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Abstract

Antibody-based fusion proteins are gaining increasing importance for therapeutic applications, but 

the impact of glycosylation on in vivo biopharmaceutical performance is not always completely 

understood. In this article, we have analyzed biochemical and pharmaceutical properties of fusion 

proteins, consisting of the F8 antibody (specific to the EDA domain of fibronectin, a marker of 

tissue remodelling and of angiogenesis) and of the p40 subunit of interleukin-12, an inhibitor of 

inflammation. The corresponding fusion protein (F8-IL12p40), which inhibits colitis development 

in mice, is a glycosylated protein with suboptimal disease targeting properties in vivo. Since the 

protein was extensively glycosylated, as evidenced by PNGase F treatment and mass spectrometric 

analysis, we mutated four asparagine residues in various combinations. The corresponding 

proteins exhibited similar biochemical and antigen-binding properties, but differences in thermal 

stability and bioactivity. Asparagine mutations did not lead to recovery of disease targeting 

performance in vivo, as evidenced by quantitative biodistribution studies with radioiodinated 

protein preparations in tumor-bearing mice. By contrast, an almost complete recovery of targeting 

was achieved with an enzymatically deglycosylated protein preparation. These findings reinforce 

the concept that different glycostructures can have an impact on tissue distribution properties.
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Introduction

The majority of small anticancer drugs and of therapeutic proteins does not preferentially 

localize at the tumor site after administration to patients. Indeed, many small organic drugs 

and biopharmaceuticals accumulate more efficiently in normal organs than in neoplastic 

lesions (Bosslet et al., 1998, Krall et al., 2013, van der Veldt et al., 2010), thus leading to 
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suboptimal therapeutic activity and, potentially, to side effects. For this reason, antibodies 

specific to tumor-associated antigens are increasingly being used as delivery vehicles, to 

facilitate a selective uptake of therapeutic agents at the tumor site (Schliemann and Neri, 

2007, Scott et al., 2012). Indeed, antibodies and their fragments have been used for the 

selective pharmacodelivery of various therapeutic payloads, including cytotoxic drugs (Casi 

and Neri, 2015, Chari et al., 2014, Sievers and Senter, 2013), toxins (Alewine et al., 2015), 

radionuclides (Steiner and Neri, 2011), cytokines (Kontermann, 2012, Pasche and Neri, 

2012, Sondel and Gillies, 2012) and other immunological mediators.

The impact of glycosylation on the in vivo behaviour of antibodies and their derivatives has 

extensively been studied by pharmacokinetic analysis of serum samples, but less frequently 

by quantitative tissue distribution studies (e.g., using radiolabeled protein preparations). 

Glycoproteins containing low levels of terminal sialic acid have been reported to be cleared 

rapidly (Sinclair and Elliott, 2005). Additionally, receptors binding specific glycostructures, 

as for example the asialoglycoprotein receptor (recognizing galactosyl residues) and the 

mannose receptor (recognizing mannose, N-acetylglucosamine and fucose residues) can also 

increase protein clearance (Lee et al., 2002, Morell et al., 1971). We have recently reported 

that the absence of terminal sialic acid residues and the exposure of terminal galactosyl or 

N-acetylglucosamine residues abrogate targeting dramatically (Venetz et al., 2015).

The conjugation of polysialic acid to various therapeutic proteins, including antibodies and 

antibody fragments, has been shown to increase the circulatory half-life of the corresponding 

products and lead, as a consequence, to improved tumor uptake (Constantinou et al., 2008, 

Gregoriadis et al., 2005). A site-specific fusion of a scFv fragment binding to 

carcinoembryonic antigen and a 11 kD polysialic acid chain demonstrated a 10-fold increase 

in tumor uptake after 24h compared to the unmodified protein, while only a minor decrease 

in tumor to blood ratio could be observed (Constantinou et al., 2009).

