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    Abstract
Interleukin 10 (IL-10) is a potent cytokine homodimer with multiple immunoregulatory functions. Here, we have characterized the effects of PEGylation and formation of human IL-10 (hIL-10)/humanized anti-human IL-10 (hαhIL-10) immune complexes in the pharmacokinetics, biodistribution, and biotransformation of IL-10 in mice. To assess the fate of native, PEGylated, and antibody-bound IL-10; we implemented an analytical set of fluorescence emission-linked assays. Plasma size exclusion chromatography analysis indicated that fluoro-labeled native and PEGylated murine IL-10 (PEG-mIL-10) are stable in the circulation. PEGylation of IL-10 resulted in a 21-fold increased exposure, 2.7-fold increase in half-life, and 20-fold reduction in clearance. Kidney is the major organ of disposition for both native and PEGylated mIL-10 with renal uptake directly related to systemic clearance. The fluorescence signal in the kidneys reached tissue/blood ratios up to 150 and 20 for native and PEG-mIL-10, respectively. hIL-10/hαhIL-10 immune complexes are detectable in the circulation without evidence of unbound or degraded hIL-10. The exposure of hIL-10 present in immune complexes versus that of hIL-10 alone increased from 0.53 to 11.28 μg · day/ml, with a half-life of 1.16 days and a 23-fold reduction in clearance. Unlike hIL-10 alone, antibody-bound hIL-10 was targeted mainly to the liver with minimal renal distribution. In addition, we found an 11-fold reduction (from 9.9 to 113 nM) in binding to the neonatal Fc receptor (FcRn) when the hαhIL10 antibody is conjugated to hIL-10. The potential changes in FcRn binding in vivo and increased liver uptake may explain the unique pharmacokinetic properties of hIL-10/hαhIL-10 immune complexes.


Introduction

Interleukin 10 (IL-10) is a T helper 2-type cytokine with pleiotropic immunoregulatory functions (Mocellin et al., 2004). These include inhibitory activities that limit myeloid tissue destructive inflammation and immunostimulatory actions that support antigen-specific effector functions (Pestka et al., 2004).

Human IL-10 exists in solution as a noncovalent homodimer, composed of two aglycosylated polypeptide chains (Vieira et al., 1991). The murine IL-10 consists of 157 amino acids, with approximately 73% overall sequence identity to the human homolog. On the basis of its high helical content, IL-10 has been proposed to be a member of a large family of helical cytokines and growth factors (Kotenko, 2002). IL-10 mediates its anti-inflammatory actions upon specific binding to a tetrameric cell surface receptor formed by two IL-10R1 and two IL-10R2 polypeptide chains (Moore et al., 2001), ultimately resulting in transcription of signal transducer and activator of transcription 3-responsive genes, such as suppressor of cytokine signaling 3 (SOCS3) (Ito et al., 1999).

The therapeutic effect of IL-10 has been investigated clinically for inflammatory indications, with phase 2 or phase 3 studies completed for Crohn's disease, rheumatoid arthritis, and psoriasis (Asadullah et al., 1998, 1999; Keystone et al., 1998; Fedorak et al., 2000; Braat et al., 2006). Furthermore, a PEGylated version of IL-10 has been considered for oncology indications primarily on the basis of its ability to drive CD8 T-cell activation and recruitment into a tumor, resulting in strong antitumor activity in several preclinical models (Gérard et al., 1996; J. B. Mumm, J. Emmerich, X. Zhnag, L. Wu, S. Mauze, S. Blaisdell, J. Dai, C. Sheppard, K. Hong, C. Cutler, et al., manuscript in preparation). To date, there has been no published information concerning the distribution and stability of exogenously administered recombinant IL-10. To gain a better understanding of the pharmacological potential of PEGylated versus native IL-10 as a therapeutic candidate, we have assessed their disposition in rodents. These studies demonstrate that both PEGylation of IL-10 and immune complex formation resulted in clear alterations in the systemic exposure and disposition of IL-10. However, PEGylation of mIL-10 mainly reduced renal uptake consistent with an increase in the molecular weight of PEG-mIL-10; whereas immune complex formation resulted in a major switch in organ uptake, changing the native IL-10 route of elimination from renal to hepatic disposition.


Materials and Methods


Fluorescence Labeling.

DyLight 549, 649, and 680 labeling kits (Thermo Fisher Scientific, Waltham, MA) were used to conjugate an N-hydroxysuccinimide ester fluorescence dye (excitation/emission of 550/568, 646/674, and 692/712 nm, respectively) to the experimental proteins. Before labeling, protein (mIL-10, PEG-mIL-10, and hIL-10) or antibodies (hαhIL-10 12G8) (Presta, 2007) were buffer-exchanged to 50 mM sodium borate (Thermo Fisher Scientific) plus 75 mM NaCl buffer (pH 8.5) using a 10-kDa molecular mass cutoff Slide-A-Lizer dialysis cassette (Thermo Fisher Scientific). Each reaction mixture contained 1.2 mg of protein at a final volume of 0.5 ml. The reaction was initiated by combining each protein with the dye and continued for 1 h at room temperature protected from light. Unconjugated dye was removed using a purification resin (Thermo Fisher Scientific) packed into spin columns. When necessary, samples were further concentrated by Amicon ultracentrifugation filter devices with a 10-kDa cutoff membrane (Millipore Corporation, Billerica, MA). The labeled materials were filtered using a 0.22-μm Durapore polyvinylidene difluoride membrane (Millipore Corporation). A NanoDrop apparatus (Thermo Fisher Scientific) was used to characterize the labeled reagents for determination of protein concentration and degree of labeling (DOL) as dye/protein (mole/mole) ratio. The integrity of the labeled proteins and antibodies was also assessed by SEC-HPLC, binding ELISA (data not shown), and in vitro activity determinations (data not shown). When large amount of labeled regents were needed, the original procedures were scaled up to allow the efficient labeling of up to 50 mg of protein/reaction.




SEC-HPLC Analysis.

Samples were applied onto a BioSep-SEC-S 3000 column equipped with a Security Guard cartridge (Phenomenex, Torrance, CA) and separated using an Agilent 1200 HPLC system equipped with an integrated UV (Agilent Technologies, Santa Clara, CA) and fluorescence detector (Hamamatsu Corporation, Bridgewater, NJ).

The size exclusion procedure was a 15-min isocratic run with Dulbecco's phosphate-buffered saline (PBS) buffer (Mediatech, Manassas, VA) as the mobile phase at a flow rate of 1 ml/min at ambient temperature. The effluent was monitored optically at 280 nm and by total fluorescence intensity at excitation/emission of 550/568 or 646/674 nm, respectively. The percentage of peak area was calculated by dividing the area of the main intact protein peaks by the total fluorescent area of each chromatographic profile. Data collection and analysis were performed using ChemStation software version 2 (Agilent Technologies) and EXCEL 2003 SP-1 (Microsoft Corporation, Seattle, WA), respectively. Molecular weight markers (Bio-Rad Laboratories, Hercules, CA) were run before and after the analysis for assessment of column performance.




