the 
mean (±SD) factor IX activity value shown at the top of 
the I bar. The plus sign is the arithmetic mean, and the 
dashed horizontal lines at 5% and 40% indicate the 
range considered to be mild hemophilia; activity above 
40% is considered to be normal. Panel D shows the 
percentage of participants according to their factor IX 
activity, with factor IX activity determined by the one-
stage SynthASil assay. The analysis population for the 
primary end point and key secondary end points in-
cluded all the participants who received fidanacogene 
elaparvovec.

Table 3. Adverse Events.*

Event
Participants 

(N = 45)

no. (%)

Any adverse event 38 (84)

Serious adverse event 7 (16)

Adverse event leading to study discontinuation 0

Adverse event leading to death 0

Increased levels of aminotransferase†‡ 24 (53)

Selected serious adverse event

Infusion-related serious adverse event 0

Duodenal ulcer hemorrhage§ 2 (4)

Anemia§ 2 (4)

*  Data shown are for all 45 participants who received fidanacogene elaparvovec.
†  An increase in liver aminotransferase levels was considered to be an adverse 

event at the discretion of the investigator.
‡  An increase in the level of aminotransferases was the only adverse event 

that occurred in 5% or more of the participants. Investigators documented 
different preferred terms for adverse events relating to increased aminotrans-
ferase levels, and multiple overlapping events could be reported in a single 
participant. The following preferred terms were reported: increased alanine 
aminotransferase level (in 12 participants [27%]), abnormal hepatic function 
(in 5 [11%]), increased aspartate aminotransferase level (in 3 [7%]), increased 
hepatic-enzyme level (in 3 [7%]), increased aminotransferase level (in 3 [7%]), 
and abnormal liver-function test (in 1 [2%]).

§  Duodenal ulcer hemorrhage occurred in 2 participants. In 1 participant, two 
events from the same serious adverse event were assessed by the investigator 
as being related to treatment at the time of data cutoff and occurred within the 
first year after fidanacogene elaparvovec therapy: duodenal ulcer hemorrhage 
and associated anemia, which occurred in the context of glucocorticoid use 
without a concomitant gastric-acid–secretion inhibitor. After the data-cutoff 
date, the investigator changed the assessment of these events to adverse 
events unrelated to treatment. In the second participant, events involving 
anemia, duodenal ulcer, and upper gastrointestinal hemorrhage that occurred 
as a result of the same serious adverse event were assessed as unrelated to 
treatment at the time of data cutoff and occurred within the first year after 
fidanacogene elaparvovec therapy. Narratives regarding both participants are 
provided in Section S8 in the Supplementary Appendix.
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Adverse events that were possibly related to 
glucocorticoid treatment are shown in Table S6; 
detailed narratives for serious adverse events 
that occurred during glucocorticoid therapy, in-
cluding in 2 participants who had gastrointesti-
nal hemorrhage in the absence of a gastric-acid 
inhibitor, are provided in the Supplementary 
Appendix. No thrombotic events or hepatic or 
other cancers related to fidanacogene elapar-
vovec were observed. No serious hypersensitivity 
events occurred. Full clearance of vector DNA 
(defined as the absence of shedding) was ob-
served on average within 1 to 4 months after 
fidanacogene elaparvovec therapy except for pe-
ripheral blood mononuclear cells, in which case 
clearance took up to 6 months on average (Table 
S7). Anti–AAV-neutralizing antibodies developed 
in all the participants after fidanacogene elapar-
vovec therapy on the basis of an assay performed 
at week 52 and in all available samples beyond 
week 52 (up to year 3). Factor IX inhibitors de-
veloped in none of the participants.

Discussion

After the phase 1–2a study of fidanacogene elapar-
vovec and a longer-term follow-up study involv-
ing 15 participants with hemophilia B19 using 
one of the lowest reported doses of AAV-based 
gene therapy administered in hemophilia gene-
therapy trials to date,16,20-22 we conducted the 
BENEGENE-2 study to evaluate the efficacy and 
safety of fidanacogene elaparvovec in a larger 
patient cohort. All 45 participants received 5×1011 
vector genome copies per kilogram, and all ini-
tially had a response to treatment, with post-
therapy factor IX levels higher than baseline and 
similar to the levels observed in the phase 1–2a 
study.19 These results show that fidanacogene 
elaparvovec therapy in appropriately selected par-
ticipants leads to a sufficient increase in factor 
IX levels to discontinue prophylaxis. On the basis 
of these results, fidanacogene elaparvovec has 
been approved in Canada, the United States, and 
Europe for the treatment of adults with hemo-
philia B.23-25

