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Abstract 

 

Adeno-associated-viral (AAV) vector liver-directed gene therapy (GT) for hemophilia B 

(HB) is limited by a vector-dose-dependent hepatotoxicity. Recently, this obstacle has 

been partially circumvented by the use of a hyperactive factor IX (FIX) variant, R338L 

(Padua), which has an eightfold increased specific activity compared to FIX-WT. FIX-

R338L has emerged as the standard for HB GT. However, the underlying mechanism of 

its hyperactivity is undefined; as such, safety concerns of unregulated coagulation and 

the potential for thrombotic complications have not been fully addressed. To this end, 

we evaluated the enzymatic and clotting activity as well as the activation, inactivation, 

and cofactor-dependence of FIX-R338L relative to FIX-WT. We observed that the high-

specific-activity of FIX-R338L requires factor VIIIa (FVIIIa) cofactor. In a novel system 

utilizing emicizumab, a FVIII-mimicking bispecific antibody, the hyperactivity of both 

recombinant FIX-R338L and AAV-mediated-transgene-expressed FIX-R338L from HB 

GT subjects is ablated without FVIIIa activity. We conclude that the molecular regulation 

of activation, inactivation, and cofactor-dependence of FIX-R338L is similar to FIX-WT, 

but that the FVIIIa-dependent hyperactivity of FIX-R338L is the result of a faster rate of 

factor X activation. This mechanism helps mitigate safety concerns of unregulated 

coagulation and supports the expanded use of FIX-R338L in HB therapy. 
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Introduction 

Hemophilia B (HB) is an X-linked bleeding disorder due to an inheritable 

deficiency in coagulation factor IX (FIX) activity. The severity of the HB bleeding 

phenotype is dependent on the residual FIX activity: people with severe disease (FIX 

activity <1% normal) have frequent spontaneous bleeds; people with moderate disease 

(FIX activity 1-5% normal) rarely have spontaneous bleeds, but bleed with minor 

trauma; and people with mild disease (FIX activity 5-40% normal) bleed only during 

invasive procedures and/or trauma (1). Modest increases in FIX activity, therefore, have 

an important clinical impact, making HB highly amenable to treatments, including gene 

therapy.    

The first-in-human liver-directed gene therapy clinical trial with an adeno- 

associated-viral (AAV) vector was carried out in HB subjects (2). The vector 

encapsidated a FIX-WT transgene and short term efficacy was observed with FIX 

activity levels up to 12% normal (2). This approach was limited by a vector-dose- 

dependent cellular immune response targeting AAV-capsid proteins presented by 

transduced hepatocytes (2, 3). Immune mediated destruction of these hepatocytes, 

clinically manifested by an asymptomatic increase in plasma liver enzyme levels, led to 

a loss of circulating FIX protein (2, 3). A subsequent study demonstrated that the rapid 

initiation of steroid immunosuppression could reduce the loss of FIX activity and 

sustained FIX activity levels of about 5% normal were observed in the high-dose cohort 

(4, 5). Steroids have been effective in reducing the loss of transgene expression in 

most, but not all, AAV-liver-directed gene therapy trials (reviewed in (6)).      

Hepatotoxicity, as defined by elevated liver enzymes, has been observed in at 

least some subjects in all AAV-gene-transfer trials for HB (2, 4-7) as well as for 

hemophilia A (HA) (8). However, the lack of identifiable anti-AAV-capsid immune cells in 
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some studies suggest that several biological mechanisms may contribute (7-9). 

Moreover, the AAV-related cellular immunogenicity has not been fully reproduced in 

preclinical models. As such, lowering the therapeutic vector dose is the most reliable 

strategy to avoid these AAV-related hepatotoxicities, including the use of transgenes 

with advantageous properties (6). To this end, the high-specific-activity factor FIX 

variant R338L (Padua) (10), has recently emerged as the standard transgene for HB 

gene therapy.  

Preclinical studies in small and large animal models following AAV liver- or 

muscle-directed gene transfer demonstrated long-term expression of FIX-R338L without 

increased immunogenicity compared to FIX-WT (11-16). Based on these preclinical 

studies, we recently showed that AAV gene therapy with FIX-R338L in adult HB 

subjects allowed for a fourfold lowering of the therapeutic vector dose, but a six-fold 

increase in the sustained FIX activity levels, compared to earlier studies using FIX-WT 

(4, 5, 10). Importantly, this fourfold lowering of the vector dose was also associated with 

a decrease in the number of subjects with hepatotoxicity from 4 out of 6 (67%) (4, 5) to 

2 out of 10 (20%) (10). This success has prompted the incorporation of FIX-R338L into 

other HB gene therapy programs that previously relied on FIX-WT transgenes.  

It is concerning, however, that higher FIX activity levels are being targeted and 

larger subject cohorts are being recruited without a clear understanding of the 

biochemical mechanism of FIX-R338L hyperactivity. The recent reports of unanticipated 

thrombotic complications in several novel therapies for hemophilia, designed to promote 

hemostasis by avoiding regulatory mechanisms (17-19), emphasize the importance of 

comprehensively defining the pro-coagulant activity of new treatment strategies for 

hemophilia. To address these questions, we instituted a study utilizing purified 

recombinant (r) protein of FIX variants to evaluate differences in activation, inactivation, 
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and activity in both purified-protein and plasma-based systems. Using a newly 

development experimental system where the role of activated factor VIII (FVIIIa) 

cofactor activity is replaced by the unique reagent, emicizumab (17, 20-23), we confirm 

that the high-specific-activity of FIX-R338L is dependent on an optimized interaction 

with its cofactor, FVIIIa, and is not due to differences in FIX activation or inactivation. 

We also observe the same dependence on FVIII/FVIIIa-cofactor activity with transgene 

expressed FIX-R338L from HB-gene-therapy subjects. Combined, these findings 

suggest that molecular regulation of FIX-R338L is similar to that of FIX-WT. These 

results justify the continued use of FIX-R338L in AAV-based gene therapy studies for 

HB by helping to alleviate the safety concern of unpredictable thrombogenicity. 