Monoclonal antibodies specific to splice-isoforms of fibronectin are ideally suited for 

pharmacodelivery applications and for the study of extravasation kinetics. The EDA domain 

of fibronectin, recognized by the F8 antibody, is a stable protein, located in the 

subendothelial extracellular matrix of newly formed blood vessels in tumors and in other 

angiogenic pathological structures, while being virtually undetectable in all other murine 

organs (Rybak et al., 2007, Schwager et al., 2009, Villa et al., 2008). A large variety of 

payloads (including drugs, cytokines and radionuclides) have been coupled or fused to 

antibodies, specific to fibronectin splice isoforms. The resulting products have been 

characterized in numerous quantitative biodistribution studies [e.g., see (Bootz and Neri, 

2016, Pasche and Neri, 2012) and articles therein].

Interestingly, some antibody-based fusion proteins exhibit a complete abrogation of the 

tumor-targeting properties of the parental antibody. While this phenomenon may be 

associated to molecular size (Halin et al., 2003, Poh et al., 2015) or to the use of highly 

charged payloads (Melkko et al., 2002, Niesner et al., 2002), it has also been observed that 

heavily glycosylated fusion proteins (e.g., antibodies fused to the extracellular domain of 

murine CD86) are rapidly excreted via the liver and do not target tumors efficiently in vivo, 

while being fully immunoreactive in vitro (Hemmerle et al., 2012). However, other 
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glycosylated antibody-based fusion proteins (e.g., those based on interleukin-4, interleukin-2 

and some interleukin-9 glycoforms as therapeutic payloads) exhibited biodistribution 

profiles in tumor-bearing mice, which were similar to the ones of the parental antibody 

(Becker et al., 1996, Hemmerle and Neri, 2014).

The disease targeting properties of F8 antibodies are typically assessed by quantitative 

biodistribution analysis in tumor-bearing mice, using radioiodinated protein preparations. It 

is convenient to use tumors rather than smaller pathological specimens (e.g., arthritic paws 

or inflamed intestine) because of easier quantification.

In this study, we describe the tissue distribution properties in tumor-bearing mice of nine 

fusion protein variants, consisting of the F8 antibody and of the p40 subunit of 

interleukin-12 (IL12). This protein payload contains four sites of N-linked glycosylation, 

which were removed either by PNGase F treatment or by site-directed mutagenesis (Asn-to-

Gln substitution). The p40 subunit of IL12 has been reported to display a potent anti-

inflammatory activity (Gillessen et al., 1995, Kim et al., 2012). Its fusion to the F8 antibody 

decreased disease severity in a mouse model of colitis (Bootz et al., 2015). Despite this 

beneficial therapeutic effect, the fusion protein exhibited a suboptimal overall biodistribution 

profile, which prompted us to further investigate variants thereof.

We have found that all glycosylation-site mutants of the p40 subunit, failed to preferentially 

localize at the tumor site. By contrast, the F8-IL12p40 fusion protein recovered after 

PNGase F treatment and a diabody preparation of the F8 antibody (devoid of the p40 

payload) selectively accumulated in the tumor, 24 hours after intravenous administration.

Results

Cloning, expression and characterization of the parental F8-IL12p40 fusion protein

The C-terminus of the p40 subunit of murine IL12 was fused to the N-terminus of the F8 

antibody in diabody format, by sequentially joining the two corresponding gene segments 

with a linker sequence [Figure 1A,B, (Bootz, et al., 2015)]. In order to prevent partial 

covalent dimer formation, which had been observed previously, the cysteine at position 197 

of the p40 moiety was mutated to a serine (C175S). The gene encoding the resulting fusion 

protein (hereafter named F8-IL12p40 C175S) was cloned into the mammalian expression 

vector pcDNA3.1 (+) [Figure 1B]. Transient gene expression in CHO-S cells (Muller et al., 
2007), followed by purification of the fusion protein on protein A, led to homogenous 

products with acceptable yields (> 14 mg/L). The purified F8-IL12p40 C175S protein was 

shown to be homogenous in SDS-PAGE analysis and size-exclusion chromatography 

[Figure 1C,D]. Surface plasmon resonance analysis revealed a high-binding affinity to the 

cognate antigen, which was similar to the one of the parental F8 antibody [(Villa, et al., 