In this study, factor IX levels after fidanaco-
gene elaparvovec therapy, as compared with 
prophylaxis, were associated with an ameliora-
tion of the bleeding phenotype and a significant 
reduction in the annualized bleeding rate and 

the annualized total factor IX consumption. 
These findings offer additional evidence that 
transduction of the FIX-R338L variant can pro-
duce hemostatic competence at the reported 
factor IX activity level. The majority (>80%) of 
the participants had factor IX activity in the 
mild-hemophilia range for a sustained period of 
15 to 24 months, a finding that shows durable 
efficacy similar to that observed in other trials 
of gene therapy for hemophilia B (but not hemo-
philia A).20,26 Factor IX values measured with the 
use of different assays (one-stage vs. chromogenic) 
were consistent with findings in previous studies, 
with chromogenic and Actin-FSL assays showing 
similar but lower levels than the SynthASil as-
say.27,28 Research into the potential mechanisms 
for the observed differences between assays is 
ongoing.29,30 The participants who resumed pro-
phylaxis had initially had a response to treat-
ment, with factor IX activity levels subsequently 
decreasing. Predictors of this loss of response 
have not been identified. All the participants who 
resumed prophylaxis therapy were treated with 
at least one course of glucocorticoids, whereas 
22 participants (79%) who were treated with glu-
cocorticoids did not resume prophylaxis.

More than half the participants in this study 
were treated with glucocorticoids, predominant-
ly for increased aminotransferase levels that were 
presumed to indicate cellular immune responses 
(although one participant started glucocorticoid 
therapy in response to a decrease in factor IX lev-
els before the aminotransferase levels increased). 
Glucocorticoid use was higher in the phase 3 
than in the fidanacogene elaparvovec phase 1–2a 
study19 and higher than in another phase 3 gene-
therapy trial for hemophilia B16 but was lower 
than that observed in a phase 3 gene-therapy trial 
for hemophilia A.20 Guidance on when to initi-
ate glucocorticoids differs across studies, which 
makes comparisons challenging. Our phase 3 
study had a relatively cautious approach and a 
low threshold for glucocorticoid initiation, an ap-
proach that was based on experience gained in the 
previous phase 1–2a study.19 Increases in amino-
transferase levels were generally mild, which sug-
gests that any immune response was minor or 
treated promptly (or both).

Fidanacogene elaparvovec was generally safe. 
No safety signals emerged in this study, and 
there were no instances of inhibitor development, 



n engl j med 391;12 nejm.org September 26, 2024 1117

Fidanacogene Elaparvovec Ther apy for Hemophilia B

thrombosis, or cancer, although follow-up was 
limited. Vector DNA sequences were shed tran-
siently in bodily fluids and cleared as previously 
observed.19 Increased aminotransferase levels gen-
erally decreased over time during glucocorticoid 
treatment. Combined with the absence of clini-
cally significant findings on routine liver ultra-
sonography, these findings suggest that liver 
health was maintained throughout follow-up, 
although longer follow-up will be needed to as-
sess the effect on longer-term liver health. Two 
participants had gastrointestinal hemorrhage tem-
porally associated with glucocorticoid therapy, a 
known side effect in the absence of acid block-
ers; no additional incidents of gastrointestinal 
hemorrhage were observed after a recommenda-
tion for proton-pump inhibitors was added to 
the protocol.

Our study evaluated a cohort of participants 
with hemophilia B receiving one of the lowest 
reported effective doses of an AAV gene-therapy 
vector for hemophilia B. Fidanacogene elaparvovec 
led to a sustained increase in factor IX levels and 
sustained phenotypic changes in nearly 90% of 
the participants. All the participants were neg-
ative for neutralizing antibodies and initially 
had a response to treatment. Given that another 
phase 3 gene-therapy trial for hemophilia B 
showed sustained factor IX activity with little 
correlation with preexisting levels of neutraliz-
ing antibodies,16,31 a greater understanding of 
the association between preexisting neutralizing 
antibodies and outcomes is needed. Our study 
builds on results from previous studies and sup-

ports the widely held view that despite differ-
ences in serotype, promoters, or manufacturing 
protocols, or any combination of these, various 
gene therapies can result in similar efficacy and 
safety, albeit at different doses. Further work is 
needed to address the range of responses seen in 
our study and in most hemophilia gene-therapy 
trials and to examine why some participants 
resumed prophylaxis. The percentage of partici-
pants who resumed prophylaxis was higher in 
our study than in the previous phase 3 trial.16 
Because data regarding resumption of prophy-
laxis are relatively limited, further work is needed 
to explore whether this is a chance finding or 
whether it is associated with any product char-
acteristics. Our study has several limitations, 
including the generalizability of the findings, 
limited follow-up, underrepresentation of Black 
patients, and the lack of a concurrent control 
group.

The findings of this phase 3 study showed 
that fidanacogene elaparvovec had a favorable 
benefit–risk profile providing efficacy at one of 
the lowest doses of AAV-based gene therapy 
studied for hemophilia B. An ongoing extended 
follow-up study to 15 years after gene therapy will 
provide further insights regarding the effects of 
fidanacogene elaparvovec.
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