
MOL #99184 

 

 1

Intracellular Dynamics and Fate of a Humanized Anti-Interleukin-6 Receptor 

Monoclonal Antibody, Tocilizumab (TCZ) 

 

Keiko Fujimoto, Hiroaki Ida, Yuko Hirota, Masaki Ishigai, Jun Amano, and Yoshitaka Tanaka 

 

Division of Pharmaceutical Cell Biology, Graduate School of Pharmaceutical Sciences (K.F., H.I., 

Y.H., Y.T.), Organelle Homeostasis Research Center, Kyushu University, 3-1-1 Maidashi, 

Fukuoka 812-8582 (K.F., Y.T.), and Chugai Pharmaceutical Co., Ltd., Fuji-Gotemba Research 

Laboratories, 1-135 Komakado, Gotemba-shi, Shizuoka 412-8513, Japan (M.I., J.A.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 15, 2015 as DOI: 10.1124/mol.115.099184

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #99184 

 

 2

Running title: Intracellular Dynamics of Tocilizumab by IL-6R and FcRn 

Address correspondence to:  

Yoshitaka Tanaka, Division of Pharmaceutical Cell Biology, Graduate School of 

Pharmaceutical Sciences, Kyushu University, 3-1-1 Maidashi, Fukuoka 812-8582 Japan 

Tel.: 81-92-642-6618 

Fax: 81-92-642-6619 

E-mail: ytanaka@phar.kyushu-u.ac.jp 

Jun Amano, Chugai Pharmaceutical Co., Ltd., Fuji-Gotemba Research Laboratories, 

 1-135 Komakado, Gotemba-shi, Shizuoka 412-8513, Japan 

Tel.: 81-550-87-9025 

Fax: 81-550-87-5326 

E-mail: amanojn@chugai-pharm.co.jp 

 

Number of text page: 44 

Number of figures: 8 

Number of references: 68 

Number of words in: 

 -Abstract: 249 

 -Introduction: 720 

 -Discussion: 1279 

 

Abbreviations: AP-2, adaptor protein-2; β2m, β2-microglobulin; CHX, cycloheximide; DsRed, 

Discosoma red fluorescence protein; FcRn, neonatal Fc receptor; GFP, green fluorescence 

protein; IL-6, interleukine-6; IL-6R, IL-6 receptor; PB, Pacific Blue; siRNA, small interfering 

RNA; TCZ, tocilizumab; Tfn, transferrin; TfnR, Tfn receptor; TGN, trans-Golgi network  

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 15, 2015 as DOI: 10.1124/mol.115.099184

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #99184 

 

 3

ABSTRACT 

Tocilizumab (TCZ), a humanized anti-IL-6 receptor (IL-6R) monoclonal antibody, abrogates 

signal transducer protein gp130-mediated IL-6 signaling by competitively inhibiting the binding 

of IL-6 to the receptor, and shows clinical efficacy in autoimmune and inflammatory diseases. 

Despite accumulating evidence for the therapeutic efficacy, the behavior and fate of TCZ at the 

cellular level remain largely unknown. To address this, we evaluated the endocytosis and 

intracellular trafficking of IL-6R in HeLa cells. The results of our study provide evidence that 

IL-6R is constitutively internalized from the cell surface by ligand- or TCZ-binding- and the 

expression of gp130-independent manner and is targeted via endosomes without being 

significantly directed to the recycling pathway to, and degraded in, lysosomes. Furthermore, the 

cytoplasmic tail of IL-6R is required for constitutive endocytosis of the receptor, which is 

mediated by the clathrin and adaptor protein (AP)-2 complex. We further demonstrate that a 

neonatal Fc receptor (FcRn) whose function is to regulate the serum persistence of IgG is 

confined primarily to early/recycling endosomes and rapidly transits between these 

compartments and late endosomes/lysosomes without being degraded. Importantly, the 

expression of FcRn induces the segregation of TCZ from IL-6R, resulting in extensive 

colocalization of TCZ and FcRn in IL-6R-depleted endosomal compartments. Collectively, our 

results suggest that FcRn can accelerate the retrieval of the internalized TCZ not only from 

endosomes, but also from lysosomes. Our findings provide a new insight into the mechanism by 

which the antibody internalized into cells is rescued from lysosomal degradation and its serum 

levels are maintained.  
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INTRODUCTION 

Interleukine-6 (IL-6) is a pleiotropic cytokine that is involved in inflammation, acute phase 

responses, immune responses, and hematopoiesis (Ataie-Kachoie et al., 2013; Scheller et al., 

2011). These biological functions of IL-6 are mediated by binding to the IL-6 receptor (IL-6R) 

system composed of two type-I membrane glycoproteins: a non-signaling and ligand-binding 

α-receptor IL-6R (also known as CD126 or gp80) and a signal transducer protein gp130 (CD130) 

(Garbers et al., 2012). IL-6R also exists as a soluble form (sIL-6R) that is generated through 

shedding by proteolytic cleavage of the membrane-bound form (mIL-6R) and mRNA alternative 

splicing (Chalaris et al., 2011). IL-6 first binds to mIL-6R on the cell surface or sIL-6R circulating 

in body fluids, and then associates with gp130, inducing homodimerization of gp130 and 

subsequent activation of the JAK/STAT, ERK and PI3K signal transduction pathways (Johnson 

et al., 2012). Deregulated overproduction of IL-6, therefore, is associated with autoimmune and 

inflammatory diseases including rheumatoid arthritis, juvenile idiopathic arthritis, Crohn’s 

disease, and Castleman’s disease (Neurath and Finotto, 2011; Spirchez et al., 2012; Tanaka et al., 

2012). 

Tocilizumab (TCZ) is a humanized anti-human IL-6R monoclonal antibody of the 

IgG1 subclass that inhibits binding of IL-6 to both sIL-6R and mIL-6R, leading to blockade of 

many biological functions of IL-6 (Sato et al., 1993). Accordingly, TCZ administration to patients 

with rheumatoid arthritis and Castleman’s disease leads to an increase in the serum levels of IL-6 

and soluble IL-6R and inhibition of IL-6 signaling (Nishimoto et al., 2008). A growing number of 

clinical studies have shown the potential uses of TCZ for the treatment of autoimmune and 

inflammatory diseases (Ito et al., 2004; Nishimoto et al., 2003; Nishimoto et al., 2004; Nishimoto 

et al., 2005; Tanaka et al., 2011; Yokota et al., 2008). A previous report has shown that the 

administration of TCZ produces a significant antigen-mediated clearance due to the high turnover 

of IL-6R (Ohsugi and Kishimoto, 2008). However, the IL-6R-mediated intracellular trafficking 

of TCZ has not yet been fully elucidated at the cellular level.  
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The MHC class-I-related receptor, neonatal Fc receptor (FcRn), which is known to 

mediate the transfer of IgG from mother to fetus across the placenta (Rodewald and Kraehenbuhl, 

1984; Simister and Rees, 1985), also protects IgG from degradation and extends the serum 

half-life of IgG (Akilesh et al., 2007; Montoyo et al., 2009; Simister et al., 1997; Telleman and 

Junghans, 2000). FcRn binds to IgG at the acidic pH 6.0-6.5 of endosomes, but not at the neutral 

pH 7.4 of blood (Jones and Waldmann, 1972; Raghavan et al., 1995; Rodewald, 1976; Simister 

and Rees, 1985). Through such pH-dependent binding of IgG to FcRn, IgG internalized by a 

non-specific fluid-phase pinocytosis binds with high affinity to FcRn in acidic endosomes from 

where the FcRn/IgG complex is recycled back to the cell surface without being delivered to 

lysosomes. Subsequently, exposure to the neutral pH of the extracellular milieu allows IgG to be 

released from FcRn (Lobo et al., 2004). In addition, the IgG that does not bind to FcRn is targeted 

to lysosomes and is eventually degraded (Ward et al., 2003). Therefore, extending the serum 

half-life of therapeutic monoclonal antibodies could help reduce the dose and/or frequency of 

administration (Kuo and Aveson, 2011) and enhance in vivo therapeutic efficacy (Zalevsky et al., 

2010). 

In this study, we examined the internalization mechanism and intracellular dynamics 

of TCZ in HeLa cells exogenously expressing IL-6R. We further investigated the roles of FcRn in 

the subsequent cellular fate of TCZ following IL-6R-mediated internalization. Our results 

revealed that TCZ was internalized intracellularly via constitutive endocytosis taken by IL-6R, 

for which gp130 was dispensable, and both receptor proteins were targeted to, and degraded in, 

lysosomes. Moreover, the cytoplasmic domain of IL-6R was required for the endocytosis and 

lysosomal trafficking of the receptor and TCZ. We showed further that although FcRn was also 

transported to lysosomes, in contrast to IL-6R it was not significantly degraded. Since the 

steady-state localization of FcRn was predominantly restricted to early/recycling endosomes, 

these results suggest that FcRn undergoes rapid retrograde transport to these endosomes 

immediately after reaching lysosomes. Interestingly, expression of FcRn induced sorting of TCZ 
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to the endosomal compartment from IL-6R-localizing lysosomal compartments. Based on these 

data, we propose a novel mechanism for the protection of IgG from degradation in which FcRn 

can retrieve IgG not only from endosomes, but also from lysosomes. 
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MATERIALS AND METHODS 

Materials 

Culture media were purchased from Wako Pure Chemical Industries (Osaka, Japan). Fetal bovine 

serum (FBS) was obtained from Nichirei Biosciences (Tokyo, Japan). Pacific BlueTM Monoclonal 

Antibody Labeling Kit (P30013), Cy3-conjugated human transferrin (Tfn), and Alexa488-labeled 

secondary antibodies were purchased from Molecular Probes® (Life Technologies, Carlsbad, CA, 

USA). Cy5-labeled secondary antibodies were obtained from Jackson ImmunoResearch 

Laboratories (West Grove, PA, USA). Recombinant human IL-6 was purchased from PeproTech 

(Rocky Hill, NJ, USA). Cycloheximide and 4’,6-diamidino-2-phenylindole (DAPI) were 

obtained from Sigma-Aldrich (St. Louis, MO, USA). E64d, leupeptin, and pepstatin A were 

obtained from Peptide Institute, Inc. (Osaka, Japan).   

