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Highlights

IFN-a2a bioconjugates with linear polyglycerols (LPG) and linear PEGs were designed.

= Pharmacokinetics of the 40 kDa PEG- IFN-a2a matched the marketed product, Pegasys.

= LPG-IFN-02a had faster disposition Kinetics in spite of comparable radii as compared to
PEG-IFN-a2a.

= Therefore, the study points to an expanded polymer design space for bioconjugate

synthesis.

Abstract

Conjugation of poly(ethylene glycol) (PEG) to biologics is a successful strategy to favorably
impact the pharmacokinetics and efficacy of the resulting bioconjugate. We compare
bioconjugates synthesized by strain-promoted azide-alkyne cycloaddition (SPAAC) using PEG
and linear polyglycerol (LPG) of about 20 kDa or 40 kDa, respectively, with an azido
functionalized human Interferon-a2a (IFN-02a) mutant. Site specific PEGylation and LPGylation
resulted in IFN-a2a bioconjugates with improved in vitro potency as compared to commercial
Pegasys. LPGylated bioconjugates had faster disposition Kkinetics despite comparable
hydrodynamic radii to their PEGylated analogues. Overall exposure of the PEGylated IFN-02a
with a 40 kDa polymer exceeded Pegasys which, in return, was comparable to the 40 kDa
LPGylated conjugates. The study points to an expanded polymer design space by means of which

the selected polymer class may result in different distribution of the studied bioconjugates.



Introduction

PEGylation, the attachment of poly(ethylene glycol) (PEG) to a biologic, may improve various
pharmaceutical aspects of the resulting bioconjugates, including stability, solubility, and
pharmacokinetics [1-3]. PEGylation increases a drug’s hydrodynamic volume and may, at proper
overall size, reduce drug disposition by decreasing glomerular filtration [4, 5]. Another aspect of
PEG known as “stealth-effect”, shields PEGylated biologics in part from phagocytic cells, thereby
reducing elimination [1, 2]. Both aspects contribute to longer half-lives, and have been reported
for PEGylated Interferon-o2a (IFN-02a), which is the starting point of our study [6, 7]. IFN-a2a,
a cytokine with potent, antiviral, immune-modulating and antiproliferative properties, is used for
hepatitis and cancer therapy since the 1980°s [8]. We selected IFN-o2a for its wealth of available
information [6-21]. Today IFN-a2a is marketed as a PEGylated biologic: One IFN-o2a carrying a
40 kDa branched PEGs (Pegasys)[21, 22], one IFN-o2a carrying al2 kDa linear PEG
(PEGIntron)[23], or one IFN-a2a carrying a branched 40 kDa PEG which is N-terminally linked

(Besremi) [24].

To date, there are more than 20 FDA approved PEGylated proteins and drugs on the market [25].
These PEGylated bioconjugates are challenged by at least two aspects, firstly, the missing control
of the modification site at the biologic and secondly, immunological challenges regarding PEG
[26-29]. Concerning the first aspect, many of the existing products may further improve their
current chemical ligation strategies for reproducible product qualities and better yields. Site
specific strategies pointing in this direction include the use of cysteines, tyrosines, arginines, or
the N- and C-terminus; these have been nicely reviewed elsewhere [30]. However, as of today,

many products failed along these lines, resulting in heterogeneous product mixtures.
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Consequently, rigorous fractionation of the heterogeneous bulk is required during purification to
isolate the desired fractions. More recently, biologics have been introduced facilitating site-
specific enzymatic catalysis, an approach which uses a biologic’s intrinsic substrate site or, if not
available, a genetically introduced substrate site through which functionalized polymers are
enzymatically conjugated [31-35]. Alternatively, genetical introduction of unnatural amino acids,
guarantees polymer decoration at that preselected site [36-52]. As to the second, immunological
challenges of PEGylated biologics, recent reports point to possible side-effects including
hypersensitivity,[53, 54] and immunological responses,[28, 55] which are at least in part driving
accelerated plasma clearance after repetitive dosing [56]. Hence, expanding the polymer space
beyond PEGylation is of much interest and linear polyglycerol (LPG) has been discussed in this

context before [49, 51, 52].

Therefore, we recently synthesized bioconjugates through strain-promoted azide-alkyne
cycloaddition (SPAAC), starting off a genetically engineered, azido-IFN-a2a mutant and
functionalized PEG, and LPG polymers of about 10 kDa, respectively [49]. All products were
generally comparable across the two polymer chemistries reported here, including their
preferential interaction sites with the protein-surface. We are now expanding to bioconjugates with
higher polymer molecular weights of about 20 and 40 kDa as required for a therapeutically relevant
half-life and compare the outcome to the commercial PEGylated IFN-o2a bioconjugate, Pegasys

[21, 22].



