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Chapter 5 :  Pharmacokinetics of tg-FIX in the Factor IX-
Knockout Mouse Hemophilia B Animal Model 

 
5.1  Introduction 
 

In the previous chapters, structural and in vitro functional properties of 

recombinant human FIX produced in transgenic pigs, tg-FIX, were ascertained.  It was 

demonstrated that when expressed at 1-3 mg/ml, tg-FIX is composed of a mixture of 

post-translational modification (PTM) isoforms that can be fractionated into active and 

inactive populations by chromatographic methods.  Even the most biologically active tg-

FIX isoforms were shown to possess a unique PTM profile compared to plasma-derived 

FIX (pd-FIX).  The circulating properties of proteins are often dependent upon their post-

translational modifications, and as a result, any injected therapeutic protein, especially 

complex proteins produced in exogenous expression systems, must be assayed for in vivo 

survivability to determine their potential efficacy.  To determine how the unique tg-FIX 

structure affects its potential function in treating hemophilia B, the circulating properties 

of tg-FIX in vivo must be investigated.  A FIX product with full in vitro clotting activity 

is not viable if it is rapidly cleared or inactivated after injection.   

Pharmacokinetics is the mathematical characterization of the time course of drug 

concentrations throughout the body.  The pharmacokinetic properties of an infused drug 

are dependent upon its rate of elimination from plasma, including distribution of the drug 

from plasma to peripheral tissues and through drug clearance mechanisms.  Due to their 

importance in determining dosage requirements, two pharmacokinetic properties are 

usually of most interest for a replacement FIX product: recovery and circulation half-life.  

Recovery is a measure of the increase in plasma concentration (IU/dl) per injected dose 

(IU/kg) and is most often defined from the highest measured plasma concentration of FIX 

within the first hour post-infusion.1  It has been shown that after injection, FIX rapidly 

distributes to the vascular endothelium2,3 and other tissues, most significantly the liver 

where close to 80% of injected FIX has been found within 2 minutes post-injection in 

mouse models.4  It was initially thought that, due to its relatively low molecular weight, 

diffusion of FIX into interstitial fluids was also significant, but this has recently been 
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shown to be unlikely.5  What FIX remains in plasma is then eliminated more slowly by as 

of yet unidentified clearance mechanisms. 

It has been hypothesized that the circulating properties of FIX are dependent upon 

its post-translational processing.6  This hypothesis was initially derived through the 

observation that recombinant FIX (rFIX) produced in Chinese hamster ovary (CHO) cells 

exhibits a lower in vivo recovery than plasma-derived FIX.7  Another recombinant FIX, 

produced in vitro in human myotubes to test their potential efficacy in gene therapy, was 

also shown to possess a lower in vivo recovery than pd-FIX.8  Though the primary amino 

acid sequence was identical, it was discovered that these rFIX preparations possess an 

altered post-translational modification (PTM) profile compared to pd-FIX.  It was 

determined that this rFIX is incompletely sulfated at Tyr-155, with only 15% of rFIX 

sulfated compared to near 100% for pd-FIX, and it lacks the single phosphorylation of 

Ser-158 that is present in pd-FIX.  Since this initial observation, it has been shown that 

pd-FIX can be transformed into a low-recovery species through de-phosphorylation and 

de-sulfation, further implicating these PTMs.6  Additionally, it has been noted that 

infusion of rFIX enriched for sulfation exhibits a recovery similar to pd-FIX.6  

Interestingly, the lack of sulfation or phosphorylation has no effect on FIX clotting 

activity.9   

Aside from the association of the phosphorylation and sulfation state with low in 

vivo recovery, little information is available on the effect of FIX PTMs on its 

pharmacokinetic profile.  Despite its lower recovery, incompletely sulfated and 

phosphorylated rFIX exhibits an identical circulation half-life to pd-FIX.9  The content 

and structure of N-linked oligosaccharides attached to circulating glycoproteins is often 

linked to plasma half-life,10 though it has not been specifically implicated in this capacity 

for FIX.  Certain glycoforms are known to be targeted for clearance in humans, including 

glycans possessing terminal galactose residues10 (exposed by desialation of terminal 

sialic acids) and high-mannose glycans that are often present in recombinant proteins 

derived from yeast expression systems.11  It is currently unknown if tg-FIX possesses 

either of these glycan structural elements. 

In this study, pharmacokinetic properties of recombinant human FIX produced in 

the milk of transgenic pigs were investigated in factor IX gene knock-out mice (FIX-KO).  
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These mice are cross-reactive-material-negative (CRM-),12 as they possess no 

endogenous FIX to compete biologically with the administered FIX.  Although cross-

species FIX activity is not always observed, human FIX is functional in the murine 

coagulation system, capable of correcting FIX deficiency both in vivo13,14 and in vitro.16  

Biologically active tg-FIX purified from transgenic pig milk was injected into FIX-KO 

mice and over a 72 hour time period after infusion of tg-FIX and pd-FIX, the plasma 

levels of active FIX were measured.  It was found that tg-FIX exhibited a lower recovery, 

with a large percentage being eliminated from circulation rapidly after injection, but that 

circulating tg-FIX that survived the first 15 minutes potentially possessed a higher mean 

residence time and half-life.  The observed differences in the pharmacokinetic profiles of 

tg-FIX and pd-FIX may be related to differences in post-translational processing.  It was 

determined that tg-FIX has a lower Gla content, with an average of 7 Gla’s compared to 

11 for pd-FIX, which may affect the circulating characteristics of tg-FIX via altered 

endothelial cell binding. 

 

5.2  Materials and Methods 
 
5.2.1  Transgenic Milk Collection 
 

Transgenic pigs were generated as and milk was collected as described 

previously.18  Milk for these experiments was collected from pig K45 on day 43 of 

lactation, in which 2-3 mg FIX was expressed per ml of milk. 

 
5.2.2 Preparation of tg-FIX for Injection 
 

FIX was purified from pig milk using a combination of heparin-affinity and Q 

ion-exchange chromatography as described previously.18  The high-salt elution fractions 

from multiple Mini Q columns were pooled and concentrated in YM-10 (10,000 MWCO) 

Centricon centrifugal concentrators (Millipore, Billerica, MA).  The samples were 

concentrated by centrifugation using a constant angle rotor @ 1500 x g (3700 rpm, 10 cm 

radius) at 4oC.  After the samples had been reduced to a volume of ~200 µl, the buffer 

was exchanged by the addition 1 ml of tg-FIX formulation buffer containing 10 mM 

histidine, 260 mM glycine, 1% sucrose pH 7.2 followed by centrifugation.  This process 
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was repeated 3 times to ensure complete buffer exchange.  The concentrated and buffer-

exchanged sample was recovered by inversion of the apparatus and centrifugation at 250 

x g (1500 rpm, 10 cm radius).  Samples were frozen at -70°C until ready for use. 

