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Abstract 

Therapeutic proteins including cytokines are promising agents in treating numerous diseases, 

and their clinical use could be drastically improved with cell-selective delivery. We explored 

this concept for the antifibrotic cytokine interferon gamma (IFNγ) in attenuating liver fibrosis, 

and designed the chimeric construct Fibroferon that targets the IFNγ-signaling peptide, 

lacking the IFNγ-receptor binding moiety, to the fibrosis-induced platelet-derived growth 

factor beta receptor (PDGFβR) on myofibroblasts. We now aim to elucidate this mechanism of 

action and hypothesize that steering the IFNγ-activity domain to the PDGFβR does not affect 

PDGFβR-signaling, but triggers the IFNγ-receptor signaling in the same cell instead. Specific 

PDGFR-binding of Fibroferon was shown, without activating its signaling pathway or blocking 

PDGF-BB effects. Instead, activation of the intracellular IFNγR-signaling in fibroblasts 

occurred, hallmarked by pStat1-activation and translocation into the nucleus. Unlike IFNγ, 

Fibroferon did not activate macrophages in vitro, since these cells lack the PDGFR. 

Furthermore, we demonstrated clathrin-dependent endocytosis of Fibroferon, followed by 

translocation and nuclear uptake. In conclusion, we demonstrated the cell-selective binding 

of Fibroferon to the PDGFR, yet it switches to the intracellular routing of IFNγ. Interestingly, 

Fibroferon escapes from endosomal/lysosomal pathways and enters the nucleus. Herewith 

we confirmed the possibility of redirecting cytokines, representing a stride towards their 

therapeutic use. 
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Introduction 

Therapeutic proteins are becoming increasingly popular in the treatment of many diseases. 

The first recombinant protein that gained approval by the US Food and Drug Administration 

(FDA) was human insulin in the early 1980s, and ever since numerous therapeutic proteins 

have emerged in the market. Already, more than 130 different protein-based entities like 

monoclonal antibodies, modified enzymes and natural interferons have been approved by the 

FDA for clinical use, and many more are in development1,2. Such proteins are particularly 

attractive as therapeutic agents, because they are highly potent and they display exquisite 

affinity and specificity for their targets; something that cannot be easily mimicked by small-

molecule drugs2. 

Despite their promising therapeutic effects, the efficacy and safety of many therapeutic 

proteins is still limited, mostly related to low exposure to target cells, due to rapid renal 

clearance and a short circulation half-life, and to severe systemic side effects attributed to 

ubiquitous receptor expressions or development of immunogenicity2,3. Many attempts are 

being made to overcome these challenges, by either manipulation of the protein itself, or by 

changing the formulation3. A common way to modify a therapeutic protein is for example by 

covalent coupling of polyethylene glycol (PEG) or by fusion to other proteins with longer in 

vivo half-lives. Our strategy to improve the therapeutic applicability of potent proteins is to 

target the protein of interest to key pathogenic cells by redirecting them to disease-induced 

receptors with homing devices. 

We previously developed several therapeutic proteins targeting the fibrotic liver, where 

excessive amounts of extracellular matrix proteins are produced by mainly activated hepatic 

stellate cells (HSCs)4,5. The platelet-derived growth factor β receptor (PDGFβR) is abundantly 

and specifically expressed on activated HSCs during fibrogenesis6, which makes it an attractive 

target for cell-specific delivery of antifibrotic compounds such as the potent antifibrotic 

cytokine interferon γ (IFNγ). We established cell-specific targeting of a series of proteins that 

all share the same targeting moiety, i.e. the cyclic PDGFβ-receptor recognizing peptide (pPB)7, 

as reviewed recently by Van Dijk et al.8, including a minimized targeted IFNγ construct 

referred to as ‘Fibroferon’: fibroblast-targeted interferon γ (previously called BipPB-PEG-IFNγ 

mimetic, mimγ-BipPB, or BOT191). In this construct, the nuclear localization sequence of IFNγ 

containing the agonistic activity domain is retained, while the extracellular IFNγ-receptor 

binding moiety is lacking9. This truncated IFNγ-structure was targeted to the PDGFβ-receptor 

by coupling it to the bicyclic PDGFβ-receptor recognizing peptide (BipPB) via a 2 kDa 

polyethylene glycol (PEG) linker, allowing a dimeric receptor interaction. We previously 

demonstrated an improved in vivo antifibrotic effect and reduced IFNγ-related side effects of 

 

 3 



Chapter 3 

52 

Fibroferon in mice suffering from CCl4-induced liver fibrosis10 and renal fibrosis, thereby 

tackling the two main problems associated with clinical use of IFNγ11. 

