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ABSTRACT 

Interferon α2 is an antiviral/antiproliferative protein that is currently used to treat hepatitis C 

infections and several forms of cancer. Two PEGylated variants of interferon α2 (containing 12 

and 40 kDa PEGs) are currently marketed and display longer plasma circulation times than 

unmodified interferon. With increasing realization that the lymphatic system plays an important 

role in the extrahepatic replication of the hepatitis C virus and in the metastatic dissemination of 

cancers, this study sought to evaluate PEGylation strategies to optimally enhance the antiviral 

activity and plasma and lymphatic exposure of interferon after subcutaneous administration in rats. 

The results showed that conjugation with a linear 20 kDa PEG provided the most ideal balance 

between activity, and plasma and lymph exposure. A linear 5 kDa PEG variant also exhibited 

excellent plasma and lymph exposure to interferon activity when compared to unmodified 

interferon and the clinically available linear 12 kDa PEGylated construct. 
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INTRODUCTION 

Type 1 interferons (IFN) play an important role in innate and acquired immune responses 

to viral infections and cancer. IFNα for instance, has antiproliferative and antiviral effects that 

have led to its widespread use as a biological therapeutic for the treatment of chronic infections 

such as hepatitis C virus (HCV) and the treatment of cancers such as metastatic melanoma1-4. One 

of the limiting factors to unmodified recombinant IFNα therapy however, has been its relatively 

short half-life, requiring several subcutaneous (SC) injections per week. In addition to exhibiting 

rapid plasma clearance, these cytokines also bind with high affinity to ubiquitously expressed 

INFAR1 and INFAR2 receptors, and as a result, induce a range of associated side effects at high 

doses3, 5.   

PEGylation of IFNα2b with, for instance, a 12 kDa linear PEG (PEG-Intron®) has been 

shown to delay the plasma clearance of the protein without significantly impacting on absorption, 

toxicity and antiviral activity6, 7. This has translatable benefits to patient quality of life, where 

readministration of Intron® is required almost daily for some cancers, and three times weekly for 

chronic Hepatitis in order to maintain therapeutic activity8. PEGylation of relatively small 

therapeutic proteins such as IFN (approx. 19 kDa) and the concomitant increase in molecular 

weight of the end product has multiple advantages in biomolecule therapy9. Firstly, increased 

molecular weight can provide a simple means of avoiding size-mediated clearance via the 

kidneys10. Secondly, PEGylation slows protein catabolism delaying protease-mediated cleavage. 

The resultant increase in plasma circulation times can improve in vivo antiviral activity by 

prolonging the exposure of the protein to its target receptors. A caveate to this however, is that 

while PEGylation can slow protease-mediated catabolism of the protein by providing a physical 

barrier to protein access by the enzyme, it can also reduce the binding affinity of the protein with 
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its receptor in a similar manner. In this respect, increasing PEG molecular weight also reduces the 

antiviral and antiproliferative effects of the protein and the magnitude of this inhibition correlates 

with the size and number of conjugated PEGs, as well as conjugation site11. Furthermore, 

PEGylation can be used to manipulate SC absorption pharmacokinetics by increasing the size and 

hydrophilicity of the protein, and blocking electrostatic interactions in the interstitium12. 

Specifically, PEGylation can be used to redirect SC absorption pathways of relatively small 

proteins from being predominantly via the blood, to predominantly via the lymph13. 

The lymphatic system is gaining increasing attention as an important therapeutic target to 

improve the treatment of lymph-resident diseases or to promote immunomodulation13. To date, 

lymph resident diseases have primarily been treated with small molecules that have inherently 

poor access to the lymph. The lymphatics are a unidirectional conduit that are responsible for 

transporting immune cells, and dietary lipids and play an important role in immunosurveillance 

and the removal of foreign antigens from the interstitium.  The peripheral lymphatics also play an 

important role in tissue homeostasis, allowing fluid transfer from the systemic circulation, across 

capillary beds to the interstitium, ultimately returning these fluids through the thoracic lymph duct 

to the subclavian vein. With regard to disease progression, the lymphatics are reported to be 

involved in the dissemination of metastatic cancer and it is becoming increasingly apparent that 

the lymphatic burden and extrahepatic replication of viruses such as HCV in lymph nodes could 

be grossly underestimated14, 15. Generation of engineered therapeutic proteins with improved 

lymphatic targeting and extended circulation half-life could therefore hold significant therapeutic 

potential in lymph resident diseases such as metastatic melanoma and HCV. 

A review of early work characterising the lymphatic trafficking of proteins after SC 

delivery showed that lymph uptake from the interstitium after SC dosing is largely mediated by 
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protein molecular weight16, 17. These findings were subsequently mirrored in studies evaluating the 

lymphatic uptake of a series of PEGylated nanoparticles, where PEGylation improved both 

drainage from the SC injection site and influenced the proportion of the dose trafficked through 

the lymphatic system12. By combining these two approaches (i.e. by increasing the molecular 

weight of a therapeutic protein via PEGylation), our group previously showed that commercially 

available and synthesized PEGylated IFNα2 and trastuzumab Fab preferentially access the 

lymphatic system after SC and IV delivery when compared to the unmodified proteins, and that 

the efficiency of lymphatic trafficking and disposition is size dependent18-20. The studies also 

showed that despite having a lower antiproliferative activity than the unmodified protein, SC 

administration of PEGylated IFNα2 upstream of a tumour-burdened lymph node significantly 

reduced metastatic burden in mice when compared to SC administration of the unmodified protein. 