Moreover, they provide new insights into the underlying biochemistry of FIX activity.     
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Results 

Activated FIX (FIXa) complexes with its cofactor, FVIIIa, to form the intrinsic 

Xase enzyme complex (FIXa-FVIIIa), which is responsible for the proteolytic activation 

of coagulation factor X (FX) through the intrinsic pathway during sustained coagulation 

(24, 25). The proteolytic activity of FIXa towards FX increases ≥105-fold upon FVIIIa 

cofactor binding (26). FIX is activated by either FXIa or FVIIa/tissue factor (TF) and 

inactivated largely by antithrombin (AT) (24, 27, 28). To identify the molecular 

mechanism of the hyperactivity of FIX-R338L, we compared all of these reactions with 

rFIX/FIXa-WT and rFIX/FIXa-R338L in both plasma-based assays and purified-protein 

systems.  

 

Clotting activity of rFIX-WT and rFIX-R338L 

 The Padua substitution R338L was introduced into human FIX-WT through site-

directed mutagenesis. Identical chromatography procedures were used to purify rFIX-

WT and rFIX-R338L to homogeneity from conditioned media from stably transfected 

HEK293 clones. The high purity of rFIX-WT and rFIX-R338L is shown in Supplementary 

Figure 1. The hyperactivity of rFIX-R338L relative to rFIX-WT was confirmed by testing 

the ability of each protein to restore fibrin clot formation to HB plasma with an activated 

Partial Thromboplastin Time (aPTT) based assay (Figure 1). In this experiment, rFIX-

R338L protein decreased the time for fibrin clot formation substantially more than similar 

amounts of rFIX-WT protein. Moreover, the rFIX-R338L curve is left-shifted compared to 

the rFIX-WT curve such that substantially less rFIX-R338L than rFIX-WT is needed for 

similar clot times. The determined specific activity of rFIX-R338L and rFIX-WT from this 

assay is 1,900 ± 350 U/mg and 250 ± 50 U/mg, respectively, consistent with the activity 
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of commercial rFIX-WT HB products (29) and the eightfold higher activity of FIX-R338L 

compared to FIX-WT observed in the affected Padua family members (30), animal 

models (11-16), and gene therapy subjects (10).  

         

Activation of FIX-R338L and FIX-WT by FXIa is similar 

 Though in vivo FIX is activated by FXIa and FVIIa/TF, the former is the exclusive 

pathway during the aPTT-based FIX/FIXa specific activity measurements. In order to 

assess the role of activation in the high-specific-activity of FIX-R338L, we compared the 

rate of activation of FIX-338L and FIX-WT with catalytic amounts of FXIa (30 pM) 

(Figure 2A and 2B). At therapeutically relative concentrations of FIX (from 110% to 14% 

normal), we observe that the rates of FIX-R338L and FIX-WT activation are similar 

(Figure 2A). Likewise, the enzyme kinetics of FXIa towards FIX-R338L and FIX-WT are 

similar (Figure 2B). These data indicate that differences in activation by FXIa are not 

responsible for the eightfold hyperactivity of FIX-R338L compared to FIX-WT.  

 

Inactivation of FIXa-R338L and FIXa-WT by AT is similar 

 FIXa is inactivated by AT, which acts as a suicide substrate by irreversibly 

binding to the active site of FIXa in the protease domain. To determine if resistance to 

AT contributes to the high specific activity of FIXa-R338L, we determined the rate of AT-

induced inhibition of rFIXa-R338L and rFIXa-WT (Figure 2C). We observed that at 

physiologically relevant AT concentrations (2 µM), rFIXa-R338L and rFIX-WT are 

inhibited at comparable rates (Table 1). This result suggests that FIXa-R338L and FIXa-

WT are inactivated similarly by AT.    
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FIXa-R338L has increased rate of FX activation compared to FIXa-WT only in the 

presence of cofactor FVIIIa 

 We also compared the proteolytic activity of rFIXa-R338L to rFIXa-WT. For a 

peptidyl substrate, rFIXa-R338L and rFIXa-WT display similar activities (Figure 3A and 

Table 1). Likewise, in the absence the cofactor VIIIa, rFIXa-R338L and rFIXa-WT have 

similar enzyme kinetics for the proteolytic activation of the physiological substrate FX 

(Figure 3B and Table 1). These results are consistent with the observation that rFIXa-

R338L and rFIXa-WT have similar activity for the suicide substrate AT (Figure 2C). 

Combined, rFIXa-R338L and rFIXa-WT have comparable activity for 3 distinct 

substrates in the absence of FVIIIa-cofactor.  These data indicate that the active site of 

rFIXa-R338L is similar to rFIXa-WT.  

 However, we observe that FIXa-R338L and FIXa-WT have distinct enzyme 

kinetics for FX activation in the presence of FVIIIa (Figure 3C and Table 1). In Figure 

3C, the Michaelis-Menten parameters (KM and kCAT) of the FIXa-FVIIIa complex are 

both about threefold higher for FIXa-R338L than FIXa-WT. The catalytic efficiency (kCAT/ 

KM ) of the FIXa-R338L and FIXa-WT intrinsic Xase complex are comparable (both 29 

µM-1sec-1). However, the rate of FXa generation at physiological FX concentrations is 

predicted by these parameters to be twofold higher for the FIXa-R338L complex than 

the FIXa-WT complex, as the KM for both complexes remains less than the plasma FX 

concentration (180 nM). Thus, at physiologically relevant concentrations, FIXa-R338L 

bound to FVIIIa is expected to exhibit enhanced FXa generation compared to FIXa-WT 

bound to FVIIIa.  