When native IFNγ binds to its endogenous receptor it induces a cascade of events eventually 

leading to the recruitment and phosphorylation of the signal transducer and activator of 

transcription 1 alpha (Stat1α). The recently developed non-canonical model of IFNγ-receptor 

signaling describes active transport of a complex consisting of amongst others Stat1α, IFNγ 

and its receptor into the nucleus9,12. It is described that both IFNγ and its receptor are 

associated within clathrin-coated pits, and they are also reported to be present in lipid rafts 

and caveolae, albeit to a lesser extent13. However, our chimeric protein only contains the 

activity domain of IFNγ, lacking the extracellular receptor binding domain, and instead is 

designed to bind to the PDGFβ-receptor. The endogenous ligand of the PDGFβ-receptor is 

PDGF-BB, a dimeric molecule produced by various cell types, including platelets, macrophages 

and hepatocytes, which stimulates profibrogenic processes like proliferation, migration and 

contraction of HSCs14. The signaling cascade downstream of the PDGFβ-receptor involves 

multiple pathways, in which the MAPK/ERK pathway and Akt/PKB pathway are the major 

routes15,16. In order to reveal the mechanism of action of Fibroferon and thus answer the key 

question how truncated IFNγ delivered to the PDGFβ-receptor exerts its effects, we analyzed 

receptor binding and intracellular routing as well as activation of signaling pathways in 

fibroblasts. Our studies show that redirection of the signaling moiety of IFNγ to the PDGFβR 

leads to activation of the IFNγR. Moreover, we demonstrated escape from the endosomal 

pathway and nuclear translocation of our chimeric peptide. 

 

Materials and methods 

Synthesis and characterization of Fibroferon 

Fibroferon was custom-prepared (Eurogentec, Liège, Belgium) as described before10. The final 

product was analyzed by silver staining, western blot, electrospray mass spectrometry (ES-

MS) and ultraperformance liquid chromatography (UPLC). UPLC was performed on an 

analytical Acclaim RSLC C18 (2.2 μm, 120 Å, 2.1 x 100 mm) column (Thermo Scientific). 

Separation was achieved by elution with 0.1% TFA in H2O and 0.1% TFA in ACN. The flow rate 

was kept at 0.4 ml/min during a 7.5 min run (λ = 220 nm). 
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Silver staining 

Samples (10 μg protein) were applied on a 15% SDS polyacrylamide gel. The gel was fixed in 

10% acetic acid in H2O/MeOH = 1/1 for 1 h, washed 3 x 30 min in 25% EtOH in H2O, and 

incubated 1 min in H2O containing 200 μg/ml Na2S2O3. After washing the gel incubated 20min 

in H2O containing 2 mg/ml AgNO3 and 1.5‰ formaldehyde, was washed again and developed 

in H2O containing 4 ng/ml Na2S2O3, 0.5‰ formaldehyde and 60 mg/ml Na2CO3. The reaction 

was stopped after washing, by incubation in 12% acetic acid in H2O/MeOH = 4/5 for 15 min. 

 

Western blot analysis 

Samples (10 μg protein, 25 μl cell lysate or 100 μg tissue homogenate) were applied on a SDS 

polyacrylamide gel (10 or 12%) and transferred to a 0.2 μm polyvinylidene difluoride 

membrane. Membranes were blocked for 1 h in 5% nonfat dry milk in tris-buffered 

saline/0.1% Tween-20 (ELK/TBS-T) and incubated overnight at 4 °C with the primary antibody 

in 5% ELK/TBS-T. The appropriate HRP-conjugated secondary antibodies were applied in 5% 

ELK/TBS-T for 2 h after washing in TBS-T. Bands were visualized with enhanced 

chemiluminescence (VisiGlo Plus HRP, Amresco) and quantified with GeneSnap (Syngene, 

Synoptics, Cambridge, UK). The used antibodies are listed in table 1. 

 

Cell cultures 

Human LX2 hepatic stellate cells were kindly provided by prof. Scott Friedman (Mount Sinai 

Hospital, New York). Murine NIH/3T3 fibroblasts and RAW264.7 macrophages were obtained 

from the American Type Culture Collection (Rockville, MD). Cells were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM, Invitrogen, Carlsbad, CA) containing 10% FCS, 

supplemented with 100 U/ml penicillin and 100 μg/ml streptomycin (3T3s and LX2s), 2 mM L-

glutamine (3T3s and RAWs) and 10 μg/ml gentamicin (RAWs). 

 

In vitro studies 

Macrophage activation. RAW264.7 cells were stimulated with Fibroferon (2.5, 5, 25, 50, 500 

ng/ml) or IFNγ (5, 10, 50, 100, 1000 ng/ml) for 48 h, detached with lidocaine/EDTA and 

washed with PBS containing 2% FCS and 5 mM EDTA (PFE). After 30 min incubation with an 

anti-MHCII-APC/Cy7 antibody (1:100, Biolegend) at 4 °C and washing in PFE, the cells were 
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resuspended and studied using the BD FACSArrayTM bioanalyzer (BD Biosciences). Data were 

analyzed using FlowJo software (Tree Start, Ashland, USA). 

Binding and uptake. Compounds were labeled with Alexa Fluor Succinimidyl Ester label 

according to manufacturer’s instructions (ThermoFisher Scientific). Cells plated on coverslips 

were stimulated for 24 h with TGFβ (5 ng/ml, Peprotech, Rocky Hill, NJ) and incubated with 

Alexa-labeled Fibroferon or IFNγ (both 10 μg/ml) for 30, 60 or 120 min at 37 °C. Binding was 

inhibited by 20 min preincubation with 4 mM trapidil, by 10 min preincubation with 25 μM 

chlorpromazine or 5 μg/ml filipin or by 30 min preincubation with 100 mM NaN3. Binding and 

uptake were analyzed with fluorescence microscopy (Leica Microsystems) or confocal 

microscopy (Leica Microsystems, SP8). In addition, quantification of the cellular accumulation 

up to 4 h at 4 and 37 °C was performed by flow cytometry analysis. 