This was attributed to the significantly higher lymphatic exposure of the PEGylated protein, when 

compared to the unmodified protein. Interestingly though, increasing the molecular weight of the 

PEG chain conjugated to IFN from 12 kDa to 40 kDa did not further increase the fraction of dose 

absorbed via the lymph after SC injection. This indicated that by carefully optimising PEGylation 

strategies, small protein therapeutics such as the IFNs may be synthesized to display plasma 

pharmacokinetics, lymphatic exposure and in vitro activity that more optimally target and treat 

lymph-resident illnesses.  

The aim of the present study was therefore to systematically evaluate the influence of 

various PEGylation strategies on the lymphatic pharmacokinetics of IFNα2 after SC 

administration, and antiviral activity. Three new mono-PEGylated IFN constructs (consisting of 

linear and branched PEGs) were synthesised and administered to male SD rats to evaluate 

lymphatic pharmacokinetics. These three new constructs were compared to the two commercially 
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available PEGylated IFNs. Subsequent antiviral activity studies were conducted to identify the 

PEGylation strategy most likely to facilitate improved lymphatic pharmacokinetics while also 

maximising antiviral activity, in an attempt to identify the most optimal construct to target and 

treat lymph-resident diseases. 
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MATERIALS AND METHODS 

Materials and reagents 

Recombinant human interferon-α2b (IFNα2b, 19.3 kDa) was purchased from Sapphire 

Biosciences (NSW, Australia) as the lyophilised product. Linear (5 kDa and 20 kDa) methoxy 

PEG succinimidyl carboxymethyl esters (NHS-PEGs) were obtained from JenKem Technology 

(TX, USA). Four arm branched (20 kDa) methoxy NHS-PEG (one arm containing an NHS 

terminus and three arms terminating with methoxy groups) was also purchased from JenKem. The 

commercially and clinically available product of recombinant human interferon α2b (Intron A) 

was purchased from Schering-Plough (NSW, Australia). The pharmacokinetics of the commercial 

products of PEGylated human interferon α2 were reported previously19, and included linear 12 

kDa PEG-conjugated IFNα2b (PEG-Intron, 31 kDa; Schering Plough, NSW, Australia) and 40 

kDa branched (2 arm methoxy PEG) PEG-conjugated IFNα2a (PEGASYS, 60 kDa; Roche, NSW, 

Australia). NuPaGE Novex 4-12% acrylamide gels were from Life technologies (VIC, Australia). 

Sterile saline was purchased from Baxter Healthcare (VIC, Australia). Polyethylene and polyvinyl 

cannulae (0.58 x 0.96 mm internal and outer diameter respectively) were from Microtube 

Extrusions (NSW, Australia). The ELISA kit for the quantification of human subtype-2 interferon 

α was obtained from MabTech Pty Ltd (VIC, Australia). Bovine serum albumin (BSA), 3,3’,5,5’-

tetramethylbenzidine (TMB) tablets, tween-20 and 30% hydrogen peroxide were purchased from 

Sigma Chemical Co (NSW, Australia). All other reagents used were AR grade. 

Animals 

Male Sprague Dawley rats (260-300 g) were obtained from Monash Animal Services (Monash 

University, VIC, Australia) and were maintained on a 12 hour light/dark cycle at ambient 
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temperature. Rats were provided unrestricted access to water, but food was withheld after surgical 

implantation of cannulas and for 8h after dosing. All protocols involving rats were approved by 

the Monash Institute of Pharmaceutical Sciences animal ethics committee. 

Preparation of mono-PEGylated IFN with linear and branched PEG-NHS. 

Novel PEGylated IFNs were synthesized from lyophilized IFN obtained from Sapphire 

Biosciences. IFN was reconstituted according to manufacturer’s instructions in sterile water to a 

final concentration of 1 mg/ml. The solution was stored in 100 µl aliquots and frozen for further 

use. Aliquots were thawed and equilibrated to room temperature immediately prior to performing 

the conjugation reactions. All PEG-NHS reagents were freshly prepared in 0.1 M sodium 

phosphate (pH 7.24) buffer to a concentration of 2 mg/ml immediately prior to use. The 

PEGylation of IFN was carried out by reacting linear 5 kDa or branched 20 kDa PEG-NHS with 

IFN at a ratio of 5:1 molar equivalents of PEG:IFN, or by reacting linear 20 kDa PEG-NHS with 

IFN at a ratio of 10:1 molar equivalents of PEG:IFN. These ratios of PEG:IFN were shown in 

preliminary trials to maximise the yield of mono-PEGylated protein whilst minimising the 

production of doubly adducted species. The reaction of PEG-NHS with IFN has also been reported 

to produce a mixture of positional isomers, where for PEG-Intron, the main positional isomer has 

previously been reported to be H348. All reactions were incubated overnight at 4 °C without 

shaking. The mono-PEGylated IFN products were separated from unreacted IFN the following 

day via size exclusion chromatography using a Superdex 200 10/300 column and sterile filtered 

50 mM phosphate buffered saline (PBS, pH 7.24) as the mobile phase at a flow rate of 0.5 ml/min. 