 

Cell Culture 

HeLa and COS-1 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 

10% FBS, 2 mM glutamine, and 1% penicillin-streptomycin (Sigma-Aldrich) in humidified 95% 

air and 5% CO2 at 37 °C. For immunofluorescence experiments, the cells were plated onto 13-mm 

coverslips (Matsunami Glass Ind. Ltd., Osaka, Japan) the day before transfection. After 36 h, the 

cells were used for immunocytochemical experiments. 

 

Antibodies 

A humanized anti-human IL-6R monoclonal antibody of immunoglobulin G1κ (IgG1κ) subtype, 

TCZ, (Chugai Pharmaceutical Roche Group, Tokyo, Japan) was described previously (Nishimoto 

et al., 2005). Rabbit polyclonal antibodies to human TGN46 were raised against glutathione 

S-transferase (GST) fusion protein of the extracellular domain corresponding to amino acid 

residues 49–162 (Fujimoto et al., unpublished data). The antiserum was passed through a 

GST-conjugated CNBr-activated agarose beads (GE Healthcare, Bucks, UK), and then 
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affinity-purified using the antigen coupled to CNBr-activated agarose beads according to the 

manufacturer’s instructions. Mouse monoclonal antibodies to human LAMP-1 and LAMP-2 

were obtained from the Developmental Studies Hybridoma Bank maintained by the University of 

Iowa. Mouse monoclonal antibodies to μ2-subunit (AP50) and EEA1 were purchased from BD 

Transduction LaboratoriesTM (BD Biosciences, San Jose, CA, USA). Mouse monoclonal 

antibodies to FLAG-M2 and β-actin were obtained from Sigma-Aldrich. A mouse monoclonal 

antibody to Tfn receptor (TfnR) was purchased from Life Technologies. A mouse monoclonal 

antibody to FcRn (B-8) and rabbit polyclonal antibody to gp130 (C-20) were from Santa Cruz 

Biotechnology (Dallas, TX, USA). A rabbit polyclonal antibody to β2-microglobulin (β2m) 

(EP2978Y) was purchased from Abcam (Cambridge, MA, USA). Rabbit polyclonal antibodies to 

green fluorescence protein (GFP) were raised against GST fusion protein of the full length GFP. 

The antiserum was passed through a GST-conjugated CNBr-activated agarose beads, and then 

affinity-purified using the antigen coupled to CNBr-activated agarose beads. 

 

Plasmids 

The cDNAs of human IL-6R, human FcRn, and human β2m were obtained from GE Dharmacon 

(Lafayette, CO, USA). The IL-6R wild type (WT) and the C-terminal deletion mutants of IL-6R 

Δ408, were generated by PCR amplification. Briefly, the following primer combinations were 

used: IL-6R WT using 5’-GACGGTACCATGCTGGCCGTCGGCTGC-3’ for forward primer 

and 5’-GTGGATCCCGTCTGGGGAAGAAGTAGTC-3’ for reverse primer. IL-6R Δ408 using 

the IL6R WT forward primer and 5’-GTGGATCCCGCGGCGGATGCATGCTTG-3’ for reverse 

primer. The PCR fragments of IL-6R WT and IL6R Δ408 were digested with KpnI and BamHI 

and cloned into pEGFP-N1 vector (Takara Bio Clontech, Shiga, Japan). 

To construct a FcRn-Discosoma red fluorescence protein (DsRed), the FcRn coding sequence 

was PCR-amplified using 5’-GACTCGAGATGGGGGTCCCGCGGCC-3’ for forward primer 

and 5’-CAGAATTCGGGCGGTGGCTGGAATCAC-3’ for reverse primer and cloned into the 
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XhoI/EcoRI sites of the pDsRed-Monomer N1 vector (Clontech Laboratories, Inc, CA, USA). 

To coexpress FcRn-DsRed and β2m in the cells, the construct was created by cloning the 

FcRn-DsRed cDNA and the β2m into the multiple cloning sites A and B (MCS A and B) of the 

pIRES vector (Clontech). The β2m cDNA was PCR-amplified by using 

5’-AGAGTCGACATGTCTCGCTCCGTGGC-3 for forward primer and 

5’-GAAGCGGCCGCTTACATGTCTCGATCCC-3’ for reverse primer, and the FcRn-DsRed by 

using the pDsRed-Monomer N1/FcRn as a template, the FcRn forward primer described above 

and 5’-TCGACGCGTCTACTGGGAGCCGGAGT-3’ for reverse primer. The β2m gene was then 

cloned into the SalI/NotI sites of the MCS B of the pIRES vector, and FcRn-DsRed into 

XhoI/MluI sites of the MCS A. 

The human Rab5(Q79L) cDNA inserted into pCMV5-Flag vector (Kurosu and Katada, 2001) 

was kindly provided by Kota Saito and Toshiaki Katada (Tokyo University, Japan). 

The DNA sequence of the constructs was always confirmed by dideoxy chain reaction 

termination sequencing, using the DNA Sequencing Kit (BigDyeTM Termination Cycle 

Sequencing Ready Reaction, Life Technologies) and ABI PRISM 310 Genetic Analyzer (ABI 

PRISM). Transfections were carried out with FuGENE6 (Promega, Madison, WI, USA) 

according to the manufacturer's instructions. After 24 h, the cells were used for 

immunocytochemical or biochemical experiments. 

 

Immunofluorescence Microscopy 

Immunofluorescence analysis was performed as described previously (Hirota and Tanaka, 2009). 

Briefly, cells cultured on coverslips were fixed immediately in 4% paraformaldehyde 

(Sigma-Aldrich) in PBS, pH 7.4, for 30 min at room temperature, and permeabilized with 0.05% 

saponin (Sigma-Aldrich) in PBS for 15 min. Cells were quenched with 50 mM NH4Cl (Wako 

Pure Chemical Industries) in PBS for 15 min and blocked with 1% bovine serum albumin 

(fraction V, Sigma-Aldrich) or 10% FBS in PBS for 30 min. The cells were then incubated for 1 h 
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in the primary antibody diluted in blocking solution, as described previously (Kuronita et al., 

2002). The cells were incubated for 30 min with Alexa488-, Cy3-, or Cy5-labeled secondary 

antibodies, together with DAPI as a nuclear counterstain. Coverslips were then mounted in 

Mowiol (Merck Millipore, Billerica, MA, USA) onto glass slides, and the cells were analyzed by 

laser-scanning confocal microscopy (A1 System; Nikon, Tokyo, Japan) equipped with four lasers 

(405nm, 488nm, 561nm, and 640nm). DAPI and Pacific Blue (PB) were detected with the 405 

laser, 450/50 nm filter; Alexa488 and GFP with the 488 laser, 525/50 nm filter; Cy3 and DsRed 

with the 561 laser, 595/50 nm filter; Cy5 with the 640 laser, 700/75 nm filter. Photographic 

images were processed using Photoshop (Adobe Systems, San Jose, CA, USA). A colocalization 

module of Nikon software was used to measure the colocalization of the internalized PB-labeled 

TCZ (PB-TCZ) with IL-6R-GFP or FcRn-DsRed. PB-labeling of TCZ was performed according 

to the manufacturer’s instructions. 

 

Western Blotting 

Cells cultured on 35-mm dishes were washed with PBS, scraped, and homogenized in 20 mM 

Tris-HCl (pH 7.5), 0.15 M NaCl, 0.5% Triton X-100, 0.1% SDS, 1 mM EDTA, 10 mM NaF, and 

1 mM Na3VO4 containing protease inhibitor cocktail (Nacalai tesque, INC., Kyoto, Japan). Then, 

10 μg protein was subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (10% 

polyacrylamide) under reducing conditions. Proteins were transferred to a polyvinylidene 

difluoride membrane (Merck Millipore), which was subsequently blocked with 10 mM Tris-HCl, 

pH 7.4, 150 mM NaCl, 0.05% Triton X-100 (TBS-T), 5% milk powder for 1 h at room 

temperature. The blot was incubated overnight at 4°C with the primary antibody, followed by 

washing with TBS-T. Subsequently, incubation with horseradish peroxidase-coupled sheep 

anti-rabbit or donkey anti–mouse antibody (GE Healthcare) was performed for 1 h at room 

temperature followed by washing with TBS-T. Blots were finally analyzed using the ECL 

Detection System (GE Healthcare). Immunoblots were quantified using an LAS1000 Imaging 
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System (Fuji Film, Tokyo, Japan) or Molecular Image® ChemiDocTM XRS+ with Image LabTM 

Software (BioRad, Hercules, CA, USA). 

 

Antibody Uptake and Endocytosis Assays 

HeLa or COS-1 cells transfected with or without IL-6R-GFP were incubated with the antibody to 

PB-TCZ (2 μg/ml) for 15 min at 4 °C. For Tfn internalization, cells cultured on coverslips were 

incubated in serum-free Dulbecco's modified Eagle's medium with 1 mg/ml bovine serum 

albumin for 30 min and then with Cy3-labeled Tfn (25 μg/ml) for 15 min at 4 °C. Cells were 

washed twice with PBS at 4 °C and further incubated in Dulbecco's modified Eagle's medium 

containing 10% FBS at 37 °C for the indicated time periods. After internalization, cells were fixed 

in 4% paraformaldehyde in PBS. K+-depletion and sucrose loading were performed as described 

previously by Di Guglielmo et al. (2003) and Heuser and Anderson (1989), respectively.  

 

RNA-mediated Interference 

The following small-interfering RNA (siRNA) oligonucleotides synthesized by B-Bridge 

International (Cupertino, CA, USA) were used: AUCCGCGCGAUAGUACGUATT for the 

negative control, GUGGAUGCCUUUCGGGUCATT for the μ2-subunit (Masuyama et al., 

2009). Also, gp130 siRNA was purchased from Sigma-Aldrich. HeLa cells were transfected with 

the indicated siRNAs using Lipofectamine® RNAiMAX Reagent (Life Technologies) according 

to the manufacturer's protocol. All experiments were performed 48–72 h after siRNA 

transfection. 