Binding to the PDGFβR. Fibroblasts were washed with PBS-based binding buffer containing 

0.9 mM CaCl2, 0.49 mM MgSO4 and 1 mg/ml BSA, and incubated with Fibroferon (0.2, 0.5, 

0.9, 1.9, 3.8, 7.5 and 15 μM) for 30 min at 4 °C, followed by 60 min incubation with 50.000 

CPM I125PDGF-BB (Perkin Elmer). Cells were washed, lysed overnight in 20 mM Tris-HCl pH 

7.5, 1% Triton-X1000 and 10% glycerol and measured with Packard Riastar gamma counter 

(Perkin Elmer). 

Signaling and effect. For PDGFβ-receptor mediated signaling, cells were stimulated with 

PDGF-BB (50 ng/ml, Peprotech, Rocky Hill, NJ), Fibroferon (1 µg/ml) or IFNγ (2 µg/ml, 

Peprotech) for 10 and 60 min at 37 °C. For IFNγ-receptor mediated signaling, cells were 

starved 24 h followed by stimulation with TGFβ for 24 h, prior to incubation with Fibroferon 

(1 and 10 µg/ml) or IFNγ (2 µg/ml) for 10 and 60 min at 37 °C. Cells were harvested in sample 

buffer for WB and stored at -80 °C until analysis.  

 

Cellular fractionation 

Cells were stimulated with Fibroferon (1 μg/ml) or IFNγ (2 μg/ml) for 10 or 120 min (37 °C) in 

duplicates and after this kept at 4 °C. For total cell lysates, pellets were resuspended in 50 μl 

cell extraction buffer (ThermoFisher) containing 1 mM phenylmethane sulfonyl fluoride and 

protease inhibitor, and incubated for 30 min, with vortexing at 10 min intervals. After 

centrifugation (13.000 rpm, 10 min) the supernatants were aliquoted. For cytoplasmic 

fractions, pellets were resuspended in 250 μl hypotonic buffer containing 20 mM Tris-HCl (pH 

7.4), 10 mM NaCl and 3 mM MgCl2 and incubated for 15 min. After addition of 12.5 μl 10% 

NP40, samples were vortexed 10 s, centrifuged (3.000 rpm, 10 min) and aliquoted. For nuclear 

fractions, the pellets were resuspended in 250 μl hypotonic buffer, incubated for 15 min, and 
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were centrifuged (3.000 rpm, 10 min). Pellets were processed as described for total cell 

lysates, and were collected after centrifugation (14.000 g, 30 min). All fractions were diluted 

in sample buffer, boiled for 5 min at 95 °C and stored at -20 °C until analysis. To confirm purity 

of the different fractions, all fractions were tested for the presence of nuclear and 

cytoplasmic components using topoisomerase-IIβ and α-tubulin as markers for nuclear and 

cytoplasmic proteins, respectively. 

 

Animal experiments 

Male balb/c mice (Envigo, Horst, The Netherlands) received ad libitum normal diet with 12 h 

light/dark cycle. All experimental protocols were approved by the Animal Ethical Committee 

of the University of Groningen (the Netherlands). Liver fibrosis was induced by intraperitoneal 

injections of increasing doses of CCl4 as described before17. In week 8, mice (n=3) received an 

intravenous injection of 10 mg/kg PDGFβR-targeted mimetic IFNγ 30 min prior to sacrifice, 

after which blood and different organs were collected.  

 

Immunohistochemical staining 

Liver cryosections at 4 μm of thickness (CryoStar NX70 cryostat, ThermoFisher Scientific, 

Waltham, USA) were dried and fixed with acetone. Sections were rehydrated in PBS and 

incubated with a primary antibody, applied either 1 h at RT (anti-pPB, anti-desmin and anti-

CD68) or overnight at 4 °C (anti-IFNγR and anti-PDGFβR). Next, sections incubated 30 min 

with the appropriate HRP-, AP- or FITC-conjugated secondary antibodies, and if necessary 

visualized with ImmPACT NovaRED and VECTASTAIN ABC-AP (both Vector, Burlingame, USA), 

respectively. Photomicrographs were captured at 400x magnification (Aperio, Burlingame, 

USA). Fluorescence stainings were obtained with fluorescence microscopy (Leica 

Microsystems). The used antibodies are listed in table 1. 

 

Statistical analyses 

At least 3 individual experiments were performed to measure in vitro effects. Data are 

presented as mean ± standard error mean (SEM). The graphs and statistical analyses were 

performed using Graphpad Prism version 6.00 (GraphPad Prism Software, Inc., La Jolla, CA, 

USA). Differences between groups were assessed by Friedman test followed by Dunn’s 

multiple comparison test, unless stated otherwise in the corresponding figure legends. The 

differences were considered significant at p<0.05. 
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Table 1. Primary antibodies used for the western blot and immunohistochemical analyses. 