Bioactivity Proliferation Assay.

Among all the proteins and antibodies labeled in our studies, the bioactivities of 649-labeled mIL-10 and PEG-mIL-10 were assessed in a [γ-14C]thymidine incorporation assay measuring the proliferation of MC9 cells that express mIL-10Rα and mIL-10Rβ receptors. Healthy cells were plated at 7500 cells/well density in 96-well Cytostar-T scintillating microplates (GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK) and exposed to serial dilutions of mIL-10 or PEG-mIL-10 from 100 ng/ml plus 10 ng/ml mIL-4 (R&D Systems, Minneapolis, MN) and 2% γ-14C-labeled thymidine (GE Healthcare) in assay medium consisting of RPMI 1640 medium, 10% heat-inactivated fetal bovine serum, 50 μM 2-mercaptoethanol, 2 mM l-glutamine, 100 IU/ml penicillin, and 100 μg/ml streptomycin. The assay culture plates were incubated for 24 h at 37°C and 5% CO2. Proliferation is represented as accumulated incorporation of radiolabel and is assayed using scintillation proximity and measured on a TopCount Microplate Liquid Scintillation Counter (PerkinElmer Life and Analytical Sciences, Waltham, MA). Proliferation was plotted against the IL-10 concentration, and the EC50 value for bioactivity was determined using nonlinear regression (curve fit) of the sigmoidal dose-response in GraphPad Prism 4 (GraphPad Software Inc., San Diego, CA).




FcRn Expression and Purification.

The extracellular domains of murine FcRn α-chain (including a Gly-His6 and a human glutathione transferase tag) and β2-microglobulin genes were subcloned into pTT5 mammalian cell expression vectors for transfection into the Epstein-Barr virus antigen-transformed human embryonic kidney cell line 293 (293E) using linear polyethylenimine. Supernatants were collected 72 h after transfection, and the soluble mFcRn-His6-GST/β2m protein was purified and characterized as described previously (Shields et al., 2001).




FcRn Binding ELISA.

A polyclonal rabbit αGST antibody (Invitrogen, Carlsbad, CA) was coated on ELISA plates (Immuno Plate with MaxiSorp; Nalge Nunc International, Rochester, NY) overnight at 4°C. After blocking, murine FcRn-His6-GST was bound to ELISA plates. Serial 3-fold dilutions of recombinant proteins were added to the plate at pH 6.0. Captured antibodies or antibody complexes were detected with peroxidase-conjugated AffiniPure F(ab′)2 fragment donkey α-human (H+L) secondary antibody (Jackson ImmunoResearch Laboratories Inc., West Grove, PA) using 3,3′,5,5′-tetramethylbenzidine (KPL, Gaithersburg, MD) as substrate. Absorbance measured at 450 nm minus 650 nm was read on a SpectraMax Plus 384 plate reader (Molecular Devices, Sunnyvale, CA) and plotted against the logarithm of the various antibody concentrations. Control plates were incubated in conditions identical to those for plates without murine FcRn-His6-GST coating, and values were subtracted as background. Data were fitted and analyzed using a sigmoidal dose-response (variable slope) nonlinear regression fit using GraphPad Prism 4. The absorbance at the midpoint of the titration curves and its corresponding concentration were determined (EC50) and reported as an approximate dissociation constant (Kd).




In Vivo Study Design and Dosing.

Animals used for the in vivo study were BALB/c AnNCrl and CD-1 female mice from Charles River Laboratories, Inc. (Wilmington, MA), approximately 8 to 16 weeks of age with body weights of 23 to 27 g. All animals were dosed intravenously (tail vein) or subcutaneously (intrascapular area) with unlabeled and fluoroprobe-labeled test materials. Dosing solutions (0.250–0.70 μl) were prepared using body weight averages of each group. Animals consuming an alfalfa-free diet were fed with Teklad TD.97184 (Harlan, Indianapolis, IN) for at least 5 days before dosing and until study termination. Table 1 summarizes the animal study design. All studies were approved by the institutional animal care and use committee and were performed in accordance with the guidelines of the American Association for Assessment and Accreditation of Laboratory Animal Care.
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TABLE 1 Study design of subcutaneous and intravenous single dosing of IL-10 and αIL-10 in BALB/c or CD-1 female mice







Pharmacokinetic Analysis.

The pharmacokinetics and biodistribution of mIL-10, hIL-10, PEG-mIL10, hαhIL-10, and hIL-10 in complex with αIL-10 antibodies (hαhIL-10 and mαmIL-10) were characterized after single intravenous or subcutaneous bolus administration in normal mice (Table 1). Their PK properties were compared and evaluated.

Concentrations of test materials in serum samples and dosing solution retainers were determined by an electrochemiluminescence assay for mIL-10 and ELISAs for PEG-mIL-10 and hαhIL-10 12G8, whereas plasma samples were analyzed by a fluorescence emission-linked assay (FELA) for hIL-10, hαhIL-10 12G8, and immune complexes. The lower limits of quantification were 21 pg/ml for mIL-10, 100 pg/ml for PEG-mIL-10 (ELISA), and approximately 5.0 ng/ml for all 649-labeled experimental proteins.

Concentration-time data for mIL-10 and PEG-mIL-10 were analyzed using noncompartmental methods. PK parameters for mIL-10 and PEG-mIL-10 were estimated or calculated using WinNonlin model 200 for subcutaneous administration or model 201 for intravenous administration (WinNonlin, version 5.2.1; Pharsight, Mountain View, CA). Values of r2 or r2-adjusted ≥0.80 (where r is the correlation coefficient) were required for acceptance of λz estimates in noncompartmental analyses. ELISA and FELA data for hαhIL-10 12G8 were modeled using a two-compartment PK model (WinNonlin, version 5.2.1, model 7), and PK parameters were calculated using noncompartmental model 201 (intravenous) (WinNonlin). PK parameters of FELA concentration-time data for hIL-10 alone (intravenous or subcutaneous) or in immune complexes with hαhIL-10 12G8 or mαmIL-10 11D8 were calculated using an appropriate noncompartmental model as described before. Concentration data for all proteins and antibodies was plotted using GraphPad Prism 4 and are presented with S.D. for all proteins and antibodies with the exception of hIL-10 (subcutaneous) and hIL-10 (subcutaneous) dosed 5 min after administration of mαmIL-10 (intravenous).




Blood and Tissue Collection.

