Section 2. Specific Aims (1 page)

Recombinant protein therapeutics have revolutionized the treatment of numerous human diseases.  However because of oral bioavailability, these drugs are almost exclusively administered by injection or infusion.  Since these drugs are often used to treat chronic pediatric diseases, the requirement for frequent injections often leads to poor compliance and side effects.  

Recombinant proteins fused with transferrin (Tf) have been developed that are orally bioavailable and biologically active.  Orally administered G-CSF-Tf and insulin-Tf have been shown to increase neutrophil counts and decrease glucose levels, respectively, in mouse models [1,…].  Tf is a well characterized endogenous protein and Tf receptors (TfR) are expressed on all nucleated cells, including the intestinal epithelia.  Various fixed linkers have been developed between Tf and the payload protein to optimize oral bioavailability and preserve biologic function [2].  A novel prodrug technology had also been developed that contains a reducible linker between Tf and the payload protein.  When cleaved by first pass metabolism the payload protein is released into the systemic circulation {add ref}.  Transferrin fusion proteins offer great promise for the development of orally available recombinant therapeutic proteins.

To advance the development of these oral recombinant protein therapeutics towards the clinic, we plan to characterize the optimal enteral absorption site of G-CSF-TF, determine the effects of pH and co-administered protease-inhibitors on bioavailability, and characterize the oral pharmacokinetic and pharmacodynamic parameters in rat and dog models.  We plan to create and study a novel fusion protein of Tf with coagulation factor VIIa (FVIIa), for the purpose of producing an orally available treatment for hemophilia A and B.  We futher plan to utilize the reducible linker to create and study an orally available pro-drug of a lysosomal enzyme for the treatment Gaucher Disease.

1. Investigate the gastrointestinal conditions and requirements for optimal enteral absorption of a Tf fusion protein.
a. Scale-up production and purification techniques of larger quantities of purified G-CSF-Tf. 

b. Investigate the locations of optimal gastrointestinal site-specific uptake of G-CSF-Tf.

c. Investigate the effects of pH and co-administered protease-inhibitors on oral bioavailability.
2. Characterize pharmacodynamic and pharmacokinetic parameters of enteral G-CSF-Tf in rat and dog models.
a. Determine myelopoiesis dose-response curves.

b. Determine pharmacokinetic parameters.

c. Characterize tissue distribution in intestine, liver, brain, kidney, and bone marrow.

d. Characterize metabolism by marrow cells, peripheral leukocytes, and spleen.

e. Characterize renal and hepatic clearance.

3. Design, produce and characterize a novel fusion protein of Tf and clotting factor VIIa.
a. Create expression constructs of human Tf fused to human rFVIIa containing various fixed linker peptide sequences (rFVIIa-Tf).
b. Produce quantities of each rFVIIa-Tf from transfected HEK293 cells.
c. Investigate in vitro bioactivity of each rFVIIa-Tf fusion protein by TfR-binding, Caco-2 transcytosis and platelet-dependent thrombin generation assay.
d. Determine in vivo potency of selected rFVIIa-Tf fusion proteins by oral and injected administration in a mouse model of Hemophilia A.
e. Determine pharmacokinetic parameters of selected rFVIIa-Tf fusion proteins in mouse.
4. Design, produce and characterize a novel fusion protein pro-drug of imiglucerase.

a. Create expression constructs of human Tf fused to imiglucerase containing a reducible linker (imiglucerase-Tf).
b. Produce quantities of imiglucerase-Tf from transfected HEK293 cells.
c. Investigate in vitro bioactivity of imiglucerase-Tf fusion protein by TfR-binding, Caco-2 transcytosis and hydrolysis of para-nitrophenyl-ß-D-glucopyranoside.

a. Determine in vivo potency of imiglucerase-Tf by oral and injected administration in a Gaucher mouse model.
b. Determine the pharmacokinetic parameters of imiglucerase-Tf in mouse.
Section 3. (Omit)
Section 4. (Omit)

Section 5.  Research Design and Methods (12 pages)

Project Title: Transferrin Fusion Proteins for the Solid Oral Delivery of Recombinant Protein Therapeutics 

1. Challenge Area and Specific Challenge Topic

This application addresses Broad Challenge Area (06) Enabling Technologies, and specific Challenge Topic, 06-HD-105: Solid Oral Dosage Forms for Pediatric Medications.