 

Results 

Characterization of Fibroferon 

To characterize specific parts in the molecular structure of Fibroferon, illustrated in figure 1A, 

we performed a silver staining and western blot analysis for pPB. All elements of Fibroferon 

were connected, as reflected by the molecular weight of Fibroferon, which was smaller as 

compared to recombinant IFNγ (15.6 kDa), but larger than mimetic IFNγ (4.7 kDa), and the 

presence of pPB (Figs. 1B and C). The molecular weight as determined by electrospray mass 

spectrometry (ES-MS) revealed a mass of 9344 Da (Fig. 1D), which matched with a structure 

of 2 cyclic peptides (~1 kDa each), conjugated with PEG (2 kDa) and truncated IFNγ (IFNγ95-132: 

AKFEVNNPQVQRQAFNELIRVVHQLLPESSLRKRKRSR, 4.7 kDa). The purity of the synthesized 

lyophilized compound was 98%, as measured with ultra-performance liquid chromatography 

(UPLC) (Fig. 1E). Furthermore, we assessed the stability of the protein at room temperature 

when dissolved in PBS, by measuring the UPLC profiles at t=7, 14 and 21 days. The UPLC data 

Antibody Source Dilution 

Polyclonal rabbit anti-pPB Charles 

Rivers 

1:1000 (WB)  

1:250 + 5% NMS (staining) 

Monoclonal rabbit anti-PDGFβR Cell Signaling 1:1000 (WB) 

1:50 (staining) 

Monoclonal mouse anti-GAPDH Sigma-

Aldrich 

1:20000 

Polyclonal goat anti-desmin Santa Cruz  1:100 

Monoclonal rat-anti-CD68 Serotec 1:500 

Polyclonal rabbit anti-IFNγR1 antibodies-

online.com 

1:1000 (WB) 

1:20 (staining) 

Polyclonal rabbit anti-phospho-p44/42 MAPK Cell Signaling 1:1000 

Monoclonal rabbit anti-p44/42 MAPK Cell Signaling 1:1000 

Polyclonal rabbit anti-phospho-Akt Cell Signaling 1:1000 

Polyclonal rabbit anti-Akt Cell Signaling 1:1000 

Monoclonal rabbit anti-phospho-Stat1 (Y701) Cell Signaling 1:1000 

Polyclonal rabbit anti-Stat1 Cell Signaling 1:1000 

Monoclonal rabbit topoisomerase-IIβ  Abcam 1:1000 

Monoclonal mouse α-tubulin Merck 

Millipore 

1:1000 
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confirmed stability at least up to 21 days, as demonstrated by the constant retention factor 

(Fig. S1A). This was confirmed by ES-MS, that showed no change in the molecular structure of 

Fibroferon in time (Fig. S1B). 

 

Figure 1. Characterization of Fibroferon. (A) Schematic representation of Fibroferon. (B) Silver staining and (C) 

western blot analysis for pPB on full length IFNγ (I), Fibroferon (II) and mimetic IFNγ (III) to demonstrate the 

presence of all key elements in the structure of Fibroferon. M denotes molecular weight marker. (D) ES-MS data 

showing a molecular mass of 9344 Da for Fibroferon. (E) UPLC data demonstrating a purity of 98% for the 

Fibroferon construct. 

 

Effect of Fibroferon on macrophages 

Since the therapeutic application of IFNγ is limited due to severe side effects, we designed 

Fibroferon in such a way that extracellular binding to the ubiquitously expressed IFNγ-

receptor is prevented. We observed that Fibroferon with increasing concentrations did not 

induce MHCII-expression in macrophages after 48 hours of stimulation, unlike IFNγ in the 

equimolar range (Fig. 2A). This is in agreement with the absence of IFNγ-related side effects 

seen in vivo10. RAW264.7 macrophages do express the IFNγR but lack the PDGFβ-receptor, in 

contrast to the positive controls i.e. 3T3 fibroblasts and LX2 hepatic stellate cells (Fig. 2B).  
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Figure 2. Effect of Fibroferon on macrophages. (A) Analysis of MHCII-expression in RAW macrophages using flow 

cytometry. Data show no MHCII-induction 48 h after stimulation with increasing concentrations of Fibroferon, in 

contrast to IFNγ (n=3). (B) Western blot analysis of the PDGFβR-expression in cell lysates of 3T3 fibroblasts (high 

expression), LX2 hepatic stellate cells (medium expression) and RAW macrophages (no expression). 

 

Targeting to activated hepatic stellate cells in vivo 

Although the therapeutic effects of Fibroferon were seen in different models10,11, the in vivo 

localization of this compound was unknown. Using a specific antibody against the pPB moiety, 

we are now able to localize PDGFβ-receptor targeted mimetic IFNγ in vivo, and found 

predominant staining in the fibrotic areas of CCl4-exposed livers (Fig. 3A). In addition, double-

stainings revealed colocalization of the construct with the HSC-marker desmin and not with 

the macrophage-marker CD68 (Fig. 3B). 