 The role of the FVIIIa binding affinity was assessed by measuring the FXa  

generation by the FIXa-FVIIIa complex, which is 105-faster than FXa generation by FIXa 

without FVIIIa (Table 1). As see in Figure 3D, the appKD of FIXa-R338L and FIXa-WT 
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for FVIIIa in this assay are comparable (Table 1), which suggests that FVIIIa binds 

rFIXa-WT and rFIX-R338L similarly. These appKD values were used to determine that 

amount of intrinsic Xase complex in Figure 3C. These data imply that the R338L 

substitution does not substantially change the affinity between FIXa and FVIIIa; rather 

FIXa-R338L bound to FVIIIa is more efficient at converting FX to FXa compared to 

FIXa-WT bound to FVIIIa. This enhancement of FXa generation by FIXa-R338L bound 

to FVIIIa compared to FIXa-WT bound to FVIIIa suggests the R338L-substitution 

improves the allosteric activation of FIXa by FVIIIa. As predicated by the relative 

enzyme kinetic parameters of FIXa-R338L and FIXa-WT, the specific activity ratio of 

FIX-R338L to FIX-WT increases with increasing FX concentration in plasma-based 

clotting assays (Supplementary Figure 2). 

   

Hyperactivity of FIX/FIXa-R338L in plasma assays requires FVIIIa cofactor   

 In order to determine if this increase in FX activation by the FIXa-R338L-FVIIIa 

complex relative to the FIXa-WT-FVIIIa complex observed in purified-protein assays 

(Figure 3) is sufficient to produce the eightfold increased specific activity of FIX-R338L 

compared to FIX-WT observed in clotting assays (Figure 1), we developed a new 

plasma-based assay that can measure FIX/FIXa activity without FVIII/FVIIIa. Unlike in 

the purified-protein assays, FVIII/FVIIIa activity is required to measure FIX/FIXa activity 

in plasma as the absence of FVIII/FVIIIa activity in plasma causes HA.    

In these experiments, endogenous FVIII/FVIIIa cofactor activity in HB plasma is 

replaced by emicizumab. Emicizumab is a bispecific antibody that efficiently brings 

together FIX/FIXa and FX/FXa forming an intrinsic Xase complex without FVIIIa (20-22) 

(Supplementary Figure 3). It is efficacious for the prevention of bleeding for HA patients 

with and without inhibitors (17, 23). In order to inhibit the endogenous FVIII/FVIIIa 
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activity in plasma, we tested a series of monoclonal neutralizing anti-FVIII antibodies to 

attain a combination that can sufficiently inhibit FVIII/FVIIIa activity in plasma to ≤1% 

normal (Supplementary Figure 4). These antibodies and emicizumab are added to HB 

plasma and a standard curve using commercial rFIX-WT is determined to relate clotting- 

time to FIX activity for emicizumab-conditioned HB plasma.       

 In unmodified HB plasma, we observe that FIX-R338L has the expected eightfold 

increased specific activity compared to FIX-WT as measured by an aPTT-based clotting 

assay (Figure 4A). However, when the endogenous FVIII/FVIIIa is replaced by 

emicizumab, zymogen rFIX-WT has a slightly higher specific activity than rFIX-R338L 

(Figure 4A). The FVIIIa-dependent activity is estimated as the ratio of the specific 

activities without and with emicizumab. This ratio is 0.8 and 9.3, respectively, for rFIX-

WT and rFIX-R338L indicating that the eightfold hyperactivity of rFIX-R338L is FVIIIa-

dependent.  

Similar to these results between the zymogen forms of the FIX variants, we also 

observe that the increased specific activity of rFIXa-R338L compared to rFIXa-WT is 

abrogated by the replacement of FVIIIa-cofactor activity with emicizumab (Figure 4B). 

Combined, these results indicate that the observed hyperactivity of FIX/FIXa-R338L 

measured in clotting assays is wholly dependent on its enhanced interaction with 

FVIII/FVIIIa.  As was observed in the purified-protein systems (Table 1), FVIII/FVIIIa 

cofactor activity is required for FIX/FIXa-R338L advantages over FIX/FIXa-WT in 

clotting assays.  

The observed hyperactivity of rFIXa-R338L compared to rFIXa-WT in the clotting 

assay (Figure 4B) also indicates that the mechanism of increased specific activity is due 

to differences in the activated form rather than the zymogen form, which is expected as 

only FIXa, and not FIX, binds FVIIIa (26). This conclusion is consistent with the similar 
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rates of activation measured in Figure 2A of FIX-WT and FIX-R338L.  The observed 

increased specific activity of rFIXa-R338L relative to rFIXa-WT in Figure 4B also 

controls for the potential of undetectable amounts of rFIXa-R338L contaminating the 

rFIX-R338L samples and increasing the apparent specific activity.     

 We also determined the dependence on FVIIIa-cofactor activity on the enhanced 

ability of FIX/FIXa-R338L compared to FIX/FIXa-WT to restore thrombin production in 

HB plasma in the thrombin generation assay (TGA). This assay provides a more global 

perspective on coagulation as it evaluates pro-coagulant activity over 90 minutes 

compared to the few minutes until fibrin clot formation in the clotting assay. In 

unmodified HB plasma, both FIX variants restore thrombin generation in a dose-

dependent manner (Figure 5A and 5B), but substantially less rFIX-R338L than rFIX-WT 

is required as is evidenced by the left-shifted curves of the TGA parameters of FIX-

R338L compared to FIX-WT (Figure 5D and Supplementary Figure 5). The estimated 

half-maximal effective concentrations (EC50) of these parameters for FIX-WT is 3-10 

fold higher than for FIX-R338L (Table 2) consistent with FIX-R338L having an increased 

pro-coagulant activity compared to FIX-WT. However, when emicizumab replaces the 

endogenous FVIII/FVIIIa, FIX-R338L and FIX-WT exhibit similar thrombograms (Figure 

5C) and TGA parameters (Figure 5D, Supplementary Figure 5, and Table 2). These 

results indicate that the enhanced thrombin generation of FIX-R338L over FIX-WT is 

dependent on FVIII/FVIIIa activity.  

 We also determined the ability of the activated protease forms of the FIX variants 

to restore thrombin generation in HB plasma (Supplementary Figure 6 and Table 2). 