 
 
5.2.3 FIX Activation by Factor XIa and PNGase Digestion 
 

CHO cell-derived rFIX (BeneFIX®, Wyeth, Collegeville, PA), pd-FIX 

(Mononine®, ZL Behring, King of Prussia, PA), and tg-FIX were subjected to activation 

by factor XIa.  FIX was activated at 37°C for 5 hours in Tris buffered saline (TBS) 

containing 5 mM CaCl2 and 0.5 mM factor XIa (Haematological Technologies, Inc., 

Essex Junction, VT).  To stop the reaction, the reaction volumes were brought up to 10 

mM EDTA.    

For N-linked glycan comparison analysis, FIX was subjected to enzymatic 

cleavage of N-linked glycans by PNGase F.  FIX was first denatured by incubation at 

100°C for 5 minutes in a solution containing 0.2 % SDS and 0.1 M dithiothreitol (DTT).  

PNGase F (New England Biolabs, Beverly, MA) was then added to the denatured FIX 

solution and incubated for 3 hours at 37°C.  The reaction was stopped by addition of the 

sample to SDS PAGE sample buffer. 

 
5.2.4  SDS PAGE and Western Blot 
 

All electrophoresis and immuno-blotting was performed as described 

previously.18  

 
5.2.5  FIX Activity – aPTT Assay 
 

The in vitro aPTT clotting activity assay was used to determine FIX specific 

activity as before.18  

 

5.2.6  Phosphate Content-ProQ Diamond Assay 
 

Samples were treated as outlined in the ProQ Diamond phosphoprotein blot 

staining kit (Molecular Probes, Eugene, OR).  The treated samples were then subjected to 

SDS PAGE on NuPAGE 10% Bis-Tris gels (Invitrogen, Carlsbad, CA).  Protein in the 
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gel was then transferred to PVDF membrane and stained according to the manufacturer’s 

instructions.  After staining, the blot was air dried and visualized on a UVP 

transilluminator at 302 nm.  Image was photographed using a Polaroid GelCam with a 

#23A red filter and a ¼ second exposure time.  Amount of protein loaded on gel is 

indicated in the associated figure caption. 

 
5.2.7  Total Gla Analysis 
 

Amino acid analysis was utilized to determine the average Gla content of the FIX 

preparations as previously described.18 

 
5.2.8  Pharmacokinetic Analysis 
 
Intravenous Treatment of FIX-KO Mice 

Pharmacokinetic experiments in factor IX gene knockout mice were performed by 

Professor Paul Monahan at the University of North Carolina.  Plasma FIX activity levels 

were followed for 72 hours after bolus injection of either 300 IU/kg of tg-FIX (n=8) or 

100 IU/kg of the pd-FIX product Mononine® (n=7) into FIX-KO mice (C57BL/6J-F9 
tmlDws).15  At 0.25, 1, 4, 24, 48, and 72 hours, mouse plasma FIX activity levels were 

measured by the aPTT clotting assay as described previously.19  Measured IU/ml data 

was converted to percentage of normal FIX activity assuming 1 IU/ml as 100% FIX 

activity.  At each timepoint, FIX activity is reported as an average of collected data points 

for all mice in the respective experimental group at that timepoint.  FIX incremental 

recovery (defined as IU/dl rise in plasma per IU/kg administered) was calculated from the 

FIX activity measured in plasma at the first timepoint, 15 minutes, when FIX activity was 

the highest.  The collected plasma concentration data was subjected to pharmacokinetic 

analysis through both one and two-compartment pharmacokinetic models as well as a 

model-independent analysis.  Description of these pharmacokinetic analysis methods 

were taken from Riviere.20 

 

One-compartment Model Analysis 

The one-compartment pharmacokinetic model, depicted in Figure 5-1, is derived 

from two major assumptions about the behavior of a drug in the body.  The first 
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assumption is that the administered drug distributes instantly and evenly into the plasma.  

Here, plasma is modeled as a single homogenous compartment without dissemination to 

other tissues, analogous to a well mixed beaker.   

 

 

Figure 5-1. One-compartment pharmacokinetic model.  After bolus injection, drug is distributed 
in homogenous single compartment (plasma) and eliminated by a first-order process defined by 
the elimination rate constant Kel. 

 

The second major assumption of the one-compartment model is that the drug is 

eliminated from plasma at a rate that is proportional to its concentration, as described by 

equation 1, where Cp is the plasma concentration and Kel is the elimination rate constant.  

 

CpK
dt

dCp
el−=   (1) 

 

Through integration of equation 1, the plasma concentration of drug over time is 

represented by an exponential, equation 2. 

 

tK
o

eleCpCp −=   (2) 

 

Equation 2 can be linearized by taking the natural logarithm of both sides and rearranging, 

shown in equation 3. 
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elK
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tKCpCp elo −= lnln   (3) 

 

A plot of ln(Cp) versus time yields a straight line of slope -Kel.  The plasma half-life, the 

time at which Cp/Cpo = 0.5, can then be calculated by plugging in the value for Kel 

obtained through linear regression of the plot obtained from equation 3.   

 

elKt /)2ln(2/1 =   (4) 

 

Both the major advantage and disadvantage of one-compartmental model analysis 

lie in its simplicity.  The elimination rate constant as well as the plasma half-life can be 

easily calculated by linear regression of the semi-logarithmic plot of the plasma 

concentration profile.  However, the simplicity of the model does not account for 

distribution of FIX from plasma to the vascular endothelium and peripheral tissues, as is 

thought to occur to a significant degree for FIX.  As a result, the validity of the one-

compartment model is questionable for this system. 

For this analysis, the FIX concentration versus time data was plotted as ln(% 

Activity) versus time and linear regression of this plot was performed in Microsoft Excel 

to calculate Kel and Cpo.  The plasma half-life was then calculated by equation 4. 

 

Two-Compartment Model 

The two-compartment pharmacokinetic model represents a more complex 

treatment of the behavior of a drug in the body.  As shown in Figure 5-2, this model 

accounts for distribution of a drug in both the plasma (compartment 1) and peripheral 

tissues (compartment 2).  This distribution is described by the micro-rate constants k12 

and k21, which denote movement of the drug to and from the peripheral compartment 

respectively.  This model relies upon the assumptions that the rate of drug clearance is 

proportional to the drug concentration, first-order elimination, and that clearance occurs 

only from the central compartment, assumed to be plasma. 
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Figure 5-2. Two-compartment pharmacokinetic model.  After bolus administration, the drug distributes in 
both the central compartment, plasma, and a peripheral compartment.  The distribution is defined by the 
micro-rate constants k12 and k21.  The drug is cleared from plasma by a first-order process defined by the 
elimination rate constant, k10. 

 
From this model, drug distribution and clearance from the central and peripheral 

compartments are defined by the differential equations 5 and 6 respectively. 