Materials and methods

Materials. Boc-protected L-lysine was from P3 BioSystems LLC (Shelbyville, KY). 2-
bromoethanol, triphosgene, sodium azide, HCI in diethyl ether (c = 2 mol - L), 1,4-dithiothreitol
(DTT), carbenicillin, chlorampenical, isopropyl-p-D-thiogalactopyranosid (IPTG), penicillin-
streptomycin, phenylmethylsulfonyl  fluoride (PMSF), guanidine hydrochloride, primer,
NDSB-201, L-(+)-arabinose, lysozyme, DNAse |, triton X-100, acetonitrile HPLC grade,
ethylacetate, trifluoracetic acid, human plasma, phosphate buffered saline (PBS), potassium
phthalimide (99%), hydrazine monohydrate (64-65% N2H4, 98%), (1R,8S,9s)-bicyclo[6.1.0]non-
4-yn-9-ylmethyl N-succinimidyl carbonate (BCN-NHS), dichloromethane (anhydrous, > 99.8%),
and tricthylamine (anhydrous, > 99%) were purchased from Sigma Aldrich (Schnelldorf,
Germany). PageRuler™ Prestained Protein Ladder, PageRuler™ Unstained Broad Range Protein
Ladder, Coomassie Brilliant Blue G250, slide-a-Lyzer, Dulbecco’s Modified Eagle’s Medium
(DMEM), Gibco-FBS-HI (Origin Brasil), BCA assay, synthesized IFN-o2a genes, E. coli
BL21(DE3) Star bacteria, MagicMedia™ E. coli Expression Medium, Pierce C18 Tips, SYPRO™
Orange Protein Gel Stain, IFN-o. Human Instant ELISA™ Kit (BMS216INST) were received from
Thermo Fisher Scientific Germany (Darmstadt, Germany). BioPro IEX SmartSep S20 1 mL and
5 mL were obtained from YMC Europe (Dinslaken, Germany). XK16/600 Superdex 75 pg column
was received from Cytiva Life Sciences (Freiburg, Germany). Zorbax 300SB-CN column was
ordered from Agilent (Waldbronn, Germany). Vivaspin centrifugal concentrators were obtained
from Sartorius AG (Gottingen, Germany). Spectra/Por 1 Dialysis Membrane Standard RC tubing
was ordered from Repligen (Ravensburg, Germany). ROTIPHORESE® NF-Acrylamide/Bis-

Solution 30 (29:1) was obtained from Carl Roth GmbH (Karlsruhe, Germany). HEK-Blue™ IFN-



a/B Cells, blasticidin and zeocin were ordered from Invivogen (Toulouse, France). Bovine serum
albumin standard for MALDI-MS calibration was purchased from Bruker (Bremen, Germany).

Synthesis of polymers. Polymer synthesis of LPG and PEG was performed as described
previously [49]. In brief, LPG was synthesized by monomer-activated anionic ring-opening
polymerization. Prior to polymerization, the glycidols’ hydroxyl groups were protected by acetal
groups, which were removed in acidic media afterward, yielding the linear deprotected backbone.
For functionalization, the terminal bromide group was reduced to an amine and functionalized
using BCN-NHS, yielding the terminally functionalized LPG. PEG was bought as PEG-amine and

directly functionalized with BCN-NHS.

Analytical ultracentrifugation. A stock solution of each polymer was prepared and diluted with
water to obtain concentrations of approximately 0.25 mg mL™ and 0.75 mg mL™, respectively.
The aqueous solutions of the protein IFNK31N3 and the bioconjugates were diluted with 10 mM
phosphate-buffered saline (PBS, pH = 7.4) to obtain a sample concentration of approximately 0.75
mg mL™?. Sedimentation velocity experiments were performed with an Optima Analytical
Ultracentrifuge (Beckman Coulter Instruments, Brea, CA) by utilizing double-sector Epon
centerpieces with a 12 mm solution optical path length. The cells were placed in an An-50 Ti
eight-hole rotor. The cells were filled with 420 uL sample solution in diluent and with 440 uL
water (polymers) or water / PBS buffer (10 mM) mixture (IFNK31N3 and bioconjugates) as the
reference. All samples were measured by using the interference optical detection module
(refractive index (RI)) for observation of sedimentation boundaries in respect to time. For the
protein and bioconjugates, additionally the absorbance detection module at A = 280 nm was used.
All measurements were performed at 20 °C and at a rotor speed of 42 000 rpm for up to 48 hours,