Animals were anesthetized with carbon dioxide before euthanasia. Blood (0.5 ml) was collected via cardiac puncture in EDTA-K2 Capiject plasma separator tubes (Terumo Medical Corp., Somerset, NJ) and kept at 4°C. Plasma was stored at −80°C. Blood samples (0.1 ml) were collected into polypropylene vials (Corning Glassworks, Corning, NY). Urine and organ samples were collected terminally. For lysate preparation, organ samples were weighed and placed on dry ice. Partially frozen samples were minced and homogenized using a Mini-Beadbeater-96 device (Cole-Parmer Instrument Co., Vernon Hills, IL). Then 100 mg of wet tissue/1 ml (1:10 dilution) of Dulbecco's PBS lysis buffer containing 1% Triton X-100 (MP Biomedicals, Solon, OH) and Halt protease inhibitor single-use cocktail (Thermo Fisher Scientific) were homogenized using 1-mm zirconia/silica beads. The tissue slurry was centrifuged (10,000 rpm for 6 min, 4°C), and the tissue lysate supernatants were collected and stored at −80°C until analysis.




Whole-Body CT-Fusion Fluorescence Imaging Analysis.

An OPTIX CT-fusion fluorescence apparatus (ART Advanced Research Technologies Inc., Montreal, QC, Canada) was used to determine the disposition of 680-labeled native and PEG-IL-10 in live mice after subcutaneous administration. Animals were shaved under isoflurane anesthesia and prescanned before dosing. Mice were injected intravenously with 0.3 to 0.5 ml of Fenestra VC or LC contrast agent 2 to 4 h before scanning.




Analysis of Total Fluorescence Intensity by Fluorescence Plate Reader.

Total fluorescence intensity was measured using a Modulus Microplate Multimode Reader (Promega, Madison, WI) equipped with a fluorescence optical kit filter with excitation/emission wavelengths of 625/660 to 720 nm, respectively. Individual calibration curves were prepared for all the tissues to be analyzed, resulting in three main concentration versus fluorescence intensity slopes represented by whole blood, plasma, and liver. Aliquots were transferred to low fluorescence background 96-well polystyrene assay plates (Corning Glassworks). A set of corresponding blank tissue lysates was used for background correction. A linear function was fitted to the data using regression. Concentrations were calculated as microgram equivalents per gram of wet tissue. Tissue/blood ratios and percentage of injected dose were calculated on the basis of the drug concentration in tested tissues and total administered dose per animal, respectively. Data were calculated using EXCEL 2003 SP-1 or GraphPad Prism 4.




Immunoprecipitation and SDS-PAGE Fluorescence Scanning Analysis.

Aliquots of selected tissue lysates were thawed and centrifuged for 10 min at 2000g. Supernatants from the hIL-10-treated group were immunoprecipitated with 100 μg of mαmIL-10 11D8 and incubated for 60 min at 4°C, whereas the immune complex group was not subjected to incubation with an antibody. Protein A-Sepharose (Sigma-Aldrich, St. Louis, MO) in PBS slurry was added to the samples that were previously passed through a 1/2-ml Lo-Dose U-100 insulin syringe and incubated overnight at 4°C with gentle agitation. The Protein A-Sepharose pellets were washed four times with ice-cold lysis buffer. After centrifugation, the supernatants were aspirated, and the pellets were resuspended in 60 μl of SDS-PAGE sample buffer. Samples were incubated at 70°C for 5 min. Samples (10 μl) were run on a 4 to 12% bis-Tris gel (Invitrogen) and analyzed by fluorescence scanning using a Typhoon apparatus (GE Healthcare). BenchMark Fluorescence Protein Standard (Invitrogen) was used for molecular weight assessment of the experimental bands. Images were analyzed using the ImageQuant TotalLab software (GE Healthcare).




Immunohistochemistry.

Immunohistochemical studies were performed on formalin-fixed, paraffin-embedded 5-μm-thick tissue sections using a mouse anti-DyLight 649 monoclonal antibody (BC15.12A3.G4 IgG1/k). Sections were deparaffinized, quenched with 3% hydrogen peroxide, and heat-retrieved with citrate buffer (Dako North America, Inc., Carpinteria, CA) using a decloaking chamber (Biocare Medical, Concord, CA). Slides were then mounted in an autostainer (Dako North America, Inc.), incubated with mouse anti-DyLight 649 primary antibody, treated with rabbit anti-fluorescein isothiocyanate secondary antibody (Invitrogen), and incubated with rabbit EnVision Plus (Dako North America, Inc.). Slides were developed with DAB Plus (Dako North America, Inc.), counterstained in modified Mayer's hematoxylin, and blued in 0.3% ammonia water.




Multichannel Fluorescence Whole-Slide Scanning.

Scanning fluorescence analysis was performed on 5-μm-thick, 4% paraformaldehyde-fixed frozen tissue sections (kidney and liver) mounted in medium containing 4,6-diamidino-2-phenylindole (ProLong Gold antifade reagent with 4,6-diamidino-2-phenylindole; Invitrogen). All slides were scanned using an Aperio ScanScope FL (Aperio Technologies, Vista, CA) at excitation/emission 550/568 nm for DyLight 549, and excitation/emission 646/674 nm for DyLight 649 experimental proteins. Images were analyzed using ImageScope software and Spectrum Plus (Aperio Technologies).







Results



Characterization of Labeled mIL-10, PEG-mIL-10, hIL-10, and hαhIL-10.

To follow the fate of exogenously administered experimental proteins in complex biological matrices both in vitro and in vivo; test materials were chemically labeled with the fluorescent dye (DyLight 649). In specific studies, DyLight 549 for colocalization studies and DyLight 680 for whole in vivo imaging were also used. The purity, integrity, and biological activity of the fluorescence-labeled protein therapeutics were characterized by several methods.

SEC-HPLC analysis of labeled and unlabeled native mIL-10 and PEG-mIL-10 measured at 280 UV and 649 nm fluorescence, respectively, are identical (Fig. 1) with no evidence of aggregate formation, de-PEGylation, monomer release, or degradation products resulting from the labeling procedure with identical recovery results for 649- and 680-labeled materials (data not shown). mIL-10 homodimer runs as a single peak with an approximate molecular mass of 35 kDa (Fig. 1, A and D), whereas PEG-mIL-10 is depicted by two major peaks of 158 and 95 kDa representing a di- and mono-PEGylated mIL-10 moiety, respectively (Fig. 1, B and E). mIL-10 has been PEGylated at the N terminus with a 5-kDa linear aldehyde-activated PEG through reductive alkylation using sodium cyanoborohydride as a reductant. The DOL for native mIL-10 and PEG-mIL-10 ranged between 1.2 and 5 (dye/protein molar ratio). The recovery of the labeled materials measured by a capture ELISA was 100% compared with that for the unlabeled control. Analysis of biological activity was also measured in a proliferation assay. EC50 values for unlabeled and labeled native mIL-10 were 0.543 and 0.449 ng/ml and for unlabeled and labeled PEG-mIL-10 were 1 and 1.9 ng/ml, respectively, indicating that the labeling protocol did not have a major impact on the bioactivity of the test materials (data not shown). SEC-HPLC analysis of unlabeled and labeled hαhIL-10 12G8 antibody (Fig. 1, C and F) demonstrated no changes in the chromatographic profile due to the labeling procedure. There are no chromatographic differences between native human and murine IL-10. The expected molecular mass of approximately 150 kDa for hαhIL-10 12G8 was confirmed by SEC coupled with multiple angle light scattering (data not shown). The average DOL for hIL-10 and hαhIL-10 was 1.5 and 3.7 mol of dye/mol protein, respectively, and the recovery ranged from 72 to 83%.
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Fig. 1. In vitro characterization of mIL-10, PEG-mIL-10, and hαhIL-10 antibody 12G8. Shown is the SEC-HPLC profile analysis of native mIL-10 (A), PEG-mIL-10 (B), and hαhIL-10 (C) and 649 fluorescence-labeled mIL-10 (D), PEG-mIL-10 (E), and hαhIL-10 (F). Black arrows indicate the position of proteins. All samples were run on a BioSep-SEC-S 3000 Phenomenex column at 1 ml/min elution rate. LU, light units.