 

Statistical Analysis 

Data were expressed as mean ± SEM. Samples were analyzed using Student’ t test. A value of P < 

0.05 was considered to be statistically significant. 
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RESULTS  

Intracellular localization and stability of IL-6R-GFP  

We first examined the localization of human IL-6R in HeLa cells. For this, we generated a 
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construct encoding fusion protein that fused a green fluorescence protein (GFP) to the 

COOH-terminus of IL-6R (IL-6R-GFP) and which was transiently expressed in HeLa or COS-1 

cells. As shown in Figure 1A, IL-6R-GFP was distributed primarily both on the cell surface and in 

reticular structures around the perinuclear region, and was also occasionally visible in small 

punctate structures scattered throughout the cytoplasm. Then, to investigate the intracellular 

localization of IL-6R-GFP in more detail, we performed colocalization experiments of 

IL-6R-GFP with several organelle-specific marker proteins. IL-6R-GFP partially co-localized 

with the trans-Golgi network (TGN) marker TGN46 in the perinuclear reticular structures (Figure 

1A). In addition, IL-6R-GFP-positive small puncta were labeled with antibodies for an early 

endosome marker EEA1 or a late endosome/lysosome marker LAMP-1 (Figure 1A). However, 

IL-6R-GFP did not significantly colocalize with a recycling endosome marker TfnR (Figure 1A). 

Nearly the same results were obtained in COS-1 cells expressing IL-6R-GFP (Supplemental 

Figure 1). To further examine whether the localization of IL-6R-GFP in LAMP-1-positive late 

endosomes/lysosomes reflects the site where the receptor is degraded, HeLa cells transiently 

expressing IL-6R-GFP were incubated with medium containing lysosomal protease inhibitors, 

E64d, leupeptin, and pepstatin A (E64d/Leup/Pep) for 6 or 24 h. E64d/Leup/Pep treatment largely 

shifted the steady-state localization of IL-6R-GFP to LAMP-1-positive vesicles, in which most of 

the IL-6R-GFP was primarily enclosed inside the vesicles (Figure 1B), reflecting the lysosomal 

degradation of IL-6R-GFP. In addition, Western blot analysis showed that although treatment of 

cells with cycloheximide (CHX), a protein synthesis inhibitor, for 6 h reduced expression levels 

of IL-6R-GFP to ~30% of those in untreated cells, this was restored almost to basal levels by 

supplementing E64d/Leup/Pep (Figure 1C). However, under the same conditions the level of 

expression of transferrin (Tfn) receptor (TfnR) was not significantly affected (Figure 1C). 

Collectively, these results suggest that IL-6R-GFP expressed to HeLa cells is constitutively 

delivered to, and is subsequently degraded in, late endosomes/lysosomes without being recycled 

to the cell surface. Accordingly, the localization of IL-6R-GFP in compartments along the 
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endocytic pathway, including the cell surface, early endosomes, and late endosomes/lysosomes 

observed in immunofluorescence experiments, appears to reflect a “constitutive” trafficking 

pathway of the receptor. This hypothesis was further supported by the demonstration that the 

half-life of IL-6R-GFP was not significantly affected following treatment of cells with a ligand 

IL-6 (t1/2 = 2.0 h) compared with that in control cells (t1/2 = 2.8 h) (Figure 1D), in agreement with 

a previous report (Gerhartz et al., 1994).  

 

Internalization and endocytic trafficking pathways of TCZ  

We examined whether localization of IL-6R-GFP in the endocytic compartments is associated 

with the fate of TCZ after binding with the receptor. HeLa cells transiently expressing IL-6R-GFP 

were incubated with PB-labeled TCZ (PB-TCZ) or PB-labeled non-immune human IgG 

(PB-IgG) at 4 °C for 30 min to avoid nonselective internalization of the antibody by fluid phase 

endocytosis. Cells were immediately fixed or subsequently chased at 37 °C for up to 3 h and the 

internalization of, and the pathway taken by, PB-TCZ were analyzed by confocal laser 

microscopy. Both cell surface binding and internalization of PB-TCZ, but not PB-IgG, were 

visible only in cells expressing IL-6R-GFP (Figure 2A), indicating the absence of expression of 

endogenous IL-6R in HeLa cells and the specificity of IL-6R-GFP expression-dependent 

internalization of PB-TCZ. The same results were observed in COS-1 cells (data not shown). 

After an internalization of 30 min, PB-TCZ was significantly reduced from the cell surface and 

was simultaneously visible in small punctate structures dispersed throughout the cytoplasm 

(Figure. 2B). These vesicles exhibited a tendency to accumulate around the perinuclear region 

with increasing chase periods (Figure 2B, 60 and 180 min) and the rate of colocalization between 

IL-6R-GFP and PB-TCZ hardly altered during chase periods up to 3 h (Figure 2B). Furthermore, 

treatment of cells with TCZ did not affect the half-life of IL-6R-GFP (Figure 1D), suggesting that 

PB-TCZ is internalized by the constitutive endocytosis of IL-6R-GFP. 

We further examined the compartments where the internalized PB-TCZ was localized. 
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As shown in Figure 2C, the internalized PB-TCZ was hardly detected in TGN46-positive 

structures during the chase for up to 3 h, suggesting that IL-6R-GFP does not recycle between the 

cell surface and the TGN as TGN46 does (Maxfield and McGraw, 2004). This result also implies 

that IL-6R-GFP partially colocalizing with TGN46 (Figure 1A) might reflect a population of the 

newly synthesized receptor en route to the cell surface and late endosomes/lysosomes. The 

internalized PB-TCZ was already extensively colocalized with EEA1 and TfnR after a 30 min 

chase (Figure 2C). Although the colocalization of PB-TCZ with EEA1 was constantly visible for 

up to 3 h of chase, that with TfnR decreased time-dependently. In addition, the rate of 

colocalization of PB-TCZ with LAMP-1 increased over time (Figure 2C) and a significant 

colocalization between PB-TCZ and LAMP-1 was observed in cells incubated with the chase 

medium containing E64d/Leup/Pep compared with control cells (Figure 2D). Collectively, these 

results suggest that a part of the internalized PB-TCZ is either delivered from early endosomes to, 

and is degraded in, late endosomes/lysosomes in cells expressing IL-6R-GFP, without being 

significantly directed to the recycling pathway, while the remainder is retained in EEA1-positive 

early endosomes with IL-6R-GFP.  

 

The cytoplasmic domain of IL-6R is necessary for its internalization 

It has been shown that effective internalization of IL-6 and down-regulation of IL-6R are 

mediated by association with gp130 (Graeve et al., 1996; Zohlnhofer et al., 1992). However, it 

remains unclear whether gp130 is involved in the internalization of PB-TCZ mediated by IL-6R. 

To this end, we knocked down the expression of gp130 in HeLa cells by RNA interference. 

Western blot analyses revealed that transfection of gp130-specific siRNA effectively reduced the 

expression level of gp130 by >95% of control cells already after 12 h of siRNA transfection 

(Figure 3A). This is very consistent with and was accounted for by the short half-life of gp130 (~1 

h) estimated in HeLa cells treated with CHX (Figure 3B). Further, the depletion of gp130 did not 

significantly influence the expression level and stability of IL-6R-GFP (Figure 3C). As shown in 
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Figure 3D, knock down of gp130 did not significantly affect the internalization of PB-TCZ, or the 

localization of IL-6R-GFP. Therefore, these data apparently indicate that gp130 is not involved in 

the constitutive trafficking of IL-6R and concomitant internalization of PB-TCZ.  

These results prompted us to further examine whether IL-6R itself has a signal 

responsible for endocytosis from the cell surface and following trafficking to late 

endosomes/lysosomes without intervention of gp130. Membrane proteins endocytosed from the 

cell surface contain the information necessary for internalization in their cytoplasmic domain 

such as a tyrosine-based motif (YXXΦ; X is any amino acid and Φ is a bulky hydrophobic 

residue) and a dileucine-based motif ([DE]XXXL[LI]) (Bonifacino and Traub, 2003), both of 

which are also known to function as a lysosomal targeting signal (Eskelinen et al., 2003). Indeed, 

in the COOH-terminal cytoplasmic tail of IL-6R, consisting of 79 amino acids, there are two 

endocytosis motifs: a typical tyrosine-based type motif, 408YSLG, and a dileucine-like motif, 427LI 

(Figure 4A). Also, it has been shown that both motifs are necessary for post-Golgi biosynthetic 

trafficking to the basolateral plasma membrane in polarized epithelial cells (Martens et al., 2000). 

However, previous reports have demonstrated that the dileucine-like motif within the cytoplasmic 

tail of gp130 is essential for IL-6-induced internalization and down regulation of IL-6R, while the 

cytoplasmic domain of IL-6R is dispensable (Dittrich et al., 1994, 1996). Then, to examine 

whether the cytoplasmic tail of IL-6R including both tyrosine- and dileucine-based motifs is 

required for receptor internalization and trafficking, we created a mutant (IL-6R Δ408-GFP) that 

deleted the COOH-terminal 60 amino acids including both motifs (Figure 4A). As shown in 

Figure 4B, the molecular mass of IL-6R Δ408-GFP (~100 kDa) estimated from the mobility on 

SDS-PAGE was ~10 kDa smaller than that of IL-6R WT-GFP (~110 kDa). This difference was 

quite consistent with the difference in the molecular mass between full-length and deletion 

mutant of IL-6R predicted from the amino acid sequence.  

We further assessed the internalization of the mutant by monitoring the uptake of 

PB-TCZ. In contrast to IL-6R WT-GFP expressing cells, most of the PB-TCZ stayed bound to the 
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cell surface, and was scarcely internalized into cells expressing IL-6R Δ408-GFP (Figure 4C). 

These results are also supported by the elevated cell surface expression level of IL-6R Δ408-GFP 

compared with IL-6R WT-GFP (Figure 4C). Thus, these data suggest that the cytoplasmic 

domain including tyrosine- and/or dileucine-like motifs is essential for effective internalization of 

IL-6R.  