depending on the sample. A three-minute (polymers) or five-minute (IFNK31N3z and



bioconjugates) time interval between each scan was used. Analysis of a suitable selection of scans
was used for data evaluation with Sedfit [57]. Viscosity and density measurements of the solvents
were performed at the accurate compositions utilized for the experiments with a DMA4100
densimeter (Anton Paar, Graz, Austria) at 20 °C. For viscosity measurements of the exact same
solvents, an Automated Microviscometer (AMVn, Anton Paar, Graz, Austria) at 20 °C was used
(Table S1). The instrument was operated with a capillary / ball combination. Sedimentation
velocity analytical ultracentrifugation (AUC) data were evaluated by numerical solution of the
Lamm equation via Sedfit making use of the c(s) model, returning differential distributions of
sedimentation coefficients, s, and weight average translational frictional ratios, f/fsn [57, 58]. Here,
f is the translational friction coefficient of the investigated macromolecules and fspn the
translational friction coefficient of a spherical particle with the same anhydrous volume and mass
[59]. Numerical estimates of signal (weight) average values of s and the f/fspn values from
sedimentation-diffusion analysis are summarized in Table S2. The used partial specific volumes,
v, for the c(s) model, allowing numerical solution of the Lamm equation, were taken from the
literature (v = 0.83 cm? g* for PEGs)[59, 60]. For the LPG polymers, a partial specific volume of
v =0.73 cm® gt was taken based on unpublished previous experimental results. For the IFNK31Ns,
we utilized a typical value for proteins (v = 0.73 cm® g%) as reported in the literature [61, 62], and
also in line with previous studies of a related protein [63]. v for the PEG conjugate was calculated
by use of v of PEGs and the protein weighed by mass fractions of components in the conjugate (as
known from separate AUC investigations of PEG polymer and protein), resulting in v = 0.76 cm®
gL. v for the LPGs and protein had similar values and, therefore, were also taken for the conjugate
(v = 0.73 cm® g1). The intrinsic sedimentation coefficients, [s], were calculated by [s] = s#o/(1-

vpo) With the solvent viscosity, 7o, and solvent density, po. Molecular weights by AUC (Table S2)



were calculated from the lowest investigated polymer concentration being closest to solution
ideality by utilizing the modified Svedberg equation: M ; = 9V2N,([s](f/fspn))*/* Vv with

Na being the Avogadro constant [59, 60].

Size exclusion chromatography of polymers. Size exclusion chromatography (SEC) of polymers
was performed as described previously [49]. In brief, SEC of LPG polymers was performed in
pure water with an Agilent 1100 SEC system (Agilent Technologies, Santa Clara, CA, USA),
equipped with an automatic injector, isocratic pump and an Agilent 1100 diffractometer. As a
column, a PSS Suprema column (pre-column, 1x with pore size of 30 A, 2x with pore size of 1000
A, all of them with a particle size of 10 um) was used with a flow rate of 1 mL/min. Calibration
was performed with pullulan standards prior to measurements. Molecular weight of the PEG used

for conjugation was taken as provided by the manufacturer.

Expression and purification of IFN-a2a and mutant. Expression of IFN-a2a and IFNK31N3
was performed as described before [49]. In brief, expression was in E. Coli (BL21) DE3 bacteria
with IPTG induction. For the mutant, expression of the pyrrolysyl-tRNA synthethase/tRNAPY
CUA pair was done by co-induction with L(+)-arabinose of a pEVOL-pyIRS vector containing a
chloramphenicol resistance cassette, which was kindly donated by Prof. Dr. Edward A. Lemke
from the Johannes Gutenberg University of Mainz/EMBL Heidelberg [64, 65]. After expression,
inclusion bodies were isolated and refolded. The refolded protein was purified by anion and cation

exchange chromatography, followed by SEC.

Strain promoted azide-alkyne Huisgen cyclo-addition. Strain promoted azide-alkyne Huisgen
cyclo-addition (SPAAC) was performed as described previously [49]. In brief, the protein was

mixed with a 20-fold excess of polymer in 25 mM phosphate buffer pH 7.4 + 150 mM NaCl at a



concentration of approximately 500 pg/mL and incubated for 48 h under gentle stirring at 4 °C in
a borosilicate glass vessel. For the 40 kDa polymers, the SPAAC reaction was allowed for a

timescale of 72 h.

Sodium dodecyl sulphate polyacrylamide gel electrophoresis. Sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) was performed as described previously using
standard Tris-glycine buffer systems. For samples with a molecular weight up to 40 kDa (up to 20
kDa bioconjugates) 10 to 15% SDS-Gels were used. For samples with a molecular weight above

40 kDa 5 to 15 % SDS-Gels were used.

Reversed phase high pressure liquid chromatography analysis. Reversed phase high pressure
liquid chromatography (RP-HPLC) analysis was performed as described prevously[49]. In brief,
an Agilent Zorbax 300SB-CN (4.6 x 150 mm, 5 um particle) column was used for analysis, using
a linear gradient of 5 to 70% eluent B (%, v/v) within 35 min at a constant flow of 1 mL/min.

Eluent A = Water + 0.1% TFA and eluent B= ACN + 0.1% TFA, A = 214 nm.

Dynamic light scattering. Dynamic light scattering (DLS) was performed as described previously
with adaptions €. DLS was performed on a Malvern Zetasizer ZS (Malvern Panalytical,
Herrenberg, Germany). Measurements were performed at 25 °C in 100 mM phosphate buffer pH
7.2 + 150 mM NacCl (c[Protein] = 0.4 mg/mL) after sterile filtration. Three measurements were
performed of each sample, whereby three acquisitions were averaged per measurement. Results

are reported as intensity value as shown in the Zetasizer software (version 7.13).

