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Chapter 6 :  Conclusions and Future Work 
 
 
6.1  Summary and Conclusions 
 

Treatment for hemophilia B requires infusion of replacement FIX into patients to 

correct their natural deficiency.  On the most effective prophylactic factor replacement 

regimens, patients lead normal lives and experience none of the potentially debilitating 

effects of this disease.  However, the low availability and prohibitively high cost of FIX 

required for replacement therapy has limited treatment options for patients worldwide.  It 

is the overall focus of this work to address this inadequacy through production of 

recombinant human FIX in transgenic pigs.  Previous studies have demonstrated that the 

porcine mammary gland has the capacity to produce active tg-FIX when expressed at 

100-200 µg/ml in milk.1  Here, the first steps were taken to characterize tg-FIX with 

respect to post-translational modification (PTM) when produced in the porcine mammary 

gland at a higher expression level, 1-3 mg/ml, and to determine if these molecules 

possess the properties required to be effective in the treatment of hemophilia, namely the 

ability to remain in circulation and sustain clot formation.   

 

The specific aims of this project were defined as follows:  

 

Specific aim # 1.  Determine the PTM structure of tg-FIX when expressed at high 

levels in the transgenic pig to see if unique isoforms are being produced. 

 

The working hypothesis for this aim was that unique tg-FIX structures are 

produced as the result of rate limitations and/or species-specific differences in post-

translational processing enzymes in the transgenic pig bioreactor.  It was found that when 

produced at 1-3 mg/ml, tg-FIX is expressed as a complex mixture of non-native post-

translational processing isoforms, only some of which possess biological activity.  A 

single purification step, heparin-affinity chromatography, was first utilized to isolate the 

total population of tg-FIX from milk to 98% purity via a specific-binding mechanism that 

is independent of post-translational processing.  Subsequently, a two-stage fractionation 



 115

procedure was developed to separate tg-FIX into subpopulations based upon the PTMs 

required for biological activity: γ-carboxylation (Q anion-exchange chromatography) and 

propeptide cleavage (immuno-affinity chromatography).  Q anion-exchange 

chromatography was able to fractionate tg-FIX isoforms based upon acidity, which is 

correlated to both Gla content and biological activity.  Amino acid analysis of the 

resulting tg-FIX populations showed that unique structural FIX isoforms with respect to 

γ-carboxylation and excision of the propeptide were being expressed.  It was found that 

tg-FIX with in vitro biological activity equivalent to pd-FIX represents approximately 9% 

of the total tg-FIX produced, expressed at a rate of 100-300 µg/ml.  This population is 

composed of tg-FIX isomers that have been proteolytically processed to mature tg-FIX 

and contain an average of approximately 7 of the 12 Gla residues normally found in FIX.  

 

Specific aim # 2. Characterize the in vitro and in vivo function of tg-FIX to determine 

if these structures result in unique or advantageous properties.   

 

 In this study, tg-FIX was examined by both in vitro and in vivo experiments to 

determine if the altered PTM profile affects its functional properties. As an indicator of 

clotting activity, FIX activation by factor XIa was investigated.  Through two 

independent sets of experiments, it was shown that the biologically active tg-FIX 

population was activated by a mechanism and rate similar to pd-FIX.  However, the 

majority of tg-FIX, approximately 91%, does not contain the necessary combination of γ-

carboxylation and propeptide cleavage required for efficient activation by factor XIa.  

These tg-FIX populations, which possessed either a lower Gla content (average of 5 Gla 

residues) than the biologically active fraction or were not cleaved of propeptide, were 

activated by factor XIa very inefficiently through the release of the FIXα intermediate.  In 

vivo pharmacokinetic experiments in the hemophilia B mouse model demonstrated that 

biologically active tg-FIX possesses altered circulating characteristics compared to pd-

FIX.  It was found that this tg-FIX is characterized by a low recovery, most likely a 

consequence of the presence of rapidly cleared FIXa and FIXα in the tg-FIX preparation.  

Active tg-FIX was also found to potentially possess a nearly doubled circulation half-life 

compared to pd-FIX.  It was hypothesized that this is a result of altered endothelial cell 
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binding properties caused by the reduced Gla content.  However, to unequivocally 

determine this, future experimentation is required. 