2. The Challenge and Potential Impact

2.1 Problem Statement

Protein therapeutics have revolutionized the treatment of previously unmanageable diseases.  However, protein and peptide drugs are almost exclusively administered by injection or infusion, because of poor absorption of proteins and peptides across intenstinal epithelial barriers.  Solid oral dosage forms are greatly desired to enhance disease management, facilitate patient compliance, and reduce of adverse side-effects associated with injected and intravenous infusion.  Many of the protein therapeutics in use today including clotting factors, enzyme replacements, and growth hormone are used to treat chronic pediatric conditions such as of hemophilia, lysosomal storage diseases, and growth failure respectively.  Others such as granulocyte colony-stimulating factor (G-CSF) are indicated for the treatment of neutropenic complications associated with cancer chemotherapy.  Identifying and developing an oral dosage form for these protein therapeutics, which are capable of transiting the hydrolytic and proteolytic milieus of the GI tract and adequately being absorbed across the intestinal epithelium, is a goal of substantial clinical importance.  

2.2 Background

Receptor-mediated transcytosis has been shown to be an effective mechanism for delivery of proteins and peptides across cellular barriers (refs Pardrige et al., 1987; Shen et al., 1992).  Transferrin (Tf) has been investigated as a carrier protein for a variety of therapeutics because it is an endogenously occurring molecule used for iron trafficking that is resistant to tryptic and chymotryptic digestions.  Receptor-mediated transcytosis does not interfere with the membrane structure or paracellular junctions and should have fewer side effects than penetration enhancers.  Transferrin receptor (TfR) are a good candidate for an oral delivery system because of the high TfR density in the human GI epithelium.  Receptor-mediated uptake of Tf-bound iron is a well understood biologic processes.  
Human insulin chemically conjugated to Tf via a disulfide linkage is transported across cultured epithelial cells via TfR-mediated transcytosis (Shah and Shen, 1996), and upon oral administration produces a prolonged hypoglycemic effect in diabetic mice and rats (Wang et al., 1997; Xia et al 2000).  Similarly, an increase in neutrophil count was observed when a chemical conjugate of Tf and G-CSF was administered orally to BDF1 mice (refs 12, 13 from Bia 2005).  However, major difficulties exist with chemical conjugation methodology, including production of heterogeneous mixtures of various size and composition and aggregation that is not suitable for use as a human therapeutic.
A functionally active GCSF–Tf fusion protein was subsequently created using the cDNA of human Tf and human G-CSF.  Production of this fusion protein in HEK293 cells and oral administration to mice showed that the protein was effective absorbed across the GI epithelium and increased myelopoietic activity (Bia 2005). This successful production of an orally active G-CSF-Tf fusion protein laid the foundation for constructing various Tf fusion proteins and creating a series of therapeutic protein drugs with oral bioavailability.
To further enhance the bioactivity of the fusion protein, different fixed spacers were investigated between the G-CSF and Tf domains.  Flexibility and hydrophilicity of the peptide linkers have been reported to be important to the functions of individual domains in fusion proteins (refs 21,22 from Bai 2006).  However, for orally administered proteins, a flexible linker could be easily accessed by digestive enzyme.  Various G-CSF-Tf fusion proteins were created with different linkers and their bioactivity compared in vitro and in vivo to optimize the myelopoietic efficacy by oral administration.  A stiff -helical linker, (H4)2, proved to be the optimal linker and provided a fusion protein with substantial oral bioactivity, which increased neutrophil count in BDF1 mice comparable to injected G-CSF (Bai et al 2006).  Recombinant proteins like G-CSF and Factor VIIa retain their biologic activity in vivo when fused to proteins like albumin.  This feature is presently being exploited to increase the pharmacodynamic half-life of injected formulations of these protein therapeutics (add refs neugranin; WEIMER et al 2008)

