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Summary

Background—The formation of neutralizing antibodies (inhibitors) directed against human 

coagulation factor VIII (hFVIII) is a life-threatening pathogenic response that occurs in 20–30% 

of severe congenital hemophilia A patients and 0.00015% of remaining population (i.e. acquired 

hemophilia A). Interspecies amino acid sequence disparity among FVIII orthologs represents a 

promising strategy to mask FVIII from existing inhibitors while retaining procoagulant function. 

Evidence for the effectiveness of this approach exists in clinical data obtained for porcine FVIII 

products, which have demonstrated efficacy in the setting of congenital and acquired hemophilia.

Objectives—In the current study, recombinant (r) ovine FVIII (oFVIII), was evaluated for 

antigenicity and procoagulant activity in the context of human patient-derived and murine model-

generated FVIII inhibitors.

Methods—The antigenicity of roFVIII was assessed using i) inhibitor patient plasma samples, ii) 

murine anti-FVIII MAbs, iii) immunized murine hemophilia A plasmas, and iv) an in vivo model 

of acquired hemophilia A

Results—Overall, roFVIII demonstrated reduced reactivity to, and inhibition by, anti-hFVIII 

immunoglobulin in patient plasmas. Additionally, several hFVIII epitopes were predicted and 

empirically shown not to exist within roFVIII. In a murine hemophilia A model designed to mimic 

clinical inhibitor formation, it was demonstrated that inhibitor titers to roFVIII were significantly 

reduced compared to the orthologous immunogens, rhFVIII or rpFVIII. Furthermore in a murine 
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model of acquired hemophilia A, roFVIII administration conferred protection from bleeding 

following tail transection.

Conclusion—These data support the investigation of FVIII orthologs as treatment modalities in 

both the congenital and acquired FVIII inhibitor settings.
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Introduction

Factor VIII (FVIII) is a procofactor in the intrinsic pathway of blood coagulation. 

Deficiency of FVIII activity resulting from genetic mutation of the X-chromosome-linked 

F8 gene presents as a bleeding disorder, termed hemophilia A, that has a reported 

prevalence of 1 in 7,800 males [1]. Treatment consists of lifelong protein replacement via 

intravenous infusions of recombinant (r) or plasma-derived (pd) human (h) FVIII products. 

Upon repeated exposure, approximately 20–30% of severe hemophilia A patients develop 

inhibitory anti-hFVIII alloantibodies (inhibitors). In countries where replacement therapy is 

available, the immune response to hFVIII is the most significant complication affecting the 

management of patients with hemophilia A. Additionally, autoantibodies to hFVIII develop 

in non-hemophiliacs at a rate of 1.48/million/year producing an autoimmune condition 

termed acquired hemophilia A, which frequently results in life- or limb-threatening 

bleeding. [2–5]

On the molecular level, FVIII displays a domain structure A1-A2-B-ap-A3-C1-C2 where 

the A and C domains are defined by internal sequence homology and the heavy and light 

chains are separated by an activation peptide (ap) [6]. Although antibodies targeting each of 

the hFVIII domains can be found in patient plasmas, the A2 and C2 domains appear to 

contain the dominant immunogenic and inhibitory epitopes [7–9]. Epitopes, mechanisms of 

action, and kinetics have been defined for a large collection of anti-A2 and C2 domain 

murine monoclonal antibodies (MAbs) demonstrating that the murine hemophilia A model 

recapitulates many features of the anti-FVIII immune response observed in humans [10–12]. 

Recently, high resolution structural data of anti-hFVIII MAbs in complex with the FVIII C2 

domain using small angle x-ray scattering, x-ray crystallography, and hydrogen-deuterium 

exchange mass spectrometry was obtained and has brought the understanding of inhibitor 

mechanism of action to the atomic level [13–15].

Treatment options for hemophilia A patients with inhibitors are limited in terms of 

availability and efficacy. For example, in Immune Tolerance Induction (ITI) studies, the 

frequent administration of FVIII product at doses as high as 200 IU/kg/day, is effective at 

eradicating inhibitors in up to 70% of patients [16]. However, due to FVIII product supply 

constraints and expense, ITI is not an option for the majority of patients with hemophilia A. 