Similar to results with the zymogen forms, the increased thrombin generation of rFIXa-

R338L compared to rFIXa-WT is ablated when emicizumab replaces the endogenous 

FVIII/FVIIIa. These results further support our model that the enhanced thrombin 
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generation of FIXa-R338L over FIXa-WT is mainly dependent on FVIII/FVIIIa activity. 

They also control for the possibility that the hyperactivity of FIX-R338L over FIX-WT 

observed in the TGA (Figure 5) is due to trace amounts of activated protease. 

 Emicizumab binds both FIX/FIXa and FX/FXa in their EGF-domains (22). As 

such, it seems very unlikely that the results obtained in Figures 4 and 5 could be due to 

differences in emicizumab binding to FIX/FIXa-R338L and FIX/FIXa-WT, as the R338L 

substitution resides in the protease domain of FIX (Supplementary Figure 7). In support 

of this, we found that FIXa-R338L and FIXa-WT have comparable appKD with 

emicizumab (Supplementary Figure 8A and Table 1), indicating that emicizumab binds 

similarly to FIXa-R338L and FIXa-WT. We also measured the enzyme kinetics 

parameters of FIXa-R338L and FIXa-WT with emicizumab (Supplementary Figure 8B 

and Table 1), which are consistent with previously reported values (21). The measured 

appKD of emicizumab with FIXa-WT in this functional assay with phospholipids is higher 

than the KD determined using immobilized monospecific two-armed antibodies (22). 

However, an analogous discrepancy is also noted in the published KM and KD values 

(21, 22), suggesting that these differences are likely assay dependent. Combined, our 

results indicate that the intrinsic Xase complex with emicizumab (FIXa-emicizumab) are 

similar for FIXa-WT and FIXa-R338L. These data further support our model that the 

hyperactivity of FIX/FIXa-R338L requires FVIIIa cofactor activity.   

 

Hyperactivity of FIX-R338L expressed after AAV-liver-directed gene therapy in HB 

subjects requires FVIIIa-cofactor 

 To validate the clinical relevance of our in vitro observations that the hyperactivity 

of rFIX/FIXa-R338L requires FVIIIa-cofactor activity, we determined the FIX activity in 

plasma samples from HB subjects treated at the Children’s Hospital of Philadelphia with 
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AAV-FIX-R338L (SPK-9001) gene therapy (10). After receiving AAV gene therapy, all 

these subjects persistently express FIX-R338L, which has resulted in a near phenotypic 

cure in most participants (10). Four samples from 3 subjects were available with FIX 

activities that ranged from 17 to 53% normal FIX activity after gene therapy. In 

unmodified HB plasma, FIX activities were similar (within 0.04 IU/mL) to the activities 

determined in the clinical laboratory. However, when the endogenous FVIIIa-cofactor 

activity of the HB plasma is replaced by emicizumab, the FIX activity is reduced about 

eightfold (Figure 6A); this decrease is consistent with our observations that the 

hyperactivity of rFIX/FIXa-R338L requires FVIIIa-cofactor activity (Figure 4 and 5).  

Just as we determined in Figure 4A, the FVIIIa-dependent hyperactivity of FIX-

R338L expressed after gene therapy can be estimated from the ratio between the FIX 

activity measured without and with emicizumab (Figure 6B), while accounting for the 

subject’s endogenous pre-gene-therapy FIX activity. Samples 1-3 are from subjects with 

severe HB prior to gene therapy (endogenous FIX activity <1% normal) while sample 4 

is from a subject with moderate HB (endogenous FIX activity about 2% normal). The 

determined FVIIIa-dependent hyperactivity of transgene expressed FIX-R338L from 

these samples is between 7 and 10, comparable with our results using rFIX-R338L. 

These results indicate that the hyperactivity of FIX-R338L expressed in HB subjects 

after AAV gene therapy is dependent on FVIIIa-cofactor activity, just as we observed for 

the hyperactivity of rFIX/FIXa-R338L. This similarity further substantiates our model that 

the increased specific activity of rFIX-R338L is mediated through an enhancement of 

FVIIIa-induced allosteric activation of FIXa. Thus, transgene expressed FIX-R338L is 

likely regulated similarly to endogenous FIX-WT. 
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Discussion 

 The therapeutic armamentarium for hemophilia is rapidly expanding (18, 19, 31). 

However, the clinical development of several new products has been marred by 

unanticipated thrombotic complications and subject deaths (17-19). The only published 

clinical gene therapy trial in HB subjects expressing FIX-R338L (n = 10) used a single 

low vector dose that resulted in most subjects (n = 9) having less than 50% normal FIX 

activity (mean 35% normal) (10). Elucidating the mechanism of the increased specific 

activity of FIX-R338L has important safety implications as gene therapy with FIX-R338L 

advances into pivotal phase 3 studies with larger study cohorts as well as higher 

targeted FIX activity levels.     

Potential mechanisms of increased specific activity of FIX include enhancements 

in FIX activation, resistance to AT inactivation (32), FVIIIa-independent activity (33, 34), 

and improvements in the interaction with FVIIIa (35-37). Herein, we provide mechanistic 

data that demonstrates the FIX/FIXa-R338L and FIX/FIXa-WT are regulated similarly at 

a molecular level and that the hyperactivity of FIX/FIXa-R338L is the result of an 

enhanced interaction with FVIIIa that results in an increased rate of FX activation in 

physiological conditions. Without FVIIIa, both rFIXa-WT and rFIXa-R338L have similar 

activity for both peptidyl substrates and FX. However, when complexed with FVIIIa, 

rFIXa-R338L demonstrates several-fold increased FXa generation at physiological FX 

concentrations compared to rFIXa-WT, even though FVIIIa binding affinity to FIXa-WT 

and FIXa-R338L is comparable. Rather, the allosteric activation of FIXa by FVIIIa for 

FXa generation is enhanced in FIXa-R338L, compared to FIXa-WT. The substantial 

enhancement of rFIX/FIXa-R338L compared to rFIX/FIXa-WT in plasma-based assay is 

completely dependent on its FVIIIa-cofactor interaction. The hyperactivity of rFIX/FIXa-

R338L is entirely ablated in both a clotting assay and a TGA when FVIIIa is replaced by 
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emicizumab. Emicizumab is a bispecific antibody designed to be a “FVIII-mimetic” that 

was recently approved for HA patients with and without inhibitors (17, 20-23). As a 

reagent, it provides a unique opportunity to test the role of FVIIIa-cofactor activity in 

plasma. 