A novel carrier-linked prodrug technology for oral delivery of recombinant proteins has also been developed that contains a reducible linker between Tf and the payload protein.  When cleaved by first pass metabolism the payload protein is released into the systemic circulation.  This approach may be especially useful for small recombinant proteins, such as imiglucerase, where steric interference by transferrin may impair the biologic activity of the therapeutic protein.  
This carrier-linked prodrug technology utilizes a dithiocyclopeptide linker (DTCP), which contains a disulfide bond within a peptide backbone encompassing two thrombin cutting sites.  The peptide backbone of the linker allows recombinant protein engineering technologies to be utilized for the large-scale production of fusion proteins.  Treatment of these fusion proteins with thrombin during the production process cleaves the peptide backbone of the linker leaving a disulfide bond between transferrin and the therapeutic protein.  The resulting product is comparable to the chemically conjugated transferrin fusion proteins.  After absorption across the GI tract, the exposed disufide bond is reduced in vivo, releasing the two domains of the fusion protein into the systemic circulation.  Studies of chemically conjugates of insulin and Tf showed that free insulin is released within 5 minutes of exposure to rat liver slices (Figure 13; Xai et al, 2000).  

Recombinant transferrin fusion proteins of G-CSF with the DTCP linker have been synthesized and treated with thrombin to produce a G-CSF fusion protein linked to transferrin by a disulfide bond (G-CSF-DTCP-Tf).  These fusion proteins are structurally identical to the chemically conjugated G-CSF-Tf fusion proteins, which have been previously shown to have good oral bioactivity in animal studies.  In vitro treatment of G-CSF-DTCP-Tf with dithiothreitol (DTT) reduces the disulfide bond releasing free G-CSF from the transferrin carrier (Figure 14).  Free GCSF was detected in the systemic circulation following administration of thrombin treated GCSF-DTCP-Tf in a mouse as early as 30 minutes of dosing.  In contrast, when GCSF-DTCP-Tf was administered with the peptide backbone of the linker intact (no thrombin pretreatment) no free G-CSF was detected in the systemic circulation.  The release of G-CSF was mediate by in vivo reduction of the disulfide bond (Figure 15).  It is estimated that the concentration of free G-CSF achieved in mouse plasma was approximately 300 ng/ml (therapeutic level 10 ng/ml).

2.3 Previous Work

Published

To optimize intestinal epithelial cell uptake, our academic collaborator Wei-Chiang Shen at the University of Southern California, conducted experiments with multiple types of linkers between transferrin and a G-CSF payload. With an -helical linker construct, improvement in uptake in Caco-2 intestinal epithelial cells and enhancements in in vivo efficacy in dose-response studies in BDF1 mice were demonstrated.[3] The relative stiffness of the short -helical linking molecule (H4)2 has proven to be optimal in enabling enteral uptake and delivery of G-CSF transferrin fusion proteins. In work-to-date, G-CSF-(H4)2-Tf delivered intragastrically to BDF1 mice has shown not only survival through the GI tract, but uptake across the GI epithelium, myelopoiesis at reasonable pharmacological doses, and an estimated oral bioequivalence of 20%. [3]  
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Figure 1 from [3].  Left: Absolute neutrophil count (ANC) +/- SEM (n=4) vs. time following intragastric administration to BDF1 mice. G-CSF, G-CSF-LE-Tf (linear linker), G-CSF-H4-2-Tf.   Right: ANC +/- SEM (n=4) for molar equivalent doses delivered subcutaneously demonstrating relative potency to G-CSF in a traditional route of delivery. 

This effect has been shown to be quenchable when administered in the presence of excess enteral transferrin, implicating uptake that is mediated by and competitively inhibited at transferrin receptors populating the intestinal epithelium.  Using the transferrin fusion protein platform, insulin delivered enterically has also been shown to have bioavailability, generating relative hypoglycemia in rodents. [2]
Unpublished

Development of techniques to enhance expression and purification of G-CSF-(H4)2-Tf for animal studies.

In order to have sufficient protein to undertake confirmatory studies in rats, which are substantially larger than mice, it is necessary to scale up expression and purification of the fusion protein.  Furthermore, such techniques should also be readily applicable for large animal studies when the time comes.  