 

Internalization of IL-6R is mediated by a clathrin/AP-2-dependent mechanism 

We further investigated whether the internalization of IL-6R-GFP is mediated in a 

clathrin-dependent manner. The clathrin-mediated endocytosis motifs present in cargo molecules 

are specifically recognized by the μ2-subunit of the AP-2 complex (Bonifacino and Traub, 2003). 

The requirement of a μ2-subunit in IL-6R-GFP endocytosis was therefore investigated by 

transfection of HeLa cells with siRNA directed against the μ2-subunit in direct comparison with 

Cy3-labeled Tfn, a ligand that is well-documented to be internalized by TfnR in a manner which 

is dependent on clathrin/AP-2 (Masuyama et al., 2009; Motley et al., 2003).  

The knockdown of the μ2-subunit substantially reduced the internalization of PB-TCZ 

relative to control cells (Figure 5A, B, and C), which was correlated with, and accounted for, the 

increase in both cell surface-bound PB-TCZ and the cell surface expression level of IL-6R-GFP 

(Figure 5A and B) Similarly, inhibition of Cy3-Tfn internalization and increased cell surface 

expression of TfnR were also observed in cells transfected with siRNA directed against the 

μ2-subunit (Figure 5A and B). We further investigated the internalization of PB-TCZ using 

pharmacological inhibitors, such as potassium depletion (Di Guglielmo et al., 2003) or sucrose 

loading (Heuser and Anderson, 1989), for clathrin-dependent endocytosis, and found that the 

uptake of PB-TCZ was strongly inhibited by either potassium depletion or sucrose loading (data 

not shown). Altogether, these data suggest that IL-6R is internalized by clathrin/AP-2-dependent 

endocytosis. Further, the depletion of the μ2-subunit not only increased the expression levels of 

IL-6R-GFP, but also significantly abrogated degradation of the receptor (Figure 5D), suggesting 
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that IL-6R-GFP is directly delivered from the TGN to the cell surface and from where it is 

transported to lysosomes for degradation via a clathrin/AP-2-dependent endocytic pathway. 

Again, this result confirms that IL-6R-GFP is constitutively targeted to the lysosomal degradation 

pathway and is not significantly recycled to the cell surface. It is also noteworthy that, in addition 

to increased expression of IL-6R-GFP on the cell surface by μ2-knockdown observed in a 

confocal laser microscopy (Figure 5A and B), Western blot analysis revealed that IL-6R-GFP 

expression levels were markedly elevated in μ2-knockdown cells relative to control cells (Figure 

5D). This suggests that in our experimental system ectodomain shedding of the surface IL-6R 

caused by ADAM10 and ADAM17, members of the ADAM family of metalloproteases (Garbers 

et al., 2011), is not significantly responsible for the turnover of the receptor. Interestingly, the 

effect of μ2-knockdown on the turnover rate of gp130 was less sensitive than that on IL-6R-GFP 

(Figure 5D), suggesting that substantial amounts of gp130 may be internalized in a 

μ2-independent manner or may be targeted directly from the TGN to late endosomes/lysosomes 

without passing through the cell surface and being degraded.   

 

Effect of FcRn-DsRed expression on the intracellular localization of IL-6R-GFP 

The results shown in Figure 2C suggested that part of the internalized PB-TCZ was segregated 

from IL-6R-GFP in early endosomes, and was retained there without being subsequently 

transported together with the receptor to late endosomes/lysosomes. This may be accounted for 

by the acidic pH-dependent dissociation of TCZ from IL-6R (Igawa et al., 2010), which helps the 

antibody avoid lysosomal degradation and subsequent exocytosis. In this regard, FcRn is known 

to play a central role in the maintenance of serum IgG levels by the acidic pH dependence of the 

interaction with the Fc domain of IgG and recycling of IgG away from the lysosomal degradation 

pathway toward the cell surface, leading to release of IgG from FcRn owing to the low affinity at 

a neutral extracellular milieu pH (Lobo et al., 2004). Thus, FcRn functions as a receptor 

protecting IgG from degradation, thereby extending the antibody half-life (Akilesh et al., 2007; 
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Montoyo et al., 2009; Simister et al., 1997; Telleman and Junghans, 2000).  

We then sought to evaluate the effect of FcRn expression on intracellular trafficking of 

the internalized PB-TCZ. We first examined the localization of FcRn in cells expressed FcRn 

tagged with DsRed at its COOH-terminus (FcRn-DsRed) alone by comparison with that of 

several organelle-specific marker proteins. As shown in Figure 6A, FcRn-DsRed was extensively 

colocalized with TfnR in HeLa cells, which agrees with a previous report (Tzaban et al., 2009). 

Although only a very small fraction of FcRn-DsRed was found in EEA1- or LAMP-1-positive 

vesicles, little if any FcRn-DsRed coincided with TGN46 (Figure 6A). By contrast, FcRn-DsRed 

expressed in COS-1 cells showed an ER-like reticular staining pattern (Supplemental Figure 2A). 

Since the exit of FcRn from the ER is required for the association of FcRn with β2m (Praetor and 

Hunziker, 2002), the ER-like localization of FcRn-DsRed we observed in COS-1 cells may be 

due to failure of β2m endogenously expressed in COS-1 cells to interact with FcRn-DsRed. 

Indeed, immunofluorescence and Western blot analyses revealed that the expression level of β2m 

in COS-1 cells was substantially lower than that in HeLa cells (Supplemental Figure 2B). 

Furthermore, the ER-like localization of FcRn-DsRed seen in single transfected COS-1 cells 

shifted to TfnR-positive structures assembled in the perinuclear region by coexpression with 

human β2m and FcRn-DsRed colocalized with β2m in scattered small vesicles (Supplemental 

Figure 2A, bottom columns). However, such a localization change of FcRn-DsRed by exogenous 

expression of β2m was not significantly observed with HeLa cells (data not shown). Furthermore, 

the perinuclear localization of endogenous β2m was markedly altered by the expression of 

FcRn-DsRed, but not DsRed, where most of the β2m was colocalized with FcRn-DsRed (Figure 

6B), consistent with previous reports (Praetor and Hunziker, 2002; Tesar et al., 2006). However, 

the expression of IL-6R-GFP did not cause such an alteration in β2m localization (Figure 6B). 

Moreover, both the fluorescence intensity and intracellular localization of β2m in cells expressing 

FcRn-DsRed were not significantly affected by CHX treatment for 6 h while, under the same 

conditions, β2m in non-transfected cells had disappeared (Figure 6B right columns), presumably 
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due to secretion extracellularly, thereby suggesting the proper association of exogenously 

expressed FcRn-DsRed and endogenous β2m in HeLa cells. In addition, although CHX treatment 

also resulted in a striking loss of fluorescence intensity of IL-6R-GFP, which is attributed to rapid 

degradation of the receptor as shown in Figure 1C, it did not significantly affect the expression 

level of FcRn-DsRed, as shown from both immunofluorescence and Western blot analyses of 

CHX-treated cells (Figure 6B and Figure 8B, respectively). Collectively, we concluded that the 

level of β2m expressed endogenously in HeLa cells is sufficient at least for normal intracellular 

trafficking of FcRn. Therefore, we performed the following experiments using HeLa cells.  

 

Effect of FcRn-DsRed on the intracellular sorting of internalized PB-TCZ 

As shown in Supplemental Figure 3, there was no detectable cell surface binding of PB-TCZ and 

PB-IgG in cells expressing FcRn-DsRed alone. This result is consistent with the proposed 

characteristic for very low binding affinity between FcRn and IgG at a neutral pH (Jones and 

Waldmann, 1972; Raghavan et al., 1995; Rodewald, 1976; Simister and Rees, 1985). 

Furthermore, co-expression of IL-6R-GFP and FcRn-DsRed did not influence the cell surface 

binding of PB-TCZ at 4 °C (data not shown) or also the steady state localization of each 

(Supplemental Figure 4), compared with cells expressing FcRn-DsRed alone (Figure 6A).  

We next examined the effect of FcRn-DsRed expression on intracellular trafficking of 

the internalized PB-TCZ in HeLa cells. It was noteworthy that the majority of PB-TCZ-positive 

punctate structures significantly colocalized with FcRn-DsRed during a 3 h chase (Figure 7A). 

However, the rate of colocalization between PB-TCZ and IL-6R-GFP in cells coexpressing 

FcRn-DsRed decreased with an increase in the chase periods (Figure 7A), which was different 

from that in cells expressing IL-6R-GFP alone (Figure 2B), thereby suggesting that the 

expression of FcRn-DsRed may accelerate a divergence of the internalized PB-TCZ from 

IL-6R-GFP. As shown in Figure 7B, during chase periods up to 3 h, localization of the 

internalized PB-TCZ coincided extensively with EEA1 in cells expressing both IL-6R-GFP and 
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FcRn-DsRed, as observed in cells expressing IL-6R-GFP alone (Figure 2C). Furthermore, the 

time-dependent decrease in the rate of colocalization between PB-TCZ and TfnR in cells 

expressing IL-6R-GFP alone (Figure 2C) was significantly abrogated by coexpression of 

FcRn-DsRed (Figure 7B). However, a time-dependent increase in colocalization between 

PB-TCZ and LAMP-1 as seen in cells expressing IL-6R-GFP alone (Figure 2C) was not observed 

in cells expressing both IL-6R-GFP and FcRn-DsRed (Figure 7B). Nevertheless, similar to cells 

transfected with IL-6R-GFP alone (Figure 2D), treatment of cells coexpressing IL-6R-GFP and 

FcRn-DsRed with E64d/Leup/Pep resulted in extensive colocalization of PB-TCZ with 

IL-6R-GFP, most of which were detected in LAMP-1-positive compartments, and where 

FcRn-DsRed was also colocalized (Supplemental Figure 5). Collectively, these results suggest 

that FcRn-DsRed may increase not only retention of PB-TCZ dissociated from IL-6R-GFP in 

early endosomes but also retrieval of PB-TCZ from late endosomes/lysosomes to early 

endosomes. 