The reported specific activity of human and canine FIX-R338L ranges between 5-

15-fold higher than the FIX-WT orthologue, depending on the reagents and source of 

protein, with about eightfold being the most consistently observed (reviewed in (6)), 

which is in agreement with our clotting-assay results. However, the pro-coagulant 

advantages of FIX/FIXa-R338L over FIX/FIXa-WT that we observe are assay 

dependent with the clotting-assay specific activity being about eightfold while the 

determined EC50 of the TGA parameters ranging from 3-10-fold. Indeed, the fold-

difference in thrombin generation between FIX/FIXa-R338L and FIX/FIXa-WT is highly 

dependent on the FIX/FIXa protein concentration utilized. We also observe that the 

hyperactivity of FIX/FIXa-R338L over FIX/FIXa-WT is larger in the plasma-based 

assays than in the purified-system assays, which is likely due to the hyperactivity being 

amplified down the coagulation cascade in the former experiments (38). A similar 

phenomena of higher plasma-based activities compared to purified system FXa-

generation assays has been noted in TF-independent hyperactive FVIIa variants (39) 

and other high-specific-activity FIX/FIXa variants (40). We speculate that this difference 

likely contributes to the observed twofold discrepancies in the one-stage-clotting and 

chromogenic-FIX-activity assays observed in HB-gene-therapy subjects expressing FIX-

R338L (10).  

We also observe that the high-specific-activity of transgene expressed FIX-

R338L in HB subjects after AAV-gene-therapy is also dependent on FVIIIa-cofactor 

activity, consistent with our data using rFIX-R338L protein. Discrepancies in the 
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measured FVIII activity between rFVIII and transgene expressed FVIII have recently 

been appreciated (reviewed in (6)). However, the similarity between rFIX-R338L and the 

transgene expressed FIX-R338L substantiate the clinical relevance of our results.  

These results buttress the use of FIX-R338L as a therapeutic for HB and inform on the 

biochemistry of FIX activity.           

 

Translational Implications 

This mechanistic basis for the enhanced plasma activity of FIX-R338L described 

herein complements our previous in vivo safety assessments, and combined, provides a 

strong rationale that its expanding use in HB gene therapy will be safe.  FIX-R338L and 

FIX-WT in physiological conditions are likely regulated similarly with comparable rates 

of activation FXIa, inactivation by AT, and the same FVIIIa cofactor requirement. 

Unknown or alternative regulatory interactions not evaluated (24, 41, 42) could 

potentially be different for FIX/FIXa-R338L and FIX/FIXa-WT. However, the striking loss 

of the hyperactivity FIX/FIXa-R338L compared to FIX/FIXa-WT in plasma-based assays 

without FVIII/FVIIIa activity suggests that the increased specific activity of FIX/FIXa-

R338L relative to FIX/FIXa-WT is primarily due to an enhanced allosteric activation of 

FIXa-R338L relative to FIXa-WT by FVIIIa.  

As such, the thrombophilia of FIX-Padua is likely due only to the very elevated 

FIX activity levels, rather than derangements in the regulation of coagulation. Indeed, 

only the FIX-Padua proband with FIX activity in excess of 700% normal developed a 

thrombosis, while his mother who was a heterozygote carrier with levels of 330% 

normal, never had thrombotic complications, despite multiple pregnancies, which is also 

a prothrombotic state (30). This conclusion is also supported by our previous 

observation that in WT mice expressing supratherapeutic FIX activity levels (100-2000% 
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normal), markers of coagulation activation and mortality were the same for mice 

expressing FIX-R338L or FIX-WT. In other words, the thrombotic risk was due to high 

FIX activity levels regardless of the FIX variant responsible for the elevated levels, 

consistent with our biochemical results described here. Combined, our biochemical and 

preclinical data suggests that the thrombotic risk of FIX-R338L as a therapeutic is 

probably only dependent on the FIX activity levels and is likely the same as FIX-WT at 

the identical activity levels. These data support gene therapy and gene editing 

approaches aimed at achieving higher FIX activity levels than obtained to date.       

 

Biochemical Implications 

FVIIIa cofactor activity is required for efficient FIXa activation of FX to prevent 

hemorrhages. Deficiencies in either FVIIIa or FIXa, HA and HB respectively, result in 

similar bleeding disorders. At the molecular level, FVIIIa binding to FIXa augments its 

catalytic site for FX proteolysis through allosteric activation as well as providing 

additional stabilizing binding interactions for FX. Our results suggest that the enhanced 

interaction of FVIIIa and FIXa-R338L that is responsible for the increased specific 

activity of FIX/FIXa-R338L (that is abolished when emicizumab replaces FVIIIa) is likely 

an improved allosteric activation rather than an increased affinity of FVIIIa for FIXa.  

Though described as a “FVIII-mimetic,” the emicizumab-FIXa enzyme complex 

actually has distinct enzyme kinetics than the FVIIIa-FIXa complex (21). While FVIIIa 

binding results in a twofold increase in FX binding and a 105-fold increase in the rate of 

FX activation, emicizumab binding FIXa results in a 20-fold increase in FX binding and 

only a 103-fold increase in the rate of FX activation (21). The rate of FX activation by the 

emicizumab-FIXa complex can be further enhanced by the addition of the components 

of FVIIIa likely to be responsible for this allosteric improvement of the FIXa active site 
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(the FVIII heavy-chain or the isolated FVIII-A2 domain) (43).  These data indicate that 

emicizumab can enhance binding of FX to FIXa, but has a limited allosteric 

improvement of the FIXa active site.  Our results suggest that the increased specific 

activity of FIX/FIXa-R338L is dependent on a specific FVIIIa induced allosteric 

improvement of the FIXa catalytic site, which is enhanced by the R338L substitution.   