 

22111012
1 )( CkCkk

dt
dC ++−=   (5) 

 

    (6) 

 

For the two-compartment system described in Figure 5-2 and equations 5 and 6, the 

plasma drug concentration versus time profile is a result of two separate processes: 

distribution of drug from plasma to the peripheral compartment and elimination of drug 

from plasma via clearance mechanisms.  The plasma concentration over time, C1, can be 

described by the sum of these two processes, each represented by an exponential, as 

shown in equation 7.   

 
tt eAeAC 21

211
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By definition, the faster of the two processes is described by the first exponential 

with subscript 1.  For FIX, distribution of FIX to peripheral tissues (compartment 2) 

occurs very rapidly and subsequently is described by the coefficients A1 and λ1.  FIX 

elimination from plasma by clearance mechanisms is therefore described by coefficients 

A2 and λ2.  These coefficients are related to the micro-rate constants k21, k10, and k12 by 

equations 8-10. 

 

)/()( 21122121 AAAAk ++= λλ   (8) 

212110 / kk λλ=   (9) 

10212112 kkk −−+= λλ   (10) 

 

Each of the two processes, distribution and elimination, has a corresponding t1/2, as 

described by equations 11 and 12. 

 

12/1 /)2ln( λ=distt   (11) 

22/1 /)2ln( λ=elt   (12) 

 

For this experiment, the plasma concentration versus time profile was fit to 

equation 7 by Mathcad using the genfit function which numerically fits a set of data to a 

user-defined equation.  The micro-rate constants and half-lives were subsequently 

calculated from the resulting coefficients, A1,2 and λ1,2, by equations 8-12. 

A statistical analysis was performed to determine if the bi-exponential equation 

derived from the two-compartment model represents a significantly better fit of the data 

than the one-compartment model mono-exponential equation.  The F test compares the fit 

of two equations, where the equation with more parameters (in this case the bi- 

exponential equation) is a better fit (has a smaller residual sum of squares) than the 

equation with fewer parameters (the mono-exponential equation).  The question to be 

answered in this analysis is whether the decrease in the residual sum of squares found 
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with the bi-exponential equation is worth the "cost" of the additional parameters (loss of 

degrees of freedom).  The F statistic for this comparison is defined as follows: 

 

      







−

⋅






 −=∆
bimono

bi

bi

bimono
bi dfdf

df
SS

SSSSdfdfF ),(   (13) 

 

In equation 13, SSmono and SSbi represent the residual sums of squares from both the 

mono-exponential and bi-exponential fits of the data while the terms dfmono and dfbi are 

the degrees of freedom associated with the two equations.  Degrees of freedom are 

defined as the number of data points analyzed, in this case 5, minus the number of 

parameters in the fitted equation, 2 for the mono-exponential and 4 for the bi-exponential 

equation.  The values for F calculated from the fits of both the tg-FIX and pd-FIX data 

were compared to the tabulated value for F of 199.5 (P = 0.05) given the values of the df.  

If the calculated F value was greater than 199.5, then the two-compartment model bi-

exponential equation was accepted to provide a statistically significant better fit of the 

data. 

 

Model-Independent Calculations 

Model-independent pharmacokinetic analysis of the data was also performed.  

Model-independent calculations represent pure statistical analysis that operates under no 

assumptions about multiple compartments or the distribution of the drug in these 

compartments.  Since plasma concentration is the measured variable, plasma is the only 

"compartment" that is considered.  For model-independent calculations, the plasma 

concentration versus time function, Cp(t), is assumed to be a probability density function 

(pdf).  The mean residence time (MRT) of a pdf is defined from statistical moment theory 

by equation 14, where, in pharmacokinetic studies, f(t) corresponds to the time-dependent 

plasma concentration Cp(t). 
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AUC
AUMC

f(t)dt

f(t)dtt
MRT

0

0 =
⋅

=

∫

∫
∞

∞

      (14) 

 

The integral in the denominator is defined as area under the curve (AUC) and integral in 

the numerator is defined as area under the first moment curve (AUMC).   MRT analysis 

was classically done by planimetry - plotting data and then cutting out the curves and 

weighing the paper.  Another method is simply performing curve-fitting analysis to find 

the best equation to fit the data, and then integrating numerically or analytically.   

 Model-independent analysis for clotting factors offers advantages over the one 

and two-compartment models.21  Primarily, model-independent analysis is not 

constrained by a mechanistic understanding of the processes of drug elimination and 

distribution.  Though it is known that FIX does distribute to body tissues after injection, it 

is difficult to obtain biological data describing this distribution.  Additionally, numerical 

integration of the AUC and AUMC plots can be easily performed without the need to use 

best-fit procedures to represent the data. 

The model-independent MRT calculations were performed by evaluating the 

AUC and AUMC integrals by numerical integration techniques.  Determination of the 

values for AUC and AUMC was first performed by directly analyzing the collected 

concentration versus time data.  Here, imported pharmacokinetic functions for Microsoft 

Excel22 which utilize the trapezoidal rule for integral calculation were used.  Integration 

was performed either from t = 0 to t = 72 hours, or from t = 0 to t = ∞ assuming log-linear 

decline in plasma FIX concentration after the final collected timepoint, t = 72 hours.  In 

addition to this analysis, curve fitting methods were utilized.  Here, the plasma FIX 

concentration versus time data was curve fitted and then the resulting AUC and AUMC 

expressions were numerically integrated in Mathcad.  The best and most realistic fits to 

the data were derived from one and two-term exponential equations, identical to those 

derived from the one and two-compartmental models.  The half-life was then calculated 

from the resulting MRT values by: 
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)()2ln(2/1 MRTt ⋅=  (15) 

 

5.3  Results 
 
5.3.1  tg-FIX Product 
 

Both the tg-FIX and pd-FIX products used in this study were checked for 

proteolytic degradation and activation by Western blot analysis (Figure 5-3).  A 

significant quantity of activated FIX (FIXa), 10-20% of the total protein, is present in the 

tg-FIX preparation.  FIXa migrates faster on SDS PAGE than single-chain zymogen FIX 

due to the removal of the activation peptide.  Several other unidentified bands are also 

present in the tg-FIX preparation.  The high MW bands likely represent aggregates of 

FIX, which also appear to a lesser extent in the pd-FIX preparation, while the low MW 

bands may correspond to FIX proteolytic products.  By comparison, the majority of pd-

FIX migrates as single-chain zymogen.  The final tg-FIX product has a specific activity 

of 200 IU/mg as determined by the aPTT clotting assay.   

 

 

Figure 5-3. Western blot of FIX products.  FIX products used in mouse injections, pd-FIX (Lane 1) and tg-
FIX (Lane 2), were subjected to SDS PAGE under non-reducing conditions followed by Western blotting. 
Location  of molecular weight standards are displayed as arrows on the left of the figure.  Single chain FIX 
zymogen (SC) and activated FIX (FIXa) are indicated by arrows on the right.   
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5.3.2  Pharmacokinetic Analysis 
 

After injection of a bolus of FIX into FIX-KO mice, FIX activity in mouse plasma 

was measured over a 72 hour time period via the aPTT clotting assay.  The measured 

average plasma FIX activities are reported in Table 5-1, with the errors representing the 

standard deviation of the data.  As shown in Table 5-2, the incremental recovery for tg-

FIX, measured as IU/dl rise in activity per IU/kg injected, was much lower 

(approximately one-sixth) than pd-FIX.  To ensure complete distribution, incremental 

recovery was measured 15 minutes after injection. 