Characterization of hIL-10 Immune Complexes.

Figure 2 shows the SEC-HPLC fluorescence profiles of 649-labeled hIL-10 in preformed immune complexes with hαhIL-10 12G8 or mαmIL-10 11D8 monoclonal antibodies (Fig. 2, A and B, respectively) after incubation in freshly prepared undiluted EDTA-K2 murine plasma at different antibody/hIL-10 M ratios. Labeled hIL-10 alone was identified in plasma by a single peak with an apparent molecular mass of approximately 35 kDa. In contrast, three main HMW complexes were identified in the presence of hαhIL-10 12G8. The approximate molecular masses were 223, 348, and 528 kDa (peaks I, II, and III, respectively) (Fig. 2A). The sizes of these immune complexes are consistent with antigen/antibody interactions containing two hIL-10 molecules bound to one and two antibodies, respectively (expected molecular mass of 225 and 375 kDa for peak I and II), and three ligands plus three antibodies (expected molecular mass 563 kDa for peak III). The molecular mass of hIL-10 with hαhIL-10 12G8 immune complexes was confirmed by SEC coupled with multiple angle light scattering (data not shown). Once formed, these immune complexes were very stable over time and largely unaffected by dilution (data not shown). hIL-10 in the presence of the murine monoclonal mαmIL-10 11D8 (Fig. 2B) formed only one major HMW complex with an approximate molecular mass of 222 kDa, consistent with the interaction of two ligands bound to one antibody (expected molecular mass of 225 kDa). This mαmIL-10 monoclonal antibody also binds hIL-10 with high affinity.
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Fig. 2. In vitro characterization of hIL-10/αIL-10 immune complexes incubated in plasma. SEC-HPLC profile analysis of 649 fluorescence-labeled hIL-10 incubated in the presence of unlabeled hαhIL-10 12G8 (A) or mαmIL-10 11D8 (B). Molar ratios of hαhIL-10/hIL-10 or mαmIL-10/hIL-10 are shown in the legends. Black arrows indicate the position of proteins and immune complexes. All samples were run on a BioSep-SEC-S 3000 Phenomenex column at 1 ml/min elution rate. LU, light units.







Pharmacokinetics of mIL-10, PEG-mIL-10, and hαhIL-10 after a Single Intravenous or Subcutaneous Administration.

The mIL-10 and PEG-mIL-10 serum concentration-time profiles are presented in Fig. 3A (unlabeled samples). A noncompartmental model was conducted and generated PK parameters are summarized in Table 2. The PEGylation of mIL-10 reduced the clearance by 20-fold (from 4584 to 220.80 ml · day−1 · kg−1) and increased t1/2 by 2.7-fold (0.098–0.26 days) compared with the native protein when it is administered intravenously. A similar effect was observed when PEG-mIL-10 was dosed subcutaneously. The volume of distribution decreased 1.5-fold for the PEGylated protein (from 95.40 to 62.40 ml/kg), suggesting that the PEG moiety reduces the ability of the mIL-10 to distribute outside of the central vasculature. Thus, PEGylation of mIL-10 after intravenous or subcutaneous administration resulted in a significant increase in systemic exposure compared with that for the wild-type protein (from 0.65 and 0.27 to 13.5 and 6.03 μg · day/ml, respectively). Figure 3B shows the concentration-time profile of labeled and fluoro-labeled hαhIL-10 monoclonal antibody 12G8 after intravenous dosing in mice. A two-compartment PK model provided a good fit to the observed data, whereas a noncompartmental analysis was used to generate the PK parameters (Table 3). Our results demonstrated that both bioanalytical methods (FELA and ELISA) provide similar profiles and PK parameters for the labeled and unlabeled hαhIL-10 antibody 12G8. hαhIL-10 12G8 has a good systemic exposure with clearance and terminal t1/2 of a typical humanized monoclonal antibody in rodents (Kim et al., 1999).
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Fig. 3. Concentration versus time profiles after administration of 3 mg/kg mIL-10, PEG-mIL-10, and hαhIL-10 12G8. A, serum concentrations of mice after intravenous and subcutaneous bolus administration of mIL-10 were determined by ELISA at 5, 15, and 30 min; 1, 2, 3, 4, 8, 10, 16, and 24 h; and 15 and 30 min and 1, 2, 3, 4, 8, 10, 16, 24, and 30 h, respectively. Serum concentrations after intravenous and subcutaneous bolus administration of PEG-mIL-10 were determined by ELISA at 5, 15, and 30 min; 1, 2, 3, 4, 8, 10, 16, 24, and 48 h; and 15 and 30 min and 1, 2, 3, 4, 8, 10, 16, 24, and 48 h, respectively. B, hαhIL-10 plasma concentrations after intravenous bolus administration were determined by FELA at 5 and 30 min; 1, 3, 6, and 16 h; and 1, 2, 4, 5, 7, 10, 14, 21, and 28 days, whereas serum concentrations were determined by ELISA at 30 min; 1, 3, 6, 10, and 16 h; and 1, 2, 3, 5, 7, 10, 14, 21, and 28 days. The results represent the average of three mice per time point. S.D. is shown by the bars.




View this table:	View inline
	View popup



TABLE 2 Pharmacokinetic parameters for mIL-10 and PEG-mIL-10 parameters were calculated using a noncompartmental model for intravenous and subcutaneous administration
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TABLE 3 Pharmacokinetic parameters for hαhIL-10

Parameters were calculated using a noncompartmental model for intravenous administration.







Pharmacokinetics of hIL-10 Immune Complexes.