 

Internalized PB-TCZ is sorted from IL-6R-GFP and escapes lysosomal degradation by the 

expression of FcRn-DsRed 

Overexpression of a GTPase-deficient Rab5(Q79L) mutant can stimulate homotypic fusion of 

early endosomes or heterotypic fusion of early endosomes and late endosomes/lysosomes, 

leading to formation of enlarged early endosomes or hybrid organelles with features of early 

endosomes and late endosomes/lysosomes, respectively (Hirota and Tanaka, 2009; Kuronita et al., 

2002). So, taking advantage of the enlargement of endocytic compartments by expression of 

Rab5(Q79L), may enable us to analyze increased sorting of PB-TCZ away from IL-6R-GFP (i.e., 

the lysosomal degradation pathway) by the expression of FcRn-DsRed. In addition, the large 

vacuolar size of Rab5(Q79L)-induced compartments (average diameter~5 μm) may also make it 

possible to easily see whether the PB-TCZ is bound to the receptor or not; that is, localization of 

PB-TCZ to the limiting membrane or lumen, respectively. 
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We first analyzed the effect of 3xFLAG-Rab5(Q79L) expression on the distribution of 

IL-6R-GFP or FcRn-DsRed. As shown in Figure 8A, FcRn-DsRed was highly enriched on the 

limiting membrane of Rab5(Q79L)-induced enlarged vacuoles (referred to as QL compartments), 

consistent with a previous report (Gan et al., 2009). By contrast, IL-6R-GFP was predominantly 

detected in the lumen of QL compartments, which were occasionally visible as small vesicle 

structures (Figure 8A and C), presumably corresponding to the intraluminal vesicles (ILVs) of 

multivesicular bodies (MVBs). The same results were also observed in cells triple-transfected 

with IL-6R-GFP, FcRn-DsRed, and FLAG-Rab5(Q79L) (Figure 8A bottom columns and Figure 

8D). In support of the hypothesis that the sorting of membrane proteins into the ILVs of MVBs is 

associated with their degradation following fusion with lysosomes (Raiborg and Stenmark, 2009; 

Shields and Piper, 2011), IL-6R-GFP was degraded relatively rapidly, with a half-life of ~2 h 

(Figure 1D), while FcRn-DsRed was not significantly degraded as assessed by Western blotting 

of CHX-treated cells (Figure 8B), confirming the immunofluorescence data obtained using 

CHX-treated cells (Figure 6B).  

When PB-TCZ was internalized to cells expressing both 3xFLAG-Rab5(Q79L) and 

IL-6R-GFP, it showed extensive colocalization with IL-6R-GFP in the QL compartments 

constantly during chase periods up to 3 h (Figure 8C). Moreover, luminal or membrane 

localization of PB-TCZ in the QL compartments was closely correlated with that of IL-6R-GFP. 

Thus, the colocalization of PB-TCZ and IL-6R-GFP in the lumen of the QL compartments may 

reflect the IL-6R-GFP-mediated lysosomal degradation of PB-TCZ. However, in cells expressing 

FcRn-DsRed together with 3xFLAG-Rab5(Q79L) and IL-6R-GFP, at 30 min after internalization 

PB-TCZ was detected in nearly all of both IL-6R-GFP- and FcRn-DsRed-positive QL 

compartments, where it colocalized with IL-6R-GFP in the lumen or the membranes, although 

FcRn-DsRed was localized only in the membranes (Figure 8D, 30 min). Interestingly, with 

increasing chase times, the internalized PB-TCZ became colocalized more extensively with 

FcRn-DsRed than IL-6R-GFP in the QL compartments; that is, it was visible in the QL 
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compartments containing FcRn-DsRed, but little or no IL-6R-GFP (Figure 8D, 60 and 180 min). 

Moreover, the expression of FcRn-DsRed markedly shifted the localization of the PB-TCZ from 

the lumen to the limiting membrane in the QL compartments, whereas it had no affect on the 

sorting of IL-6R-GFP into ILVs of the QL compartments (Figure 8D). These results may reflect 

an association of PB-TCZ with FcRn-DsRed in endosomal compartments, although direct 

evidence is lacking. Collectively, these results suggest the potentially useful role of FcRn in 

helping internalized PB-TCZ avoid lysosomal degradation.  

 

 

 

 

 

 

 

 

 

 

 

DISCUSSION 

Available evidence suggests that unlike LDL- and Tfn- receptors, which escape lysosomal 

degradation and recycle to the cell surface via recycling endosomes (Maxfield and McGraw, 

2004), IL-6R is delivered to, and is degraded in, lysosomes without recycling back to the cell 

surface, and also that gp130 plays a crucial role in this process. This hypothesis came from the 

results showing that co-expression of the cytoplasmic tail-deleted IL-6R with gp130 caused IL-6 

internalization as efficiently as the wild-type protein (Dittrich et al., 1994), and that the complex 

of sIL-6R, which lacked the transmembrane and cytoplasmic domains, and IL-6 was internalized 
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by gp130 and degraded within lysosomes (Graeve et al., 1996). These lines of evidence therefore 

led to the conclusion that there are no available signals responsible for the internalization of 

IL-6R within the cytoplasmic tail.  

Here, we offer evidence that the internalization of PB-TCZ which is specific for the 

expression of IL-6R-GFP, as well as the half-life of IL-6R-GFP, is not significantly affected by 

the presence or absence of the expression of gp130. Moreover, the basal half-life of IL-6R-GFP 

(2.8 h) was much shorter than that of TfnR (~19 h) that continuously recycles to the cell surface 

(Rutledge et al., 1991) and that of the epidermal growth factor receptor (~20 h) which undergoes 

ligand-inducible down regulation (Ware, et al., 1997). These results, together with the absence of 

any effect of IL-6 and TCZ on the half-life of IL-6R-GFP (Figure 1D), suggest that IL-6R-GFP is 

constitutively internalized and is directed to the lysosomal degradation pathway without being 

recycled back to the cell surface. Thus, it is conceivable that gp130 is largely unnecessary for the 

endocytic pathway taken by IL-6R-GFP. Our results further demonstrate that the cytoplasmic tail 

of IL-6R, including the tyrosine- and dileucine-like motifs, is necessary for at least the 

internalization of the receptor itself, which is mediated by clathrin in an AP-2-dependent manner. 

So far, all studies of signals involved in trafficking of IL-6R have been analyzed in complex with 

IL-6 and gp130. Therefore, one possible explanation for the disagreement between our results and 

previous reports is that the cytoplasmic tail of gp130 might preferentially function as the 

internalization signal only in the IL-6 signaling pathway via soluble IL-6R rather than the 

membrane-bound receptor. However, we believe this possibility to be unlikely because the 

turnover rate of IL-6R-GFP was not affected by addition of IL-6, regardless of the expression of 

gp130 (data not shown). Thus, our results give a new insight into the mechanisms of trafficking of 

IL-6R which is involved in the antigen-mediated clearance of antibodies. We cannot yet 

completely exclude the presence of internalization signal(s) other than the tyrosine- and 

dileucine-based motifs because internalization of a small amount of IL-6R Δ408-GFP was 

occasionally visible after prolonged chase periods of up to 6 h (data not shown). Future 
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experiments are therefore needed to identify the signal(s) responsible for endocytosis and 

intracellular trafficking of IL-6R in more detail. 

 

One of the clinical problems associated with therapeutic monoclonal antibodies targeting 

particular antigens including TCZ is antigen-mediated clearance of antibodies from plasma 

(Kelley et al., 2006; Ng et al., 2006; Ohsugi and Kishimoto, 2008; Tabrizi et al., 2006; Tabrizi et 

al., 2010). Therefore, reducing the elimination of IgG antibodies is expected to lead to sustained 

and increased long-term clinical efficacy. A potential strategy to overcome antigen-mediated 

clearance of antibodies is to increase the efficiency of FcRn-mediated recycling of the IgG 

antibody. One successful approach to reduce the elimination of IgG antibodies has been described 

by Igawa et al., who engineered TCZ by introducing histidine residues into the antigen-binding 

site to dissociate from IL-6R at the acidic pH of endosomes, without affecting the antigen-binding 

affinity at a neutral pH in plasma. This enables the antibody to recycle back to the plasma and to 

avoid lysosomal degradation through binding with FcRn in acidic endosomes (Igawa et al., 2010). 

In vitro binding affinity assays between TCZ and sIL-6R using surface plasmon resonance have 

revealed that the unmodified TCZ we used in this study has a much lower dissociation rate from 

sIL-6R at pH 6.0 than modified TCZ (Igawa et al., 2010), thereby leading to IL-6R-mediated 

lysosomal degradation of TCZ. Although we do not directly analyze this difference at a cellular 

level between modified and unmodified TCZ, our results demonstrate that the expression of 

FcRn-DsRed caused a divergence of the internalized PB-TCZ from IL-6R-GFP (Figure 7A and 

B), and shifted the localization of PB-TCZ from the lumen to the limiting membrane of 

Rab5(Q79L)-induced enlarged endosomal compartments (Figure 8C and D). Such phenomena, 

however, were never seen in cells double-transfected with IL-6R-GFP and Rab5(Q79L). 

Accordingly, these data suggest that the expression of FcRn-DsRed contributes to the recovery of 

the internalized PB-TCZ from the lysosomal degradation pathway.  