Initial experiments of transient expression in adherent HEK293 cells demonstrated limitations to the direct translation of prior techniques to scale up.  Therefore, currently underway are experiments exploring the parameters as shown in Table XX, with results characterized by SDS-PAGE, Western blot, ELISA. The NFS-60 cell-based bioassay is being used to confirm G-CSF bioactivity 


[1] ADDIN EN.CITE , and Caco-2 intestinal epithelial cell line is being used to confirm Tf binding to TfR, and Tf uptake. 

	Expression system
	Conditions
	Purification Methods

	HEK 293, transient
	Adherent, serum
	SP and Q Sepharose, +/- Cibacron Blue

	HEK 293, transient
	Suspension, serum-free
	“”

	HEK 293 E, F, transient
	Suspension, serum-free
	SP, Q Sepharose, +/- his-tag purification

	HEK 293, transient with cloned IgG-Fc tag
	Suspension, serum-free
	Protein A immunoaffinity

	HEK 293, transient
	Suspension, serum-free
	IgY transferrin immunoaffinity

	CHO DG44, stable
	Suspension, serum-free
	SP and Q Sepharose, +/- Cibacron Blue

	Flp-ln-CHO, stable.  With codon optimization 
	Adherent, serum
	“”


Table 1. Experimental conditions for expression and purification of G-CSF-H42-Tf.

Transient transfection in HEK293F cells in suspension and serum-free conditions have enabled us to express G-CSF-H42-Tf at a level approximately 10-fold greater than that achieved in adherent serum-containing methods previously reported as shown in Figure 2.  Following such expression, retention of the intact fusion protein is demonstrated in Western blots of transferrin that are coincident with G-CSF, as shown in Figure 3.
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Figure 2.  SDS-PAGE of supernatant from HEK293F cells in suspension, serum-free conditions.  G-CSF-H42-Tf (103kDa).  Lanes 1-6 represent different DNA:PEI ratios.   Lane 8 – Tf control. Lane 9 – BSA control.
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Figure 3.  Left: Western blot of G-CSF-H42-Tf fusion protein (103kDa), with antibody against G-CSF. Right: Western blot of G-CSF-H42-Tf fusion protein, with antibody against Tf.  Lanes 1-6 represent different DNA:PEI ratios. Lane 7 – negative control. Lane 1 represents strongest expression.

The remaining experimental conditions of Table 1 are ongoing as part of scale up efforts for animal studies.

Concurrently, our academic collaborator has developed proof of principle in development of reducible linkers (Figure 4).  A somatostatin-like peptide sequence inserted between G-CSF and Tf was created that cyclizes spontaneously, creating an internal disulfide bond and two thrombin cleavage sites.  Treatment of this fusion protein with thrombin generates a fusion protein in which the G-CSF and Tf domains are linked by a disulfide bond between two cysteinyl residues in the spacer peptide.  The exposed disufide bond is reduced in vivo, releasing the two domains of the fusion protein into the systemic circulation.
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Figure 4 from (source).  SDS-PAGE. Lane 1 – free G-CSF reference.  Lane 2 – Reference fusion protein GCSF-DTCP-Tf treated with thrombin. Lane 3 – Fusion protein in the plasma 0.5 hours, showing release of free GSCF.  Lane 5 – Fusion protein not prepared with thrombin.  In plasma without release of G-CSF.  Adapted from [Ref}

2.4 Impact

A platform carrier molecule, capable of enteral delivery of therapeutic protein payloads represents a significant advance in the treatment and management of chronic pediatric diseases.  It is estimated that the availability of oral G-CSF will impact X# of U.S. patients.  As a model system of enteral delivery of protein therapeutics, the impact just to patients who are taking rFVIIa for hemophilia and alglucerase for Type 1 Gaucher’s disease would total XX, with untold benefit in compliance, and reduction in adverse effects.  Further, as transferrin fusion protein technology finds success in validation, it opens an entire platform technology to treat other chronic pediatric diseases.

3. The Approach

This section is divided into 4 subsections corresponding to each of the Specific Aims.

3.1 S.A. 1

Rationale

Mice express increased levels of intestinal peptide transporters relative to humans. 


[8] ADDIN EN.CITE   Therefore, the observed myelopoietic effect of G-CSF-(H4)2-Tf in BDF1 mice [3] warrants validation in an animal model whose intestinal peptide transporter expression, such as that of the rat 


[9] ADDIN EN.CITE  more closely resembles that of the human. Thus, demonstration of efficacy in a rat model will represent valuable validation of oral bioavailability of transferrin fusion proteins.