2008); Figure 1E]. A dose-dependent IL12 inhibitory activity was observed using F8-

IL12p40 C175S in an in vitro assay based on interferon γ (IFNγ) production by IL12-

stimulated splenocytes [Figure 1F]. Circular dichroism analysis of the purified protein 

confirmed the presence of anti-parallel beta sheets as secondary structure elements and 

revealed high thermal stability (Tm = 57°C) [Figure 1I]. A quantitative biodistribution study 

in mice bearing murine F9 tumors, using a radioiodinated preparation of F8-IL12p40 
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C175S, revealed poor tumor-to-organ ratios without a preferential tumor accumulation, 24 

hours after intravenous administration [Figure 1G]. By contrast, the F8 antibody in diabody 

format exhibited substantially higher tumor-to-organ ratios at the same time point [Figure 

1J].

Investigation of potential sources of limited bioavailability at the tumor site

To investigate whether the suboptimal tumor targeting properties of the F8-IL12p40 C175S 

fusion was caused by binding to erythrocytes or leukocytes, a comparative blood incubation 

assay was performed, using radioiodinated preparations of F8-IL12p40 C175S and of F8 in 

diabody format. After 1 h incubation in blood and a centrifugation step, both proteins were 

predominantly found in plasma, in line to what had previously been reported for other F8-

based fusion proteins, which were not trapped by leukocytes [(Doll et al., 2013, Hemmerle 

et al., 2014), Figure 2A].

The F8-IL12p40 C175S fusion protein was then submitted to PNGase F treatment. A loss in 

apparent mass in SDS-PAGE analysis was observed [Figure 2B and Supplementary Figure 

1] and mass spectrometric analysis confirmed the complete removal of glycostructures 

[Figure 2D]. Deglycoslyation of F8-IL12p40 C175S under native conditions did not alter 

protein homogeneity or thermal stability profiles [Figure 2C,E]. After removal of PNGase F, 

F8-IL12p40 C175S was radioiodinated and injected into F9 tumor-bearing mice. In this 

case, a preferential tumor uptake could be observed [Figure 2F], which however did not 

match the selectivity of the parental F8 diabody [Figure 1J].

Cloning, expression and characterization of F8-IL12p40 C175S mutants

In order to study whether the tumor targeting properties of F8-IL12p40 C175S could be 

improved by removal of glycosylation sites, nine Asn-to-Gln mutants were generated by 

site-directed mutagenesis. The resulting protein variants, which lacked either one, three or 

all four glycosylation sites, were cloned into the pcDNA 3.1 (+) vector and produced by 

transient gene expression [Figure 3]. Two of the mutants (termed 234Q and 1234Q), 

however, could not be expressed at acceptable yields and purity, thus preventing further 

analysis. The remaining seven mutants were purified to homogeneity and were shown to 

display a biochemical quality comparable to the one of the parental F8-IL12p40 C175S 

fusion protein, as assessed by SDS-PAGE analysis and size-exclusion chromatography.

Analysis of F8-IL12p40 C175S and its mutants by ESI/LC-MS and N-acetyl neuraminic acid 
quantification

An initial mass spectrometric analysis of F8-IL12p40 C175S mutants [Figure 4, 

Supplementary Table I] revealed the presence on N-linked glycans only on position N198 

and N298. The triple mutant 134Q displayed a mass close to the theoretical molecular 

weight predicted from its amino acid composition, indicating that position N110 is not 

glycosylated. Additionally, the observed masses of mutants 3Q and 123Q as well as 4Q and 