The identity of the final products were confirmed using non-reducing SDS-PAGE gels with 

coomassie staining for protein, followed by barium iodide staining to detect PEG. SeeBlue2 was 
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used for the molecular weight markers and 20 µg protein was loaded onto each lane. PEGylated 

IFNs were then stored in working aliquots at -20 °C and thawed immediately prior to use. 

The nomenclature used to describe the mono-PEGylated IFNs and the clinical PEGylated 

products of human interferon α2a and α2b are outlined in Table 1. 

Table 1. Details of the PEGylated INF constructs compared in this study. 

Name 
INF 

Type 

PEG 

Morphology 

Clinical Product 

(Y/N) 

PEG 

Molecular 

Weight (kDa) 

Construct 

Molecular 

Weight (kDa) 

IFN/ Intron A α2b NA Y (Intron A®) NA 19 

LPEG5 α2b Linear N 5 24 

LPEG12 α2b Linear Y (PEG-Intron®) 12 31 

LPEG20 α2b Linear N 20 39 

BPEG20 α2b Branched (3) N 20 39 

BPEG40 α2a Branched (2) Y (PEGASYS®) 40 60 

 

Determination of subcutaneous lymphatic pharmacokinetics in rats 

The IV and SC lymphatic pharmacokinetics of native recombinant human IFN (Intron-A), 

LPEG12 and BPEG40 were reported previously19 and are reproduced here for comparison to 

LPEG5, LPEG20 and BPEG20. As the latter three constructs were prepared from lyophilised and 

reconstituted IFNα2b, the IV pharmacokinetics and antiviral activity of the lyophilised material 

were initially compared to the clinical product of native IFN (Intron A, reported previously19) to 

evaluate whether the lyophilised material was biologically comparable to Intron A as described 

below.  
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The pharmacokinetics of LPEG5, LPEG20 and BPEG20 were examined in parallel in three 

groups of rats (with n=3 to 5 rats per group): (1) IV dosed control group (without thoracic lymph 

duct cannulation to enable calculation of clearance and SC bioavailability), (2) SC dosed control 

group (without thoracic lymph duct cannulation to enable calculation of absolute SC 

bioavailability) and (3) SC dosed thoracic lymph duct cannulated group (to calculate lymphatic 

uptake after SC administration). Rats in all groups were cannulated via the right carotid artery to 

facilitate serial blood sampling from freely moving rats as previously described12. Rats in groups 

(1) and (3) were also cannulated via the right jugular vein to facilitate IV dosing and the 

replacement of fluid lost via the thoracic lymph duct cannula (via the infusion of 1.3 to 1.5 ml/h 

saline) respectively. Rats in group 3 then had cannulas implanted into the thoracic lymph duct 

posterior to the diaphragm as described previously12 to allow the continuous collection of lymph 

fluid that entered the duct posterior to the point of cannulation. All cannulas were then exteriorised 

through the back of the neck and tunnelled through a swivel-tether apparatus to allow dosing and 

sampling from freely moving rats. Rats were allowed to recover overnight in individual 

metabolism cages.  

After overnight recovery from surgery, pre-dose blood samples were collected from all rats 

into heparinised (10 IU) eppendorf tubes to provide background/baseline IFN levels to allow 

correction of ELISA-based quantification of IFN. Similarly, blank lymph collected overnight into 

heparinised (200 IU) falcon tubes was kept to provide background correction. Rats in group (1) 

were then dosed IV with 5 µg/kg of reconstituted lyophilised IFN or PEGylated IFN (in 1 mL 

sterile saline) via the jugular vein cannula over 2 mins. A t0 blood sample (200 µL) was then 

collected via the carotid artery cannula immediately after the completion of the infusion. Further 

blood samples were collected 10, 20 and 30 mins after the completion of dosing, and at 1, 2, 4, 6, 
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8, 24, 30, 48, 72, 96 and 120 h. Rats in group (2) were lightly sedated under isoflurane anaesthesia 

and administered 5 µg/kg PEGylated IFN in a final volume of 0.5 ml/kg SC just above the inner 

left heel. Blood samples were then collected immediately after dosing and 30 mins, 1, 2, 3, 4, 6, 8, 

24, 30, 48, 72, 96 and 120 h later. Similarly, rats in group (3) were dosed with 5 µg/kg PEGylated 

IFN as described for rats in group (2), except blood samples were only collected immediately after 

dosing and 30 mins, 1, 2, 3, 4, 6, 8, 12, 24, 27 and 30 h. Further blood sampling from lymph duct 

cannulated rats was not possible since the loss of plasma proteins via the thoracic lymph duct 

cannula beyond this time can impact on fluid homeostasis and drug pharmacokinetics. Lymph 

fluid was also collected continuously into heparinised tubes from rats in group (3) over the time 

frames 0-1, 1-2, 2-3, 3-4, 4-6, 6-8, 8-12, 12-24, 24-27 and 27-30h as described previously19. Plasma 

was obtained via centrifugation of blood samples at 3,500 g for 5 min. All plasma and lymph 

samples as well as standard samples prepared in plasma and lymph on the day of dosing were 

stored at -20 °C prior to analysis. 