To optimize uptake of a transferrin-bound payload across the intestinal epithelium, several fundamental questions must be answered.  First, transferrin exists in both an iron-loaded diferric form referred to as holotransferrin, and an iron depleted apotransferrin form that are trafficked in the epithelium by different mechanisms.[10]  As the transition between these states is a function of pH 


[11, 12] ADDIN EN.CITE , and as pH varies along the length of the small intestine, it is important to characterize not simply the site of Tf receptors, but the intestinal location at which an optimum combination of Tf receptor abundance and pH facilitate maximal uptake.  Furthermore, co-administration of free iron with the transferrin fusion protein may help facilitate retention of the holotransferrin state, thereby offering a mechanism for formulation to promote site-directed uptake. Second, although Tf has been reported to be resistant to trypsin and chymotrypsin degradation [13], and the Tf molecule appears to partially limit proteolytic action on the payload [14], any loss of G-CSF activity, or proteolysis at the linker will reduce the effective bioavailability.  Therefore, protease inhibitors may help achieve greater delivery of intact fusion protein to the sites of absorption.

Methods

3.1.a.  In order to generate sufficient quantities of protein for animal studies in rats and later in large animals – studies which require several orders of magnitude more protein than needed for mice as conducted by our academic collaborator, we will continue to characterize expression systems, purification modalities, and scale up as described in Table 1.  These approaches address specific known issues with therapeutic protein expression upon scale-up including aggregation and purification complexities.  By investigating both transient and stable transfection systems, codon optimization, adherent vs. suspension cultures, and by investigating purification options including ion exchange chromatography, his tagging, Protein A immunoaffinity capture of fused fc fragments, and IgY immunoaffinity to transferring among others, and by running these processes in paralle, we intend to optimize the amount of time required for clinical translation.  Purified fusion protein will be tested for bioactivity by the NFS-60 cell assay to confirm G-CSF activity, and by Caco-2 cell binding and uptake of Tf.  They will also be tested for bioactivity and stability against temperature variations including exposure to ambient, physiological, and frozen conditions.
3.1.b. To ascertain site-specific uptake of fusion protein in the duodenum, jejunum, and ileum, segmental absorption studies of in situ vascularly perfused rat small intestine will be conducted according to methods of Cong. [15]  Vascular and segmental luminal contents will be sampled for G-CSF content by sandwich ELISA using matched antibody pairs (R&D Systems) and by Western blot against both G-CSF and transferrin.  Mass balances will be calculated to determine bioavailability as well as unabsorbed protein remaining in the segmental lumen. 

3.1.c. With the above as a baseline on site-targeting, the effects of co-administration of dietary free iron will be determined. Fusion protein will be converted to the apotransferrin state in vitro by reducing pH below 4.5  and chelating the free iron with Chelex [16] or desferroxamine. [17] Subsequently, the pH of the apotransferrin solution will be returned to physiological levels of the small intestine (5.9 to 6.8 


[18, 19] ADDIN EN.CITE ).  Experiments in rats will be carried out in which apotransferrin will be administered intraduodenally, and in which apotransferrin co-administered with various free iron concentrations will be administered. Carbonyl iron has been shown to be safe in rats, and all doses will be substantially below toxic levels.  Ferrous gluconate may be used as an alternative as needed.  In the most saturated state of excess free iron, the transerrin will be driven towards the holotransferrin form according to its iron affinity at the given pH.  ELISA-based measurement of uptake to the serum, as described above, will be carried out to quantify bioavailability as a function of free iron administration.

3.1.d. To determine the effect of protease inhibitor co-administration, experiments will be conducted using similar methods.  As shown by Takada [20], physiologic levels of duodenal pH activates digestive proteases against G-CSF to a greater degree than pHs both above and below physiologic levels.  The proteolytic effect was most significantly inhibited by a soybean-derived trypsin inhibitor. 

The following table outlines the experimental design and animal requirements.