Previous loss-of-function studies also support this model of FIX/FIXa-R338L 

hyperactivity. Mutations in neighboring amino acids (R333, L337) result in FIXa variants 

with decreased FVIIIa-induced allostery, but no measurable change in FVIIIa binding 

affinity (44). Likewise, loss-of-function mutations in the FVIII-A2 domain can modulate 

FIXa enzymatic activity, but also do not substantially change the FIXa/FVIIIa affinity 

(45). Thus, our model of FIX/FIXa-R338L hyperactivity is the converse of these previous 

results where FVIIIa-induced allostery is diminished without substantially changing the 

FIXa/FVIIIa affinity.     

Our results are also consistent with the biochemical characterization of the 

related variant, FIX/FIXa-R338A. FIX-R338A has a threefold increased specific activity 

compared to FIX-WT in an aPTT-based assay and FIXa-R338A has a twofold increase 

in FX activation compared to FIXa-WT only when complexed with FVIIIa-cofactor (35, 

36). Thus, a similar mechanism of increased activity likely occurs for both FIX-R338L 

and FIX-R338A. Indeed, the positioning of the alpha-helix containing R338 

(Supplementary Figure 7) has been identified as a key contributor to the maturation of 

the FIXa active site (46) 

.  

 

Evolutionary Implications 
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Curiously, our results also suggest the FIX-WT has not evolved to be an optimal 

protease of FX activation, as the R338L substitution dramatically enhances its activity.  

Rather, other evolutionary pressures may have influenced FIX-WT, such as limiting FIX 

activity to prevent thrombosis. Supporting this conjecture are the earlier observations 

that 1) R338 is conserved throughout mammalian evolution even though it contains a 

CpG dinucleotide mutation hotspot and 2) missense mutations are underrepresented at 

this position in the HB database with only a single variant (R338P) being associated 

with disease (47). Combined with our data, these considerations suggest that R338 was 

specifically conserved to limit FIX activity by diminishing the allosteric interaction 

between FVIIIa and FIXa. These considerations also imply that there may be additional 

opportunities to further enhance the potency of FIX-WT, as has already been observed 

for number of FIX variants (6).  

 

Conclusions 

 FIX-R338L is being used in multiple phase 3 gene therapy trials for HB.  The 

mechanistic understanding that the hyperactivity of FIX-R338L is reliant on an 

enhanced interaction with its cofactor FVIII for improved allosteric activation supports 

both targeting higher FIX activity levels as well as larger eligible populations of HB 

subjects. This specific nature of the gain-of-function diminishes concerns of 

dysregulated hemostasis and the potential for thrombotic complications.    
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Material and Methods 

Expression and purification of zymogen (FIX) and activated (FIXa) FIX-WT and FIX-

R338L  

Stable FIX expressing HEK 293 cells (48) were developed using methods 

previously described (11, 13, 36). Stable clones were selected from ≥48 single colonies 

of lipofectamine transfected cells and 10-15 µg/mL vitamin K was included in the 

expression media. The rFIX proteins were purified from conditioned media over a series 

of ion exchange chromatography columns based on FIX activity in a clotting assay. 

Homogeneity was confirmed with lithium dodecyl sulfate polyacrylamide gel 

electrophoresis (LDS-PAGE) analysis as shown in Supplementary Figure 1A. Protein 

yields were about 0.4 mg/L of conditioned media. The rFIX concentration was 

determined by absorbance at 280 nm immediately prior to all experiments based on an 

extinction coefficient of 1.32 mg/mL/cm.  

FIXa was generated by incubating rFIX protein with catalytic amounts (~1:1000) 

of FXIa (Haemtech). FIXa was subsequently separated from residual zymogen and 

FXIa using a Sephacryl 200 gel filtration column (GE Healthcare); homogeneity was 

confirmed with LDS-PAGE analysis as shown in Supplementary Figure 1B.      

 

Clotting Assays 

FIX activity was determined with an aPTT based one-stage clotting assay as 

described previously (30, 49). In disposable Stago STart cuvettes, 50 µL of severe HB 

plasma with <1% normal FIX activity (George King) was combined with 50 µL of analyte 

and 50 µL TriniCLOT silica aPTT reagent (TCoag) and incubated at 37° C for 180 
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seconds in a Stago STart Coagulation Analyzer. Commercial rFIX-WT was used as a 

standard to relate clot time to FIX activity.  

 

Kinetics of FIX activation by FXIa 

 To quantify the enzyme kinetics of FIX activation by FXIa, the conversion of FIX 

to FIXa was monitored with Western blotting using a commercial FIX/FIXa heavy-chain 

monoclonal antibody (Green Mountain Antibody (GMA) -102).  In HEPES buffered 

saline (HBS), 30 pM FXIa was incubated with 100, 50, 25, or 12.5 nM rFIX protein, FIX-

WT or FIX-R338L. Aliquots were taken over 1 hour and immediately mixed with LDS 

sample buffer to quench proteolysis. A single blot using IR Dye800 as a secondary 

antibody was used for all time points for each initial concentration of FIX-WT or FIX-

R338L. The fluorescence of each blot was measured on an Odyssey Imaging Systems 

(LI-COR Biosciences) and the intensity of the FIX and FIXa bands was determined 

using LI-COR’s Image Studio software. For each blot, the fluorescence signal of the FIX 

and FIXa band over time was well fitted (R2≥0.97) to a single-exponential (y(t)=Ae-kt+yo) 

consistent with a pseudo first-order reaction. The concentration of FIXa at each time 

point was calculated based on the fluorescence signal divided by a proportionality 

constant (yo/[FIXTotal]). The fitting determined standard error of y0 was propagated as the 

error of the concentration of FIXa in Figure 2A. The initial rate of FIXa generation was 

calculated as rate = -k∙A.  