Figure 4 shows the plasma concentration-time profiles of 649-labeled hIL-10 alone or in preformed immune complexes with 12G8 (antibody/ligand molar ratio of 2.0) after intravenous administration. The concentration-time profile of immune complexes formed in vivo using mαmIL-10 11D8 monoclonal antibody is also shown. The murine analog antibody was given intravenously 5 min before a subcutaneous injection of 649-labeled hIL-10 (antibody/ligand molar ratio of 0.8). In both cases, the levels of hIL-10 present in immune complexes were calculated using FELA. The subcutaneous PK profile of hIL-10 alone was also calculated.
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Fig. 4. Concentration versus time profiles after administration of hIL-10 + αIL-10. Plasma concentrations after intravenous bolus administration in rodents of hIL-10 alone (3 mg/kg) or in preformed immune complexes with hαhIL-10 12G8 (3 + 25 mg/kg, respectively) were determined by FELA at 5, 15, and 30 min and 1, 2, 4, and 8 h for hIL-10 and at 5, 15, and 30 min; 1, 2, 4, 8, and 16 h; and 1, 2, and 3 days for hαhIL-10 immune complexes, respectively. The results represent the average of three mice per time point. S.D. is shown by the bars. Plasma concentrations after subcutaneously administered hIL-10 (20 mg/kg) alone or 5 min after intravenous administration of mαmIL-10 11D8 (20 + 60 mg/kg, respectively) were determined by FELA at 1, 2, 4, 8, and 16 h and 1 and 2 days for hIL-10 and at 1, 2, 4, and 8 h and 1, 2, and 4 days for mαmIL-10 immune complexes, respectively. The results represent the average of two mice per time point.




A noncompartmental model was used to generate the PK parameters (Table 4). Binding to the humanized antibody in preformed complexes reduces hIL-10 clearance by 23-fold (from 5655.89 to 243.34 ml · day−1 · kg−1) and increases t1/2 by 29-fold, respectively (from 0.04 to 1.16 days). Complexation of hIL-10 in vivo to the murine monoclonal antibody 11D8 (antibody intravenously and ligand subcutaneously, dosed sequentially) also increased the t1/2 of hIL-10 but to a lesser degree (from 0.54 to 1.16 days).
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TABLE 4 Pharmacokinetic parameters for hαhIL-10/hIL-10 and mαmIL-10/hIL-10 immune complex

Parameters were calculated using a noncompartmental model for intravenous and subcutaneous administration.







Binding of hαhIL-10 to Murine FcRn.

To ascertain the role of binding to FcRn in the changes in half-life and clearance (Presta, 2008) of hαhIL-10 antibody when bound to the ligand, we characterized the FcRn binding properties in vitro of hαhIL-10 12G8 alone or as hIL-10/hαhIL-10 immune complexes. Bevacizumab (Avastin), a humanized αVEGF monoclonal antibody (Ferrara et al., 2004) was used as a control for immune complexes specificity in the presence of excess hIL-10. The approximate Kd values are shown in Table 5. Similar mFcRn binding parameters were observed between hαhIL-10 and bevacizumab (approximate Kd of 9.9 and 7.1 nM, respectively) in the absence of hIL-10. These FcRn binding values are comparable to those reported for a humanized anti-TNF-α monoclonal antibody binding to murine FcRn (Kd = 12.1 nM) (Deng et al., 2010). It is important that the presence of hIL-10 causes a 10-fold decrease in the binding of hαhIL10 (Kd = 113 nM) but not bevacizumab to mFcRn (Kd = 7.8 nM), demonstrating a profound effect in FcRn-antibody interactions when bound to the ligand.
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TABLE 5 Monoclonal antibody binding affinity to murine FcRn at pH 6.0

Approximate Kd values indicated data determined from kinetic analysis of two independent binding experiments.







Characterization of mIL-10, PEG-mIL-10, hαhIL-10, and hIL-10/hαhIL-10 Immune Complex Stability and Interactions In Vivo.

Sequential HPLC fluorescence analyses from plasma collected over a 2-day period after subcutaneous dosing of 3 mg/kg 649-labeled mIL-10 and PEG-mIL-10 are presented in Fig. 5, A and B. Native mIL-10 peaks at 1 h, and it is only detectable up to 2 h postdosing. At any time point, detectable mIL-10 was mostly composed of the intact 35-kDa homodimer with only low levels of free dye and HMW complexes present systemically. PEG-mIL-10 represented by two chromatographic peaks (mono- versus di-PEG homodimer) also remained fully intact in the circulation, and it was detectable up to 48 h after subcutaneous administration. SEC-HPLC analysis also demonstrated that the absorption and elimination profiles of PEG-mIL10 are size-dependent. The relative amounts of each peak reverse over time in the circulation. At earlier time points (up to 2 h) mono-PEG mIL-10 is the dominant peak, whereas at 6 h the di-PEG mIL-10 form has become predominant and by 1 day is the only peak present in plasma. At the later time points, there were low levels of HMW complexes, with no evidence of catabolic species, de-PEGylation, or significant fluoroprobe release. The relative amounts of di- versus mono-PEG forms present over time in vivo are shown in Table 6. Urine samples from animals dosed with mIL-10 or PEG-mIL-10 contained large amounts of fluorescence signal composed only of low-molecular-weight moieties or free fluorescent dye (<1.4 kDa), consistent with renal elimination (data not shown).
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Fig. 5. Plasma fluorescence SEC-HPLC profiles of 649-labeled mIL-10 (A), PEG-mIL-10 (B), hαhIL-10 12G8 (C), and hIL-10/hαhIL-10 12G8 immune complexes (D) after administration in rodents. Plasma samples were collected at 0.25, 0.5, 1, 2, and 6 h and 1 and 2 days for mIL-10 (3 mg/kg) and at 0.5, 1, 2, and 6 h and 1 and 2 days for PEG-mIL-10 (3 mg/kg) after subcutaneous administration. For hαhIL-10 treated mice (3 mg/kg), plasma samples were collected at 0.08, 0.5, 1, 3, 6, and 16 h and 1, 2, 4, 5, 7, 10, 14, 21, and 28 days and at 5 and 30 min; 1, 2, and 4 h; and 1, 2, and 3 days after intravenous administration of hIL-10/hαhIL-10 (3 + 25 mg/kg, respectively). Undiluted aliquots were run on a BioSep-SEC-S 3000 Phenomenex column as described before. Black arrows indicate the position of the main fluorescence peaks. Only one set of time points are shown. LU, light, units.
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TABLE 6 Relative amounts of di versus mono forms present in total PEG-mIL-10 over time after subcutaneous dosing in mice measured by SEC-HPLC analysis




Figure 5C shows the HPLC plasma profiles of 649-labeled-hαhIL-10 antibody 12G8 after intravenous administration of 3 mg/kg as a single major peak of approximate 150 kDa molecular mass, representing unmodified IgG up to 28 days after dosing. Only low levels of free dye or HMW complex formation were observed. Likewise, plasma HPLC analysis of preformed hIL-10/hαhIL10 immune complexes at a 1 to 2 M ratio after intravenous dosing (Fig. 5D) indicated that fluoro-labeled hIL-10 remains bound to the antibody at every time point investigated, indicative of strong systemic stability in these conditions. Only immune complexes and no free hIL-10 were detectable in the circulation up to 3 days after dosing. The size and relative amounts of immune complexes present in plasma are identical to those characterized in the dosing solutions as shown in Fig. 2. There was no evidence of catabolites or degradation products including free dye or unbound or monomeric hIL-10 in the circulation. Only low molecular mass (approximately 3.5 kDa) catabolites were identified in urine (data not shown). The formation and stability in vivo of immune complexes was also demonstrated in mice dosed intravenously with the mαmIL-10 antibody analog 11D8, followed by subcutaneous administration of labeled hIL-10 (data not shown). These complexes in vivo were indistinguishable in size compared with those characterized previously in vitro with the mαmIL10 antibody (Fig. 2).