The results from this research and the methods derived herein outline the potential 

of the transgenic pig as an abundant source of recombinant human FIX.  Transgenic pigs 

represent a highly proficient expression system generating unique FIX isoforms, some of 

which possess wild-type activity and potentially advantageous pharmacokinetics.  When 

coupled with an efficient purification procedure to isolate the most desirable tg-FIX 

population, the potential of this bioreactor to provide a more affordable recombinant FIX 

for the treatment of hemophilia B is evident.  As a consequence, treatment options for 

hemophiliacs worldwide could be expanded and ultimately, tg-FIX could provide a 

means of delivering the promise of prophylactic treatment to all hemophiliacs.  

Additionally, if the transgenic pig bioreactor can be fully exploited, alternate FIX 

delivery mechanisms currently infeasible due to lower bioavailability could be explored.  

These include less invasive needle-free methods like aerosol delivery across the epithelial 

cell layer in the lungs2 as well as oral dosaging.3  Whether it is through the development 

of new modes of FIX delivery or merely making the most basic current replacement FIX 

treatments available to patients to whom this is now impossible, the transgenic pig 

bioreactor has the potential to greatly improve the lives of hemophiliacs worldwide. 

 

6.2  Future Work 
 
6.2.1  PTM Analysis 

 
A more detailed characterization of the post-translational modifications of tg-FIX 

is required before the ultimate goal of using tg-FIX in human hemophilia B therapy can 

be realized.  This includes resolving the full carbohydrate structures, determining the 

number and location of all phosphorylations and sulfations, and investigating the 

presence/absence of the β-hydroxylated serine.  Not only is this characterization 

necessary for initiation of human clinical trials, but it will also be important for 

explaining the observed altered in vivo pharmacokinetics of tg-FIX. 



 117

Analysis of carbohydrate structures is important as these groups often influence 

the pharmacokinetics, antigenicity, and stability of glycoproteins.  An investigation of the 

N-linked glycans of tg-FIX is currently underway, including determination of sialic acid 

content, total monosaccharide compositions, and N- and O-glycan structures. Of special 

interest are the presence of high-mannose glycoforms and structures containing terminal 

galactose residues since these are known to be subject to hepatic clearance.4   Structural 

analysis will be performed using a combination of enzymatic cleavage of glycans 

followed by HPLC and mass spectrometry for identification.  

Preliminary FIX phosphorylation experiments have been undertaken using the 

ProQ Diamond phosphate dependent staining kit and were presented in Chapter 5.  From 

these experiments, like pd-FIX and unlike rFIX produced in CHO cells, tg-FIX appears 

to be phosphorylated at a high rate.  Though these experiments suggest that tg-FIX is 

phosphorylated on the activation peptide similarly to pd-FIX, an alternate detection 

method should be employed for unequivocal determination.  Methods utilizing 

phosphoserine monoclonal antibodies may prove helpful, though preliminary 

experiments with one phosphoserine antibody were inconclusive due to apparent non-

specific binding.  Mass spectrometric techniques can be applied to determine the sites of 

phosphorylation, but this analysis is complicated by the presence of potentially 

heterogeneous N- and O-linked glycans on the activation peptide directly adjacent to the 

Ser158 phosphorylation site. 

Plasma-derived FIX contains a single sulfated Tyr155 located on the activation 

peptide.  Analysis of tyrosine sulfation typically involves in vitro incorporation of 

radiolabeled sulfate into target cells followed by target protein purification.5  However, 

this type of analysis does not lend itself for use in the transgenic pig mammary 

epithelium.  An alternate method utilizing anti-tyrosine-O-sulfate antibodies can be 

utilized.  However, attempts to generate antisera specific for a single tyrosine-O-sulfate 

have been unsuccessful, and as a result, a commercially available antibody is unavailable.  

For generation of high titer and high-affinity antibodies to sulfated tyrosine, a 10 residue 

peptide containing the tyrosine of interest is required.6  Generation of this peptide is 

complicated by the presence of an N-linked glycosylation +2 to Tyr155 in FIX.  Though 

an unmodified stretch of amino acids exist N-terminal to Tyr155, a method involving the 
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use of specific peptide antisera may prove difficult.  Again, the focus then turns to mass 

spectrometry.  Mass spectrometry, when combined with protein sequence analysis, can 

yield data on the presence of sulfation.  By observing an increase in mass of 80 kDa 

compared to the expected molecular weight of a peptide known to contain tyrosine, the 

presence of a sulfate group can be verified.  