 

Quantitation of IFN in plasma and lymph samples 

 IFN in plasma and lymph samples was quantified against standard curves of the dosed 

material using a commercially available ELISA kit for human subtype 2 IFN and using medisorp 

96 well microplates as previously described19. This assay detects the IFN portion of the PEGylated 

molecules and all concentrations are reported in terms of protein mass. The validated concentration 

range for LPEG5, LPEG20 and BPEG20 was 10-1280 pg/ml for the native and PEGylated 

solutions of human recombinant IFN. TMB tablets (prepared according to the manufacturer’s 

instructions) was used as the detection reagent and the optical absorbance of plates was read at 450 

nm after stopping the reaction with 1 M ortho-phosphoric acid. 
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Determination of antiviral activity for native recombinant lyophilised IFN and PEGylated 

IFN 

The antiviral activity of Intron A (native IFN), LPEG12 (PEG-Intron) and BPEG40 

(PEGASYS) are known and have been reported as 2.6×108, 0.7×108 and 0.14×108 IU/mg protein. 

Intron A is supplied as a solution containing 1×107 IU/ml IFN activity (at an approximate 

concentration of 38 µg/ml). The antiviral activity of reconstituted lyophilised IFN (the starting 

material for the PEGylation reactions), LPEG5, LPEG20 and BPEG20 were determined by PBL 

Assay Science (NJ, USA) in duplicate using an in house cytopathic assay for IFN. The antiviral 

activity of Intron A was also evaluated to provide a side-by-side comparison of antiviral activity 

to lyophilized IFN and also to normalize antiviral activity between the reported clinical PEG-IFN 

formulations and the in house synthesized PEG-IFNs. Briefly, samples were assayed in duplicate 

on an EMC viral challenge assay in A549 cells. After maturation of the viral cytopathic effects, 

live cells were fixed and stained with crystal violet. Wells were visually examined to determine 

which dilutions resulted in 50% protection from CPE (relative to a positive and negative control, 

ie. no IFN and no virus respectively). The dye was solubilised and the plate read at 590 nm. The 

dilutions determined to have 50% CPE were then compared to a calibrated standard of IFN to 

obtain the IU/ml activity value for each sample.   

 

Conversion of plasma and lymph exposure in mass units to activity units 

Once the AUC0- in plasma and % cumulative dose in lymph (to 30 h and extrapolated to infinity) 

after SC administration were identified, AUC values (in ug/ml.h) and lymph values (as % of the 

injected dose in lymph) were converted into AUC (IU/ml.h) and uptake in lymph (IU) using the 
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specific antiviral activity of each of the constructs determined as described above or based on 

reported values. 

 

Non-compartmental pharmacokinetic calculations and statistical analyses 

Non-compartmental pharmacokinetic parameters for all unmodified and PEGylated IFN 

constructs were calculated using PKSolver21. In an attempt to estimate total lymphatic recovery 

after the SC dose beyond 30 h (the last sample time point) cumulative lymph uptake profiles 

beyond 30 h (to the point of curve plateau) were predicted based on the shape of the curve to 30 h 

using the stimulation [agonist] vs response variable slope (4 parameter) function in Graphpad 

Prism (Version 6.0, GraphPad Software Inc., CA, USA). GraphPad was also used to statistically 

analyse differences in pairs of in vivo data using unpaired parametric t-tests (to compare 

pharmacokinetic parameters between lyophilized IFN and the clinical solution, Intron A) or one-

way ANOVA with Tukey’s post test for significant differences across larger comparative groups. 

A difference was considered statistically significant when p ≤ 0.05. 
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RESULTS AND DISCUSSION 

Comparative biological behavior between Intron A and lyophilized IFNα2b 

The IV pharmacokinetics of lyophilised and reconstituted IFN (that was used as the starting 

material for the synthesis of the three PEGylated constructs) was compared to commercially 

available Intron A® after administration to male SD rats. As shown in Figure 1 and Table 2, the 

IV pharmacokinetics of the two forms of IFNα2b did not differ significantly, with the exception 

of AUC, where lyophilized IFN was significantly larger than Intron A (p = 0.044). There was a 

trend however, towards higher clearance and volume of distribution for Intron A, consistent with 

the AUC values. The antiviral activity of Intron A and lyophilised IFNα2b was also evaluated by 

PBL Assay Science and was determined to be 5.7 x 108 and 4.4 x 108 IU/mg respectively, 

suggesting (as expected) a slight (23%) reduction in activity for the lyophilized material when 

compared to the clinical product (Intron A). The quoted antiviral activity of 2.6 x 108 IU/mg for 

Intron A (contained on the product information sheet) is consistent with the experimentally 

determined value for Intron A here allowing for lab to lab variations in calculated antiviral activity. 

The data therefore collectively suggest that the clinical Intron A solution and the commercially 

purchased lyophilized material show similar pharmacokinetic and pharmacodynamic behavior. 
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Figure 1: Plasma concentration versus time profiles of the clinical IFNα2b product (Intron®) 

and lyophilized, reconstituted IFNα2b after IV administration in rats. (Mean ± SEM, n=3-4). 