HEK Blue IFNo/f cell culture assay. The cell culture assay was performed in HEK-Blue™ IFN-
/B cells according to the manufacturer’s instructions. In brief, 50 000 cells were seeded at day 1

in a 96-well plate (280 000 cells/mL) in each well and stimulated with IFN bioconjugates starting



at a concentration of 1 pg/mL, followed by eleven 10-fold dilutions. On day 2, 20 uL of the
supernatants were mixed with 180 pL of Quanti-Blue™ and analyzed at A = 630 nm after 120 min
of incubation at 37 °C. The potency of 10 kDa bioconjugates was reported previously [49] and
were measured again on the same plates here along with the other molecular weight bioconjugates
for comparability purposes.

Differential scanning fluorimetry. Differential scanning fluorimetry (DSF) was performed as
described previously [49]. In brief, bioconjugates were analyzed at a final concentration of 8 uM
protein equivalents over a range of 25 to 95 °C using a heating ramp of 1 °C/min, whereby SYPRO
Orange was used at a 5-fold concentration. Normalization was performed as described before,

without smoothing of data [67].

In vivo pharmacokinetic study in mice. Animal experiments were carried out in compliance with
the regulations of the German animal protection laws and authorized by the responsible state
authority  (Regierungsprasidium Darmstadt, Dezernat V54 - Veterindrwesen und
Verbraucherschutz). Male and female transgenic C57BL/6 B6.Tg(ISRE-eGFP)Tovey mice [68]
between 8 and 18 weeks of age were divided into groups of 15 animals for each interferon
conjugate (mean group age 10 to 13 weeks). Mice were weighed, interferon conjugates were
diluted in sterile PBS and 3 pg/kg bodyweight of IFN-a2a-WT equivalents (therefore the protein
amount was always the same) of the respective dilution were administered intravenously in the tail
vein. For blood sampling, groups were divided into three subgroups of five animals each. In each
subgroup, blood was taken at two time points, respectively (time points 1+4, 2+5, 3+6 as reported
in Scheme 1). At the first time point, mice were anesthetized using isoflurane, and 100 uL blood
was taken from the retro-orbital vein plexus. At the second time point, animals were anesthetized

by intraperitoneal injection of Ketamine/Xylazine (100 mg/10 mg per kg bodyweight) and
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exsanguinated via cardiac heart puncture. Serum was obtained by blood centrifugation at 14.000
X g at 4 °C for 10 min. The serum was then snap-frozen in liquid nitrogen, followed by storage at
-80 °C until further analysis. After thawing on ice, the collected serum samples were diluted
appropriately and analyzed by ELISA (see below for details) according to the manufacturer's
instructions. The primary data set was fitted using non-linear least squares fits using RStudio

(version 4.0.5) [69].

%

G1-G3 injection

used group | G1 G2 G3 G1 G2 G3
time post 00.I17 1I 4'1 EIS 2'4 4|8
application [h] [ ] | | [, [ |
N o |
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sacrifice T T T

Schemel: Protocol of the in vivo pharmacokinetic study.

Gl=group 1, G2 = group 2, G3 = group 3 (n =5).
Plasma stability of Interferon-a2a and bioconjugates. IFN-a2a WT and its bioconjugates were
spiked into plasma to a final concentration of 1 ng/mL. The plasma was incubated at 37 °C at 300
rpm for up to 48 h. Samples were taken at 0,1,3,7,24, and 48 h and snhap frozen in liguid nitrogen
until further analysis. IFN concentrations of the samples were analyzed by ELISA (see below for

details) setting the averaged concentration of IFN-a2a WT at 0 h as the 100% reference.

Enzyme-linked immunosorbent assay. Samples of plasma stability and serum samples from the
in vivo pharmacokinetic study were analyzed by enzyme-linked immunosorbent assay (ELISA).

Samples taken for plasma stability were directly used. Samples taken from the in vivo study were

11



25-fold diluted using the kits dilution buffer, except from IFN-02a WT, setting the maximum
expected concentration to 2 ng/mL. IFN-a2a WT was only diluted 2-fold as an initial trial did show
too low detectable concentrations indicating a rapid decay. To account for polymer specific
decreased antibody binding, every bioconjugate, as well as the WT was analyzed with a calibration
curve established by the pure bioconjugate as the reference. For the calibration curve, the same
concentrations were used as the supplied standard calibration concentrations (39 to 2500 pg/mL+

blank). The lower limit of detection was 3.3 pg/mL, according to the manufacturer.

Stimulation of B6.Tg(ISRE-eGFP) Tovey mice bone marrow cells followed by fluorescent
activated cell sorting analysis. Animals were sacrificed by intraperitoneal anesthesia
(Ketamine/Xylazine (100 mg/10 mg per kg bodyweight)) and exsanguination. Femoral bones were
dissected, flushed with RPMI (10% FBS, 1% L-glutamine, 1% P/S, 1% Na-pyruvate) and 10° bone
marrow cells were seeded in a 24-well plate. Human IFN-a2a WT (1000 ng/ml) or murine IFN-
a2a WT (1000 U/ml) was added and plates were incubated for 24 hours at 37°C. The next day,
cells were washed twice with PBS (1% FBS, 0.1% NaNs). PBS supplemented with 1%
paraformaldehyde was used to re-suspend the cell pellet and GFP expression was determined using

a CytoFLEX flow cytometer (Beckman Coulter, Krefeld, Germany).