  

6.2.2  Further Purification 

 
FIXa in administered FIX concentrates is undesirable as it has been linked to 

thrombosis.7  In purified tg-FIX preparations produced throughout this study, varying, but 

consistently detectable, levels of FIXa are present.  An efficient method of removing 

FIXa is important in ensuring patient safety and for recovering FIX from otherwise 

unusable formulations with high FIXa content.  Activation of FIX results in the excision 

of the activation peptide followed by the structural reorientation of both the FIX light and 

heavy chains.8  Though approximately 90% of the amino acid sequence is identical, both 

the high level of post-translational processing of the activation peptide as well as the 

transformation of tertiary structure associated with activation should lend itself to 

separation.  For example, the heparin binding site of FIX located on the heavy chain 

undergoes structural rearrangement upon activation.  Heparin-affinity chromatography 

could be employed to distinguish between single chain and activated FIX due to 

differences in the orientation of the heparin binding site.  Affinity chromatography using 

immobilized antibodies directed against the activation peptide could also be utilized.  

However, the high level of glycosylation of the activation peptide and its inherent 

heterogeneity may preclude successful antibody generation. 

In this study, proFIX was isolated from tg-FIX preparations by anti-proFIX 

affinity chromatography.  Ultimately, a purification process that is not dependent upon 

affinity chromatography is desired.  Immobilized antibody columns are expensive and 

introduce a biological agent that must be characterized before use in human therapy.  Ion-

exchange chromatography (IEC) has been demonstrated to be capable of separating 

proFIX from mature FIX.9  The FIX propeptide carries a net positive charge at most pH’s, 

resulting in lower ionic strength elution on anion-exchange resins.  This phenomenon was 
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reported for tg-FIX in Chapter 4 during Q ion-exchange fractionation of low Gla and high 

Gla tg-FIX isoforms, with proFIX containing a higher average Gla content than mature 

FIX eluting in the same fraction.  The above observation underscores potential difficulty 

in adapting IEC for use with tg-FIX, with differences in Gla content resulting in equal net 

charges between proFIX and mature FIX at the running pH.  However, through 

optimization of running conditions, including pH and gradient adjustments, these 

isoforms may be resolved.  

 

6.2.3  Preclinical Trials 

 
Before proceeding to human trials, preclinical experimentation with animal 

models must be performed to determine the safety and efficacy of tg-FIX in treating 

hemophilia B.  These experiments should be designed and performed similarly to those 

described for the current recombinant FIX product BeneFIX®.10  During the course of this 

work, the hemophilia B mouse model was utilized to determine the pharmacokinetics of 

tg-FIX.  This study demonstrated that the injected tg-FIX had no detrimental effects on 

the mice, despite the presence of potentially thrombogenic FIXa.  The next step in 

preclinical evaluation is experimentation in hemophilia B dog models.  Similar 

pharmacokinetic, efficacy, and safety evaluation of tg-FIX to that described for 

Benefix®11 in these dog models needs to be implemented.  Because of the expense 

associated with these experiments, tg-FIX preparation devoid of thrombogenic FIXa 

should be derived to avoid potential losses of experimental animals from unwanted 

thrombosis.   

 

6.2.4  Next Generation Transgenic Pigs 

 
The results from this research suggest potential directions for the design of future 

lines of transgenic pigs.  First, due to the rate limitations in γ-carboxylation and 

propeptide excision, a promoter system that drives FIX expression in the range of 100-

200 µg/ml,1 as previously described, would likely prove more efficient at generating a 

population of tg-FIX in which a higher percentage of the isomers are active.  This would 

aid in purification as it would relieve some of the burden of fractionation procedures 
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designed to separate active from inactive populations.  Secondly, the protease furin 

should be co-expressed with FIX in the porcine mammary gland to facilitate complete 

cleavage of the propeptide.  Since tg-proFIX isolated in this study is more highly 

carboxylated than mature tg-FIX, co-expressing furin will likely result in higher 

production of active FIX.  Assuming 100% cleavage of propeptide and a consistent 

carboxylation rate between pig lines, active FIX would constitute close to 20-30% of the 

total FIX produced in the mammary gland when expressed at 1-2 mg/ml, resulting in a 2-

3 fold increase in the yield of biologically active tg-FIX.  A comparable approach has 

been successfully undertaken in CHO cells expressing rFIX.12  
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