Data for IV Intron A is reproduced from Kaminskas et al19.  

 

Table 2: Comparative non-compartmental pharmacokinetic parameters for Intron A and 

lyophilised IFNα2b after IV administration to male SD rats. Pharmacokinetic parameters for 

Intron A (previously reported in Kaminskas et al19) were recalculated using PKSolver and 

reported here.*Represents p~0.05 cf. Intron A. 
 Kel 

(h-1) 

AUC0-inf 

(ng/ml.h) 

Vd 

(ml/kg) 

Cl 

(ml//h.kg-1) 

Intron A 1.08 ± 0.28 11.8 ± 1.7 541 ± 179 450 ± 61 

Lyo IFN 1.25 ± 0.58 18.7 ± 2.0* 168 ± 12 267 ± 34 

Data presented as mean n=3-4 ± SEM 

 

Synthesis of PEGylated interferon constructs 

Lyophilised IFN was used for all PEGylation reactions. The mono-PEGylated products 

obtained from the PEGylation reactions (Supplementary Information) were purified from small 

amounts of doubly PEGylated IFN and unreacted IFN and PEG via size exclusion 

chromatography. Reducing SDS-PAGE and subsequent staining by Coomassie (to identify 

protein; Figure 2A) and barium iodide (to identify PEG; Figure 2B) was then used to confirm that 

mono-PEGylated IFN was isolated in the absence of significant contamination with unreacted PEG 
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or IFN. PEGylated proteins have a lower electrophoretic mobility on SDS gels and a larger 

hydrodynamic volume, and as a result, appear at molecular weights that are approximately twice 

the molecular weight of the PEG plus the protein molecular weight22. The PAGE gel in Figure 2 

therefore shows that the molecular weight of the PEGylated material was consistent with the 

presence of pure mono-PEGylated species.  

 

Figure 2. (A) Reducing SDS-PAGE gel with Coomassie staining for protein; (B) destained gel 

which was subsequently re-stained with barium iodide for PEG. Lane 1 – unmodified IFN; Lane 

2 – LPEG5-IFN; Lane 3 – LPEG20-IFN; Lane 4 – BPEG20-IFN. Unmodified IFN gave a slight 

green band after barium iodide staining as a result of the incomplete Coomassie destaining (note 

the green colouring also in the molecular weight markers). 

 

Antiviral activity of unmodified and PEGylated interferon 

As expected, the antiviral activity of all PEGylated IFNs was lower than unmodified IFN 

(Figure 3). Commercially available PEG-Intron® (LPEG12) and PEGASYS® (BPEG40) have 

been reported to have 24.6% and 7% activity relative to unmodified Intron A®23. For the 

PEGylated constructs synthesised in this work, antiviral activity was analysed along with the 

lyophilised IFN starting material. As described above, the lyophilized material had 23% lower 

antiviral activity when compared to Intron A and as a result, the % change in antiviral activity for 
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the constructs synthesized here was calculated based on the activity of this starting material (4.4 x 

108 IU/mg). 

All PEGylated constructs showed antiviral activity against an EMC viral challenge in A549 

cells. As the Mw of the PEG constructs increased, antiviral activity dropped, with the lowest  

antiviral activity observed for the commercially available PEGASYS® (BPEG40, Figure 3A). 

The mechanism of reduced antiviral activity for the higher Mw PEG variants is anticipated to be 

due to an increase in steric hindrance24. The branched 20 kDa PEG construct (BPEG20) showed a 

slight, though not biologically significant (>10%) reduction in activity when compared to the linear 

construct (LPEG20). This is consistent with reports by others who have shown that the in vitro 

activity of proteins conjugated with branched PEGs can be up to 50% lower than proteins 

conjugated with linear PEGs of equivalent molecular weight25. This may be due to slightly greater 

compaction of the branched PEG around the protein surface as evidenced by the fact that dynamic 

light scattering studies on PEGylated IFN have found that the hydrodynamic radius is slightly 

smaller on branched PEG-IFN constructs than linear constructs26. Linear polymers are also known 

to expose surface charges on proteins more often than similar sized branched constructs, 

suggesting more frequent exposure of protein binding sites27.  

To examine if the PEG Mw of the IFN construct correlated with activity, the data were 

fitted to a 4 parameter [inhibitor] vs response curve. The data in Figure 3B show that the reduction 

in antiviral activity is largely correlated (R2=0.9976) with the Mw of the attached PEG group 

irrespective of the presence of linear or branched PEG groups. This is consistent with the idea that 

as PEG Mw and protein loading increases, the active site of IFN becomes more sterically shielded, 

restricting target binding. For the purposes of the curve fit, the mean of both linear and branched 

PEG20 IFN constructs was used.  
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Figure 3. (A) % Antiviral activity of each of the PEGylated IFN constructs relative to unmodified 

IFN. (B) Correlation between the % antiviral activity of unmodified IFN and PEG Mw, R2 0.9976, 

data were fitted to a 4 parameter [inhibitor] vs response curve. Data for the newly synthesized PEG 

constructs are represented as the mean of two measurements.  