 

Figure 3. Localization of Fibroferon in livers of mice with CCl4-induced liver fibrosis. (A) Immunohistochemical 

staining for pPB (red) in livers of mice treated with (upper panel) and without (lower panel) PDGFβ-receptor 

targeted IFNγ. (B) Immunohistochemical double stainings for pPB (red) plus the HSC marker desmin (blue), and 

pPB (red) plus CD68 (blue), as marker for liver macrophages. It can be seen that pPB co-localizes with desmin 

and not with CD68 (arrows). Magnification 400x. 
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Receptor expressions in the human liver 

To illustrate the translation to the human situation, we analyzed IFNγR- and PDGFβR-

expression in human normal and fibrotic livers by western blot (Figs. 4A and C) and 

immunohistochemistry (Figs. 4B and D). IFNγR-expression was found in normal human livers 

on many different cell types and its expression was strongly enhanced on multiple cell types 

in cirrhotic livers. PDGFβR-expression was virtually absent in normal livers and very high on 

fibroblasts only in the collagenous bands in cirrhotic livers, confirming earlier reports5. 

 

Figure 4. IFNγR- and PDGFβR-expressions in normal and cirrhotic human livers. (A) Western blot analysis for the 

IFNγ-receptor in healthy (n=5) and cirrhotic livers (n=7). (B) Immunohistochemical staining for IFNγR in normal 

and cirrhotic livers. High expression was observed in macrophages (indicated by asterisks) and immune cells 

(indicated by arrow). Next to this, cells in cirrhotic bands as well as hepatocytes stained positive for IFNγR (400x). 

(C) Western blot analysis of the PDGFβR-expression levels in normal and cirrhotic human livers. (D) 

Immunohistochemical staining to detect PDGFβR-expression. Strong staining can be seen in fibrotic bands, 

indicated by F (200x). Statistics were performed using the Mann-Whitney test.  

 

Binding of Fibroferon to the PDGFβ-receptor 

Since the PDGFβ-receptor is the designated target receptor, we first assessed the binding of 

Fibroferon (Alexa555-labeled) to the PDGFβ-receptor on fibroblasts (Fig. 5A). Cells stimulated 

with TGFβ, characterized by an increased PDGFβR-expression (Fig. 5B), displayed a high 

binding of Fibroferon (Fig. 5A). The binding of Fibroferon was blocked to a great extent by the 
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PDGFR-antagonist trapidil (Fig. 5A). Specific binding of Fibroferon to the PDGFβR was 

confirmed in a radioactive assay, in which increasing concentrations of Fibroferon reduced 

the cellular binding of 125I-labeled PDGF-BB (Fig. 5C). The IC50 of Fibroferon in these 

experiments was calculated to be 1.80 ± 0.78 nmol/ml. 

 

Figure 5. In vitro binding of Fibroferon to the PDGFβR. (A) Representative fluorescent photographs depicting 

specific binding and uptake of Alexa555-labeled Fibroferon (red) in fibroblasts (200x). The fluorescent signal was 

increased in TGFβ-stimulated cells, and significantly reduced upon trapidil preincubation. Nuclei were 

counterstained with DAPI (blue). (B) Immunofluorescent photographs showing the TGFβ-induced PDGFβ-

receptor expression (green) in fibroblasts (400x). (C) Radioactive binding assay using I
125

-PDGF-BB plus increasing 

concentrations of Fibroferon (n=4). It is shown that Fibroferon inhibits the binding of I
125

-PDGF-BB to cells. The 

half maximal inhibitory concentration (IC50) of Fibroferon was 1.80 ± 0.76 nmol/ml. All experiments were done in 

mouse fibroblasts (NIH/3T3). 

 

Activation of the PDGFβ-receptor 

The two major signaling pathways downstream of the PDGFβ-receptor, i.e. the 

phosphorylation of both ERK1,2 and Akt, were used as hallmark to determine whether 

activation of this profibrotic signaling cascade occurred after binding of Fibroferon to the 

PDGFR. The phosphorylation of ERK1,2 was significantly induced in fibroblasts after 10 

minutes stimulation with PDGF-BB, whereas this response remained absent when cells were 

stimulated with Fibroferon or IFNγ up to 60 minutes (Fig. 6A). Similarly, no phosphorylation of 

Akt was seen upon stimulation with Fibroferon or IFNγ for 10 or 60 minutes (Fig. 6B). So, 

despite binding to Fibroferon to the PDGFβ-receptor on myofibroblasts, it did not induce its 

downstream signaling cascade. Fibroferon also did not attenuate PDGF-BB-induced pERK 
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activation at various time points and concentrations (Fig. 6C), indicating no significant 

antagonistic activity on the PDGFR. 