Aside from eradicating inhibitors, acute and frequently life-threatening bleeding can be 

treated in this setting using FVIII bypassing agents (e.g. activated prothrombin complex 

concentrate or activated recombinant factor VII). Plasma-derived porcine FVIII (pd-pFVIII) 
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products also have been utilized although they no longer are available. However, a 

recombinant pFVIII (rpFVIII) product is under clinical development for acquired 

hemophilia A. The rationale for use of pd- or rpFVIII products stems from the presence of 

non-conserved amino acid sequence differences that confer reduced antigenicity and 

inhibition. Furthermore, it has been shown that there are several species-specific 

differentials in non-immunological properties between rh- and rp-FVIII [17, 18] and 

preclinical evidence exists to support the benefit of utilizing FVIII orthologs, i.e. proteins 

from different species that evolved from a common ancestral gene, or hybrid FVIII 

molecules engineered to possess sequences from multiple orthologs, in gene therapy 

applications [19–23].

A naturally occurring ovine model of severe hemophilia A has been identified and the 

responsible genetic lesion and disease phenotype was characterized [24]. Additionally, the 

ovine FVIII (oFVIII) ortholog was generated in recombinant form thereby facilitating 

biochemical characterization. B-domain-deleted (BDD) recombinant ovine FVIII (roFVIII) 

has been shown to display greater specific activity, prolonged half-life following activation 

by thrombin, functionality in a hFVIII-deficient plasma bioassay and efficacy in a murine 

hemophilia A tail-transection bleeding model [25]. As the rationale for clinical use of 

pFVIII is based on reduced antigenicity achieved through differential amino acid sequence, 

herein we sought to investigate the potential therapeutic utility of roFVIII which also 

contains a distinct repertoire of non-conserved amino acids, but still possesses procoagulant 

function in human plasma. Outside of the B-domain, ovine and porcine FVIII share 86 and 

83% amino acid identity to human FVIII, respectively [24, 26]. We hypothesized that 

roFVIII would be less antigenic than hfVIII in plasma from human patients and hemophilia 

A mice with inhibitors and that there would be inter-patient differentials in the antigenicity 

to each FVIII ortholog. To test these ideas, the antigenicity of roFVIII was assessed using i) 

inhibitor patient plasma samples, ii) a collection of well-characterized murine anti-FVIII 

MAbs that mimic human inhibitors {Healey, 2007 #552}[10–12], iii) plasmas from 

hemophilia A mice immunized with either rhFVIII or rpFVIII, and iv) an in vivo bleeding 

challenge assay designed to model acquired hemophilia A.

Materials and Methods

Materials

Pooled citrated normal plasma (FACT) and FVIII-deficient plasma were purchased from 

George King Biomedical (Overland Park, KS). Automated APTT reagent was purchased 

from Trinity Biotech (Wicklow, Ireland). Inhibitor patient plasmas were drawn and banked 

in accordance with Emory University IRB protocol no. IRB00006290. Acquired patient 

samples were generously donated by Dr. David Green (Feinberg School of Medicine of 

Northwestern University, Chicago, IL). Patients were selected for inclusion if inhibitor titers 

against human exceeded 5 BU/ml and sufficient plasma was available. Streptavidin-alkaline 

phosphate conjugate was purchased from Jackson Immuno Research (West Grove, PA). 

Goat anti-mouse IgG-alkaline phosphatase conjugate and alkaline phosphatase substrate kit 

(AP pNPP) was purchased from Bio-Rad (Hercules, CA). Dimethyl pimelimidate was 

purchased from Thermo Scientific (Rockford, IL) and Protein A/G Plus was purchased from 
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Santa Cruz Biotechnology (Santa Cruz, CA). Domain specific monoclonal antibodies were 

generated and purified as previously described [12]. MAb ESH-8 was purchased from 

American Diagnostica (Stamford CT). MAbs 413 and CLB-Cag 9 were gifts from American 

Red Cross (Rockville, MD) and Dr. Jan Voorberg (Sanquin-AMC Lamdsteiner Laboratory, 

Amsterdam, The Netherlands). BDD roFVIII, rpFVIII, and rhFVIII were generated and 

purified as described previously [25, 27]. Full-length rhFVIII was a generous gift from 

Hemophilia of Georgia. OTII C57BL/6 mice were purchased from The Jackson Laboratory 

(Bar Harbor, Maine) and kept in accordance with Emory IACUC. Exon 16-disrupted 

hemophilia A mice have been previously described [28].