Statistical analysis. Statistical analysis was performed with Graphpad Prism 6. Results were
compared by one-sided ANOVA, followed by Tukey post hoc test for pair-wise comparison; p <

0.05 was considered statistically significant.
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Results

Polymer synthesis and characterization

The synthesis of PEG and LPG polymers started off previous protocols with adaptations as
required for the longer polymer chains (Figures 1A, B, Scheme S1, Figures S1-3)[49, 70]. LPG
was synthesized by anionic ring-opening polymerization of the acetal protected glycerol with
(Oct)sNBr in toluene in presence of (i-Bu)sAl as activator (Scheme S1). After polymerization, the
acetal protected backbone was treated in slightly acidic media and the respective LPG with free
hydroxyl moieties was obtained (data not shown)[49]. To introduce the cyclooctyne group for
SPAAC, the bromide at the chain-end was substituted with an azide group with NaN3 (data not
shown)[49]. In a subsequent step, the azide was reduced to a primary amine which was then
modified with BCN-NHS (Figure S1). SEC measurements confirmed LPG polymers with similar
molecular weights to theoretical values (Figure S2, Table 1). The commercial PEG-NH was

modified with BCN-NHS and analogous to the synthesis with LPG-NH2 (Figure S3).
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Figure 1: (A) Chemical structure of BCN-PEG and (B) BCN-LPG. Differential distributions of sedimentation
coefficients, c(s), of (C) NH2-PEG polymers (c = 0.26 mg mL™), (D) N3-LPG polymers (¢ = 0.25 mg mL™) of
different molecular weights, and (E) IFNK31Ns (c = 0.75 mg mL™). The latter results were obtained from RI (in
terms of interference fringes) and absorbance detection (in terms of optical density (OD) at A = 280 nm). AUC
measurements and evaluation of polymers that are displayed in C and D were also performed at a higher
concentration, results which are displayed in Figure S4.

All polymers were characterized by AUC as amino-, or as azide intermediates (Scheme S1, Tables
1, S2, Figures 1C, D, S4) and by SEC for comparison (Table 1, Figure S2). Results from both
analyses were in the same order of magnitude with lower apparent molecular weight values
obtained by AUC as compared to calibrated SEC against standards, an aspect not surprising
concerning previous studies [59, 60]. The sedimentation coefficients, s, and translational frictional
ratios, f/fsph, from sedimentation-diffusion analysis for PEG were in agreement with a more
detailed previous report (Table S2)[59]. The larger LPGs had broader differential distributions of
sedimentation coefficients, c(s), as compared to PEG (Figure 1C and D, S4A-C). Within the row
of increased molecular weights of LPGs, a clear increase in dispersity is seen. The signal (weight)
average sedimentation coefficients, s, obtained by integration of the differential distributions,
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increased from s = 0.43 S (Svedberg) to s=0.59 S and s = 0.86 S for the 10 kDa, 20 kDa, and 40

kDa PEG (Figures 1D, S6, Table S2), and froms=0.93 Stos=1.35S and s = 1.66 S for thel0

kDa, 20 kDa, and 40 kDa LPGs (Figures 1C and D, S4, Table S2).

Table 1: Polymer characterization by SEC, AUC, and by MALDI-TOF MS for the resulting IFNK31N3

bioconjugates.

Method SEC (kDa, P)  AUC (kDa) MALDI-TOF MS (kDa) AUC (kDa)
Sample Polymer Polymer Bioconjugate Bioconjugate Bioconjugate  Bioconjugate
or protein - protein * or protein** - protein***
PEG 10kDa 10.0, 1.04 [49] 7.9 30.3[49] 10.7 [49] 277 8.0
PEG 20 kDa 23.3,1.042 14.9 40.5 21.0
PEG 40 kDa 40, 1.08 2 47.6 60.2 40.7
LPG 10 kDa 11.6, 1.23 [49] 9.0 32.0 [49] 11.4 [49] 30.4 10.7
LPG 20 kDa 22.1,1.22° 19.8 44.6 25.1
LPG 40 kDa 54.8,1.5° 37.8 n.d. n.d. --- ---
IFNK31N3 19.5 [49] 19.7

2 M, according to manufacturer, ® measured in H,O by SEC calibrated with pullulan standards. *MW of
IFNK31N3(= 19.5 kDa) analyzed by MALDI-TOF MS was subtracted. **Average from RI and absorbance
detection. *** MW of IFNK31N3 analyzed by AUC (19.7 kDa**) was subtracted. [49] the value was published
previously in the indicated reference. n.d. = not determinable

Conjugation, purification, and analysis of bioconjugates

Sedimentation-diffusion analysis, c(s), of IFNK31Ns displayed a major species and a second less
abundant species, both identified by data from the interference and absorbance detection module.
The sedimentation coefficient for the monomer from both detector principles averaged to s = 1.95
S (Figure 1E and S4D, Table S2), which is in agreement with a recent study of recombinant
human IFN-o2a in a nonrelated study[71]. Average molecular weights were calculated to be 19.7
kDa as an average based on absorbance and RI detection (Tables 1 and S2), comparable to the
MALDI-TOF MS results. Next to the IFNK31N3 monomer, the second species at s-values of ca.
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2.8 S, presumably originates from a discernable existence of reversibly associated protein dimers,
which has been reported previously for IFN-02 at neutral pH [71, 72]. The BCN functionalized
polymers were conjugated with azide functionalized IFN-a2a (IFNK31Ns; Scheme 2) and purified

by FPLC (Figure S5, Table S3).
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Scheme 2: Schematic representation of the BCN functionalized polymer conjugation to IFNK31Ns.