 

Figure 6. In vitro signaling of Fibroferon after binding to the PDGFβR. Representative bands and quantitative 

analysis of the western blots for (A) pERK1,2 and ERK1,2 and (B) pAkt and Akt on mouse fibroblasts (NIH/3T3) 

stimulated with PBS (I), PDGF-BB (II), Fibroferon (III) or IFNγ (IV). Note the absence of activation of both pERK1,2 

and pAkt after 10 and 60 min Fibroferon stimulation (n=4). Statistics with 2way ANOVA followed by Dunnett’s 

multiple comparison test. (C) pERK1,2 and ERK1,2 on fibroblasts stimulated with PDGF-BB (II), co-stimulated with 

Fibroferon at increasing concentrations (lanes V, VI and VII, corresponding with the graph below) (n=3). 

 

Activation of the IFNγ-signaling pathway 

Phosphorylation of Stat1 was used as marker for the 

activation of the IFNγ-receptor. We observed 

significant induction of phosphorylation of Stat1 by 

Fibroferon, albeit to a lesser extent than IFNγ (Fig. 7). 

Fibroferon did not induce any pStat1 signaling in RAW 

macrophages in contrast to native IFNγ (data not 

shown), which is in line with our data on MHCII 

expression by Fibroferon and IFNγ in these cells.  

 

Figure 7. Signaling of the IFNγR. Western blot analysis for pStat1 and Stat1 on fibroblasts stimulated with TGFβ 

(I), IFNγ (II) or Fibroferon (III, IV) (the latter three preincubated with TGFβ). Induction of pStat1 can be seen by 

IFNγ and Fibroferon (n=3). Statistics with 2way ANOVA followed by Dunnett’s multiple comparison test. 
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Active internalization via clathrin-dependent endocytosis 

The binding of Fibroferon to the PDGFβ-receptor and the subsequent activation of the 

signaling pathway downstream of the IFNγ-receptor raised the question whether Fibroferon 

was internalized and followed the intracellular routing of IFNγ in these cells. Therefore, we 

assessed uptake characteristics of Alexa-labeled Fibroferon and IFNγ in mouse fibroblasts 

using flow cytometry. Fibroblasts internalized both Fibroferon and IFNγ in a temperature 

dependent way, demonstrating active uptake (Figs. 8A and B). The uptake of IFNγ by 100% of 

the cell population took approximately 30 min, compared to 60 min for the uptake of 

Fibroferon. Although all cells were positive for IFNγ or Fibroferon at respectively 30 and 60 

minutes after incubation, the uptake of both compounds was still increasing in time, 

ultimately reaching similar values as reflected by their median fluorescence intensities (MFI) 

(Figs. 8A and B). This indicates that the uptake was not saturated yet. Active uptake was 

confirmed by blocking the ATP-dependent uptake processes with NaN3, which significantly 

reduced the uptake of Fibroferon and IFNγ (Fig. S2). In addition, we found that the uptake of 

both Fibroferon and IFNγ was clathrin dependent, as the uptake was inhibited by an inhibitor 

of clathrin-dependent endocytosis (chlorpromazine), and not with an inhibitor of caveolin 

(filipin) (Figs. 8C and D). 

 

Figure 8. Kinetics of binding and uptake of Fibroferon and IFNγ. Analysis of the uptake of (A) Fibroferon-A647 and 

(B) IFNγ-A555 at 4 and 37 °C in fibroblasts, as determined by the percentage positive cells and the median 

fluorescence intensity (MFI) using flow cytometry (n=3). Statistics were performed using Wilcoxon’s test, 

comparing areas under the curve. (C) and (D) Effect of chlorpromazine and filipin on uptake of Fibroferon-A647 

(C) and IFNγ-A555 (D) (n=5). 
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Intracellular localization of Fibroferon  

The intracellular routing of proteins was studied in more detail using fluorescence and 

confocal microscopy. Both Fibroferon and IFNγ were at early time points localized in the early 

and late endosomes, while at later time points (predominantly after 1-2 hours of incubation) 

localization of both compounds could be observed at the nuclear membrane (Fig. 9A), 

suggesting similar intracellular routing in fibroblasts. Moreover, using flow cytometry analysis 

we showed that after simultaneous addition of IFNγ and Fibroferon, both compounds were 

internalized by the same cells (Fig. 9B). Using confocal microscopy, we demonstrated a 

nuclear localization of Fibroferon and IFNγ (Fig. 10A). In addition, cellular fractionation studies 

demonstrated the translocation of pStat1 to the nucleus after 10 and 120 minutes of 

incubation with Fibroferon or IFNγ (Fig. 10B). Interestingly, pStat1 was found only in the 

nuclear fraction (marked by topoisomerase-IIβ), and not in the cytoplasmic fraction (marked 

by α-tubulin) when induced by Fibroferon, whereas IFNγ induced pStat expression both in the 

cytoplasmic and the nuclear fraction. These data support the non-canonical model of 

receptor signaling as presented by Johnson et al.9, which describes this IFNγ-induced nuclear 

translocation of pStat1. 