 

Time 
[hours] 

tg-FIX at 300 U/kg dose 
%Activity in Plasma 

(n = 8) 

pd-FIX at 100 U/kg  
%Activity in Plasma 

(n = 7) 
0.25 33 ± 5 % 63 ± 15 % 

1 21 ± 6 % 59 ± 7 % 
4 20 ± 7 % 51 ± 22 % 

48 6.0 ± 6 % 4.6 ± 5 % 
72 4.3 ± 7 % 3.5 ± 2 % 

Table 5-1. Measured FIX activities detected in mouse plasma after injection.  tg-FIX (n=8) and 
pd-FIX (n=7) were injected into FIX-KO mice and the FIX activity in plasma was measured over 
time by the aPTT clotting assay.  Reported activities are the average over the experimental groups.  
Errors represent the standard deviation of the collected data at each timepoint. 

 
 

Factor IX IV Infusion Incremental Recovery 
(IU/dl per IU/kg) 

pd-FIX 0.63 ± 0.15 
tg-FIX 0.11 ± 0.02 

Table 5-2. Incremental recovery of FIX in FIX-KO mouse model.  Incremental recovery for both 
pd-FIX and tg-FIX, measured as the IU/dl increase of FIX activity per IU/kg administered 15 
minutes after injection, is reported here.  Errors represent the standard deviation from the mean 
recovery. 

 
One-Compartment Model 

To derive a quantitative comparison of the circulating properties of tg-FIX and 

pd-FIX, the concentration versus time data was first analyzed by the simple one-

compartment pharmacokinetic model.  In this model, the concentration versus time 

profile is fit to a mono-exponential equation.  In Figure 5-4, both the raw data the best-fit 

curve defined from the one-compartment model exponential equation are shown.  The 
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data are fit reasonably well by this model, yielding R2 values of 0.946 and 0.963 for the 

tg-FIX and pd-FIX data respectively.  The circulation half-lives of tg-FIX and pd-FIX as 

calculated from this model are 27 and 16 hours respectively (Figure 5-5). 
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Figure 5-4. One-compartment model fit to concentration versus time data.  Collected concentration versus 
time data for pd-FIX (▲) and tg-FIX (•) was fit to the exponential equation derived from the one-
compartment model .  Solid lines represent the one-compartment model exponential function utilizing Kel 
and Cpo values derived from linearized plots of ln(%Activity) versus time (insert).  Error bars represent the 
standard deviation of the measurements. 
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Figure 5-5. Half-life of tg-FIX and pd-FIX products calculated from the one-compartment model.  The 
half-life of both pd-FIX and tg-FIX were calculated using one-compartmental analysis.  Error bars 
represent the standard error of the slope from linear regression analysis. 
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Two-Compartment Model 

Though the one-compartment model appears to represent a satisfactory fit to the 

data, the fit of the concentration versus time data to the two-compartment 

pharmacokinetic model was also investigated.  This model is generally thought to provide 

a more accurate in vivo representation of FIX pharmacokinetics.23,24  For the two-

compartment model, the time-course profile of drug concentration is described by a bi-

exponential equation, with one exponential representing rapid distribution of drug to 

peripheral tissues and the second the elimination of the drug from plasma via clearance 

mechanisms.  The fit of the data by this model is shown in Figure 5-6.  The two-term 

exponential equation fits the data very well, with all the residuals from the fit less than 

2% of activity.  From the two-term exponential equation coefficients derived from this fit, 

the micro-rate constants and both the distribution and elimination half-lives were 

calculated (Table 5-3).  Of the micro-rate constants, only k21, which physically represents 

the redistribution rate from the peripheral tissues to plasma, differs considerably between 

the two FIX products.  The elimination half-life of tg-FIX as calculated from this model, 

28 hours, is twice that of pd-FIX, 13.8 hours. 
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Figure 5-6. Two-compartment model fit to concentration versus time data.  The pd-FIX (▲) and 
tg-FIX (•) data were curve fitted to the two-compartment model bi-exponential equation using 
Mathcad.  Solid lines represent the best-fit curves to the data.  Error bars of the standard deviation 
of the raw data were omitted..  

 

 



 

 91

 

  tg-FIX pd-FIX 

k12 (min-1) 0.091 0.087 

k21 (min-1) 0.030 0.130 

k10 (min-1) 0.0017 0.0014 

t1/2dist (min) 5.7 3.2 

t1/2elim (hr) 28 13.8 

Table 5-3. Calculated two-compartment model parameters.  The coefficients from the two-
compartment model curve fits were used to determine the micro-rate constants and distribution 
and elimination half-lives of both tg-FIX and pd-FIX. 

  
 A statistical analysis (F-test) was performed to determine if the additional 

parameters introduced in the bi-exponential equation yield a statistically significant 

improvement in the fit of the data than the mono-exponential equation.  From this 

analysis, F values of 3.8 and 33.0 were calculated by equation 13 for the pd-FIX and tg-

FIX data fits respectively.   Both of these values were less than the value of 199.0 

required to meet achieve a 95% confidence level.  As a result, though the two-

compartment model is likely a more realistic depiction of the behavior of FIX in vivo, the 

data do not indicate this in a way that is statistically significant. 

 

Model-Independent Analysis 

As an alternative to the pharmacokinetic model analysis, the plasma FIX 

concentration versus time data were also analyzed by model-independent methods.  This 

is a pure statistical analysis that assumes nothing about drug distribution into 

compartments and is often used in factor IX pharmacokinetic studies.25,26  In this analysis, 

AUMC and AUC were determined by two different methods.   The first was numerical 

integration in Mathcad utilizing the one and two-term exponential equations to estimate 

Cp(t).  Other equations for fitting the concentration versus time profile were also 

investigated, including second and higher order polynomials, but they either yielded poor 

fits or were unrealistic representations of the data.  For comparison, numerical evaluation 

of the AUC and AUMC by trapezoidal rule estimation utilizing the raw data was also 
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performed.  The results from this analysis are shown in Table 5-4.  Integration of the 

curve-fits yielded similar results for the half-lives and are close to the values reported for 

both the one and two-compartment model calculations.  Integration using trapezoidal 

estimation, however, yielded somewhat lower values for MRT.  This is most likely due to 

the endpoint estimation from t = 72 to infinity for the plasma concentration.  In this 

analysis, after the last timepoint, a log-linear decline of FIX concentration was assumed 

to facilitate calculation. 