Analysis of mIL-10, PEG-mIL-10, and hαhIL-10 Distribution in Tissues.

Total fluorescence profiles (microgram-equivalents per gram of tissue) of labeled mIL-10 and PEG-mIL-10 after subcutaneous administration were measured over time in organs, whole blood, and plasma. The highest levels of total fluorescence signal after native or PEG-IL10 dosing (Fig. 6, A and B, respectively) were detected in the kidneys (131 μg-Eq/g for mIL-10 versus 36 μg-Eq/g for PEG-mIL-10 at 6 h postdose). The native mIL-10 tissue/blood ratios over time (Fig. 7A) were considerably higher than 1 in several organs, indicative of potential tissue uptake and accumulation. Kidney/blood ratios were exceptionally high (approximately 150), indicating a major role for this organ in the disposition and clearance of mIL-10. In comparison, tissue/blood ratios for PEG-mIL-10 (Fig. 7B), with the exception of the kidneys (approximately 20) ranged at approximately 1 to 2 in most organs at any given time with the exception of colon and mesenteric lymph nodes 2 days after dosing (10 and 9, respectively). Supplemental Tables 1 and 2 show disposition of mIL-10 and PEG-mIL-10 described as a percentage of injected dose per gram of tissue. The organ with the highest percentage of injected dose for both tested materials were the kidneys at 6 h postdose, 87% for mIL-10, and 24% for PEG-mIL-10. These data indicate that the kidneys play an important role in the clearance and disposition of both native and PEGylated IL-10.
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Fig. 6. Microgram-equivalents of 649-labeled mIL-10 and PEG-mIL-10 in tissues. Tissue concentrations in liver, heart, lung, spleen, thymus, colon, muscle, brain, lymph nodes, plasma, whole blood (WB), and kidney were measured at 0.5, 1, 2, and 6 h and 1 and 2 days after subcutaneous dosing with mIL-10 (A) and PEG-mIL-10 (B). Organs and biomatrices were collected and processed for microplate quantitative analysis. Values are expressed as microgram-equivalents per gram of wet tissue. The results represent the average of two mice per time point.
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Fig. 7. Tissue/blood ratios of 649-labeled mIL-10 and PEG-mIL-10 after subcutaneous administration in mice. Liver, heart, lung, spleen, thymus, colon, muscle, brain, lymph nodes, plasma, whole blood (WB), and kidney were measured at the indicated time points. Organs and biomatrices were collected and processed for microplate quantitative analysis. Ratios greater than 1 are indicative of tissue uptake. The results represent the average of two mice per time point.




Concentration profiles and tissue/blood ratios of 649-labeled hαhIL-10 antibody 12G8 after intravenous administrations are presented in Fig. 8, A and B. No evidence of organ uptake was observed. The tissue/blood ratios over time were lower than 1 in all analyzed organs, indicative of a negative tissue uptake or accumulation.
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Fig. 8. Microgram-equivalents and tissue/blood ratios of hαhIL-10 12G8. Tissue concentrations (A) and tissue/blood ratios (B) in liver, kidney, heart, lung, spleen, colon, ileum, brain, lymph nodes, urine, plasma, and whole blood (WB) were measured at 5 min; 1, 2, and 6 h; and 1, 2, 4, 7, and 14 days after intravenous dosing with hαhIL-10. Organs and biomatrices were collected and processed for microplate quantitative analysis. Values are expressed as microgram-equivalents per gram of wet tissue. Ratios greater than 1 are indicative of tissue uptake. The results represent the average of two mice per time point.







In Vivo CT-Fusion Fluorescence Imaging of Native and Pegylated mIL-10 in Normal Mice.

Whole-animal in vivo fluorescence imaging studies were conducted to complement the biodistribution analysis of native versus PEGylated mIL-10. Figure 9 shows the strong kidney localization of 680-labeled native and PEGylated mIL-10, 2 h after a subcutaneous dose of 3 mg/kg. Consistent with the previous quantitative analysis (Fig. 6), there is a stronger fluorescence signal in the kidneys of animals injected with the native mIL-10.
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Fig. 9. Whole-body in vivo imaging (anterior-posterior view) of mIL-10 and PEG-mIL-10 dosed mice using CT-fusion fluorescence analysis. CT scan and fluorescence analysis of BALB/c mice 2 h after subcutaneous injection (3 mg/kg) with 680-labeled mIL-10 (A and B) and PEG-mIL-10 (C and D), respectively, are shown. White arrows show the location of right kidney. Color bars indicate the intensity of the fluorescence signal.







Analysis of hIL-10 Immune Complexes Distribution in Tissues.

Total fluorescence profiles (microgram-equivalents per gram of tissue) of labeled hIL-10 and hIL-10 bound to the hαhIL-10 antibody 12G8 after intravenous administration of preformed immune complexes were measured over time in various organs. The highest level of signal after hIL-10 administration alone (Fig. 10A) was detected in the kidney (125 μg/g at 1 h postdose). Liver and spleen disposition of hIL-10 was also observed at lower levels (4.5 and 0.89 μg/g at 1 h, respectively). In contrast, in the presence of hαhIL-10 antibody, the uptake of this cytokine to the kidney was dramatically reduced (2.7 μg/g at 1 h), whereas the disposition to the liver and spleen of the immune complexes increased to a peak of 15 and 3.3 μg/g at 1 h, respectively. Kidney/liver ratios for hIL-10 alone were close to 30 at 1 h, whereas in the presence of the antibody the highest hIL-10 kidney/liver ratio was less than 1 (Fig. 10B). Liver/kidney ratios for hIL-10 alone or in the presence of the antibody are shown in Fig. 10C. Overall, these results demonstrate that the presence of the antibody changes the disposition of hIL-10 mainly from the kidney to the liver. Similar data were found when the murine monoclonal antibody 11D8 was dosed intravenously 5 min before a subcutaneous administration of labeled hIL-10 (Fig. 11). Therefore, complexation of IL-10 in vivo prevents kidney localization and promotes liver uptake.
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Fig. 10. Biodistribution of hIL-10 and hIL-10/hαhIL-10 12G8 in immune complexes after intravenous administration. Microgram-equivalents (A), kidney/liver ratios (B), and liver/kidney ratios (C) of 649-labeled hIL-10 alone (3 mg/kg) or in preformed immune complexes with hαhIL-10 12G8 (25 mg/kg) at 5 and 30 min and 1, 2, 4, 24, and 48 h. Values are expressed as microgram-equivalents per gram of wet tissue. The results represent the average of two mice per time point.
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Fig. 11. Biodistribution of hIL-10 and hIL-10/mαmIL-10 11D8 in immune complexes after subcutaneous administration. Microgram-equivalents (A), kidney/liver ratios (B), and liver/kidney ratios (C) of subcutaneously administered 649-labeled hIL-10 alone (20 mg/kg) or 5 min after an intravenous administration of mαmIL-10 11D8 (20 + 60 mg/kg, respectively) at 30 min and 1, 2, 6, 16, 24, and 48 h. Values are expressed as microgram-equivalents per gram of wet tissue. The results represent the average of two mice per time point.