Inhibitor plasma and monoclonal competition ELISA

Competition ELISAs were performed as previously described [10, 11, 29]. Controls for each 

MAb against the A2 or C2 domain were replicated 11 and 16 times, respectively. 

Competition was defined as a reduction of signal greater than 2 standard deviations (SD) 

from the control mean. Only patient plasmas that displayed predominantly A2 and/or C2 

specificity, as determined by homolog-scanning ELISA using human/porcine FVIII hybrids 

revealed (data not shown), were selected for competition ELISA analysis.

Cross-reactivity of inhibitor plasma and MAbs

An indirect ELISA was performed using plates containing adsorbed rhFVIII, rpFVIII, and 

roFVIII to which serial dilutions of patient plasma or MAbs were added followed by 

detection using goat anti-mouse AP-conjugated secondary antibody. ELISA titration curves 

were fitted to the 4-parameter logistic equation. The dilution of inhibitor plasma required to 

produce A405 of 0.3 was calculated by interpolation and compared across orthologs. The 

absorbance threshold was set as an arbitrary point in which colorimetric signal is 

approximately three times background while substrate remains in excess. MAb interactions 

that did not achieve an absorbance at 405 nm of 0.3 at the lowest dilution (10-fold molar 

excess) were designated as non-reactive or below the limit of detection.

FVIII inhibitor titer assays: patient plasma, mouse plasma, and MAbs

FVIII inhibitor titers against rhFVIII, rpFVIII, and roFVIII were measured using a modified 

Bethesda assay previously described [30]. For determination of the ortholog titers, pooled 

citrated FVIII-deficient plasma was combined with 0.8–1.2 units/ml of rpFVIII or roFVIII 

and buffered with 100 mM imidazole. Due to limited availability of plasma, not all patients 

could be fully screened. MAb inhibitor titer was calculated similarly using dilutions of 

MAbs at known concentrations and reported in BU/mg IgG.

Immunization of hemophilia A E16 F8−/− mice

Mice were immunized with BDD rhFVIII or rpFVIII as described previously [31]. Mice 

received six tail vein injections of 10 μg/kg FVIII at 7-day intervals followed by a final 

injection of 25 μg/kg FVIII two weeks after the sixth dose. Subsequently, terminal plasma 

collections were performed and these samples were used to determine inhibitor titer by 

modified Bethesda assay.
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Murine acquired hemophilia A hemostatic challenge

In a blinded study, 8–12 week old C57BL/6 OTII mice received 10ug anti-A2 domain MAb 

4A4 via intraperitoneal (IP) injection. After 15 minutes, the mice were administered 9 units 

of rFVIII or saline via intravenous tail vein injection. Hemostatic challenge was performed 2 

hours after rFVIII administration by tail transection at 2mm diameter and total blood loss 

over 40 minutes was recorded as previously described [25, 32].

Anti-oFVIII MAb generation, and domain specificity immunoprecipitations

Three 9–12 week old E16 F8−/− mice were injected with 1μg roFVIII each diluted in 100μl 

saline via tail vein each week for 7 weeks. Inhibitor titers were taken at week 8 via ELISA 

and Bethesda assay as described above. Two weeks after the last injection, mice were 

administered 1.25 μg roFVIII via tail vein. Three days after final immunization, the mouse 

with the highest ELISA and Bethesda titer was sacrificed and MAbs were generated and 

purified as previously described [12]. The 9 resulting MAbs were used to immunoprecipitate 

roFVIII following activation by thrombin and visualized by SDS-PAGE as previously 

described [25].