 19 

Impact of PEG chain length and branching on IV pharmacokinetics 

 

 In general, PEGylation of IFN with PEGs of increasing molecular weight led to an increase 

in plasma exposure after IV administration in rats (Figure 4). This was reflected in the AUC0-inf 

which increased with both PEGylation and PEG length, and in clearance which was reduced with 

increasing PEG length (Figure 5). Volume of distribution also decreased with increasing PEG 

chain length, but only beyond 12 kDa, and also with branching. As a result, the elimination rate 

constant was reduced with increasing PEGylation (up to the 12 kDa PEG construct), but the 4 

largest molecular weight PEG constructs showed relatively similar rates of elimination (and 

therefore half life) (Figure 5). These data are consistent with previously published reports for 

interferon IFN-β-1a28.  

 

Figure 4. Plasma concentration versus time profile of unmodified and PEGylated IFN constructs 

after IV administration to rats. Plasma concentrations have been normalized to 5 ug/kg IFN. Data 

represent mean ± SD (n=3-5). 

 

 

 The impact of increasing the degree of PEGylation on the plasma exposure of proteins, 

including IFN, is related to the ability of the PEG moiety to increase the hydrodynamic radius of 

the protein and reduce glomerular filtration in the kidneys, and inhibit enzymatic degradation of 

the protein. The reduction in proteolysis is related to the mechanism by which target binding is 
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reduced for PEGylated proteins – stealth shielding by the highly water-adsorbed PEG. PEGylation 

has no impact on either the secondary or tertiary structure of proteins, meaning that it does not 

affect its intrinsic target affinity29, 30. This is an important attribute of PEG conjugation, since 

changes to the tertiary structure of proteins and denaturation typically enhance protein aggregation 

and plasma clearance mediated by clusterin31. Although to this end, PEGylation also has the 

potential to reduce protein aggregation and immunogenicity in vivo that can accelerate plasma 

clearance in the short term (for aggregation) and long term (for immunogenic proteins)29, 32. 

Conversely however, the conjugation of PEG to proteins can in some cases stimulate the 

production of anti-PEG antibodies that can prevent the long term therapeutic use of PEGylated 

proteins. 
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Figure 5. Changes in the IV Pharmacokinetic parameters of IFN as a result of changing the 

molecular weight and branching of conjugated PEG moieties. Pharmacokinetic parameters 

included (A) AUC0-∞; (B) clearance, (C) volume of distribution and (D) elimination rate constant. 

Data represent mean ± SEM, n=4-5. *Represents p<0.05 cf. branched PEGs. # Represents p<0.05 

cf. IFN and LPEG5. 

 

Impact of PEG chain length and branching on SC pharmacokinetics  

The SC pharmacokinetic data generally mirrored the IV pharmacokinetics whereby 

increasing PEG molecular weight and branching increased plasma exposure (reflected in the 

plasma profile [Figure 6] and AUC values [Figure 7A]). The more prolonged plasma exposure of 

IFN conjugated with a branched PEG when compared to a linear PEG is consistent with 

observations by others on similar small proteins25, 27, 33. In general, proteins conjugated with 

branched PEGs are cleared slower and exhibit longer terminal half-lives than proteins conjugated 

with linear PEGs, owing to their ability to more efficiently shield proteins in vivo25. This is due to 

the more ridged structure of branched PEGs when compared with linear PEGs which exhibit 

greater orientational motion in solution34.  

Interestingly, the calculated bioavailability of the LPEG5 IFN construct was greater than 

100%, suggesting a mismatch in systemic clearance across the two administration routes. 

Presumably, the extended exposure after SC administration resulted in elevated plasma 

concentrations over longer periods, when compared to IV administration and a non-linearity 

(reduction) in clearance. Nevertheless, even the low degree of PEGylation imparted on the LPEG5 

construct, significantly increased SC bioavailability when compared to unmodified IFN (approx. 

25%), presumably as a result of improved stability at the injection site. In general, bioavailability 

decreased as PEG molecular weight increased from the LPEG5 and LPEG12 constructs (Figure 

7B), with the lowest bioavailability seen for the BPEG40 construct. Both LPEG20 and BPEG20 

showed equivalent bioavailability despite the higher plasma exposure for the BPEG20 material. 
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This reflects the lower systemic clearance (ie. higher plasma exposure after IV administration) of 

the branched construct.  

 

 

 

 

Figure 6. Plasma concentration versus time profile of unmodified and PEGylated IFN constructs 

after SC administration to non-lymph cannulated rats. Plasma concentrations have been 

normalized to 5 ug/kg IFN. Data represent mean ± SD (n=4-5). 
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Figure 7. Changes in the SC Pharmacokinetic parameters of IFN as a result of changing the 

molecular weight and branching of conjugated PEG moieties. Pharmacokinetic parameters 

included (A) AUC0-∞; (B) SC bioavailability. Data represent mean ± SEM, n=4-5. * Represents 

p<0.05 cf. LPEG20, BPEG20 and BPEG40. #Represents p<0.05 cf. branched PEGs. 