 

Integration Method MRT tg-FIX (Half-life) MRT pd-FIX (Half-life) 

Curve fit – One-term exponential 38.9 (27.0) hrs 23.0 (15.9) hrs 

Curve fit – Two-term exponential 40.0 (27.7) hrs 19.8 (13.7) hrs 

Data – Trapezoid: 0 to infinity 35.8 (24.8) hrs 14.3  (9.9) hrs 

Table 5-4. Mean residence times (MRT) of tg-FIX and pd-FIX derived from the model-independent 
method using different integration techniques.  The mean residence time of both tg-FIX and pd-FIX were 
determined by integration of the expressions for AUC and AUMC by the methods indicated.  The half-life, 
calculated from the MRT, is shown in parentheses.   

 
 
5.3.3  PTM Survey 
 

It has been suggested that variations in the observed pharmacokinetic properties 

of FIX preparations in hemophiliacs are derived from altered post-translational 

modification.6  In this study, it was found that the plasma recovery and circulation half-

life of the tg-FIX and pd-FIX preparations differ significantly.  In order to help explain 

these differences, the extent of post-translational processing of these preparations was 

assayed.  The PTMs surveyed in this study include N-linked glycosylation, 

phosphorylation, and γ-carboxylation. 

 

N-Linked Glycan Analysis 

Plasma-derived FIX contains two N-linked glycans on the activation peptide.27  

To determine if tg-FIX possesses a similar N-glycosylation profile, digestion of the FIX 

preparations with PNGase, an endoglycosidase that cleaves only N-linked glycans,28 was 

performed.   Reduction in the apparent molecular weight of a N-glycosylated protein is 
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expected after PNGase digestion due to liberation of the glycan.  CHO cell-derived rFIX, 

which possesses a similar glycosylation profile to pd-FIX,29 was also assayed.  As shown 

in Figure 5-7, the apparent molecular weight of the single-chain zymogen FIX form (SC) 

of all FIX preparations is reduced after PNGase digestion.   

To localize the site of glycosylation, each FIX preparation was subsequently 

analyzed by a combination of factor XIa activation and PNGase digestion.  Activation by 

factor XIa results in the proteolytic excision of the activation peptide, and when assayed 

on reducing SDS PAGE, activated FIX migrates as separate heavy chain, light chain, and 

activation peptide bands.   The factor XIa activation products were subsequently digested 

with PNGase.  It can be seen that the only species that exhibit an increased in migration 

velocity upon PNGase digestion are those containing the activation peptide.  This 

includes single-chain zymogen FIX and the FIX heavy chain covalently attached to the 

activation peptide (HC+AP).  The HC+AP FIX fragment is indicative of the presence of 

FIXα, a FIX activation intermediate that is cleaved only at the Arg145-Ala146 bond.  This 

FIXα intermediate represents a significant fraction of tg-FIX injected into the FIX-KO 

mice.  These results indicate that the N-linked glycosylation sites of tg-FIX appear to be 

located on the activation peptide, similar to both pd-FIX and rFIX from CHO cells.   
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Figure 5-7. Western blot of PNGase digestions of FIX from different sources.  pd-FIX, CHO cell derived 
rFIX, and tg-FIX were subjected to PNGase digestion (+PNGase) , activation by factor XIa (+FXIa), and 
PNGase digestion of factor XIa activation products (+FXIa +PNGase).  Products were reduced (50 mM 
DTT) and run on SDS PAGE followed by Western blotting.  The location FIX heavy chain (HC), FIX light 
chain (LC), heavy chain covalently attached to the activation peptide (HC+AP), and single chain zymogen 
FIX (SC) prior to PNGase digestion are indicated by arrows on the right of the figure.  Location of 
molecular weight standards are indicated by arrows on the left of the figure. 

 
Phosphorylation Analysis 

Post-translational phosphorylation of Ser158 on the pd-FIX activation peptide has 

been implicated in plasma recovery7 and may be important in determining other 

pharmacokinetic properties.  Potential phosphorylation of tg-FIX was assayed using the 

ProQ Diamond phosphoprotein staining kit.  As shown in Figure 5-8, both single-chain 

zymogen pd-FIX and tg-FIX are readily stained, indicating that both of these FIX 

preparations are phosphorylated.  In the tg-FIX lane, another major band is visible, 

identified as HC+AP, that represents the FIXα activation intermediate.  This intermediate 

was also detected in the Western blot of tg-FIX (Figure 5-7).  The lower molecular 

weight bands observed in the tg-FIX sample are most likely highly phosphorylated 

caseins (abundant milk proteins) that were not completely removed from the tg-FIX 

sample.  As a negative control, CHO cell rFIX, which lacks the Ser158 phosphorylation, 

was also assayed.   

In order to localize the site of FIX phosphorylation to the heavy chain, light chain, 

or activation peptide, a sample of each of the three FIX preparations was activated by 

factor XIa and subjected to phosphorylation detection.  In these samples, neither the tg-

FIX heavy nor light chains were stained, indicating that the tg-FIX phosphorylation site  



 

 95

most likely located on the activation peptide, similar to pd-FIX.  As further evidence of 

activation peptide phosphorylation, the HC+AP activation intermediate band of tg-FIX is 

stained.  Interestingly, however, the released activation peptide from the factor XIa 

activations is not observed for either pd-FIX or tg-FIX.  This peptide is consistently 

difficult to detect, as it is also not visible on SDS PAGE gels stained for total protein or 

Western blots probed with anti-FIX antisera.   
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Figure 5-8. ProQ Diamond phoshoprotein-dependent staining of FIX.  CHO cell-derived rFIX, pd-FIX, 
and tg-FIX both before and after activation by factor XIa (+factor XIa) were run on reducing SDS PAGE, 
transferred to PVDF, and then stained with a phosphoprotein-dependent staining method. The blot was then 
visualized in UV and photographed.  Location of standard molecular weight markers are indicated on the 
left and the location of the proteolytic fragments are on the right.  In the non-activated lanes, the maximum 
amount of protein was loaded to facilitate visualization: CHO rFIX/pd-FIX (7 µg) and tg-FIX (34 µg).  All 
+factor XIa lanes contain 6 µg of total protein.   

 
Gla Analysis 

Both tg-FIX and pd-FIX were submitted for amino acid analysis to determine the 

average number of γ-carboxyglutamic acid residues (Gla’s) per molecule.  It was found 

that tg-FIX contained an average of 7 Gla’s per molecule and pd-FIX contained 11.  The 

11 Gla’s detected for pd-FIX is close to the expected 12 Gla’s, demonstrating the 

accuracy of the amino acid analysis.  Though low in Gla content, tg-FIX exhibits normal 

clotting activity.  For this study, the other major FIX PTMs, O-linked glycosylation, 

tyrosine sulfation and β-hydroxylation of asparatate were not investigated. 
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5.4  Discussion 
 

  This research marks the first time that a recombinant FIX product derived from 

transgenic animals has been subjected to in vivo pharmacokinetic analysis.  The goal of 

this study was to compare the pharmacokinetic properties of biologically active tg-FIX 

and pd-FIX in the hemophilia B mouse model.  The hemophilia mouse model represents 

the first stage of preclinical testing for replacement FIX therapies due to the relatively 

low cost of maintaining mice compared to other animal models as well as the functional 

properties of human FIX in the murine blood coagulation system.   