Results

RoFVIII displays reduced IgG binding and inhibition in inhibitor patient plasmas

As an expansion of the ortholog approach to hemophilia A treatment in the context of FVIII 

inhibitors, roFVIII was investigated for binding to IgG present in inhibitor patient plasmas 

(i.e. antigenicity) and resistance to inhibition conferred by the same. An indirect ELISA-

based screen of 26 congenital and 10 acquired hemophilia A patient plasmas demonstrated 

reduced reactivity of plasma IgG to both roFVIII and rpFVIII compared to hFVIII with 

median values of 35.6 and 49.3%, respectively (Figure 1A). No significant difference was 

observed between roFVIII and rpFVIII (P = 0.097; Mann-Whitney U test). Of the 36 

plasmas tested, 32 displayed reduced reactivity to both roFVIII and rpFVIII and of these 22 

demonstrated less reactivity to roFVIII compared to rpFVIII.

To measure inhibitor titers, a modified Bethesda assay utilizing the three FVIII orthologs 

was implemented. This analysis revealed that inhibitory titers against both roFVIII and 

rpFVIII were statistically reduced compared to hFVIII (P < 0.05) although they were not 

distinguishable from each other (P > 0.05; Kruskal-Wallis One Way ANOVA) with median 

titers of 7.25 (roFVIII), 4.4 (rpFVIII), and 34 BU/mL (rhFVIII) (Figure 1B). Clinical 

experience shows that patients with inhibitor titers less than 5 often respond to high dose 

hFVIII replacement therapy while patients with inhibitor titers >10 BU/ml generally are not 

considered candidates for hFVIII infusion therapy [33]. Twenty-nine of the patient plasmas 

studied possessed inhibitor titers above 10 BU/mL against hFVIII and of those, 21 had <10 

BU/mL titers against rpFVIII or roFVIII. Furthermore, 5 of the plasma samples assayed 

harbored comparatively lower titers against roFVIII than rpFVIII and 2 of these plasmas had 

titers >10 BU/ml against both rhFVIII and rpFVIII suggesting that roFVIII exclusively 

might be effective in certain populations of inhibitor patients. Due to limited availability of 

certain patient plasmas, 2 patient plasmas could not be tested for inhibitor titer and an 

additional sample (from patient 17) could not be tested for rpFVIII inhibitor titer. Significant 
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correlations were observed between the ELISA and Bethesda titers determined for rpFVIII 

and roFVIII (P = 0.0028, and 0.0003, respectively, Student’s two-tailed t distribution), but 

no significant correlation was observed for rhFVIII (P = 0.4913; Figure 1C). Correlation 

coefficients for rhFVIII, rpFVIII, and roFVIII are 0.0145, 0.354, and 0.3827 respectively. 

These data demonstrate that hFVIII titers are not predictive of each other given that similar 

inhibitor titers spanned two orders of magnitude of ELISA titer. Inhibitor titers against 

rpFVIII or roFVIII were consistently refined within only one order of magnitude.

Distribution of A2 and C2 epitopes targeted by inhibitor patient plasmas

Inhibitor bank plasmas were screened for domain specificity by homolog-scanning ELISA 

incorporating single domain human/porcine hybrid molecules as described previously [12] 

(data not shown). Twenty patient plasmas of the initial 36 were shown to contain anti-

hFVIII antibodies predominantly against the A2, C2, or both domains (Table 1). For 18/20 

patients, there was sufficient plasma available to interrogate the targeted A2 and C2 epitopes 

by competition with panels of MAbs known to recognize non-overlapping epitopes in these 

domains (Figure 2) [10, 11]. Due to limited plasma availability, a single MAb was used to 

represent each inhibitor group. Additional A2 – A and C2 – BC MAbs were added because 

of their clinical prevalence and inhibitor potency and efficacy. Successful competition with 

at least one of the A2 and/or C2 domain targeting MAbs was demonstrated for 15/18 patient 

plasmas. Furthermore, at least one patient plasma competed with each group of MAbs 

within the C2 domain but only 3/7 groups within the A2 domain. Within the C2 domain, 