The product yield decreased with increasing molecular weight of the polymer (Figure S5, Table
S3). The higher dispersity of LPG polymers reduced the collected fractions and, hence, lowered
the yield (Figure S5, Table S3). The resulting molecular weights of 20 and 40 kDa PEG and 20
kDa LPG bioconjugates were confirmed by MALDI-TOF MS. The LPG 40 kDa bioconjugate
could not be measured by MALDI-TOF MS, possibly reflecting its higher dispersity (Figure S6,
Table 1). The calculated molecular weights of the conjugated polymers were in good agreement
with SEC outcome after subtracting the mass of IFNK31Ns from the measured mass of the
bioconjugate, via MALDI-TOF MS, or AUC. Calculated molecular weights from AUC had the
same tendency to slightly lower molecular weights, as did the sole polymers. SDS-PAGE analysis
resulted in defined single bands for IFNK31N3, IFN-a2a WT, and all bioconjugates except for the

40 kDa LPG (Figures 2A, B).
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Figure 2: SDS-PAGE of (A) IFN-a2a WT (WT), IFNK31N3 (Ns), IFNK31Ns-PEG 10 kDa (PEG 10), IFNK31Ns3-
PEG 20 kDa (PEG 20), IFNK31N3-LPG 10 kDa (LPG 10), IFNK31N3-LPG 20 kDa (LPG 20) and Pegasys, (B)
IFNK31N3-PEG 40 kDa (PEG 40) and IFNK31N3-LPG 40 kDa (LPG40). (C) Normalized differential distributions
of sedimentation coefficients, c(s), of 10 kDa bioconjugates by absorbance detection in terms of OD at A = 280
nm (c(s) of IFNK31Ns, which is displayed in Figure 1E is displayed again for comparative purposes).
Magnification of RP-HPLC chromatograms of (D) LPG-bioconjugates, (E) IFN-a2a WT and IFNK31N; and (F)
PEG-bioconjugates (for full chromatograms please see Figure S7). (G) Hydrodynamic diameter of IFN-c2a WT
and its bioconjugates (AUC n = 1; DLS n = 3; mean + standard deviation; analysis for differences by one-sided
ANOVA test followed by Tukey post hoc test for pair-wise comparison; p < 0.05 was considered statistically
significant and selected differences as relevant for this study were marked by asterisks). (H) Melting points of
bioconjugates determined by differential scanning fluorimetry (n > 4; mean * standard deviation; one-sided
ANOVA test followed by Tukey post hoc test for pair-wise comparison; p < 0.05 was considered statistically

significant and selected differences as relevant for this study were marked by asterisks).
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The 40 kDa LPGylated bioconjugate was less defined (Figure 2B), which was further reflected by
its broader peak in the HPLC chromatogram (Figures 2D, S7). Furthermore, bioconjugation
increased the hydrophilicity of PEG and LPG bioconjugates when compared to the IFNK31N3
mutant. This effect was more pronounced for the LPG conjugate than for the PEG conjugate

(Figure 2D-F, S7).

Additionally, the 10 kDa PEG and LPG bioconjugates were analyzed by AUC (Figure 2C and
S4D). The conjugation of PEG reduced the sedimentation velocity of the conjugate when
compared to the protein monomer (despite higher overall molecular weights), resulting in a
sedimentation coefficient of 1.42 S. The conjugation of LPG appeared not to significantly change
the sedimentation velocity of the conjugate when compared to the protein monomer (despite higher
overall molecular weights). It only led to a slight decrease to a sedimentation coefficient of 1.87
S. The conjugation of PEG and LPG to IFNK31N3 did not show an apparent indication of dimers
or higher aggregates, likely an effect of the polymeric stealth entity (Figures 1E, 2C and S4D).
Data based on universal Rl detection indicate the absence of free polymer while absorbance
detection data are coherent with RI detection data for the conjugate (Figure S4D). Associated to
sedimentation-diffusion analysis, we realized that the conjugated polymer (though of lower
molecular weight than the protein) translated its much larger translational frictional properties to
the protein, i.e., the biologic (Table S2). Calculated molecular weights for the protein and
conjugates by sedimentation-diffusion analysis, c(s), followed the anticipations of conjugation and
from MALDI-TOF MS. Again, the deceleration of the PEG conjugates compared to the protein,
despite their higher molecular weights compared to the protein, is known in the scientific
literature,[63, 73-75] also coined as a “parachute” like effect. Apparently, this effect is much