Upon injection into mice, FIX circulating behavior has typically been divided into 

two phases: rapid initial distribution of FIX to tissues, predominantly the liver, and 

endothelium,24 and prolonged clearance of remaining circulating FIX.  Incremental 

recovery is calculated as the maximum rise in plasma concentration of FIX per the 

administered dose.  As a result, recovery of FIX is a function of both extent of 

distribution from plasma to peripheral tissues as well as any rapid initial clearance of FIX 

from circulation.   In the FIX-KO mouse model, tg-FIX exhibited a very low plasma 

recovery, approximately one-sixth that of pd-FIX.  From an economic and therapeutic 

standpoint this is problematic, as the amount of injected tg-FIX required to achieve 5% of 

normal circulating FIX levels necessary for normal hemostasis would be significantly 

greater than pd-FIX.  This low recovery could be a consequence of two potential 

mechanisms: distribution of tg-FIX to peripheral tissues that occurs to a much greater 

extent than with pd-FIX or a rapid elimination pathway that specifically recognizes tg-

FIX and not pd-FIX.   

The most obvious potential cause for the low observed recovery of tg-FIX is the 

significant fraction of tg-FIX that has been converted to FIXa, as shown in Figure 5-3, 

which is susceptible to specific antithrombin III (ATIII)4 and low-density lipoprotein 

receptor-related clearance pathways.30  FIXa is rapidly bound in vivo by the serine 

protease inhibitor ATIII, inactivated, and removed from circulation by hepatocytes.  

Fuchs et al.4 reported that the rate of FIXa inhibition by ATIII in mouse models is 

approximately 0.1 µg FIXa/ml plasma/min.  Assuming 1.5 ml of mouse plasma, 

approximately 2.3 µg of FIXa would be inactivated by ATIII within 15 minutes.  This 2.3 

µg represents a significant percentage of the approximately 32 µg of FIX that was 
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injected.  Because FIX activity levels (and not antigen levels) were measured, inactivated 

FIXa would not be detected in the measurement.   Additionally, FIXa binds to the 

endocytotic low-density lipoprotein receptor-related protein (LRP).  This receptor is 

present in various tissues (liver, lung, brain, and placenta) and cell types31 and binds to a 

structurally variant spectrum of ligands, including the FIX cofactor factor VIII.32  Ligand 

binding to LRP results in its transport from the cell surface to the endosomal degradation 

pathway.  As a result, any FIXa injected as part of the tg-FIX preparation will be quickly 

cleared or inactivated through LRP-mediated degradation or ATIII inactivation, and 

reduce the observed recovery.  

Additional tg-FIX may be susceptible to rapid elimination if either the ATIII or 

LRP clearance mechanisms recognize the FIX activation intermediate FIXα.  FIXα is 

structurally and functionally distinct from both zymogen FIX and FIXa.33  As shown in 

Figure 5-7, a significant fraction of FIXα was injected as part of the tg-FIX preparation.   

It has been shown that interaction of FIXα with ATIII differs from the ATIII/FIXa 

interaction.  ATIII inhibits the amidolytic activity of both FIXa and FIXα in a 1:1 

stoichiometric ratio, but, in contrast to the ATIII-FIXa complex, the interaction of ATIII 

with FIXα does not result in a SDS-resistant complex.33  This indicates that the 

FIXα/ATIII interaction is not as strong as the interaction between FIXa and ATIII.  

Association of FIXa with LRP is mediated through an exposed surface loop, comprised 

of residues Phe342-Asn346, bordering the catalytic site on the FIXa heavy chain.34  It is not 

known if the FIXα heavy chain contains a properly formed LRP binding site.  However, 

the normal FIXa heavy chain catalytic site, adjacent to the area of LRP interaction, is 

only partially formed in FIXα.33  Ultimately, it is unknown whether or not FIXα is 

cleared from circulation by the same pathways as FIXa, though the possibility of either of 

the two elimination mechanisms recognizing this intermediate would help explain the 

low observed in vivo recovery of tg-FIX. 

The plasma concentration versus time profiles of tg-FIX and pd-FIX were 

evaluated by three pharmacokinetic techniques: one and two-compartmental models and 

a model-independent analysis.  All three techniques yielded similar values for the 

circulation half-lives for both pd-FIX and tg-FIX, as shown in Figure 5-5.  This 

agreement occurs despite differences in the how well the concentration versus time data 
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was fit by the one and two-compartment models, with the two-compartmental bi-

exponential equation yielding a better fit of the data.  However, due to the low number of 

data points, especially very early after injection where the distribution term is most 

important, the improvement in the fit was found not to be statistically significant given 

the introduction of two additional fitted parameters for the bi-exponential equation.  As a 

result, given the data from this study, the more simplistic one-compartment model was 

determined to be the most likely representation of the behavior of FIX in the mouse 

model experiments performed here. 

 

Pharmacokinetic Method tg-FIX 

t1/2 (hr) 

pd-FIX 

t1/2 (hr) 

One-compartment model 27.0 16.0 

Two-compartment model 28.0 13.8 

Non-compartmental (Average) 26.5 13.2 

Table 5-5.  Summary of the circulation half-lives of tg-FIX and pd-FIX calculated by compartmental and 
non-compartmental methods.  The reported two-compartment model half-life is the t1/2elim.  The non-
compartmental values represent the average of both the analytical and numerical integrations of the MRT 
function. 

 

From this analysis, it can bee seen that the circulation half-life of tg-FIX is 

roughly twice that observed for pd-FIX.  Because the primary amino acid sequence as 

determined by the encoding FIX transgene should be identical, this extended half-life is 

most likely related to the altered PTM profile of tg-FIX compared to pd-FIX.  Because 

FIX is so heavily post-translationally modified, any number of PTMs could have an 

effect on the observed difference, including the presence and structure of N or O-linked 

glycans, phosphorylation, sulfation, and Gla content.    

Preliminary PTM analysis was performed to determine if tg-FIX is N-

glycosylated or phosphorylated similarly to pd-FIX.  It was found that tg-FIX, identically 

to pd-FIX, contains N-linked oligosaccharides on the activation peptide capable of being 

excised by PNGase.  PNGase digestions do not yield any detailed information about the 

structure of these glycans, however.  Data has been collected describing the sialic acid 

content of tg-FIX, which has been shown to be slightly lower to that recorded for pd-
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FIX[kvc1] (GC Gil, personal communication, December 2, 2004).  Additionally, published 

reports indicate that the porcine mammary gland can produce a complex-type 

glycosylation pattern similar to that found in human glycoproteins without the formation 

of high-mannose structures,35 which has been confirmed by additional experiments for tg-

FIX (unpublished results).  Together, these results indicate that tg-FIX likely is not 

susceptible to known N-linked glycan-related clearance mechanisms.   Additionally, it 

was found that tg-FIX exhibits a phosphorylation pattern similar to pd-FIX, representing 

a more wild-type PTM structure than CHO cell rFIX, likely eliminating this PTM as a 

cause of the altered pharmacokinetics.  