124Q were virtually identical (taking Asn-to-Gln mutations into account), which implies the 

absence of glycans at position N25. Upon partial deglycosylation, the observed masses of 

the deglycosylated 3Q and 4Q species were found to be near their theoretical molecular 

mass.
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The mass differences observed in the mass spectra of the partially deglycosylated 3Q and 4Q 

mutants allowed us to elucidate putative N-glycan structures via a database search (details 

are given in the Material and Methods section of this manuscript) and rational considerations 

based on genomic knowledge of CHO cell-specific N-glycosylation. Specifically, mutant 3Q 

implied the presence of a bi-antennary complex N-glycan with two terminal sialic acids on 

position N298 while mutant 4Q suggested high-mannose type N-glycans on position N198 

[Supplementary Figure 2]. The presence of terminal sialylation was further investigated by 

HPLC-based quantification of N-acteyl neuraminic acid (NeuNAc) [Supplementary Figure 

3]. Indeed, this orthogonal analysis confirmed the existence of two terminal NeuNAc 

residues per F8-IL12p40 C175S monomers featuring N-linked glycans on position N298, 

providing further support for our glycostructure prediction.

Activity assessment and in vivo characterization of purified F8-IL12p40 mutants

The purified F8-IL12p40 C175S mutants revealed similar antigen binding capacity and IL12 

inhibitory activity as the parental protein [Figure 5]. A quantitative biodistribution study in 

F9 tumor-bearing mice using radioiodinated preparations of the mutants, however, did not 

exhibit a recovery to tumor-homing activity [Figure 5]. Indeed, tissue distribution profiles 

were similar for the seven proteins and largely comparable to the one observed for the 

parental F8-IL12p40 C175S immunocytokine [Figure 1G].

Protein analysis by circular dichroism (CD) spectroscopy

Protein fold and thermal stability of the F8-IL12p40 C175S preparations tested in vivo were 

examined with circular dichroism (CD) spectroscopy. The obtained spectra [Figure 6] of 

glycosylation site-mutants were comparable to the parental and natively deglycosylated F8-

IL12p40 C175S and show a characteristic topology for anti-parallel β sheet 

immunoglobulin-domains with global maxima below 205 nm and around 230-233 nm as 

well as a global minimum at 216-218 nm. The observed anti-parallel β sheet profile is in 

agreement with published crystal structures for human p40 in human IL12 (Yoon et al., 
2000) (72% sequence homology with mouse IL12p40) and other human antibodies in 

diabody format (Perisic et al., 1994).

Close examination of the CD spectra show that protein variants mutated in position 3Q and 

4Q show lower MRE values within this wavelength range. However, clear differences in the 

overall protein fold were difficult to assess by these initial wavelength scans.

By contrast, thermal denaturation curves [Figure 6] monitored at 217 nm revealed that the 

tested glycosylation-site mutants indeed deviated from F8-IL12p40 C175S. Not surprisingly, 

mutations on positions N25 and N110, found to be non-glycosylated in our MS analysis, had 

very little impact on thermal stability and exhibited similar melting temperatures as the 

parental protein. The mutant 3Q and 123Q displayed biphasic denaturation/unfolding curves 

whereby the first transition occurred already at around 40 to 45°C.

The denaturation curves of the triple mutants 124Q and 134Q and, to a lesser extent also of 

4Q, strongly deviated from the parental protein indicating that these mutations impair F8-

IL12p40 C175S stability or folding. By contrast, native deglycosylation with PNGase F did 

not reduce the melting temperature of F8-IL12p40 C175S [Figure 2E].
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Discussion

In this article, the impact of glycosylation on the properties of the F8-IL12p40 fusion protein 

was systematically studied, by enzymatic deglycosylation and by one or more Asn-to-Gln 

substitutions within predicted N-glycosylation sequence motives. In total, we characterized 

the parental protein and 8 derivatives in terms of their biochemical properties and tumor 

targeting performance in quantitative biodistribution studies, using radioiodinated protein 

preparations.