To determine the relative degree of 649-labeled hIL-10 processing in vivo, tissue lysates and biomatrices were subjected to immunoprecipitation and SDS-PAGE fluorescence analysis (Fig. 12). One major band of approximately 18 kDa is present in whole blood, plasma, and spleens of mice dosed with hIL-10 alone or in the presence of circulating mαmIL-10 antibody up to 2 h postdosing. The presence of an additional band of slightly higher molecular mass represents reduced hIL-10 forms (data not shown). The relative band intensities for labeled hIL-10 alone or in the presence of mαmIL-10 antibody in liver and kidney reflect the quantitative analysis.
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Fig. 12. SDS-PAGE fluorescence analysis of plasma and tissue lysate samples. SDS-PAGE of immunoprecipitated tissue samples collected after subcutaneous dosing of labeled-hIL-10 alone (−) (20 mg/kg) or 5 min after an intravenous administration of mαmIL-10 11D8 (+) (20 + 60 mg/kg, respectively). Black arrows indicate the molecular mass of hIL-10 (monomer, ∼18 kDa). Organs and biomatrices were collected at 0.5, 1, 2, 6, and 24 h after dosing.







Characterization of 649-Labeled hIL-10 Organ Disposition by Immunohistochemistry and Fluorescence Microscopy.

Figure 13 shows immunohistochemical analysis of liver, kidney, and spleen tissues 2 h after subcutaneous administration of 649-labeled hIL-10 alone (20 mg/kg) or 5 min after an intravenous dose (60 mg/kg) of unlabeled mαmIL-10 11D8 antibody. Mice dosed with hIL-10 alone show a strong signal in a subset of proximal convoluted renal tubes and along a portion of parietal epithelium in Bowman's capsule and to a lesser degree in endothelial cells in the glomeruli (Fig. 13A). hIL-10 kidney staining is dramatically reduced in mice predosed with the mαmIL-10 antibody (Fig. 13D). Liver and spleen tissues show only moderate staining for hIL-10 alone (Fig. 13, B and C); however, in the presence of the mαmIL-10 antibody, both organs display a noticeable increase in hIL-10 staining, mostly in the sinusoidal lining cells of the liver and, to a lesser degree, in cellular components of the red pulp in the spleen (Fig. 13, E and F). These immunohistochemistry results confirmed that the presence of the antibody changes the biodistribution of hIL-10 mainly from the kidney to the liver.
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Fig. 13. Anti-649 immunohistochemical analysis of mice tissue samples after 2 h of treatment with hIL-10 and hIL-10/mαmIL-10 11D8 immune complexes. Tissue samples were collected after subcutaneous dosing of 649-labeled hIL-10 alone (20 mg/kg) (A, B, and C) or 5 min after intravenous administration of mαmIL-10 11D8 (20 + 60 mg/kg, respectively) (D, E, and F). Scale bars, 100 μm (original magnification, 20×).




A dual fluorescence microscopy analysis was conducted to further characterize the disposition of hIL-10 and hIL-10 in immune complexes in vivo. Normal CD-1 mice were dosed intravenously with 649-labeled hIL-10 alone (Fig. 14, A–C) or with preformed immune complexes using an additional nonoverlapping fluorescent dye (DyLight 549) to label the hαhIL-10 antibody (Fig. 14, D–I). hIL-10 alone is distributed in punctate compartments and is concentrated in the proximal convoluted renal tubes (Fig. 14, A and C). In contrast, a minimal hIL-10 fluorescence signal was observed in kidney tissues 1 h postdose of preformed immune complexes (Fig. 14, D and F). In Fig. 14, the bottom panel demonstrates that both hIL-10 and antibody signal colocalize in the liver, indicative of the presence of immune complexes in this organ.
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Fig. 14. Dual fluorescence microscopy analysis after intravenous dosing of hIL-10 alone on in preformed immune complexes with hαhIL-10 12G8. Frozen liver and kidney sections (5 μm) were analyzed 1 h after intravenous administration of 649-labeled hIL-10 (5 mg/kg) alone (A, B, and C) or in preformed immune complexes with 549-labeled hαhIL-10 12G8 (5 + 25 mg/kg, respectively) (D–I). Red and green signals represent 649 and 549 fluorescence signals individually. Yellow represents the overlay of both fluorescence channels indicative of colocalization. Scale bars, 100 μm (original magnification, 20×).




The presence of hIL-10 immune complexes in organs was confirmed by SEC-HPLC fluorescence analysis (Fig. 15). Chromatographic profiles of liver, kidney, and spleen tissue lysates after 649-labeled hIL-10 intravenous dosing in preformed immune complexes demonstrate the presence of these complexes in vivo and the absence of free hIL-10. The estimated sizes of these immune complexes (340 and 525 kDa) are identical to those of the ones characterized in the dosing solution. The presence of degradation products of lower molecular mass and large amounts of free dye in the liver but not systemically is indicative of active catabolism in this organ.
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Fig. 15. SEC-HPLC characterization of tissue lysates and plasma of mice intravenous dosed with 649-labeled hIL-10 in preformed immune complexes with hαhIL-10 12G8. Tissue samples were collected at 1 h, and lysates were prepared as described previously. Plasma HPLC profiles of hIL-10 and hαhIL-10 12G8 are included for comparison. Black arrows indicate the position of the main fluorescence peaks. Only one set of time points are shown. LU, light units.










Discussion

The anti-inflammatory cytokine interleukin-10 has been previously evaluated in a clinical setting for the treatment of Crohn's disease, rheumatoid arthritis, and psoriasis. More recently, a PEGylated form of IL-10 has been considered for oncology indications on the basis of its strong antitumor activity in several preclinical models. To date, there is limited information concerning the in vivo distribution of recombinant native or PEGylated IL-10.

To characterize the fate of these experimental proteins in vivo, our biodistribution studies were conducted using an innovative, fully integrated analytical set of FELAs. Similar to isotope tagging, FELA is a direct measurement of signal intensity without the need for additional reagents or steps in the analysis and therefore minimizes potential biomatrix-mediated interferences. In contrast to 125I-labeling (for review, see Vugmeyster et al., 2010), we have implemented effective fluorescence modification procedures up to 50 mg of protein/reaction, allowing the use of fully labeled experimental proteins in pharmacological studies requiring milligram per kilogram doses. Comparative analysis with ELISA-based methods validated this approach as a valuable alternative platform assay for PK studies.