12/14 patient plasmas competed with group BC MAbs followed by 8/14 with groups A and 

C, 4/14 with group B, and 3/14 with group AB. In contrast, only 3/7 groups of A2 domain 

targeting MAbs were competed by the patient plasmas. Overall, the A2 epitopes targeted by 

the patient plasmas appeared to overlap primarily with those targeted by A2 – A (6/10 

plasmas) followed by A2 – E (2/10 plasmas) and then A2 – B (1/10 plasmas) with no 

overlap/competition observed with A2 – BCD, – C, – D or – DE MAbs. Of note, MAb 

groups A2 – A and C2 – BC contain the most potent inhibitory MAbs and are the most 

prevalent groups with which patient plasma ELISA competition was observed.

Inhibitory MAbs display reduced reactivity to orthologous FVIII molecules

To determine if the reduced reactivity and inhibition of rpFVIII and roFVIII was due to the 

absence of inhibitory epitopes, we tested the ability of anti-hFVIII A2 and C2 domain 

specific MAbs known to possess varying inhibitor titers and kinetics to bind and inhibit 

roFVIII via indirect ELISA. Within the A2 domain, cross-reactivity only was observed with 

two MAbs, 4F4 and G48, representing inhibitor groups A2 – B and A2 – C, respectively 

(Figure 3). These antibodies previously were shown to have low human FVIII specific 

inhibitory activities of 330 and 5 BU/mg IgG respectively. To confirm that the diminished 

ELISA binding observed correlated with decreased inhibitor titers, specific inhibitory titers 

were measured for each MAb against roFVIII and rpFVIII (Table 2). Both MAb 4F4 and 

G48 demonstrated no detectable titer against roFVIII or rpFVIII. None of the high specific 

inhibitory activity hFVIII A2 domain targeting MAbs demonstrated cross-reactivity to either 

FVIII ortholog.
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Cross-reactivity within the C2 domain, however, revealed moderate roFVIII-specific cross-

reactivity with 3 inhibitors, I14, B75, and I55, at 30 – 50% of hFVIII reactivity. MAbs I14, 

B75, and I55 are characterized by specific inhibitory activities of 44,000, <1, and 10,000 

BU/mg IgG against hFVIII, respectively. Of these, only I14 possessed an inhibitor titer to 

roFVIII with a specific inhibitory activity between 100 – 1,000 BU/mg IgG. An additional 3 

MAbs, D102, G99, and 3G6, cross-reacted with roFVIII at 5 – 15% of the hFVIII level 

however, inhibitor titers against the orthologs were again nominal. Cross-reactivity against 

rpFVIII was observed only with two MAbs, 2–117 and D102, and the percent reactivity was 

between 5 – 10% that of the reactivity to hFVIII.

Due to the selection bias against identification of cross-reactive hFVIII C2 domain targeting 

MAbs, a similar pool of MAbs, this time generated against rpFVIII, were tested for cross-

reactivity with rhFVIII and roFVIII. Ten MAbs with measurable inhibitor titers against 

rpFVIII were selected and tested by indirect ELISA. MAbs targeting the A1 or A2 domains 

of rpFVIII did not show any cross-reactivity to hFVIII or roFVIII, however all anti-rpFVIII 

light chain (A3 – C1 – C2) MAbs demonstrated cross-reactivity to roFVIII exceeding 

rpFVIII for all four C2 domain targeting MAbs (Figure 4). However, measurement of the 

specific inhibitory activities of these MAbs revealed near zero inhibition of either hFVIII or 

roFVIII (data not shown).

Pre-immunized hemophilia A mice display reduced inhibitor titer to roFVIII

To study the reactivity of anti-rFVIII immune plasma to roFVIII, samples from hemophilia 

A mice immunized with rhFVIII (n = 6) or rpFVIII (n = 10) were obtained from a previous 

study [31]. All mice displayed inhibitor titers to the specific immunogen of ≥10 BU/ml. 