reduced when using LPG conjugation as indicated here, though still being present. Bioconjugation
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significantly increased the hydrodynamic diameter of the IFNK31Nz mutant for all polymers as
observed by dynamic light scattering (DLS) and calculated from AUC data, i.e., the polymer
contributes pronouncedly to the measured and calculated hydrodynamic equivalent spherical size
estimates (Figure 2G, Table S4). DLS and AUC data correlating to each other, as exemplarily
compared for IFN-a2a itself and the 10 kDa bioconjugates of PEG and LPG, respectively. The
LPG and PEG polymers had overall comparable sizes among the 10, 20 or 40 kDa polymer group.
The hydrodynamic diameter of the PEG 40 kDa bioconjugates was comparable to the Pegasys
conjugates, in contrast to all other bioconjugates which were smaller in hydrodynamic equivalent
spherical size estimates. The unfolding temperature of all bioconjugates was comparable for all
bioconjugates and significantly reduced as compared to IFN-a2a-WT, or Pegasys (Figure 2H, S8,

Table S4).

Potency of bioconjugates

All bioconjugates had reduced potency as compared to IFN-a2a WT or the IFNK31N3 mutant
(Figures 3A, S9, Table S4) and bioconjugates performed similar within groups, and significantly
different between groups of 10, 20, and 40 kDa bioconjugates. All groups performed significantly
better than Pegasys. In general, an increasing hydrodynamic diameter inversely correlated with
potency regardless of the polymer class used for conjugation following, e.g., a third order

polynomial regression for all conjugates other than Pegasys (Figure 3B).
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Figure 3: (A) ECso values of bioconjugates (n > 3; mean * standard deviation; analysis for differences by one-
sided ANOVA test followed by Tukey post hoc test for pair-wise comparison; p < 0.05 was considered statistically
significant and selected differences as relevant for this study were marked by asterisks. (B) Correlation of
hydrodynamic diameter (data taken from Figure 2G) and potency (data taken from panel A of this figure).

Pharmacokinetics

IFN-02a WT and all bioconjugates were stable in plasma throughout 48 hours (Figure S10). We
further confirmed human IFN-o2a binding to the murine Interferon receptors by Fluorescence-
Activated Cell Sorting (FACS) analysis of primary murine bone marrow cells (Figure S11).
Resulting in vivo pharmacokinetics (PK) were mono-exponential for human IFN-a2a WT and PEG
20 kDa, and biphasic for all other bioconjugates. PK profiles for the human IFN-a2a WT were
characterized by rapid disposition with a slope of about 9 h! (t12 = 4 min). The slope of the initial
(distribution) phase indicated substantially slower distribution for the 20 kDa and 40 kDa LPG
bioconjugates with 1.3 h™? (t12 = 32 min) and 1.1 h? (ty2 = 39 min), respectively, as compared to
the wild type (Figure 4, Tables S5-S7). The distribution pharmacokinetics of the PEGylated
bioconjugates and Pegasys was in the range of several hours, ranging from 0.2 to 0.14 h' (ti2 = 3
h to 6 h). Terminal half-lives were some minutes for the IFN-a2a WT, and clustered between 2

hours and 4 hours for all 20 kDa bioconjugates. Substantially longer half-lives were recorded for
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the LPG 40 kDa, Pegasys, and PEG 40 kDa bioconjugates with 14, 19, and 25 hours, respectively.
Despite the rapid initial disposition of the LPG bioconjugates as compared to the PEGylated
bioconjugates, resulting overall exposure (area under the curve) was in the same order of

magnitude for LPG 40 kDa and Pegasys and both were lower than the PEG 40 kDa bioconjugates.
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Figure 4: Pharmacokinetics of the human IFN-a2a WT and its bioconjugates (mean + standard deviation, n > 4).
Mono-exponential pharmacokinetic were found for the human IFN-a2a WT and PEG 20 bioconjugate,
respectively, and highlighted by a hashtag. All other profiles followed a biphasic pattern.

A faster distribution rate constant of LPGylated bioconjugates as compared to PEGylated

bioconjugates was found although they had comparable hydrodynamic diameters (Figure 5).
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Figure 5: Hydrodynamic diameter (taken from Figure 2H, Table S4) and the initial rate/distribution rate
constant (taken from Table S5). The PEG20 bioconjugate group followed mono-exponential kinetics (i.e. no
distribution phase was distinguished).