 

Figure 9. Intracellular localization of Fibroferon and IFNγ. (A) Fluorescence photographs demonstrating 

localization of Fibroferon-A555 (red) or IFNγ-A488 (green) after 60min in the endosomes and at the nuclear 

membrane after 120 min incubation (400x). Nuclei were counterstained with DAPI (blue). (B) Flow cytometry 

analysis of fibroblasts treated with either Fibroferon-A647, IFNγ-A555 or the combination of both compounds. It 

is shown that Fibroferon and IFNγ are internalized by exactly the same cells, as represented by the double-

positive fibroblasts (orange) after co-incubation of both compounds. 
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Figure 10. Nuclear translocation of Fibroferon and IFNγ. (A) Confocal microscopic photograph of Fibroferon-A555 

(red) and IFNγ-A488 (green) after 120 min incubation of fibroblasts (630x). Nuclear localization can be seen in 

both cases. A movie of this is presented in the supplementary data. (B) Representative bands and (C) 

quantitative analysis of the western blots for pStat1, topoisomerase-IIβ (marker for nuclear proteins) and α-

tubulin (marker for cytoplasmic proteins) on nuclear and cytoplasmic fractions of fibroblasts stimulated with 

Fibroferon or IFNγ (n=3) at different time points. All experiments were done in mouse fibroblasts (NIH/3T3). 

 

Discussion 

Many potent therapeutic proteins have been developed, tested in clinical trials and emerged 

in the market. Unfortunately, many potent proteins never reach the clinic, often mainly due 

to low exposure to the target cells and the induction of adverse effects by triggering the 

immune system2. Since higher dosing is usually not possible due to side effects, many 

attempts are made to improve the kinetic properties of the protein by for example changing 

parts of the protein structure3. Our approach focusses on the attachment of homing devices 

to the protein of interest to target a specific receptor, thereby aiming at cell-specific delivery 

of the protein. We therefore developed a chimeric construct called Fibroferon, in which the 

signaling moiety of the antifibrotic cytokine interferon gamma IFNγ is coupled to a bi-cyclic 

PDGFβ-receptor recognizing peptide (BipPB) in order to deliver the compound specifically to 
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the PDGFβ-receptor expressed on activated fibroblasts in the fibrotic liver. Treatment of mice 

suffering from CCl4-induced liver fibrosis with this redirected IFNγ has been shown to improve 

its therapeutic efficacy compared to full length IFNγ, and markedly reduced IFNγ-related side 

effects10, but the mechanism of action of Fibroferon was unclear. It remained intriguing how 

after binding of the compound to the PDGFβ-receptor this construct induced IFNγ-related 

effects. In the present study we therefore studied receptor binding, intracellular routing and 

nuclear uptake, as well as activation of signaling pathways of Fibroferon in myofibroblasts, 

relative to IFNγ, and found that delivery of IFNγ to the PDGFβR leads to activation of the IFNγ-

signaling pathway and accumulation of pStat1 and the compound itself in the nucleus. 

The profibrotic growth factor PDGF-BB plays a pivotal role in fibrotic diseases and 

correspondingly the PDGFβ-receptor is abundantly expressed on cell membranes of liver cells 

involved in fibrotic processes. Therefore, our group developed a series of PDGFβ-receptor 

targeted constructs including Fibroferon, all based on the same targeting moiety, i.e. pPB, as 

recently reviewed8. pPB is a PDGF-BB-derived peptide that binds to the PDGFβ-receptor. 

Several studies established specific targeting of these constructs to cells with disease-induced 

PDGFβR expression, such as the myofibroblasts in liver fibrosis and other cells associated with 

high PDGFβ-receptor expression during diseases, like certain types of cancer and kidney 

fibrosis7,10,17-20. Significant therapeutic effects of Fibroferon were demonstrated in animals 

with liver and renal fibrosis10,11. In the present study, we were able to show delivery of 

Fibroferon to liver fibroblasts in vivo and we demonstrated in vitro that Fibroferon binds to 

the PDGFβ-receptor. However, it did not activate the profibrotic signaling cascade, as shown 

by absence of pERK and pAkt upregulation. Fibroferon did not act as an antagonist of PDGF-

BB, since PDGF-BB mediated signaling was not impeded in the presence of increasing 

concentrations of Fibroferon. In vivo antifibrotic effects of this compound are apparently not 

due to blocking of the PDGFβR. 

In the Fibroferon molecule the IFNγ-part that harbors the nuclear localization sequence is 

incorporated, to prevent the extracellular interaction with the ubiquitously expressed IFNγ-

receptor. This is demonstrated by its inability to induce MHCII expression in macrophages or 

activate a signaling cascade, unlike IFNγ. Previously prepared PDGFβR-directed full length 

IFNγ-constructs17 still were able to bind to the IFNγR and thus still activated MHCII (data not 

shown). Since RAW macrophages do not express the PDGFβR, Fibroferon cannot interact with 

these cells. Fibroferon does bind to cells expressing the PDGFβR, and then activates the 

intracellular domain of IFNγR, leading to activation of this signaling cascade, as hallmarked by 

the phosphorylation of Stat1 in PDGFβ-receptor expressing fibroblasts. Therefore, we propose 

that after interaction with the PDGFβR, Fibroferon is internalized and flips to an intracellular 

part of the IFNγR. 
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We found that Fibroferon was mainly internalized via clathrin-dependent endocytosis. The 

IFNγ-receptor is generally associated with clathrin-coated pits and mainly endocytosed via 

clathrin-dependent endocytosis21,22, inhibitable by RNAi-mediated silencing of clathrin23. The 

PDGFβ-receptor on the other hand is specifically localized in distinct membrane regions 

enriched in caveolin, known as caveolae24,25. Apparently, the interaction of Fibroferon with 

the PDGFβ-receptor permits the twisting of Fibroferon to the intracellular part of the IFNγ-

receptor, inducing clathrin-dependent endocytosis. 