FIX in circulation distributes between the plasma and the endothelium through 

interactions of the FIX Gla domain with collagen IV.36,37  Formation of the FIX 

endothelial cell binding site is dependent upon the Ca2+-induced structure of the FIX Gla 

domain and specifically involves amino acids 3-11, including Gla residues at positions 7 

and 8.38  Amino acid analysis revealed that tg-FIX contains an average 7 of the 12 

carboxylations found in pd-FIX.  Because tg-FIX possesses a non-native Gla domain, it is 

possible that interaction between these molecules and the endothelium differs from pd-

FIX with a fully carboxylated Gla domain.  Experimentally, the endothelial cell binding 

characteristics of the FIX Gla domain have been found to affect the rate of FIX clearance 

and subsequently its circulation half-life.  Gui et al. (2002)24 discovered that two Gla 

domain mutants that display altered endothelial cell binding properties also possess 

altered pharmacokinetic profiles.  A FIX mutant with high affinity for endothelial cells 

was shown to possess an extended circulation half-life.  This mutant was characterized by 

rapid initial elimination from plasma followed by slow clearance over time.  Conversely, 

an endothelial cell non-binding FIX mutant was characterized by a shorter circulation 

half-life.  This mutant did not experience rapid initial elimination from plasma, but 

instead was cleared at an increased rate throughout its circulation.  The hypothesized 

cause for the difference in pharmacokinetic profiles is the transient translocation of FIX 

from plasma to the endothelium.  The stronger the interaction between a FIX population 

and the endothelium, the larger the percentage of that FIX population that is sequestered 

to the endothelium and the more slowly it is released back into plasma. In this way, the 
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endothelium can be thought of as a FIX reservoir in which it is protected from the normal 

clearance mechanisms. 

It is not known if either of the two Gla residues directly associated with 

endothelial cell binding are carboxylated in the active tg-FIX isoforms.  However, since 

the coordination of individual Ca2+ ions in the Gla domain occurs through multiple Gla 

residues, the endothelial cell binding site may be transformed even if the missing 

carboxylations are not present in the binding site itself.  For example, Gla’s 27, 17, and 7 

all interact with a single Ca2+ ion, with only Gla 7 directly associated with the endothelial 

binding site.39  Consequently, if any of these three glutamic acid residues are not 

carboxylated, the structure of the endothelial cell binding site may be altered.  As a result, 

it seems very likely that the elimination of 5 carboxylations in FIX would have some 

effect on the interaction of tg-FIX with the endothelium, though the nature of this effect, 

either strengthening or weakening, is difficult to predict.  If tg-FIX associates with the 

endothelium with a higher affinity, this could explain the increase in half-life experienced 

by tg-FIX.  Additionally, stronger endothelial cell binding properties could be another 

cause of the observed low recovery since a larger percentage of tg-FIX than pd-FIX 

would be translocated out of plasma to the vascular walls immediately after injection.  

The reduced redistribution rate constant, k21, calculated in the two-compartment model 

for tg-FIX lends credence to this hypothesis. 

It should be pointed out that the tg-FIX preparation used in this study is most 

likely not composed of homogeneous FIX containing exactly 7 Gla residues.  It was 

shown that the injected tg-FIX exists as a mixture of proteolytic products and additionally, 

as shown in Chapter 4, a small percentage (~10%) of this tg-FIX likely still contains the 

propeptide.  As a result, it is possible that the observed pharmacokinetic profile for tg-

FIX is a result of the sum of FIX isoforms, each with its own pharmacokinetic properties.   

For example, one population of tg-FIX may contain 6 Gla residues while another may 

contain 7 and yet another may contain 8.  Each of these FIX isoforms, for instance, may 

possess unique endothelial cell binding affinities, thus possess different circulating 

properties.  For the purposes of this study, however, evaluation of the pharmacokinetic 

properties of tg-FIX were performed as if it represented a homogenous population.  This 
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fact, however, does not diminish the results from this study, as even the current rFIX 

product, BeneFIX®, has been shown to be comprised of a mixture of PTM isoforms.40 

 

5.5  Summary and Future Work 
 

In this research, a tg-FIX product derived from transgenic pig milk was produced 

and its pharmacokinetic behavior in vivo in FIX gene-knockout mice was studied.  

Compared to pd-FIX, tg-FIX was characterized by lower recovery, approximately one-

sixth, and an extended circulation half-life, 27 hours for tg-FIX compared to 16 hours for 

pd-FIX as calculated from the one-compartment pharmacokinetic model.  These altered 

pharmacokinetic properties are most likely a result of differences in the extent and nature 

of proteolytic and post-translational processing of tg-FIX.  It was shown that a large 

percentage of the tg-FIX used in this study is proteolyzed to FIXa and FIXα, yielding 

FIX species potentially susceptible to rapid inactivation and clearance in vivo.  Tg-FIX 

was shown to possess similar phosphorylation and N-linked glycosylation but a reduced 

Gla content compared to pd-FIX.  It was hypothesized that the extended circulation half-

life and low recovery of tg-FIX could be the result of altered endothelial cell binding 

properties resulting from a non-native tg-FIX Gla domain.  Importantly tg-FIX retains its 

clotting activity, despite containing an average of only 7 Gla residues.  These results 

suggest that tg-FIX has the potential to provide an efficacious alternate source of FIX for 

hemophilia B therapy, and that these molecules may, in fact, possess advantageous 

pharmacokinetic properties.  A FIX product with an extended circulation half-life has 

been the goal of FIX researchers for many years as it would result in a reduction of the 

frequency of injections required to maintain circulating FIX levels in prophylaxis.  

However, this study represents only a first step in characterizing the pharmacokinetic 

properties of active tg-FIX.  Several questions were raised during the course of this work, 

and in order to fully describe the pharmacokinetics of tg-FIX, more investigation is 

required. 

It was proposed that the low in vivo recovery of FIX could be explained in large 

part by rapid elimination of FIXa and FIXα from plasma by the ATIII and LRP pathways.  

This hypothesis can be tested simply by eliminating these activation products from the 
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injected tg-FIX preparation and comparing recoveries. A chromatographic process for 

selectively purifying FIXa is currently being investigated.  Despite similar primary amino 

acid sequence, structural elements in the heavy chain, including the active site and 

heparin binding site,41,42 and activation peptide that differ between zymogen FIX, FIXa, 

and FIXα may lend themselves to be a means for separation.  To obviate the necessity of 

such a purification process, however, transgenic pig milk that contains a much lower 

initial level of FIXa and FIXα has been identified.  Using this milk as a feedstock, a tg-

FIX product has been generated in which the large majority of tg-FIX exists as single-

chain zymogen.   