        

AT inhibition of FIXa variants 

 The rate of FIXa inactivation by AT was determined by incubating rFIXa protein 

in HBS, 2 mM CaCl2, and 0.1% PEG8000 with or without 2 µM AT (Haemtech). FIXa 

activity was determined using a commercial chromogenic FIXa substrate, Spectrozyme 
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IXa (Sekisui). FIXa activity was calculated based on the rate of increased in absorbance 

at 405 nm at 37°C. Percent FIXa inhibition was determined by the difference in FIXa 

activity between samples with and without 2 µM AT divided by the FIXa activity without 

AT.    

 

Activation of FX by FIXa variants 

 The rate of FXa generation was determined using a reconstituted intrinsic factor 

Xase assay as previously described with modifications (36, 50). First purified FIXa 

protein was mixed with 75:25 phosphatidylcholine (PC)-to-phosphatidylserine (PS) 

mixture (Avanti) for a final reaction mixture concentration of 20 µM in HBS, 2 mM CaCl2, 

and 0.1% PEG8000. In experiments with FVIIIa cofactor, FVIIIa was generated by 

mixing FVIII (Pfizer) with at least 40-fold excess thrombin (Haemtech) for 30 seconds 

and then added to FIXa reaction mixture containing twofold excess hirudin to inhibit 

thrombin activity. Lastly, plasma-derived FX (gift from Dr. S.  Krishnaswamy, the 

Children’s Hospital of Philadelphia, Philadelphia, PA ) was added to the reaction mixture 

to initiate FXa generation. Aliquots for time-course were removed and quenched by a 

1:18 dilution of samples into 50 mM EDTA containing buffer to chelate calcium and 

abrogate FIXa activity.                  

 The amount of FXa generated at each time point was determined using a 

commercial chromogenic FXa substrate, Spectrozyme Xa (Sekisui) according to the 

manufacturer’s instructions. Equal amounts of quenched sample was mixed with 0.5 

mM Spectrozyme Xa in a 96 well plate and the FXa activity was determined by 

measuring the rate of increased in absorbance at 405 nm at 37°C. A standard curve of 

known FXa concentrations and FXa activity for Spectrozyme Xa was used to determine 

the concentration of FXa at each time point from the intrinsic Xase enzyme kinetic 
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assay. These FXa concentrations were plotted as a function of time and a linear fit in 

Microsoft Excel was used to calculate the initial rate of FXa generation (nM/second). 

Linear fits were determined with 5-8 points; later time points were removed if evident of 

a multiphasic rate.                  

  

TGA 

For studies with rFIX, HB plasma was combined with rFIX protein, FXIa 

(Haemtech, final plasma concentration 12.5 ng/mL), and 75:25 PC-to-PS mixture (4 µM 

final plasma concentration). For studies with rFIXa, HB plasma was combined only with 

rFIXa mixed PC:PS. Thrombin generation reaction was initiated with the addition of 

CaCl2 (7.5 mM final) and the fluorogenic thrombin substrate z-Gly-Gly-Arg-AMC (0.5 

mM final; Bachem).  The fluorescence was measured on a SpectraMax plate reader 

with emission and excitation wavelengths of 360 nm and 460 nm, respectively. 

Thrombin generation was calibrated per Technoclone’s instructions. Thrombograms as 

well as derived parameters of peak thrombin, endogenous thrombin potential (ETP), 

and lag time were determined with Technoclone software.     

 

Plasma assays with emicizumab 

For plasma-based assays where emicizumab substituted for FVIIIa activity, 

endogenous FVIIIa activity was inhibited with a cocktail of monoclonal anti-FVIII 

antibodies (GMA): 50 µg/mL GMA-8009 and 5 µg/mL GMA-8021. Emicizumab was 

provided by Dr. Gallia G. Levy (Genentech, Inc., Emicizumab Global Development 

Lead, San Francisco, CA). The final plasma concentration of emicizumab was 100 nM. 

HB plasma was diluted ≤10% by these modifications. A separate standard curve was 

determined for emicizumab substituted HB plasma.     
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Experiments with plasma from HB gene therapy subjects expressing FIX-R338L 

Subject plasma collected in sodium citrate was diluted tenfold with HBS buffer. FIX 

activity was determined using the aPTT clotting assay as described above, with the 

exception that dilutions of pooled normal human plasma (George King) was used as a 

standard to relate clot time to FIX activity in HB plasma with and without emicizumab.        

 

Data Analysis and Statistics 

 Unless noted otherwise, curve fittings and statistical analysis were performed 

with OriginPro Software package. Means were compared with a 2-tailed t-test with p-

values ≥0.05 considered not significant.      

  

Study approval 

The institutional review board of the Children’s Hospital of Philadelphia, 

Philadelphia, PA reviewed and approved all experiments. All subjects provided informed 

consent prior to their participation in the study.    
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Fig. 1. Fibrin clot formation by FIX-WT and FIX-R338L in HB plasma.  Dilutions of 

rFIX-WT and rFIX-R338L were added to HB plasma and mixed with an aPTT reagent.  

After incubation for 180 seconds, clotting was initiated with the addition of CaCl2. Points 

represent the mean (n=2) and error bars represent ±SD. Solid line is a linear fitting (R2 ≥ 

0.99 for all plots). Data is representative of 4 experiments.    
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Fig. 2. Activation and inactivation of rFIX/FIXa-WT and rFIX/FIXa-R338L. (A) 

The rate of activation of FIX-WT and FIX-R338L by FXIa (30 pM) was determined by 

Western blotting. The amount of FIXa generated as a function of time starting with 100 

or 12.5 nM FIX as indicated.  The x-axis scale is logarithmic for clarity. Each point is the 

determined [FIXa] and the error bars represent the standard error of the proportionality 

constants as detailed in Methods. Solid lines are exponential fittings. (B) Enzyme 

kinetics of FXIa activation of FIX-WT and FIX-R338L. Each data point represents the 

mean of the determined rate of FIXa formation and FIX decay and the error bars are ± 

SD. Solid lines are Michaelis-Menten equation fittings.  (C) Inactivation of FIXa-WT and 