	Experimental Parameter
	Conditions for uptake of 20mg/kg G-CSF-H42-Tf
	Study Size

	Segmental specific uptake
	Segmental absorption, vascularly perfused rat small intestine
	n = 4

	Iron co-administration
	Free iron co-administration
	n = 4 for each of three iron concentrations, plus one iron-free control

	Protease inhibitor co-administration
	Protease inhibitor
	n = 4 for each of two protease inhibitor concentrations. Same control used from above.


Table 2.

Potential Pitfalls and Alternative Approaches

…
3.2 S.A. 2

Rationale

The need for proof of concept of G-CSF-(H4)2-Tf in a rat species has been previously described.  Based on findings for optimal delivery as ascertained in S.A.1, including specific locales in the intestine, identified quantity of free iron co-administration, and co-administration of protease inhibitors will enable an optimized study of pharmacodynamic effect in a rat model. 

(need to provide rationale for choice of tissues to test for distribution, and need to justify the three cell types for studies of metabolism)
Methods

3.2.a. To determine pharmacodynamics, Sprague-Dawley rats 13-15 weeks old, weighing 200-250g with surgically placed intraduodenal catheters (Charles River Laboratories) will be randomized into one of six groups, those receiving G-CSF-(H4)2-Tf fusion protein via intraduodenal catheter at doses shown in Table XX, those receiving a PBS based placebo, those receiving a positive control of filgrastim subcutaneously, and those receiving G-CSF-H42-Tf with optimized concentrations of free iron and/or protease inhibitor. Absolute neutrophil count (ANC) and complete blood counts will be assessed at multiple time points to determine Tmax and ANCmax.  Micro-hematological sampling will enable acquisition of blood from the same animals at 8 time points within IACUC guidelines.  

	Group
	Treatment
	Route
	Volume
	Nominal Dose
	Animals

	1
	G-CSF-H42-Tf
	Intraduodenal
	13.3 mL/kg
	20 mg/kg
	4

	2
	Negative control
	Intraduodenal
	13.3 mL/kg
	0 mg/kg
	4

	3
	Positive reference - filgrastim
	Subcutaneous*
	0.2 mL/kg
	5 g/kg
	4

	4
	G-CSF-H42-Tf + free iron**
	Intraduodenal
	13.3 mL/kg
	20 mg/kg
	4

	5
	G-CSF-H42-Tf + protease inhibitor**
	Intraduodenal
	13.3 mL/kg
	20 mg/kg
	4

	6
	G-CSF-H42-Tf + free iron** + protease inhibitor**
	Intraduodenal
	13.3 mL/kg
	20 mg/kg
	4

	7 
	G-CSF-H42-Tf 
	Intravenous 
	minimized
	5 g/kg
	4


Table 3.  Treatment groups and doses for efficacy study in SD rats. 

* For reference to clinical route of administration. **Doses as determined in 3.1.c. and 3.1.d.

Sampling times at 0, 12, 24, 36, 48, 60, 72, 84 hours post dose.

3.2.b. Pharmacokinetic data for single-dose studies will be collected from the same animals in section 3.2.a. according to the methods of Tanaka. 


[21, 22] ADDIN EN.CITE  Briefly, using a sandwich ELISA for G-CSF, pharmacokinetic parameters for serum concentration of fusion protein will be ascertained in a compartmental and a noncompartmental manner.  Area under the serum concentration-time curve (AUC) and area under the moment curve (AUMC) from time=0 to t will be determined using the linear trapezoidal rule.  Ke, the apparent terminal elimination rate constant will be obtained by least squares analysis, and the apparent terminal elimination half-life will be determined by ln(2)/ke.  The area under the curve from 0 to t will be will be extrapolated to infinity by adding the term Ct/ke. Systemic clearance CL/F is calculated as does/AUC0(infinity  The absolute bioavailability is calculated as (AUCoral * Doseiv)/(AUCiv * Doseoral) , and the bioavailability relative to the clinical route of administration, subcutaneous, will be calculated as (AUCoral * Dosesc)/(AUCsc * Doseoral). Mean residence time (MRT) is calculated as AUMC/AUC.

3.2.c. G-CSF-H42-Tf will be custom labeled with 125I (Perkins Elmer). Tissue distribution in the brain, liver, kidneys, marrow, and intestine, and concentration in the urine and feces will be estimated by administering 125I-G-CSF-H42-Tf intraduodenally in the manner described above.  Tissue will be homogenized and placed in a gamma counter.  An intravenous control will also be conducted. 