Future pharmacokinetic experiments should be performed to unequivocally 

determine if tg-FIX possess an extended circulation half-life compared to pd-FIX.  Two 

factors limited the analysis presented here:  1) the presence of FIXa and FIXα in the 

injected tg-FIX preparation and 2) the limited number of collected data points.  As 

mentioned above, a tg-FIX product devoid of FIXa and FIXα, as well as any proFIX, has 

been generated (see Chapter 4, Figure 4-3).  This material is more homogeneous and its 

use would eliminate one of the potential causes of the altered tg-FIX pharmacokinetics.  

Moreover, to aid in the mathematical analysis, additional data points should be collected 

over the course of the experiment.  Of special interest are times immediately after 

injection so that the often observed distribution phase of FIX pharmacokinetics can be 

resolved.  Taking several points from 2 to 15 minutes post-injection would be of great 

vale in characterizing the normally observed biphasic nature of FIX pharmacokinetics.  

Taking timepoints between 4 and 48 hours post-injection would also be beneficial in 

order to better characterize the elimination half-life values. 

If the pharmacokinetics experiments described above confirm the findings of this 

study, additional experiments need to be directed at unequivocally determining the cause 

of the extended tg-FIX half-life.  It was hypothesized that the prolonged circulation half-

life of tg-FIX is most likely a consequence of its altered post-translational processing, 

more specifically a result of the lower level of γ-carboxylation of tg-FIX.  The proposed 

hypothesis was that the extended half-life of tg-FIX could be a byproduct of high 

endothelial cell binding affinity derived from its reduced Gla content.  This hypothesis 

could readily be tested through endothelial cell binding studies.  The method described by 
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Cheung et al.36 for determination of endothelial cell binding strength of radiolabled FIX 

could be adapted for use with tg-FIX.  By quantitative comparison of the endothelial cell 

binding strength of tg-FIX and pd-FIX, a clearer understanding of the mechanism of tg-

FIX half-life extension could be achieved.  By analogy to the results of Gui et al.,24 an 

observed higher binding strength for tg-FIX would likely be the cause of the extended 

half-life and contribute to its low recovery.  However, if it was determined that tg-FIX 

possessed similar or lower affinity for endothelial cells, an alternate explanation for the 

extended circulation half-life, perhaps a result of differences in the other FIX PTMs, 

would need to be derived. 

As a result, further investigation of the tg-FIX PTMs would be of great value in 

characterizing the tg-FIX pharmacokinetic profile.  In depth N-linked glycan structure 

analysis is currently underway and future work determining the extent of tyrosine 

sulfation, perhaps through mass spectroscopy, should to be undertaken.  Preliminary 

phosphorylation analysis presented in this work indicated that tg-FIX is likely 

phosphorylated on the activation peptide identically to pd-FIX, eliminating this PTM as a 

probable cause of the altered pharmacokinetics.  Tg-FIX may provide a unique 

opportunity to study the effects of these PTMs on the FIX circulating characteristics by 

exploiting natural differences in PTM profile compared to pd-FIX that arise through the 

use of the transgenic pig bioreactor.  Through these experiments, information useful for 

both a more detailed understanding of the mechanisms of FIX clearance in vivo as well as 

for future design of recombinant FIX products with more beneficial pharmacokinetic 

properties could be obtained.  
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Chapter 5: Additional Calculations 

 
I.  Two-compartment pharmacokinetic model:       
 Two-term exponential equation fit to data 
  
A. Calculations for pd-FIX 

 
Vectors of pd-FIX plasma concentration versus time to be analyzed 
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
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Definition of the equation to fit the data.  The first element contains the function that will 
approximate the data and the others contain the partial derivatives. 
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This vector contains guess values for the parameters a0, a1, a2, and a3 
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   P genfit time CpM9data, vg, F,( ):=  
 
This vector P contains optimal values for the parameters a0, a1, a2, and a3 as computed by the genfit 
function 
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Functional fit to data: 
 

 

t 0 10, 4320..( ):=

CpM9 t
P0 e

P1− t⋅
⋅ P2 e
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⋅+:=
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Plot of the residuals between data and fit: 
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B. Calculations for tg-FIX 

 
Vectors of pd-FIX plasma concentration versus time to be analyzed 
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Definition of the equation to fit the data.  The first element contains the function that will 
approximate the data and the others contain the partial derivatives. 
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This vector contains guess values for the parameters a0, a1, a2, and a3 
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This vector P contains optimal values for the parameters a0, a1, a2, and a3 as computed by the genfit  
function. 
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Functional fit to data 
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Plot of the residuals between data and fit 
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II.  Non-compartmental method calculations 
 

A.  Mathcad calculation of MRT by integration of the one-term exponential 
equation.    
 

CpTG t
0.24477e 0.000428− t⋅⋅:= CpM9 t

0.59108e 0.000725− t⋅⋅:=
 

 
For tg-FIX 
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For pd-FIX 
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B. Mathcad calculation of MRT by integration of the two-term exponential fit to data.   

 
For pd-FIX: 
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For tg-FIX: 
 

  

P0 0.708=

P1 0.122=

P2 0.217=

P3 4.131 10 4−×=

AUCTG

0

∞

tP0 e
P1− t⋅

⋅ P2 e
P3− t⋅

+
⌠


⌡

d:= AUCTG 531.504=

AUMCTG

0

∞

tP0 e
P1− t⋅

⋅ P2 e
P3− t⋅

⋅+



 t⋅

⌠


⌡

d:= AUMCTG 1.273 106×=

MRT
AUMCTG
AUCTG

:= min MRT 2.394 103×= min
 

    

 



 

 113

 

C. Trapezoidal rule calculation of MRT in Microsoft Excel 
 
Analysis by PK Functions for Microsoft Excel 
 tg-FIX pd-FIX 
1st order elimination rate const [1/min] 4.3E-04 7.2E-04 
Half-life [min] 1601.9 957.3 
Half-life [hrs] 26.7 16.0 
AUC time 0 to 72 hrs (trapezoid rule) 466.4 918.7 
AUC time 0 to infinity (trapezoid rule) 565.8 967.0 
AUMC time 0 to 72 hrs (trapezoid rule) 555468.1 555902.3
AUMC time 0 to infinity (trapezoid rule) 1214428.5 831490.4
MRT time 0 to 72 hrs (trapezoid rule) [min] 1190.9 605.1 
MRT time 0 to 72 hrs (trapezoid rule) [hrs] 19.8 10.1 
MRT time 0 to infinity (trapezoid rule) [min] 2146.4 859.8 
MRT time 0 to infinity (trapezoid rule) [hrs] 35.8 14.3 
 
 
 
 
 

 