 

 

Impact of PEG chain length and branching on lymphatic exposure after SC administration  

As reported previously, unmodified IFN shows limited lymphatic exposure in rats after SC 

administration (approx. 1%; Figure 8). Figure 8A shows the comparative plasma exposure data 

for SC administered IFN and PEG-IFN constructs in non-lymph duct cannulated (striped grey 

bars) and thoracic lymph duct cannulated rats (orange bars). For unmodified IFN, plasma exposure 

was unchanged in intact versus lymph cannulated animals due to limited lymphatic exposure. 

However, for the majority of the PEGylated IFN constructs where PEG Mw was larger than 5 kDa 

(with the branched 20 kDa PEG construct being the notable exception), plasma AUC (to 30 h) 
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after SC administration was noticeably (although not significantly) reduced in lymph cannulated 

rats, suggesting that a proportion of the dose was absorbed via the lymph over 30 h after SC 

administration. This is confirmed directly by the cumulative lymph uptake profiles in Figure 8B 

where PEGylation of IFN improves lymph uptake. All PEGylation strategies resulted in at least a 

13-fold increase in lymphatic uptake of IFN over 30 h. The PEGylated constructs conjugated with 

the smaller 5 or 12 kDa PEG appeared to be absorbed via the lymph faster than the higher Mw 

constructs and displayed a plateau in accumulation in thoracic duct lymph within 30 hours of the 

SC dose. The plateau in lymph uptake was a result of a reduction in the rate of absorption from the 

SC injection site such that plasma elimination dominated the plasma profiles as shown in Figure 

6. The higher Mw PEG constructs however, were absorbed more slowly via the lymph and 

appeared to still be accumulating in lymph beyond 30 h as a result of slower overall absorption 

from the SC injection site than the smaller PEG constructs (noting that the Tmax for SC absorption 

was approximately 12-24 h for the two largest constructs, Figure 6). This slower rate of lymphatic 

uptake for higher molecular weight PEG constructs when compared to smaller PEGs is consistent 

with previous observations with PEGylated trastuzumab Fab, where a Fab fragment conjugated 

with 10 kDa PEG was absorbed via the lymph faster than a Fab fragment conjugated with a 40 

kDa PEG20. Unlike the plasma profiles, the lymphatic uptake profiles of the linear and branched 

PEG40 constructs were identical, suggesting that the lymphatic transport of PEGylated proteins 

may be less sensitive to polymer flexibility than transport through the vasculature. 

The apparent insensitivity of the lymphatic uptake of PEGylated IFN over 30 h to increases 

in molecular weight beyond 31 kDa (ie. the LPEG12 construct) and branching may be due to the 

fact that the rate of lymphatic uptake from the interstitium is mediated in large part by molecular 

weight, but is somewhat rate limited13, 35, 36. After extravasation, small molecules can be rapidly 
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reabsorbed into the blood circulatory system, while larger molecules preferentially drain from the 

interstitium into the lymphatic system as a result of their limited ability to cross the vascular 

endothelium. Increases in size resulting from increases in the Mw of conjugated PEG are therefore 

expected to reduce transport across the vascular endothelium and promote relative drainage into 

the lymph. The current data suggest that increases in PEG molecular weight beyond 12 kDa (at 

least for interferon) are unable to increase the rate of lymphatic transport in rats after SC 

administration. For very large PEG molecular weights however, slowed absorption from the 

interstitium as a result of limited penetration through the vascular endothelium together with 

redistribution of large PEGylated materials allows for sustained translocation from the interstitium 

into lymph beyond 30 h. 

 



 26 

Figure 8. (A) Comparison of the plasma exposure of unmodified, and PEGylated IFN (AUC0-30h) 

after SC administration in non-lymph duct cannulated animals (striped grey bars) and thoracic 

lymph duct cannulated animals (solid orange bars). B represents branched PEG constructs. (B) 

Cumulative proportion of the SC dose recovered in thoracic duct lymph. All data are represented 

as mean ± SEM (n=4-5).  

 

Plasma and lymphatic exposure of unmodified and PEGylated interferon in activity units 

after SC administration 

In order to identify which PEGylation approach was most effective in maximally 

enhancing plasma and lymph ‘activity’ exposure of interferon after SC administration, the SC 

plasma AUC0- data for each of the constructs presented in Figure 7A as well as the cumulative 

proportion of the SC dose in lymph presented in Figure 8B were converted from interferon 

‘concentration or % dose’ units into ‘activity’ units based on the antiviral activity (IU/mg) of each 

construct (Figure 3). This data is represented in Figure 9.  
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Figure 9. (A) Plasma exposure to IFN constructs in units of antiviral activity relative to 

unmodified IFN after SC administration. (B) Absolute antiviral activity in lymph after SC 

administration, based on the cumulative % lymphatic transport after 30 hours. (C) Predicted 

antiviral activity in lymph after SC administration extrapolated to infinity. *Represents p<0.05 

cf. all other IFN constructs. # Represents p<0.05 cf. LPEG5. R2 values for extrapolated curve 

fits (to infinity) were 0.3918, 0.6528, 0.8773, 0.7782, 0.9165 and 0.7768 for IFN, LPEG5, 

LPEG12, LPEG20, BPEG20 and BPEG40 respectively (calculated in SigmaPlot). 