A previous study reported that monomeric red fluorescence protein-tagged FcRn 
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expressed in the human endothelial cell line HMEC-1 is localized to both early endosomes and 

late endosomes/lysosomes, representing bidirectional transport of FcRn for recycling and 

constitutive degradation, respectively (Weflen et al., 2013). In this study, we also observed that a 

small fraction of FcRn-DsRed colocalizes with LAMP-1-positive late endosomes/lysosomes, and 

such colocalization significantly increases upon treatment of cells with lysosomal protease 

inhibitors, E64d/Leup/Pep. However, in contrast to IL-6R-GFP, the very low degradation and the 

lack of sorting into endosomal ILVs of FcRn-DsRed (Figure 8B and Figure 8A, respectively) 

suggest that colocalization of FcRn-DsRed with LAMP-1 seems unlikely to involve constitutive 

degradation of the receptor. Rather, these results could be accounted for by continuous shuttling 

of FcRn-DsRed between endosomes and lysosomes via kiss-and-run and/or kiss-and-linger 

processes, as described previously (Gan et al., 2009), although the underlying molecular 

mechanism remains to be elucidated. Consistent with previous suggestions (Gan et al., 2009), our 

results also indicate that transfer of membrane proteins from endosomes to lysosomes by 

kiss-and-run and/or kiss-and-linger processes between endosomes and lysosomes is selective, 

because TfnR, which is exclusively colocalized with FcRn-DsRed (Figure 6A and 7B), never 

shifted its localization to LAMP-1-positive compartments upon treatment of cells with 

E64d/Leup/Pep (data not shown). However, two targeting signals, a tryptophan- and a 

dileucine-based motif present in the cytoplasmic tail of FcRn, have been postulated to mediate 

internalization of FcRn from the plasma membrane or transport of FcRn from the TGN to the 

endocytic pathway (Wernick et al., 2005; Wu and Simister, 2001). The tryptophan-based 

endocytosis signal resembles a tyrosine-based motif, and has the capability to interact with the 

μ2-subunit (Wernick et al., 2005). However, our results suggesting that the cell surface 

expression level of FcRn-DsRed, unlike TfnR, is not significantly increased in cells depleted of 

the μ2-subunit (data not shown) and suggest that most, if not all, the FcRn unoccupied with IgG 

does not continuously cycle between recycling endosomes and the cell surface. Accordingly, the 

retention of PB-TCZ in FcRn-DsRed-positive endosomes we observed here (Figure 7A) may be 
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attributed to incomplete saturation of FcRn with PB-TCZ or reflect the slow dissociation rate of 

FcRn complexes at the cell surface after recycling and subsequent reinternalization as described 

previously (Ober et al., 2004).  

Furthermore, since FcRn can also bind IgG at a pH of 5.0 (Tesar et al., 2006), it is 

conceivable that FcRn may be able to trap TCZ within not only endosomes, but also lysosomes. 

On the basis of these lines of evidence, we conclude that PB-TCZ, once delivered to, and released 

in, lysosomes, might be again recovered from lysosomes for sorting and/or recycling endosomes 

by FcRn-mediated kiss-and-run and/or kiss-and-linger processes. This hypothesis also implies 

that the delivery of IgG to lysosomes does not necessarily reflect degradation, at least in cells 

expressing FcRn. Collectively, our data provide new insights into the role of FcRn in the rescue of 

internalized IgG from lysosomal degradation. 

 

 

 

 

 

 

ACKNOWLEDGEMENTS 

We thank K. Saito and T. Katada from Tokyo University for generously providing us with a 

cDNA encoding human Rab5. We are also grateful for the technical support from the Research 

Support Center, Graduate School of Medical Sciences, Kyushu University. 

 

AUTHORSHIP CONTRIBUTIONS 

Participated in research design: Fujimoto, Ishigai, Amano, Tanaka 

Conducted experiments: Fujimoto, Ida, Hirota 

Contributed new reagents or analytic tools: - 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 15, 2015 as DOI: 10.1124/mol.115.099184

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #99184 

 

 28

Performed data analysis: Fujimoto, Ida, Hirota, Tanaka 

Wrote or contributed to the writing of the manuscript: Fujimoto, Hirota, Ishigai, Amano, Tanaka 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

REFERENCES 

Akilesh S, Christianson GJ, Roopenian DC, and Shaw AS (2007) Neonatal FcR expression in 

bone marrow-derived cells functions to protect serum IgG from catabolism.  J Immunol 

179:4580-4588. 

Ataie-Kachoie P, Pourgholami MH, and Morris DL. (2013) Inhibition of the IL-6 signaling 

pathway: a strategy to combat chronic inflammatory diseases and cancer. Cytokine Growth 

Factor Rev 24:163-173.  

Bonifacino JS and Traub LM (2003) Signals for sorting of transmembrane proteins to endosomes 

and lysosomes. Annu Rev Biochem 72:395-447.  

Chalaris A, Garbers C, Rabe B, Rose-John S, and Scheller J (2011) The soluble Interleukin 6 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 15, 2015 as DOI: 10.1124/mol.115.099184

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #99184 

 

 29

receptor: generation and role in inflammation and cancer. Eur J Cell Biol 90:484-494. 

Di Guglielmo GM, Le Roy C, Goodfellow AF, and Wrana JL (2003) Distinct endocytic pathways 

regulate TGF-β receptor signalling and turnover. Nat Cell Biol 5:410-421. 

Dittrich E, Haft CR, Muys L, Heinrich PC, and Graeve L (1996) A di-leucine motif and an 

upstream serine in the interleukin-6 (IL-6) signal transducer gp130 mediate ligand-induced 

endocytosis and down-regulation of the IL-6 receptor. J Biol Chem 271:5487-5494. 

Dittrich E, Rose-John S, Gerhartz C, Müllberg J, Stoyan T, Yasukawa K, Heinrich PC, and 

Graeve L (1994) Identification of a region within the cytoplasmic domain of the 

interleukin-6 (IL-6) signal transducer gp130 important for ligand-induced endocytosis of 

the IL-6 receptor. J Biol Chem 269:19014-19020. 

Eskelinen EL, Tanaka Y, and Saftig P (2003) At the acidic edge: emerging functions for 

lysosomal membrane proteins. Trends Cell Biol 13:137-145. 

Gan Z, Ram S, Vaccaro C, Ober RJ, and Ward ES (2009) Analyses of the recycling receptor, 

FcRn, in live cells reveal novel pathways for lysosomal delivery. Traffic 10:600-614. 

Garbers C, Hermanns HM, Schaper F, Müller-Newen G, Grötzinger J, Rose-John S, and Scheller 

J (2012) Plasticity and cross-talk of Interleukin 6-type cytokines. Cytokine Growth Factor 

Rev 23:85-97. 

Garbers C, Jänner N, Chalaris A, Moss ML, Floss DM, Meyer D, Koch-Nolte F, Rose-John S, 

and Scheller J (2011) Species specificity of ADAM10 and ADAM17 proteins in 

interleukin-6 (IL-6) trans-signaling and novel role of ADAM10 in inducible IL-6 receptor 

shedding. J Biol Chem 286:14804-14811. 

Gerhartz C, Dittrich E, Stoyan T, Rose-John S, Yasukawa K, Heinrich PC, and Graeve L (1994) 

Biosynthesis and half-life of the interleukin-6 receptor and its signal transducer gp130. Eur 

J Biochem 223:265-274. 

Goebl NA, Babbey CM, Datta-Mannan A, Witcher DR, Wroblewski VJ, and Dunn KW (2008) 

Neonatal Fc receptor mediates internalization of Fc in transfected human endothelial cells. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 15, 2015 as DOI: 10.1124/mol.115.099184

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #99184 

 

 30

Mol Biol Cell 19:5490-5505. 

Graeve L, Korolenko TA, Hemmann U, Weiergräber O, Dittrich E, and Heinrich PC (1996) A 

complex of the soluble interleukin-6 receptor and interleukin-6 is internalized via the signal 

transducer gp130. FEBS Lett 399:131-134. 

Heuser JE and Anderson RG (1989) Hypertonic media inhibit receptor-mediated endocytosis by 

blocking clathrin-coated pit formation. J Cell Biol 108:389-400. 

Hirota Y and Tanaka Y (2009) A small GTPase, human Rab32, is required for the formation of 

autophagic vacuoles under basal conditions. Cell Mol Life Sci 66:2913-2932. 

Hirota Y, Kuronita T, Fujita H, and Tanaka Y (2007) A role for Rab5 activity in the biogenesis of 

endosomal and lysosomal compartments. Biochem Biophys Res Commun 364:40-47. 

Igawa T, Ishii S, Tachibana T, Maeda A, Higuchi Y, Shimaoka S, Moriyama C, Watanabe T, 

Takubo R, Doi Y, Wakabayashi T, Hayasaka A, Kadono S, Miyazaki T, Haraya K, 

Sekimori Y, Kojima T, Nabuchi Y, Aso Y, Kawabe Y, and Hattori K (2010) Antibody 

recycling by engineered pH-dependent antigen binding improves the duration of antigen 

neutralization. Nat Biotechnol 28: 1203-1207. 

Ito H, Takazoe M, Fukuda Y, Hibi T, Kusugami K, Andoh A, Matsumoto T, Yamamura T, 

Azuma J, Nishimoto N, Yoshizaki K, Shimoyama T, and Kishimoto T (2004) A pilot 

randomized trial of a human anti-interleukin-6 receptor monoclonal antibody in active 

Crohn's disease. Gastroenterology 126:989-996. 

Johnson C, Han Y, Hughart N, McCarra J, Alpini G, and Meng F (2012) Interleukin-6 and its 

receptor, key players in hepatobiliary inflammation and cancer. Transl Gastrointest Cancer 

1:58-70. 

Jones EA and Waldmann TA (1972) The mechanism of intestinal uptake and transcellular 

transport of IgG in the neonatal rat. J Clin Invest 51:2916-2927. 

Kelley SK, Gelzleichter T, Xie D, Lee WP, Darbonne WC, Qureshi F, Kissler K, Oflazoglu E, 

and Grewal IS (2006) Preclinical pharmacokinetics, pharmacodynamics, and activity of a 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 15, 2015 as DOI: 10.1124/mol.115.099184

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #99184 

 

 31

humanized anti-CD40 antibody (SGN-40) in rodents and non-human primates. Br J 

Pharmacol 148:1116-1123. 

Kuo TT and Aveson VG (2011) Neonatal Fc receptor and IgG-based therapeutics. MAbs 

3:422-430. 

Kuronita T, Eskelinen EL, Fujita H, Saftig P, Himeno M, and Tanaka Y (2002) A role for the 

lysosomal membrane protein LGP85 in the biogenesis and maintenance of endosomal and 

lysosomal morphology. J Cell Sci 115:4117-4131.   