A comparative evaluation of the parental protein, the deglycosylated analogue and seven 

site-specific mutants revealed comparable antigen-binding profiles (as assessed by BIAcore 

analysis). However, some of the mutants (i.e., those with Asn-to-Gln substitution at positions 

N198 and N298) displayed a substantially reduced thermal stability, while other mutants 

(e.g., single N25Q and N110Q substitutions) did not exhibit changes in denaturation 

profiles, as assessed by circular dichroism. The impact of glycosylation site mutations on 

thermal stability is difficult to predict a priori and needs to be experimentally measured.

Protein glycosylation may have both positive and negative influences on the development of 

antibody-based biotherapeutics. In some case, glycosylation may confer improved solubility 

and stability to therapeutic proteins, thus enhancing their functional properties. However, 

some glycoforms (e.g., high-mannose carbohydrates or complex N-glycans lacking sialic 

acid at terminal positions) may be preferentially captured by the asialoglycoprotein receptor 

or mannose receptors, with a negative impact on pharmacokinetic and tissue distribution 

properties (Venetz, et al., 2015). Additionally, some glycoproteins rely on N-linked glycans 

for correct folding and trafficking through the endoplasmic reticulum (Helenius and Aebi, 

2001).

Enzymatic deglycosylation may represent an option for producing homogenous protein 

preparations, but its industrial application remains challenging, both in terms of PNGase F 

costs and of Good-Manufacture-Practice (GMP) compliance.

Unlike tumor antigen-specific antibodies in IgG format, which need N-linked glycosylation 

at N297 for efficient recruitment of NK cells and antibody-dependent cell cytotoxicity 

(Nimmerjahn and Ravetch, 2008), biotherapeutic agents incorporating antibody fragments as 

pharmacodelivery vehicles typically display acceptable functional performance in the 

absence of glycosylation (Bootz and Neri, 2016, Pasche and Neri, 2012). In the interest of 

protein homogeneity and predictable in vivo performance, the removal of ‘problematic’ N-

glycan structures from glycoprotein payloads by mutation remains therefore attractive but 

needs to be investigated with respect to protein stability and function.

The work presented in this article suggests that a combination of biochemical analysis, Asn 

mutation studies and quantitative biodistribution experiments may guide researchers for the 

development of armed antibodies, capable of preferential localization at the site of disease. 

As most targets for ligand-based pharmacodelivery are located on the abluminal aspect of 

blood vessels, a prolonged circulatory residence time and a preferential extravasation at the 

site of disease [e.g., in tumor blood vessels or in inflamed tissue; (Bootz and Neri, 2016, 
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Hess et al., 2014, Jain, 1990)] represent important contributors to biopharmaceutical 

performance.

Materials and methods

Cell lines

CHO-S cells (Invitrogen) were cultivated in PowerCHO medium (Lonza) supplemented with 

8 mM Ultraglutamine, HT supplement (GIBCO) and antibiotic-antimycotic solution 

(GIBCO) at 37°C. For protein production, CHO cells were cultured at 31°C in a 1:1 mixture 

of PowerCHO medium and ProCHO medium (Lonza) both supplemented as described 

above. For IL12p40 activity assessment, splenocytes, freshly harvested from C57BL/6 mice 

were cultured in RPMI 1640 medium (GIBCO) supplemented with 10% foetal bovine serum 

(FBS) at 37°C, 5% CO2, 95% humidity.

Animals

For animal experiments, female OHB 129Sv mice were obtained from Charles River. The 

experiments described in this article were performed under the project license “Tumor 

targeting” (Bew. Nr. 27/2015), issued to Dario Neri by the local cantonal authority 

(Veterinäramt des Kantons Zürich).

Protein production and characterization

The genes coding for the F8-IL12p40 mutants were generated using site directed 

mutagenesis of the gene encoding the parental protein, which was recently published (Bootz, 

et al., 2015). The final sequences [Supplementary Figure 4A,B] were digested by NheI 

(NEB) and NotI (NEB) and ligated into doubly digested pcDNA3.1 vector (Invitrogen). The 

corresponding fusion proteins were expressed using polyethylenimine-mediated transient 

gene expression in CHO-S cells. Cell culture supernatants were harvested six days after cell 

transfection and proteins were purified by Protein A affinity chromatography (Sino 

Biological), exploiting binding of the VH domain of F8 to Protein A, as previously 

described (Sasso et al., 1991). Subsequently, product quality was assessed by SDS-PAGE, 

size-exclusion chromatography using a Superdex 200 column (10/300GL, GE Healthcare, 

Little Chalfont, UK) and by surface plasmon resonance analysis (BIAcore) on an EDA-

coated CM5 sensor chip (GE Healthcare).