3.2.d. Metabolism of G-CSF-(H4)2-Tf by marrow cells, peripheral leukocytes, and by spleen cells will be ascertained according to the methods of….
3.2.e. Renal and hepatic clearance determinations will be conducted according to the methods of Kuwabara. [23]
Potential Pitfalls and Alternative Approaches

125I labeling may prove inadequate if in vivo cleavage occurs between the labeled portion of the fuision protein and the unlabeled portion.  

3.3 S.A. 3

Rationale
Hemophilia A affects roughly 1 in 5,000-10,000 males, and approximately 10-30% of these patients develop inhibitors (i.e antibodies) to administered factor VIII.  Recombinant factor VIIa (NovoSeven) has become important in managing hemostasis in such patients as well as in those with acquired hemophilia and factor VII deficiency.  Infusion and injection are currently the sole routes of delivery.  

As this represents a novel payload for transferrin, we will initiate studies to express and purify rFVIIa-linker-Tf, test in vitro for bioactivity, and test in vivo for efficacy and pharmacokinetics.  In vivo studies for this novel construct will be mice which require substantially lower quantities of protein than larger animals.  Antibody-induced hemophilia A murine models exist as do knock-out models, the latter of which are commercially available.  

Methods
3.3.a. and 3.3.b. Initial approaches for expression and purification of rFVIIa-linker-Tf will be according to the optimal method developed in 3.1.a. using the (H4)2 linker and using as a control, the 31 amino acid glycine-serine linker that was optimized for potency in non-enteral delivery. 


[24] ADDIN EN.CITE   Poor expression or purification, if any, will direct us to the more comprehensive expression and purification approaches described in Table 1.  Furthermore, any differences in expression and purification we discover between rFVIIa-linker-Tf and G-CSF-linker-Tf will facilitate greater insight as to the mechanisms that may limit, or that may enable generalization of production techniques for transferrin as a platform for the delivery of other oral therapeutic proteins.

3.3.c. The in vitro bioactivity of each rFVIIa-linker-Tf fusion protein will be tested by two methods.  TfR-binding and transcytosis will be confirmed in Caco-2 intestinal epithelial cells, and the bioactivity of rFVIIa will be confirmed with the Chromogenix Coaset FVII test kit based on the method described by Seligsohn [25] and compared to commercial rFVIIa (NovoSeven, Novo Nordisk) as a positive reference.
3.3.d. The in vivo efficacy and potency of selected optimal rFVIIa-linker-Tf fusion proteins will be determined in a mouse knockout model of hemophilia A (Jackson Laboratory B6;129S4-F8tm1Kaz/J).  Intraduodenal catheters will not be implemented in these experiments due to the hemorrhage risk associated with the surgical placement of the catheters.  Therefore, oral administration with sodium carbonate will be conducted by gavage needle according to established methods. 


[1] ADDIN EN.CITE  Injected NovoSeven will serve as a positive reference.  Hemostasis of all injection sites and phlebotomy sites will be secured by brief pressure for up to 5 minutes. 


[26] ADDIN EN.CITE  

3.3.e. Pharmacokinetics of selected FVIIa-linker-Tf fusion proteins will be determined in the manner described in 3.2.b.  The test article will be administered orally, and NovoSeven will be administered subcutaneously for relative bioavailability determination.  
Potential Pitfalls and Alternative Approaches

…
3.4 S.A. 4

Rationale
Approximately 20,000 patients in the U.S. have Gaucher disease, an autosomal recessive lysosomal storage disorder resulting from deficiency of glucocerebrosidase.  Recommended enzyme replacement therapy is by infusion of alglucerase (Ceredase) or imiglucerase (Cerezyme) once every two weeks for the patient’s lifetime.  Approximately 10% of patients experience adverse effects specifically related to the IV infusion.

Methods

3.4.a.  Create expression constructs of human Tf fused to imiglucerase containing various non-degradable linker peptide sequences (imiglucerase-linker-Tf).

3.4.b.  Produce quantities of each imiglucerase-linker-Tf from protein-free, conditioned medium of transfected HEK293 cells.