However when tested for inhibition of roFVIII, all mice demonstrated reduced inhibitor 

titers against roFVIII as compared to the FVIII immunogen with mean reduction of 22 and 

31 fold (P = 0.021 and 0.007, respectively for rhFVIII and rpFVIII; Paired t-test; Figure 5).

RoFVIII restores procoagulant function in an in vivo acquired hemophilia A model

As each of the previous studies utilized in vitro surrogate assays for prediction of hemostatic 

function, an in vivo assay was developed to assess roFVIII functionality in vivo in a model 

of acquired hemophilia A. Autoimmunity against endogenous FVIII develops unpredictably 

in individuals resulting in a transient but rapid development of inhibitors. Although the 

hyper-immune state can correct without intervention, affected individuals are high risk for 

loss of life or limb and in these cases immune tolerance induction is not recommended. The 

high potency, type I kinetics and prevalence of A2-group A inhibitors in patient plasma 

provided support for their use for modeling this condition. Because C2 domain inhibitors 

possess type II kinetics, the residual activity even in saturating concentrations of inhibitor 

has empirically corrected a bleeding phenotype in mice. Therefore, F8+/+ mice were 

administered MAb 4A4 at levels empirically shown to completely inhibit endogenous 

murine FVIII and predicted to neutralize infused rhFVIII. Subsequently, each animal 

received 9 units of one rFVIII ortholog, to achieve near 100% normal murine FVIII activity 

levels, or saline only and then were challenged by tail transection bleeding assay. Wild type 

mice were selected to more accurately recapitulate the acquired disorder due to continuous 

biosynthesis and secretion of endogenous FVIII into circulation. Mean blood loss of roFVIII 
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treated mice was significantly reduced compared to saline and rhFVIII (10.0, 32.1, and 30.3 

mg/g body weight, respectively; P = 0.005 and 0.007 respectively, Student’s t-test) and no 

significant difference was observed between rpFVIII and roFVIII (P = 0.421, Mann 

Whitney U-test) (Figure 6). Administration of rhFVIII did not significantly reduce bleeding 

over saline only (P = 0.771; Student’s t-test).

RoFVIII produces high titer inhibitor titer mice with predominant A2 specificity

The previous findings of this study have all addressed the antigenicity of roFVIII with 

respect to existing anti-human or anti-porcine inhibitors. To address the issue of 

immunogenicity briefly, we sought to generate monoclonal antibodies against oFVIII. 

Following 8 injections of roFVIII, the paired ELISA/inhibitor titers of the 3 immunized 

F8−/− mice were 7,500/900, 2,500/71, and 700/35 (arbitrary units/BU per ml) respectively. 

Following purification of 9 anti-oFVIII MAbs, immunoprecipitation of activated roFVIII 

revealed a predominant A2 domain specificity with 6 of the 9 precipitating the A2 domain 

and 3 MAbs precipitating the cleaved light chain (cLC). Although there is no data regarding 

the inhibitory status of these MAbs, these data suggest that immunogenic regions within the 

A2 are highly conserved in oFVIII.

Discussion

The development of anti-hfVIII inhibitors remains the most challenging complication of 

FVIII replacement therapy, which otherwise is effective at achieving and maintaining 

hemostasis in individuals with hemophilia A. While the development of humoral immunity 

to a protein replacement product is not unique, the doses (2 – 4 μg/kg) of FVIII needed to 

elicit this response are comparatively low [34]. Although knowledge regarding the antigen 

uptake, presentation, costimulatory signals, and predisposing genetic factors associated with 

FVIII inhibitor development is rather sparse, recent studies have described the epitopes, 

tertiary structures, mechanism of inhibition, and frequency of inhibitors in both human 

patients and FVIII-immunized murine models of hemophilia A [10, 11, 13, 29, 31, 35]. Well 

in advance of these high-resolution molecular studies, FVIII had been crudely isolated from 

animal plasmas (e.g. bovine and porcine) [36] and shown to control bleeding in hemophilia 