Kurosu H and Katada T (2001) Association of phosphatidylinositol 3-kinase composed of 

p110β-catalytic and p85-regulatory subunits with the small GTPase Rab5. J Biochem 

130:73-78. 

Lobo ED, Hansen RJ, and Balthasar JP (2004) Antibody pharmacokinetics and 

pharmacodynamics. J Pharm Sci 93:2645-2668. 

Martens AS, Bode JG, Heinrich PC, and Graeve L (2000) The cytoplasmic domain of the 

interleukin-6 receptor gp80 mediates its basolateral sorting in polarized Madin-Darby 

canine kidney cells. J Cell Sci 113:3593-3602. 

Masuyama N, Kuronita T, Tanaka R, Muto T, Hirota Y, Takigawa A, Fujita H, Aso Y, Amano J, 

and Tanaka Y (2009) HM1.24 is internalized from lipid rafts by clathrin-mediated 

endocytosis through interaction with α-adaptin. J Biol Chem 284:15927-15941. 

Maxfield FR and McGraw TE (2004) Endocytic recycling. Nat Rev Mol Cell Biol 5:121-132. 

Montoyo HP, Vaccaro C, Hafner M, Ober RJ, Mueller W, and Ward ES (2009) Conditional 

deletion of the MHC class I-related receptor FcRn reveals the sites of IgG homeostasis in 

mice. Proc Natl Acad Sci USA 106:2788-2793. 

Motley A, Bright NA, Seaman MN, and Robinson MS (2003) Clathrin-mediated endocytosis in 

AP-2-depleted cells. J Cell Biol 162:909-918. 

Neurath MF and Finotto S (2011) IL-6 signaling in autoimmunity, chronic inflammation and 

inflammation-associated cancer. Cytokine Growth Factor Rev 22:83-89. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 15, 2015 as DOI: 10.1124/mol.115.099184

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #99184 

 

 32

Ng CM, Stefanich E, Anand BS, Fielder PJ, and Vaickus L (2006) 

Pharmacokinetics/pharmacodynamics of nondepleting anti-CD4 monoclonal antibody 

(TRX1) in healthy human volunteers. Pharm Res 23:95-103. 

Nishimoto N, Kanakura Y, Aozasa K, Johkoh T, Nakamura M, Nakano S, Nakano N, Ikeda Y, 

Sasaki T, Nishioka K, Hara M, Taguchi H, Kimura Y, Kato Y, Asaoku H, Kumagai S, 

Kodama F, Nakahara H, Hagihara K, Yoshizaki K, and Kishimoto T (2005) Humanized 

anti-interleukin-6 receptor antibody treatment of multicentric Castleman disease. Blood 

106:2627-2632. 

Nishimoto N, Terao K, Mima T, Nakahara H, Takagi N, and Kakehi T (2008) Mechanisms and 

pathologic significances in increase in serum interleukin-6 (IL-6) and soluble IL-6 

receptor after administration of an anti-IL-6 receptor antibody, tocilizumab, in patients 

with rheumatoid arthritis and Castleman disease. Blood 112:3959-3964.  

Nishimoto N, Yoshizaki K, Maeda K, Kuritani T, Deguchi H, Sato B, Imai N, Suemura M, 

Kakehi T, Takagi N, and Kishimoto T (2003) Toxicity, pharmacokinetics, and 

dose-finding study of repetitive treatment with the humanized anti-interleukin 6 receptor 

antibody MRA in rheumatoid arthritis. Phase I/II clinical study. J Rheumatol 

30:1426-1435. 

Nishimoto N, Yoshizaki K, Miyasaka N, Yamamoto K, Kawai S, Takeuchi T, Hashimoto J, 

Azuma J, and Kishimoto T (2004) Treatment of rheumatoid arthritis with humanized 

anti-interleukin-6 receptor antibody: a multicenter, double-blind, placebo-controlled trial. 

Arthritis Rheum 50:1761-1769. 

Ober RJ, Martinez C, Lai X, Zhou J, and Ward ES (2004) Exocytosis of IgG as mediated by the 

receptor, FcRn: an analysis at the single-molecule level. Proc Natl Acad Sci USA 

101:11076-11081. 

Ohsugi Y and Kishimoto T (2008) The recombinant humanized anti-IL-6 receptor antibody 

tocilizumab, an innovative drug for the treatment of rheumatoid arthritis. Expert Opin Biol 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 15, 2015 as DOI: 10.1124/mol.115.099184

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #99184 

 

 33

Ther 8:669-681. 

Praetor A and Hunziker W (2002) β2-microglobulin is important for cell surface expression and 

pH-dependent IgG binding of human FcRn. J Cell Sci 115:2389-2397. 

Raghavan M, Bonagura VR, Morrison SL, and Bjorkman PJ (1995) Analysis of the pH 

dependence of the neonatal Fc receptor/immunoglobulin G interaction using antibody and 

receptor variants. Biochemistry 34:14649-14657. 

Raiborg C and Stenmark H (2009) The ESCRT machinery in endosomal sorting of 

ubiquitylated membrane proteins. Nature 458:445-452. 

Rodewald R and Kraehenbuhl JP (1984) Receptor-mediated transport of IgG. J Cell Biol 

99:159s-164s. 

Rodewald R (1976) pH-dependent binding of immunoglobulins to intestinal cells of the 

neonatal rat. J Cell Biol 71:666-669. 

Roopenian DC and Akilesh S (2007) FcRn: the neonatal Fc receptor comes of age. Nat Rev 

Immunol 7:715-725. 

Rutledge EA, Mikoryak CA, and Draper RK (1991) Turnover of the transferrin receptor is not 

influenced by removing most of the extracellular domain. J Biol Chem 266:21125-21130. 

Sato K, Tsuchiya M, Saldanha J, Koishihara Y, Ohsugi Y, Kishimoto T, and Bendig MM (1993) 

Reshaping a human antibody to inhibit the interleukin 6-dependent tumor cell growth. 

Cancer Res 53:851-856. 

Scheller J, Chalaris A, Schmidt-Arras D, and Rose-John S (2011) The pro- and 

anti-inflammatory properties of the cytokine interleukin-6. Biochim Biophys Acta 

1813:878-888. 

Shields SB and Piper RC (2011) How ubiquitin functions with ESCRTs. Traffic 12:1306-1317. 

Simister NE and Rees AR (1985) Isolation and characterization of an Fc receptor from neonatal 

rat small intestine. Eur J Immunol 15:733-738. 

Simister NE, Jacobowitz Israel E, Ahouse JC, and Story CM (1997) New functions of the MHC 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 15, 2015 as DOI: 10.1124/mol.115.099184

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #99184 

 

 34

class I-related Fc receptor, FcRn. Biochem Soc Trans 25:481-486. 

Spîrchez M, Samaşca G, Iancu M, Bolba C, and Miu N (2012) Relation of interleukin-6, 

TNF-alpha and interleukin-1alpha with disease activity and severity in juvenile idiopathic 

arthritis patients. Clin Lab 58:253-260. 

Tabrizi M, Bornstein GG, and Suria H (2010) Biodistribution mechanisms of therapeutic 

monoclonal antibodies in health and disease. AAPS J 12: 33-43. 

Tabrizi MA, Tseng CM, and Roskos LK (2006) Elimination mechanisms of therapeutic 

monoclonal antibodies. Drug Discov Today 11:81-88. 

Tanaka T, Narazaki M, and Kishimoto T (2011) Anti-interleukin-6 receptor antibody, 

tocilizumab, for the treatment of autoimmune diseases. FEBS Lett 585:3699-3709. 

Tanaka T, Narazaki M, and Kishimoto T (2012) Therapeutic targeting of the interleukin-6 

receptor. Annu Rev Pharmacol Toxicol 52:199-219. 

Telleman P and Junghans RP (2000) The role of the Brambell receptor (FcRB) in liver: 

protection of endocytosed immunoglobulin G (IgG) from catabolism in hepatocytes rather 

than transport of IgG to bile. Immunology 100:245-251. 

Tesar DB, Tiangco NE, and Bjorkman PJ (2006) Ligand valency affects transcytosis, recycling 

and intracellular trafficking mediated by the neonatal Fc receptor. Traffic 7:1127-1142. 

Thiel S, Dahmen H, Martens A, Müller-Newen G, Schaper F, Heinrich PC, and Graeve L 

(1998) Constitutive internalization and association with adaptor protein-2 of the 

interleukin-6 signal transducer gp130. FEBS Lett 441:231-234. 

Tzaban S, Massol RH, Yen E, Hamman W, Frank SR, Lapierre LA, Hansen SH, Goldenring JR, 

Blumberg RS, and Lencer WI (2009) The recycling and transcytotic pathways for IgG 

transport by FcRn are distinct and display an inherent polarity. J Cell Biol 185:673-684. 

Ward ES, Zhou J, Ghetie V, and Ober RJ (2003) Evidence to support the cellular mechanism 

involved in serum IgG homeostasis in humans. Int Immunol 15:187-195. 

Ware MF, Tice DA, Parsons SJ, and Lauffenburger DA (1997) Overexpression of cellular Src 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 15, 2015 as DOI: 10.1124/mol.115.099184

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #99184 

 

 35

in fibroblasts enhances endocytic internalization of epidermal growth factor receptor. J 

Biol Chem 272: 30185-30190. 

Weflen AW, Baier N, Tang QJ, Van den Hof M, Blumberg RS, Lencer WI, and Massol RH 

(2013) Multivalent immune complexes divert FcRn to lysosomes by exclusion from 

recycling sorting tubules. Mol Biol Cell 24:2398-2405.  

Wernick NL, Haucke V, and Simister NE (2005) Recognition of the tryptophan-based 

endocytosis signal in the neonatal Fc receptor by the μ subunit of adaptor protein-2. J Biol 

Chem 280:7309-7316. 

Wu Z and Simister NE (2001) Tryptophan- and dileucine-based endocytosis signals in the 

neonatal Fc receptor. J Biol Chem 276:5240-5247. 