Deglycosylation of F8-IL12p40 C175S, 3Q and 4Q

Deglycosylation of F8-IL12p40 C175S, 3Q and 4Q (0.4 mg/mL protein) was performed 

under non-denaturing conditions using Peptide-N-Glycanase F (PNGaseF, NEB, 250 U per 

μg protein, incubation at 37 °C for 8-10 h).

For MS analysis, the reaction was performed in PBS using glycerol free PNGase F. After 

deglycosylation, the proteins were found to be partially deglycosylated, which allowed for 

simultaneous analysis of deglycosylated and native protein species within the same MS 

spectrum.
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Complete protein deglycosylation for in vivo targeting assessment was achieved using 

PNGase stored in glycerol and the corresponding Glycobuffer (NEB). To remove PNGase F 

and glycerol afterwards, the deglycosylated immunocytokine was purified using protein A 

coupled sepharose, eluted with triethylamine and dialyzed to PBS.

Protein analysis by LC-MS

Native and deglycosylated protein samples were diluted in PBS to a concentration of 0.1 

mg/mL and analyzed with an Acquity UPLC H class system equipped with a Acquity 

BEH300 C4 column (2.1 x 50 mm, 1.7μm particle size) sequentially coupled to a Waters 

Xevo G2-XS QTOF ESI mass analyzer. The applied LC-method was designed to remove 

salts from the samples without further separation of the protein constituents. Briefly, 10 μL 

samples were injected and chromatographically desalted by isocratic elution using a mobile 

phase consisting 95% solvent A (0.1% formic acid in water) and 5% solvent B (0.1% formic 

acid in acetonitrile) at a constant flow rate of 0.4 mL/min. After 1.5 min, the salt-free sample 

was eluted by stepwise gradient elution to 95% solvent B within 4.5 min (10% change 

solvent B every 30s then back to 95% solvent A within 30s) and subjected to ESI mass 

analysis. Three wash cycles (linear change to 95% solvent B within 2.25min and back to 

95% A) were implemented to remove residual protein from the column between sample 

runs.

The resulting spectra were deconvoluted using the software MassLynx v4.1. The mass 

difference between native and deglycosylated protein species was used to predict possible 

glycan structures with the help of a database search of the ‘Consortium of Functional 

genomics’ database integrated in the used Glycoworkbench v2.0 software (Ceroni et al., 
2008). Notably, 19.0 Da was added to the observed mass differences in order to account for 

the addition of one H20 molecule (as a consequence of the PNGase F reaction) and 

protonation, which typically occurs during the ionization of salt-free glycoprotein samples. 

Putative glycan structure were thereafter selected based on available genomic information of 

CHO K1-specific N-linked glycosylation (Xu et al., 2011). The presence of terminally 

sialylated N-glycans was confirmed by HPLC quantification of neuraminic acids as 

described below.

N-acteyl neuraminic acid (NeuNAc) quantification

Terminal sialic acids were released by mild hydrolysis in 0.5 M NaHSO4 (Sigma Aldrich) 

during 40 min at 80°C. Hydrolysed sialic acids were then derivatized with an excess of o-

phenylenediamine (OPD, Sigma Aldrich) in the same buffer for 2 h at 80°C to enable 

subsequent fluorescence detection. A standard series of N-acetyl-neuraminic acid (Sigma 

Aldrich) was simultaneous processed for calibration. RP-HPLC separation of sialic acid-