A patients with and without FVIII inhibitors [37, 38]. The clinical successes demonstrated 

using these animal FVIII preparations in inhibitor patients (both congenital and acquired) 

supported the commercial development of a highly-purified pd-pFVIII product (Hyate:C, 

formerly Speywood/Ipsen) in 1980 [39]. A decade later, Lollar and colleagues cloned the 

pFVIII cDNA [26] and began defining the major inhibitory epitopes present in hFVIII, but 

lacking in pFVIII, using hybrid human/porcine FVIII constructs and inhibitor patient 

plasmas [8, 9, 40–42]. This work also provided a scientific foundation and supported the 

development of a commercial rpFVIII product (OBI-1, Baxter International Inc.). However 

outside of the rpFVIII (OBI-1) and original bovine plasma FVIII studies, no further 

development of the interspecies antigenicity differential has been pursued despite the 

obvious success of the approach, which is supported by the clinical utility of both pd- and r-

pFVIII products.
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Although the antigenicity and immunogenicity characteristics of FVIII orthologs largely 

have been ignored, their study has provided a platform for identifying structure/function 

relationships as well as interspecies differentials in biosynthetic, biochemical, and 

pharmacological properties that are thought to be exploitable for the rational design of 

improved rFVIII therapeutics and hemophilia A gene therapy applications. To date, FVIII 

orthologs from pigs, dogs, mice, monkeys (Dr. Pete Lollar, personal communication), and 

sheep have been generated and studied in recombinant form [25, 27, 43, 44]. Despite the 

interspecies differentials described above, each FVIII ortholog displays effective 

procoagulant activity in a human FVIII-deficient plasma bioassay and binds tightly to 

human von Willebrand factor, which is necessary for stabilization in plasma circulation. 

Furthermore, each of the FVIII orthologs displays unique biochemical properties in areas 

such as cellular secretion efficiency (rpFVIII > roFVIII > rhFVIII ≥ rmFVIII), decay rate 

following thrombin activation (rmFVIII > rpFVIII ≥ roFVIII > rhFVIII), and specific 

procoagulant activity (roFVIII > rpFVIII > rhFVIII > rmFVIII). The current study represents 

a continuation of this line of pursuit to identify FVIII sequences/molecules that can better 

address the clinical FVIII inhibitor problem.

Four key observations/findings were made in the current study. First, the inhibitor titers to 

roFVIII were significantly lower in most patient plasmas. Second, utilization of the ovine 

and porcine FVIII orthologs enabled further refinement of inhibitor epitopes within the A2 

and C2 domains of hFVIII as well as determination of the inhibitor-epitope targeting 

frequencies within an existing patient population. Third, murine anti- rh- and rp-FVIII 

inhibitor plasmas both demonstrate lower inhibitor titers against roFVIII suggesting its 

potential utility as a tertiary treatment for patients with inhibitors formed against pFVIII in 

addition to hFVIII. Fourth, roFVIII retains procoagulant activity and restores hemostatic 

protection in vivo in an acquired A2 domain specific hemophilia A murine model. It was 

reported in a previous study that A2 domain – group A inhibitors map to residues 484–508 

[8]. Alignment of human, porcine, and ovine FVIII A2 domains within this region reveals 

that oFVIII and pFVIII share non-conserved residues R484S, Y487H, R489G, and F501M. 

RoFVIII also contains unique residues at L491F and I508V. In the current study, it was 

observed that group A inhibitors are present within several patient plasmas and A2–A MAbs 

do not cross-react with, or inhibit, either rpFVIII or roFVIII. In contrast to the A2 domain 

findings, for patient plasmas that displayed inhibitory titers above 10 BU against roFVIII 

and rpFVIII, there tended to be an abundance of polyclonal anti-C2 domain IgG that are 

predicted to bind conserved functional epitopes. Thus it can be concluded that in the absence 

of a significant C2 domain inhibitor population, shared non-conserved residues within the 

A2 domains of rpFVIII and roFVIII are responsible for retained activity.