We have shown that PEGylation of mIL-10 improves its PK properties as described previously for other PEGylated proteins including interferon α2a, interferon α2b, and granulocyte cell-stimulating factor (Veronese and Pasut, 2005). Compared with regular mIL-10, PEG-mIL-10 has higher systemic exposure, slower clearance, and longer t1/2. Likewise, hIL-10 bound to a hαhIL-10 antibody also has increased t1/2 and reduced clearance. Similar effects in the PK properties of other antibody-bound biological agents have been observed for recombinant human VEGF/αVEGF and IgE/αIgE immune complexes (Fox et al., 1996; Hsei et al., 2002). Although little is known about the precise mechanisms regulating the pharmacokinetics, elimination properties, and possible biological functions of soluble small immune complexes like these in vivo, it is expected that potential changes in FcRn recycling, may play an important role (Qiao et al., 2008; Liu et al., 2011). Therefore, we evaluated the binding to recombinant mFcRn of hαhIL-10 12G8 antibody alone or as an immune complex in the presence of excess hIL-10. Of note, the affinity of hαhIL-10 in complex is 11-fold lower than that of the antibody alone. A similar decrease in apparent Kd values from 1.2- to 3-fold has been reported for anti-TNF-α antibodies and TNF-α receptor Fc fusion constructs (adalimumab, infliximab, and etanercept) when bound to TNF-α (Suzuki et al., 2010). Our results demonstrate that hIL-10/hαhIL-10 immune complexes are cleared faster than free hαhIL-10 (243.34 versus 8.48 ml · day−1 · kg−1), and this correlates with a weaker FcRn interaction. In contrast, the clearance values for hIL-10 when in immune complexes are between those for hIL-10 and antibody alone (5655 versus 8.48 ml · day−1 · kg−1, respectively) after a 3 mg/kg intravenous dose. The fact that hIL-10 in immune complexes clears significantly slower than free hIL-10 in part explains the general systemic increase in ligand levels and related changes in other PK properties of endogenous targets after the administration of neutralizing monoclonal antibodies, as previously observed for different soluble targets including IgE, TNF-α, and VEGF (Fox et al., 1996; Charles et al., 1999; Gordon et al., 2001). The importance of the Fab domain in potentially modulating FcRn binding has been recently indicated by Wang et al., 2011. In rodents, clearance of large cross-linking immune complexes occurs mainly by binding to Fcγ receptors present in the reticuloendothelial system (Gessner et al., 1998; Tabrizi et al., 2010). The precise role of Fcγ receptors in degradation and clearance of soluble small (<600 kDa molecular mass) non-cross-linking immune complexes, typical of those produced by monoclonal therapeutic antibodies in vivo, has not been properly characterized to date.

The dramatic and reproducible changes in PK properties of mIL-10 after PEGylation or immune complex formation provided us with an in vivo model to better characterize potential biodistribution changes responsible for the altered PK parameters of native mIL-10 and to gain valuable insight on the fate of non-cross-linking immune complexes in vivo. Fluoroprobe-labeled native and PEGylated mIL-10 are stable in mouse plasma up to 2 and 24 h, respectively, after subcutaneous administration. SEC-HPLC analysis of PEG-mIL-10 in vivo revealed that the relative amounts of mono- versus di-PEG mIL-10 forms change over time in the circulation. At earlier time points there is a higher percentage of the smaller mono-PEG form, but by 6 h after dosing there is a shift in the relative amounts and the larger di-PEG form is the prevalent one. These changes in mono-PEG to di-PEG mIL-10 levels in the absence of noticeable catabolism may represent the size-dependent differences in rates of absorption from the subcutaneous injection site into the blood compartment and the rate at which each PEGylated form is cleared systemically. Only small amounts of degradation products or oligomer complexes were detected in plasma samples, indicative of the stability and longer systemic exposure of PEG-mIL10.

The kidney is the major organ of accumulation and catabolism of native and PEG-mIL10 in mice. Disposition to the kidneys by PEG-mIL10 was significantly decreased; however, kidney was still the major organ of clearance for both molecules. Renal disposition was also confirmed by in vivo whole-body CT-fusion fluorescence imaging. The decreased PEG-mIL-10 kidney uptake was correlated to the slower clearance and enhanced systemic exposure. In agreement with our results, it has been shown that renal uptake is the major route of nonspecific disposition for recombinant cytokines with high isoelectric points such as IL-11, Apo2 ligand, and TNF-α (Miyazaki et al., 1998; Takagi et al., 1995, 1997; Xiang et al., 2004) or relative small molecular weight such as insulin (Maack et al., 1979; Rabkin et al., 1984). Of interest, the biodistribution pattern of labeled hIL-10 present in immune complexes indicated that the liver instead of the kidney has become the major route of clearance and disposition for antibody-bound IL-10.

Histological analysis of kidney sections from mice treated with hIL-10 display a very strong signal associated with renal proximal tubular epithelial cells, Bowman's capsule, and, to a lesser degree, endothelial cells of the glomeruli. hIL-10 alone staining in the kidneys is consistent with an active process of glomerular filtration, protein degradation, and resorption of metabolites by the proximal convoluted tubular epithelium as we have previously shown for recombinant Apo2 ligand (Xiang et al., 2004). In contrast, hIL-10 bound to mαmIL-10 in vivo, showing a dramatic reduction in renal staining with a concomitant staining of hepatic sinusoidal tracks. A dual fluorescence microscopy analysis demonstrated that both hαhIL-10 antibody and hIL-10 colocalize in the liver, suggesting that indeed mostly hIL-10/hαhIL-10 immune complexes were present in this organ. The characterization of the cells or receptors responsible for these interactions needs additional studies, but it has been demonstrated previously that larger, polyclonal immune complexes are taken up and degraded by Kupffer and liver sinusoidal endothelial cells probably through FcγR binding (Kosugi et al., 1992; Johansson et al., 1996, 2000, 2002), in particular FcγRIIb2 (Mousavi et al., 2007). Of interest, Fox et al. (1996) did not find evidence of increased liver uptake in monkeys dosed with an αIgE monoclonal antibody, suggesting that hepatic disposition of immune complexes is a process affected by multiple variables likely to include their relative size and configuration, systemic levels, and the nature of the antigen among others (Mannik, 1980). In this study, we have shown evidence that the size of the hIL-10/hαhIL-10 immune complexes is not altered upon organ uptake and confirm that labeled hIL-10 remained in the immune complex configuration, with only trace amounts of free hIL-10 present in tissues.

In summary, we have used FELA for direct determination of stability and drug quantitation in the circulation and tissues. We have combined whole-body imaging with direct fluorescence microscopy and immunohistochemical analysis in organs using anti-dye antibodies. We have shown that protein PEGylation as well as immune complex formation resulted in dramatic changes in the pharmacokinetics of hIL-10, both causing an increase in systemic exposure and reduced clearance. However, PEGylation of mIL-10 mainly reduced renal uptake consistent with an increase in the molecular mass of PEG-mIL10. In contrast, immune complex formation resulted in a major switch in organ uptake, changing the major organ of clearance and route of elimination for native hIL-10 from renal to hepatic disposition.
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