Discussion

IFN-02a mutants with a genetically introduced unnatural azide-carrying amino acid (IFNK31Nz3)
were manufactured and successfully conjugated with poly(ethylene glycol) (PEG) and linear
polyglycerol (LPG) each with molecular weights of 20 or about 40 kDa (Figure 2). All
bioconjugates had reduced potency as compared to IFN-a2a WT and its mutant, but higher potency
as compared to the commercial product, Pegasys. The hydrodynamic diameter of the conjugates,
but not their chemical nature negatively correlated with potency (Figure 3). Overall exposure of
the 40 kDa PEG and 40 kDa LPG bioconjugates exceeded or matched those seen for Pegasys. A
faster initial disposition was observed for the LPGylated bioconjugates as compared to the
PEGylated bioconjugates, respectively, in spite of comparable hydrodynamic diameters (Figure

5),

Pegasys, among the first PEGylated biologics on the market, was selected as an exemplary starting

point for systematically expanding the polymer space for cytokine bioconjugates [49]. A recent
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publication using the same polymers with lower molecular weight, detailed optimal chemical
linker structures between the biologic and the polymers as well as interaction patterns of the
polymer-biologic interface [49]. This study now translates these findings to polymers with
molecular weights targeting the colloidal dimensions of Pegasys and as required to lastingly
modulate IFN-02a pharmacokinetics for therapeutic use. The outcome reported here for IFN-02a
and Pegasys was in line with previous results from experiments with mice and rats [10, 21, 76,
77]. Interestingly, the LPGylated bioconjugates had a faster initial disposition as compared to the
PEGylated counterparts with otherwise comparable hydrodynamic radii and potency (Figure 3).
This provided evidence that these differences were not related to renal excretion. Furthermore,
binding to serum components cannot explain these differences as supporting earlier reports
indicate that albumin binding was not different for similar sized PEGylated or LPGylated human
Interleukin-4 [50]. Hence, these differences in disposition kinetics are likely reflecting different
distribution characteristics for LPGylated bioconjugates as compared to PEGylated bioconjugates.
Interestingly, these at present unknown sinks for LPGylated bioconjugates were rapidly saturated
such that overall exposure was not substantially impacted as compared to their PEGylated
counterparts. Further studies are required to detail these findings, e.g., comparing uptake
phenomena in the liver or spleen for LPGylated and PEGylated bioconjugates and possibly binding
studies in whole blood can detail potential binding to cellular components during circulation.
Detailing these findings might in fact be particularly interesting for IFN-a2a bioconjugates. For
example, previous studies indicated that prolonged exposure, as seen for Pegasys in comparison
to the unconjugated wild type, shifted elimination from renal excretion to hepatic elimination [6].

Hence, different elimination routes may result from different polymers used for bioconjugation.
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Similar outcome was obtained for the molecular weights of the polymers by SEC, AUC, and
MALDI-TOF MS. While being in the same order of magnitude (Table 1), AUC analysis, though
being performed from a limited amount of measurements, resulted in smaller molecular weights
of the polymers, except for PEG 40 kDa. These effects were also found when calculating the
molecular weight of the polymers by subtracting the mass of the protein from the AUC analysis
outcome for the respective bioconjugates. Furthermore, the calculated and measured molecular
weights of the bioconjugates by AUC and MALDI-TOF MS were not contrasting each other. An
interesting aspect found in the sedimentation velocity data was re-affirmation of a “parachute” like
effect on protein hydrodynamics for PEG conjugates,[63, 73, 74] observed also for LPG
conjugates, but according to our present results to a much lower extend. This effect was coined
down to originate from increased translational frictional ratios, f/fspn, templated from the synthetic
polymers on the biologic. Notwithstanding, AUC data unveiled rather accurate calculation of
molecular weights of bioconjugates, since the methods of hydrodynamics inherently consider
variations of translational friction properties associated to sedimentation and diffusion (the latter

through translational frictional ratios, f/fsph) in molecular weight estimations [75].

Potency negatively correlated with the hydrodynamic parameter (doubling diameter
approximately reduced the potency four-fold; Figure 3) and was qualitatively reported for 10 kDa
polymers before [49]. Nevertheless, melting temperature, which is regularly used as a predictor of
secondary structure stability, was identical for Pegasys and IFN-a2a and in the range of previously
reported results [49, 78]. The IFNK31Ns mutant had significantly lower melting temperatures than
IFN-02a as had all other bioconjugates except for the LPG 20 kDa bioconjugate which had a
melting temperature similar to the IFNK31N3z mutant (Figure 2H). The data set does not allow to

assess possible confounding effects of (i) shifting from IFN-a2a (Peagsys) to the IFNK31Ns
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mutant (all other bioconjugates reported here), (ii) site directed conjugation or random conjugation
(a total of eight lysines is target for random PEGylation in Pegasys; Figure S12), or (iii) polymer
choice. However, the differences in melting temperature may be put into perspective with respect
to previous studies by others. For example, the thermal stability of IFN-a2b at neutral pH could be
improved by 2.6 °C just by changing the protein concentration and by 2.2 °C at increasing the
ionic strength of the formulation [78]. To which extent these small differences are

pharmaceutically relevant requires further real-time stability studies.
Conclusion

In conclusion, LPGylation is complementing bioconjugation possibilities beyond PEGylation with
similar outcome in terms of the stability of the secondary structure (melting temperatures), and
potency. Site specific polymer attachment may further increase the quality of the resulting
bioconjugates. Differences were observed in terms of the pharmacokinetics, with faster initial
distribution being observed for LPGylated as compared to PEGylated variants. At present the
cause of these differences is unclear, but may point to LPG specific targeting mechanisms, possibly

distinguishing this polymer from PEG.
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