The present study provides evidence for reduced antigenicity of roFVIII in the context of 

human inhibitor patients. While we acknowledge that roFVIII displayed no overall 

significant difference from rpFVIII, this study demonstrates response to exogenous FVIII 

orthologs is not universal. Due to inter-patient variation in inhibitor epitope specificity as 

well as inter-species differentials in epitope targeting efficiency, it seems reasonable to 

conclude that there would be distinct advantages to having multiple FVIII ortholog-based 

products in the clinical hemophilia A armamentarium. The current results also support the 
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general investigation of orthologous biomolecules not only as an approach to understanding 

structure/function, but also for the development of improved biotherapeutics. Given the 

ever-advancing push towards personalized medicine and the established clinical Bethesda 

assay for inhibitor detection, the case-by-case identification of the least antigenic and 

inhibited FVIII molecule may become the status quo.
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Figure 1. Antigenicity and inhibitor titers for inhibitor patient plasmas
(A) An ELISA was performed on 26 congenital (black circle) and 10 acquired (white 

triangle) hemophilia A inhibitor patient plasmas using rhFVIII, roFVIII, or rpFVIII as the 

capture antigen. Data are presented as the relative cross-reactivity to that observed with 

rhFVIII. (B) The inhibitor titer of each patient plasma against hFVIII (white circle), rpFVIII 

(red circle), and roFVIII (blue circle) was measured by modified Bethesda assay as 

described in Methods. Due to limited plasma availability, triangles depict maximum/

minimum approximations corresponding with their orientation. For example, an inverted 

triangle represents a value less than the position of the triangle on the y-axis. (C) Patient 

plasma ELISA versus inhibitor titers against human (white), porcine (red), and ovine (blue) 

FVIII orthologs were plotted and analyzed for correlation. Significant non-zero correlations 

were observed with P values of 0.0028, and 0.0003 for p-, and o-FVIII while P = 0.4913 for 

hFVIII.
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Figure 2. Identification of A2 and C2 domain epitopes targeted by patient plasmas
A competition ELISA was performed with anti-A2 and -C2 domain MAbs competing 

against human inhibitor IgG for binding to hFVIII. HFVIII first was blocked with patient 

plasma and then incubated with individual biotinylated MAbs. Patient ID is listed along the 

y-axis in descending order of the Bethesda titers measured for each sample and individual 

MAbs ID/group are listed across the top. Absence of competition is represented by black 

shading, and white shading designates data not determined. Competition is defined as a 

reduction of kinetic signal outside 2 standard deviations of control kinetic rates and is 

represented as yellow shading.
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Figure 3. Reactivity of anti-hFVIII A2 and C2 domain MAbs with FVIII orthologs
Panels of anti-A2 and -C2 domain targeting MAbs were assayed for cross-reactivity via 

indirect ELISA. Binding to roFVIII (white) and rpFVIII (black) is displayed as percent 

hFVIII binding as calculated by titration curve analysis. MAbs are listed on the y-axis by 

name with the inhibitor group classification in parenthesis. Triangles represent the maximal 

cross-reactivity percentages that could be determined experimentally with the available 

plasma.
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Figure 4. Reactivity of anti-rpFVIII MAbs with roFVIII
Murine MAbs isolated from hemophilia A mice immunized with rpFVIII were screened for 

cross-reactivity to hFVIII (black) and roFVIII (white). The data presented are normalized to 

rpFVIII binding. MAbs are listed in the y-axis with the FVIII domain epitope specificity in 

parentheses. LC: Light chain; ND: not determined.
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Figure 5. Inhibitor titers to FVIII ortholog in pre-immunized murine hemophilia A plasmas
Mice were immunized with either rhFVIII (A) or rpFVIII (B), respectively. Following the 

7th injection, plasma was collected via terminal cardiac puncture and assayed for inhibitor 

titer to the original immunogen and roFVIII via modified Bethesda assay. Lines connect the 

intramouse inhibitor titers recorded for the two FVIII orthologs. N = 6 and 10 respectively.
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Figure 6. In vivo testing of rFVIII orthologs in a murine model of acquired hemophilia A
C57BL/6 mice were administered 10μg MAb 4A4 IP followed by 9 units rFVIII or saline 

only (n = 8). Blood loss over 40 minutes following tail transection was recorded. Dashes 

denote mean blood loss values for each experimental cohort.
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