FIXa-R338L by AT. FIXa-WT and FIXa-R338L protein (500 nM) was incubated with and 

without 2 µM AT. Pseudo first-order rate constants of FIXa-WT and FIXa-R338L 

inhibition by AT were determined by single-exponential fitting (R2>0.95) of residual FIXa 

activity.  
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Fig. 3. Activity of rFIXa-WT and rFIXa-R338L with and without FVIIIa. (A) Activity of 

FIXa-WT and FIXa-R338L for peptidyl substrate. Points represent the mean (n=2) and 

error bars are ± SD. Linear fitting (R2 ≥ 0.97) yields biomolecular rate constant. (B) 

Enzyme kinetics of the activation of FX by FIXa without FVIIIa-cofactor. Points 

represent the mean (n=3) of FXa activity and error bars are ±SD. Solid lines are 

Michaelis-Menten fittings (R2 ≥ 0.97). (C) Enzyme kinetics of the activation of FX by 0.3 

nM FIXa with 1.8 nM FVIIIa.  Points represents the mean (n=2-3) and error bars are ± 

SD. Data is representative of 3 experiments. Solid lines are Michaelis-Menten fittings 

(R2 ≥ 0.94). (D) FVIIIa binding to 0.3 nM FIXa assayed by FIXa-FVIIIa complex FXa 

generation, initial [FX] is 300 nM. Points represent the mean (n=2-3) and error bars 

±SD. Data is representative of 3 experiments. Solid lines are fittings of a quadratic 

binding equation (R2 ≥ 0.96).          
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Fig. 4. Comparison of specific activity of FIX/FIXa-WT and FIX/FIXa-R338L in HB 

plasma and HB plasma with emiciziumab. The clotting activity of each variant, either 

as zymogen (A) or activated protease (B), was measured with an aPTT-based clotting 

assay. Emicizumab was added to a final plasma concentration 100 nM. Each circle is a 

distinct clotting time measurement (n=5-8), bars represent mean of data, and error bars 

are ±SD. Means were compared with a 2-tailed t-test with p-values ≥0.05 considered 

not significant (ns).    
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Fig. 5. Thrombin generation of zymogen rFIX-WT and rFIX-R338L in HB plasma 

and HB plasma with emicizumab.  rFIX-WT (A) and rFIX-R338L (B) dependent 

thrombin generation in unmodified HB plasma. (C) rFIX-WT (black) and rFIX-R338L 

(red) dependent thrombin generation in HB plasma conditioned with 100 nM 

emicizumab and anti-FVIII antibodies. The same FIXa protein samples were used for 

experiments in HB plasma (A and B) and HB plasma with emicizumab (C). 

Thrombograms are the mean of n=2 measurements. (D) Peak thrombin as a function of 

added rFIX protein. Points represent the mean (n=2) and error bars are ± SD. Data 

points were empirically fitted to a logistic plot (solid lines) to estimate the EC50 (R2 ≥ 0.98 

for all plots). The analogous plots of ETP and lag time are in Supplementary Figure 5.  

Data is representative of 2-4 experiments.      
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Fig. 6. FIX activity of HB subjects expressing FIX-R338L after AAV gene therapy 

with HB plasma with and without emicizumab. (A)The FIX activity of FIX-R338L 

expressed from HB subjects after AAV gene therapy was measured an aPTT-based 

clotting assay either in unmodified HB plasma (gray) or HB plasma with 100 nM 

emicizumab and anti-FVIII antibodies (red). Each circle is a distinct clotting time 

measurement (n=3-6), bars represent mean of data, and error bars are ±SD. (B) The 

FVIIIa-dependent hyperactivity of transgene expressed FIX-R338L was determined by 

the ratio between the FIX activity measured without and with emicizumab while 

accounting for the subjects endogenous FIX activity (pre-gene therapy). Bars represent 

mean of data of paired measurements (n=3-6) and error bars are ±SD.  
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Table 1: Comparison of biochemical parameters of rFIXa-WT and rFIXa-R338L 

 No cofactor  FVIIIa 

 

Emicizumab 

 

AT 

inhibition 

(min-1) 

Peptidyl 

Activity 

(µM-1sec-1) 

KM  

(nM) 

kcat 

(sec-1) 
 

KM 

(nM) 

kcat 

(sec-1) 

appKD 

(nM) 

KM  

(nM) 

kcat 

(sec-1) 

appKD 

(nM) 

FIXa-WT 
0.006 

± 0.0004 
2.0 ± 0.1 400 

8 

± 1 x 10-5 
 

41  

± 6 
1.2 ± 0.1 

2.7 ± 

0.3 
8 ± 3 

4.4 

± 0.01 x 10-3 

3.8 

± 1.6 

FIXa-R338L 
0.008 

± 0.001 
1.7 ± 0.1 500 

8 

± 2 x 10-5 
 118 ± 5 3.4 ± 0.1 

3.5 ± 

0.5 
5 ± 2 

6.1 

± 0.01 x 10-3 

2.7 

± 0.6 

Parameters and error are determined from the curve fittings in Figures 2 and 3 and Supplementary Figure 8  
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Table 2: Comparison of the EC50 of thrombin generation parameters of FIX/FIXa-R338L and 

FIX/FIXa-WT in hemophilia B plasma     

 
FIX/FIXa 

-R338L 

FIX/FIXa- 

WT 

Ratio 

WT:R338L 

FIX/FIXa-

R338L 

+emicizumab 

FIX/FIXa- 

WT 

+emicizumab 

Ratio 

WT:R338L 

+emicizumab 

FIX (nM) 

Peak 

thrombin 
0.013 ± 0.001 0.13 ± 0.01 10 1.1 ± .2 1.1 ± .1 1 

ETP 0.003 ± 0.001 0.009 ± 0.003 3 0.05 ± 0.007 0.06 ± 0.003 1 

FIXa (pM) 

Peak 

thrombin 
4.6 ± 0.5 30 ± 10 7 200 ± 100 200 ± 70 1 

ETP 0.7 ± 0.1 4.7 ± .2 7 30 ± 2 16 ± 2 0.5 

Data from Figures 5 and Supplementary Figures 5 and 6.    
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