OPD derivatives was performed with a Hitachi Lachrom D-7000 HPLC-system equipped 

with an Xterra® 5 μm, 4.6 x150 mm C18 column (Waters) and a L-7480 fluorescence 

detector. Isocratic elution with a mobile phase of 7% solvent A (0.15% 1-butylamine, 0.5% 

phosphoric acid and 1% tetrahydrofurane in water) and 93% solvent B (50% solvent A and 

50% acetonitrile) at a flow rate of 1 mL/min was used to chromatographically isolate OPD-

labelled NeuNAc as previously described (Anumula, 1995). Fluorescence detection at 

Ex/Em 280/425 nm then allowed the quantification of terminal NeuNAc in the tested F8-
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IL12p40 C175S mutant samples. Protein concentrations used for NeuNAc-to-F8-IL12p40 

C175S monomer normalization were measured using a NanoDrop 2000c system.

Activity assessment of proteins

Spleens obtained from healthy female C57BL/6 mice were harvested, homogenized in 3mL 

medium and isolated using a cell strainer (40 mm; BD Falcon, Becton, Dickinson and 

Company). After a centrifugation step at 250 g (g = 9.8 m s-2) for 5 min, medium was 

removed and cells were resuspended in 3 mL red blood cell lysis buffer (Sigma Aldrich) 

After incubation for 10 min at room temperature, lysis was stopped by adding 10 mL of 

medium followed by a second isolation step through a cell strainer. The resulting flow-

through containing the isolated splenocytes was centrifuged for 5 min at 250 g and the 

supernatant was removed. Subsequently, splenocytes were resuspended in medium to 

achieve a final concentration of 5 · 106 cells per mL. Afterwards, 5 · 105 cells were seeded 

into wells of a 96-well plate and covered with 100 μL medium containing 5 ng/mL 

recombinant murine IL12 (PeproTech EC Ltd., London, UK). Different concentrations of 

F8-IL12p40 (ranging from 0.3 mg/mL to 3 · 108 mg/mL) were added to each well except for 

the negative control wells. Cells were incubated at 37°C, 5% CO2, 95% humidity. After 48 

h, cell supernatants were harvested and analyzed for Interferon-γ (IFNγ) expression by 

sandwich enzyme-linked immunosorbent assay, using a rat-anti-mouse IFN γ (Clone 

R4-6A2, eBioscience) for capture and a polyclonal biotinylated rabbit-anti-mouse IFN γ 
(PeproTech) for detection.

Whole blood incubation assay

Blood from healthy, twelve weeks old C57/BL6 was collected in syringes containing 50 μL 

ACD-anticoagulant (Sigma-Aldrich) and transferred to EDTA tubes (BD Microtainer) in 

fractions of 200 μL. Either 39.3 nM or 393 nM of radiolabeled F8-IL12p40 C175S or 

radiolabeled F8 diabody were added. Blood samples were incubated for 1 h at 37 °C and 

then centrifuged for 5 min at 2000 g. 90 μL of the supernatant and 100 μL of the cell pellet 

were transferred to radiation counting tubes and measured for radioactivity using a Packard 

Cobra γ counter.

Radioiodination of proteins and quantitative biodistribution studies

150 μg of protein (0.375 mg/mL) were radiolabeled with 200 μCi of sodium iodide-125 

(Perkin Elmer) using the iodogen method. Pre-coated iodination tubes (Pierce) were 

equilibrated with 1 mL of PBS. Subsequently, 100 μL of PBS and the respective volume of 

NaI-125 were added directly to the bottom of the tube, mixed and incubated for 5 min,while 

slightly swirling the tube every 30 s. The solution containing the activated iodine was 

transferred to a tube containing 150 μg of protein, followed by incubation for 5 min. The 

solution was loaded onto a BSA blocked PD-10 column (GE Healthcare. The labelled 

protein was eluted with 3 mL PBS and collected in fractions of 0.5 mL.