After translocation from the plasma membrane to early endosomes, receptors can either 

recycle to the cell surface, or exit from this pathway and move to other intracellular 

destinations, i.e. in most cases towards the late endosomes and eventually lysosomes or to 

new domains on the cell surface26. The localization of Fibroferon and IFNγ 60 minutes after 

addition to cells, fits with the localization in late endosomes. Escape from this endosomal 

pathway to ensure cytosolic delivery and possibly nuclear translocation of the content is 

uncommon, but it is described before27. One example includes peptides and oligonucleotides 

covalently attached to a peptide that is able to cross lipid membranes, which led to efficient 

delivery to the cytosol and nucleus28,29. Other mechanisms for endosomal escape have been 

proposed, including pore formation in the endosomal membrane and fusion into the lipid 

bilayer of endosomes27. Which exact processes are involved in the endosomal escape and 

nuclear translocation of both IFNγ and Fibroferon is an enigma and an intriguing question to 

be further studied. 

Johnson et al. described a non-canonical model of IFNγ-receptor signaling which involves 

nuclear translocation of the receptor complex9. Upon binding of IFNγ to the extracellular 

domain of the receptor, a series of events is induced in conjunction with endocytosis, 

resulting in the active nuclear transport of a complex consisting of IFNγ, the IFNγR1, Stat1α, 

Jak1 and Jak2. They stated that this process is under the influence of the intrinsic polycationic 

nuclear localization sequence (NLS) in the C-terminus of IFNγ9. The present study is in 

agreement with this. Fibroferon contains this NLS and nuclear localization of both Fibroferon 

and IFNγ was demonstrated, as well as pStat1 translocation to the nucleus. Also other 

research groups reported the ability of proteins, notably cytokines, such as all members of the 

IL-1 family including IL-1α, IL-33 and IL-3730, to translocate to the nucleus facilitated by a 

nuclear localization sequence. They possibly affect the gene expression there. Now we 

demonstrated this for our redirected chimeric cytokine. Generally, molecules smaller than 

approximately 45 kDa are allowed to diffuse passively from cytosol to nucleus31. 

Macromolecules such as the complex of IFNγ, its receptor and signaling molecules, as 

suggested to occur for IFNγ by Johnson et al.9, are transported in a selective, energy-

dependent manner through nuclear import proteins such as importin α and β32. Unravelment 
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of these intracellular pathways may open fascinating ways to deliver proteins to the nucleus 

in designated target cells. 

Advantages of the use of chimeric peptide mimetics like Fibroferon as therapeutic proteins 

include their versatility, high biological activity, high specificity for their targets, and low 

toxicity9. There are already several peptide mimetics on the market, such as boceprevir for 

the treatment of hepatitis C. An example of a cytokine-based chimeric protein is DAB389-IL2, 

in which the catalytic and translocation domains of diphtheria toxin are fused to full length 

IL233, which has been FDA-approved for treatment of human cutaneous T-cell lymphoma 

patients. However, there are currently no clinical trials ongoing that test chimeric proteins 

where the receptor-binding part of one cytokine is combined with the signaling part of 

another cytokine. 

In conclusion, we were able to deliver the IFNγ-signaling moiety to the PDGFβ-receptor and 

obtained induction of the IFNγ-signaling pathway in fibroblasts. In addition, we found escape 

from the endosomal pathway and nuclear localization of this chimeric construct. The 

unraveling of the signaling and intracellular routing of Fibroferon and its associated 

antifibrotic effects10 show the feasibility of steering cytokines to disease-specific target 

receptors on pathogenic cells. This might form the basis of novel targeted therapies for the 

treatment of chronic diseases like liver fibrosis, and in general increase the use of cytokines 

for therapeutic purposes. 
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Supplementary data 

 

Figure S1. Stability of Fibroferon. (A) Stability of Fibroferon 7, 14 and 21 days after dissolving it in PBS was 

determined with UPLC, which showed a constant retention factor (Rf) over the entire period of the experiment, 

indicating stability over longer periods. (B) Additionally, the stability of Fibroferon was confirmed by ES-MS. 

 

 

Figure S2. Uptake inhibition of Fibroferon. (A) Flow cytometry analysis revealed the inhibition in uptake of 

Fibroferon-A647 and IFNγ-A555 upon NaN3 preincubation, as reflected by the significantly decreased MFI (n=3). 

Statistics with paired t test. 
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Still of supplementary movie 1. Nuclear translocation of Fibroferon and IFNγ. Movie of confocal microscopic 

photographs of Fibroferon-A555 (red) and IFNγ-A488 (green) after 120 min incubation of fibroblasts (630x), 

demonstrating nuclear localization of both compounds. The experiment was done in mouse fibroblasts 

(NIH/3T3). 
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