 

Despite the reduction in antiviral activity as PEG Mw and branching increases, the data 

showed that plasma exposure (as expressed in activity units) increased with increasing PEG Mw 

and branching to BPEG20 which showed significantly higher plasma exposure to IFN activity than 
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all other constructs (Figure 9A). Thus the loss in IFN intrinsic activity with increasing PEG Mw 

was compensated for by the increase in plasma exposure, regardless of the incomplete 

bioavailability of most of the PEGylated constructs. For BPEG40, however, the very significant 

reduction in intrinsic activity and only moderate increase in plasma exposure resulted in a 

reduction in overall plasma exposure when expressed in activity units. BPEG40 therefore showed 

similar plasma exposure to IFN activity as LPEG12, suggesting that they would be expected 

exhibit similar in vivo activity when administered at equivalent doses. This has been confirmed 

clinically in hepatitis patients, whereby both constructs have been shown to display equivalent 

activity in reducing patient viral load37. 

The antiviral activity in lymph over 30 h showed that lymphatic exposure to interferon 

activity was highest for the smallest LPEG5 construct, which despite having a very low PEG 

loading (20% w/w PEG mass) significantly increased lymphatic exposure when compared to 

unmodified IFN (Figure 9B). Unlike the plasma exposure data, subsequent increases in PEG Mw 

did not significantly enhance lymphatic transport over 30 h, whereas intrinsic activity was reduced. 

As such lymphatic exposure to interferon activity was similar for the LPEG12, LPEG20 and 

BPEG20 constructs (and lower than LPEG5) and over the 30 h sampling period. Lymphatic 

exposure to IFN activity following SC administration of BPEG40 was identical to that after SC 

administration of unmodified IFN as a result of its limited antiviral activity. 

The three largest PEGylated constructs however, showed a clear cumulative lymph profile 

that suggested that the IFN was still translocating into lymph beyond 30 h (Figure 8B). This 

suggests that the total lymphatic exposure of these materials was underestimated by analyzing the 

data to only 30h. This is most likely to be largely due to uptake into lymph from the SC injection 

site, but also may be a result of translocation of material from the systemic circulation, into the 
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interstitium and ‘reabsorption’ via the lymph12, 18-20. The curves were therefore subjected to a non-

linear curve fitting analysis to predict total lymphatic exposure to infinity, acknowledging that this 

is an estimation only and based entirely on the shape of the curves to 30h. The curve fits predicted 

total lymphatic exposures of approx. 37, 25 and 40% for LPEG20, BPEG20 and BPEG40 

respectively (see supporting information). By converting these values into lymphatic exposure in 

terms of interferon activity, the data suggested maximal and equivalent lymphatic exposure for 

LPEG5 and LPEG20, and again, lowest exposure for BPEG40 and IFN (Figure 9C). Taken 

together, this data suggests that maximum collective plasma and lymphatic exposure to interferon 

activity may be obtained via conjugation of a single linear 20 kDa PEG.  
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CONCLUSION 

PEGylation of therapeutic proteins is a long-established method to improve systemic 

pharmacokinetics for labile and rapidly cleared therapeutics. PEGylated interferons have already 

made it to market (PEG Intron® and PEGASYS®) but the impact of the degree of PEGylation and 

branching on lymphatic uptake is much less well known. With increasing realization that the 

lymphatics play a major role in metastatic cancers and in the extrahepatic replication of HCV, the 

development of a series of PEGylated IFN constructs that display optimal exposure and activity in 

both the lymphatics and in systemic circulation after subcutaneous administration is much needed. 

These studies aimed to systematically evaluate the impact of PEGylation on the IV and SC 

lymphatic pharmacokinetics and antiviral activity of IFN and to provide insight into the optimal 

PEGylation approach to maintain balance between these three, sometimes opposing, requirements. 

Our data show that in order to maximise antiviral exposure when viewed in activity units, 

the degree of PEGylation and attendant benefits in plasma circulation times and lymphatic uptake 

must be balanced against changes in intrinsic activity. The results in this study showed that the 

linear 20 kDa PEG IFN construct provided the optimal balance between activity, and plasma and 

lymph exposure. Interestingly, the linear 5 kDa PEG IFN construct significantly improved plasma 

and lymph exposure (when corrected for activity) when compared to unmodified IFN (Intron A) 

and also showed the highest short term antiviral activity in lymph. One benefit to using shorter (ie. 

5 kDa and 20 kDa PEG vs clinically used 12 kDa and 40 kDa PEG) is that PEGylation reactions 

can be conducted in higher yields, thus reducing the cost of synthesis compared to the clinically 

used forms. 
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These studies are the first to systematically show how PEGylation strategies can alter 

lymphatic uptake and antiviral activity in lymph, and provide a basis for the development of 

PEGylated antivirals that can effectively target lymph-resident viral loads.   
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SUPPORTING INFORMATION 

Figure S1 – Shows the gel filtration profiles of the 3 synthesised IFN-PEG constructs. Figure S2 

– Shows the SC plasma pharmacokinetic profiles in lymph cannulated rats and in rats with an 

intact blood-lymph circuit. Figure S3 – Shows the cumulative % lymph uptake profiles after SC 

administration of each IFN construct with the predicted lines of best fit (extrapolated beyond 30h 

– GraphPad Prism). Table S1 – Summarises the results of the curve fitting analysis from Figure 

S3. 
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