3.4.c.  Confirm the in vitro bioactivity of each imiglucerase-linker-Tf fusion protein by TfR-binding assay in Caco-2 cells and by enzymatic activity assay to measure glucocerebrosidase activity by the hydrolysis of substrate p-nitrophenyl-β-D-glucopyranoside and subsequent detection of p-nitrophenol at 405nm.

3.4.d. Determine in vivo efficacy and potency of the selected optimal AlGlu-linker-Tf fusion proteins by oral and injected administration compared to injected alglucerase in a Gaucher mouse model (e.g. D409V/null, 4L/PS-NA).

3.4.e.  Measure pharmacokinetics of selected AlGlu-linker-Tf fusion proteins by subcutaneous and oral administration to mice by Elisa assay specific for alglucerase, in comparison to injected alglucerase (Ceredase, Genzyme).

Potential Pitfalls and Alternative Approaches

…
4. Timeline and Milestones

Gantt chart here…

Other Sections

Protection of Human Subjects (n.a.)

Inclusion of Women and Minorities (n.a.)

Targeted/Planned Enrollment (n.a.)

Inclusion of Children (n.a.)

Vertebrate Animals

Address the following five points: (1) proposed use of the animals, and species, strains, ages, sex, and numbers to be used; (2) justifications for the use of animals and for the

appropriateness of the species and numbers proposed; (3) adequacy of veterinary care; (4) procedures for limiting discomfort, distress, pain and injury to that which is unavoidable in the conduct of scientifically sound research including the use of analgesic, anesthetic, and tranquilizing drugs and/or comfortable restraining devices; and (5) methods of euthanasia and reason for selection if not consistent with the AVMA Guidelines on Euthanasia.

Animal experiments will be compliant with the ‘Principles of Laboratory Animal Care’ (NIH Publication #85-23) and conducted under the Institutional Animal Care and Utilization Committees and Animal Welfare Assurance policies of Bridge Laboratories (Gaithersburg, Maryland) and MPI Research Laboratories (Mattawan, Michigan).  Both Bridge Laboratories and MPI Research Laboratories are AAALAC accredited.  (IS IT BETTER IF WE PROVIDE ACCREDITATION NUMBERS?)
Rats and mice will be sacrificed after each experiment by CO2 inhalation.  This method is recommended by the Panel on Euthanasia of the American Veterinary Medical Association. [27] 
Select Agent Research (n.a.)
Describe: (1) the Select Agent(s) to be used in the proposed research, (2) the registration status of all entities where Select Agent(s) will be used, (3) the procedures that will be used to monitor possession use and transfer of Select Agent(s), and (4) plans for appropriate biosafety, biocontainment, and security of the Select Agent(s). 

MPI Leadership Plan 
See: http://grants.nih.gov/grants/multi_pi 

Consortium/ Contractual Arrangements 
Letters of Support 
Resource Sharing Plans 
(a) Data Sharing Plan: Regardless of the amount requested, applicants under this FOA are expected to include a brief 1-paragraph description of how final research data will be shared, or explain why data-sharing is not possible. Applicants are encouraged to discuss data-sharing plans with their NIH program contact (see Data-Sharing Policy or http://grants.nih.gov/grants/guide/notice-files/NOT-OD-03-032.html.) 

(b) Sharing Model Organisms: Regardless of the amount requested, all applications where the development of model organisms is anticipated are expected to include a description of a specific plan for sharing and distributing unique model organisms and related resources or state appropriate reasons why such sharing is restricted or not possible (see Sharing Model Organisms Policy, and NOT-OD-04-042.) 

(c) Genome-Wide Association Studies (GWAS): Regardless of the amount requested, applicants seeking funding for a genome-wide association study are expected to provide a plan for submission of GWAS data to the NIH-designated GWAS data repository, or provide an appropriate explanation why submission to the repository is not possible. A genome-wide association study is defined as any study of genetic variation across the entire genome that is designed to identify genetic associations with observable traits (e.g., blood pressure or weight) or the presence or absence of a disease or condition. For further information see Policy for Sharing of Data Obtained in NIH Supported or Conducted Genome-Wide Association Studies (go to NOT-OD-07-088, and http://grants.nih.gov/grants/gwas/.)
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