For quantitative biodistribution studies, F9 tumor-bearing mice were injected (i.v.) with 10 

μg radiolabeled protein preparation. 24 h after injection, organs were harvested, weighed and 

radioactivity was measured using the Packard Cobra γ counter.
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Protein analysis by circular dichroic (CD) spectroscopy

All protein samples analyzed by CD were dialyzed for at least 16 h at 4°C to 10 mM NaCl, 

10 mM Na2HPO4 at pH 7.5. The samples were then diluted to 0.180 mg/mL with dialysis 

buffer, which was used for background correction of the respective CD measurements. The 

samples were transferred to a 2 mm quartz glass cuvette and inserted in the AVIV CD 

spectrophotometer (Model 430) before initial wavelength scans in the range of 260 nm to 

195 nm were performed. Thermal denaturation was monitored at 217 nm because at this 

wavelength, the largest change in MRE was observed when comparing samples at 25°C and 

95°C (data not shown). Protein denaturation was achieved by heating the samples in 1°C / 

min steps with 30 s averaging time. After background correction to eliminate buffer effects, 

the data was processed as described in (Greenfield, 2006).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A, Schematic representation of the domain structure of F8-IL12p40 C175S. B, Overview of 

the essential elements of the plasmid for the mammalian expression F8-IL12p40 C175S. The 

purified protein was characterized by: C, SDS-PAGE analysis (m: marker; r: reducing 

conditions; nr: non-reducing conditions); D, Size exclusion chromatography; E, Surface 

plasmon resonance analysis on a BIAcore CM5 chip coated with the antigen (EDA). F, Plot 

of F8-IL12p40 C175S activity assessment, based on the inhibition of IL12-induced IFNγ 
secretion of splenocytes. G, Quantitative biodistribution analysis of F8-IL12p40 C175S in 
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F9 teratocarcinoma bearing mice, 24 h after injection of 10 μg radioiodinated protein 

preparation. Radioactivity content of each organ is shown in percent injected dose per gram 

[%ID/g]. H, Mass spectrometric analysis (ESI/LC-MS). I, Wavelength scan and thermal 

denaturation curve assessed by CD spectroscopy. J, Schematic representation of the F8 

diabody, corresponding expression vector and quantitative biodistribution profile.
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Figure 2. 
A, Comparative blood incubation assay of radiolabeled preparations of F8-IL12p40 C175S 

and F8 diabody. Equimolar concentrations of the proteins were incubated in murine blood 

for 1 hour at 37°C. After centrifugation, radioactivity content of supernatant and pellet was 

measured. B, SDS-PAGE analysis of purified F8-IL12p40 C175S before (1) and after (2) 

deglycosylation using PNGase F. The deglycosylated product was purified over protein A 

(3) to separate it from the PNGase F enzyme (m: marker; r: reducing conditions; nr: non-

reducing conditions). C, Size exclusion chromatogram. D, Mass spectrometric analysis 

(ESI/LC-MS). E, Wavelength scan and thermal denaturation curve assessed by CD 

spectroscopy. F, Quantitative biodistribution analysis F8-IL12p40 C175S in F9 

teratocarcinoma bearing mice, 24 h after injection of 10 μg radioiodinated protein 

preparation. Radioactivity content of each organ is shown as percent injected dose per gram 

[%ID/g].
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Figure 3. 
A, Schematic representation of F8-IL12p40 C175S and its four glycosylation sites. B, 

Description of generated mutants lacking i) one or ii) more glycosylation sites.
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Figure 4. 
Characterization of purified F8-IL12p40 C175S mutants in terms of production yield, SDS-

PAGE analysis, size-exclusion chromatograms and mass spectrometric analysis (ESI/LC-

MS).
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Figure 5. 
Characterization of purified F8-IL12p40 C175S mutants in terms of surface plasmon 

resonance analysis, inhibition of IL12 activity and quantitative biodistribution profiles.
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Figure 6. 
Circular dichroism (CD) spectroscopy of F8-IL12p40 C175S mutants, showing wavelength 

scans at 25°C, as well as thermal denaturation profiles, monitored at 217 nm.
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