Yokota S, Imagawa T, Mori M, Miyamae T, Aihara Y, Takei S, Iwata N, Umebayashi H, 

Murata T, Miyoshi M, Tomiita M, Nishimoto N, and Kishimoto T (2008) Efficacy and 

safety of tocilizumab in patients with systemic-onset juvenile idiopathic arthritis: a 

randomised, double-blind, placebo-controlled, withdrawal phase III trial. Lancet 

371:998-1006. 

Zalevsky J, Chamberlain AK, Horton HM, Karki S, Leung IW, Sproule TJ, Lazar GA, 

Roopenian DC, and Desjarlais JR (2010) Enhanced antibody half-life improves in vivo 

activity. Nat Biotechnol 28:157-159. 

Zohlnhöfer D, Graeve L, Rose-John S, Schooltink H, Dittrich E, and Heinrich PC (1992) The 

hepatic interleukin-6 receptor. Down-regulation of the interleukin-6 binding subunit 

(gp80) by its ligand. FEBS Lett 306:219-222. 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 15, 2015 as DOI: 10.1124/mol.115.099184

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #99184 

 

 36

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE LEGENDS 

Figure 1. Intracellular localization of IL-6R-GFP.  

A, HeLa cells were transiently transfected with IL-6R-GFP, fixed and incubated with primary 

antibodies to TGN46, TfnR, EEA1 or LAMP-1. The primary antibodies were revealed by 

incubation with Cy3-labeled secondary antibodies. Nuclei were labeled with DAPI (cyan). Cells 

were visualized by confocal microscopy. Right columns show the merged images for triple 

staining of IL-6R-GFP (green), each organelle marker (red), and DAPI (cyan). Bars, 20 μm. 

B, HeLa cells were transiently transfected with IL-6R-GFP. After 24 h of transfection, cells 

were further cultured with fresh medium containing E64d/Leup/Pep for 6 or 24 h. Cells were 

then fixed and incubated with primary antibodies to LAMP-1 and Cy3-labeled secondary 
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antibodies. Nuclei were labeled with DAPI (cyan). Intracellular localization of IL-6R-GFP and 

LAMP-1 was observed by confocal microscopy. Right columns show the merged images for 

triple staining of IL-6R-GFP (green), LAMP-1 (red), and DAPI (cyan). Squares indicate 

magnified regions (mag). Bars, 20 μm. Graph represents IL-6R-GFP colocalization with 

LAMP-1 at each time point. Error bars indicate SEM of five independent experiments (n = 20 

cells for each condition). **P < 0.01; *** P < 0.001. 

C, HeLa cells were transiently transfected with IL-6R-GFP. After 24 h of transfection, cells 

were treated with media alone, containing 10 μg/ml CHX or a combination of CHX and 

E64d/Leup/Pep at 37 °C for 6 h and harvested. Equal amounts of cell lysates (20 μg) were 

subjected to SDS-PAGE and immunoblotting using antibodies to GFP, TfnR, or β-actin. 

D, HeLa cells transiently transfected with IL-6R-GFP were incubated in the absence or presence 

of IL-6 (100 ng/ml) or TCZ (2 μg/ml) with medium containing CHX (10 μg/ml) for the 

indicated time periods and harvested. Equal amounts of cell lysates were subjected to 

SDS-PAGE and immunoblotting using antibodies for GFP. The amount of IL-6R-GFP was 

quantified by densitometry and expressed as the percentage of initial IL-6R-GFP remaining at 

each time point. Half-lives were determined by curve fitting using an exponential equation. 

Error bars represent SEM of three independent experiments.  

 

Figure 2. Internalization and distribution of PB-TCZ in IL-6R-GFP expressing cells. 

A, HeLa cells were transiently transfected with either an expression plasmid encoding GFP or 

IL-6R-GFP. After 24 h, cells were incubated with 2 μg/ml PB-IgG or PB-TCZ at 4 °C for 30 

min and then immediately fixed. Cells were visualized by confocal microscopy. Right columns 

show the merged image for double staining of IL-6R-GFP (green) and PB-IgG or PB-TCZ 

(cyan). Bars, 20 μm. 

B, HeLa cells were transiently transfected with an expression plasmid encoding IL-6R-GFP. 

After 24 h, cells were incubated with 2 μg/ml of PB-TCZ at 4 °C for 30 min and allowed to 
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internalize the antibody for the indicated time periods at 37 °C. Cells were then fixed and 

visualized by confocal microscopy. Right columns show the merged image for double staining 

of IL-6R-GFP (green) and PB-IgG or PB-TCZ (cyan). Bars, 20 μm. Graph represents PB-TCZ 

colocalization with IL-6R-GFP at each time point. Error bars indicate SEM of five independent 

experiments (n = 20 cells for each condition). NS, not significant. 

C. HeLa cells were transiently transfected with an expression plasmid encoding IL-6R-GFP. 

After 24 h, cells were incubated with 2 μg/ml PB-TCZ at 4 °C for 30 min and allowed to 

internalize the antibody for the indicated time periods at 37 °C. Cells were then fixed, 

permeabilized, and incubated with primary antibodies to TGN46, TfnR, EEA1 or LAMP-1. The 

primary antibodies were revealed by incubation with Cy3-labeled secondary antibodies. Cells 

were visualized by confocal microscopy. Right columns show the merged images for triple 

staining of IL-6R-GFP (green), each organelle marker (red), and PB-TCZ (cyan). Bars, 20 μm. 

Graph represents PB-TCZ colocalization with each organelle marker at each time point. Error 

bars indicate SEM of three independent experiments (n = 20 cells for each condition). *P < 

0.05; *** P < 0.001; NS, not significant. 

D, HeLa cells were transiently transfected with either an expression plasmid encoding GFP or 

IL-6R-GFP. After 24 h, cells were incubated with PB-TCZ (2 μg/ml) at 4 °C for 30 min and 

allowed to internalize the antibody in the absence or presence of E64d/Leup/Pep for 6 h at 

37 °C. Cells were then fixed, permeabilized, and incubated with primary antibodies to LAMP-1 

and Cy3-labeled secondary antibodies. Cells were visualized by confocal microscopy. The 

merged images show triple staining of IL-6R-GFP (green), LAMP-1 (red), and PB-TCZ (cyan). 

Boxed regions indicate the area used for the zoomed images (zoom). Bars, 20 μm. Graph 

represents PB-TCZ colocalization with LAMP-1 in the absence (-) or presence (+) of 

E64d/Leup/Pep. Error bars indicate SEM of five independent experiments (n = 20 cells for each 

condition). ***P < 0.001. 
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Figure 3. Involvement of gp130 in endocytosis of IL-6R. 

A, HeLa cells were transfected with siRNA directed to scramble negative control (NC) or to 

gp130. At the indicated time periods after transfection, cells were harvested and equal amounts 

of cell lysates of siRNAs-treated cells were subjected to SDS-PAGE and immunoblotting using 

antibodies to gp130, GFP, or β-actin.  

B, HeLa cells were incubated in the presence of CHX (10 μg/ml) for the indicated time periods 

and harvested. Equal amounts of cell lysates were subjected to SDS-PAGE and immunoblotting 

using antibodies for gp130. The amount of gp130 was quantified by densitometry and expressed 

as the percentage of initial gp130 remaining at each time point. Half-lives were determined by 

curve fitting using an exponential equation. Error bars represent SEM of four independent 

experiments.  

C, HeLa cells expressing IL-6R-GFP were transfected with siRNA directed to NC or gp130. 

After 12 hours, cells were treated with or without 10 μg/ml CHX at 37 °C for 6 h and harvested. 

Equal amounts of cell lysates (20 μg) were subjected to SDS-PAGE and immunoblotting using 

antibodies to gp130, GFP, TfnR or β-actin.  

D, Twelve hours after transfection of siRNA directed to NC or gp130, HeLa cells were 

transiently transfected with an expression plasmid encoding IL-6R-GFP. After 24 h, cells were 

incubated with PB-TCZ (2 μg/ml) at 4 °C for 30 min. Cell were then internalized with PB-TCZ 

for 3 h at 37 °C, fixed, and visualized by confocal microscopy. Right columns show the merged 

images for double staining of IL-6R-GFP (green) and PB-TCZ (cyan). Bars, 20 μm. Graph 

represents the relative amount of internalized PB-TCZ in control (NC) or gp130 KD cells 

(normalized to 1 for the NC). Error bars indicate SEM of five independent experiments (n = 20 

cells for each condition). NS, not significant. 

 

Figure 4. Analysis of endocytosis signal of IL-6R. 

A, Schematic representation of wild-type (WT) IL-6R-GFP and IL-6R Δ408-GFP. IL-6R 
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Δ408-GFP lacking 60 amino acids from the COOH-terminus of the cytoplasmic domain 

consisting of 79 amino acids. Numbers correspond to amino acids. TM; transmembrane. 

Potential tyrosine and dileucine-like motifs are highlighted as white on a black background. 

B, HeLa cells were transiently transfected IL-6R WT-GFP or IL-6R Δ408-GFP. After 24 h 

transfection, the lysate prepared from each transfection was subjected to SDS-PAGE, followed 

by Western blot analysis using polyclonal antibodies against the GFP.  

C, HeLa cells expressing IL-6R WT-GFP or IL-6R Δ408-GFP were preincubated with 2 μg/ml 

PB-TCZ at 4 °C for 30 min and immediately fixed or subsequently allowed to internalize the 

antibody for 30 min at 37°C. Cells were then visualized by confocal microscopy. Right columns 

show the merged images for double staining of IL-6R WT-GFP or IL-6R Δ408-GFP (green) and 

PB-TCZ (cyan). Bars, 20 μm. Graph represents the relative amount of internalized PB-TCZ in 

cells expressed IL-6R WT-GFP or IL-6R Δ408-GFP (normalized to 1 for cells expressed IL-6R 

WT-GFP). Error bars indicate SEM of five independent experiments (n = 20 cells for each 

condition). ***P < 0.001. 

 

Figure 5. Involvement of AP-2 in endocytosis of IL-6R-GFP 

Forty-eight hours after transfection of siRNA directed to NC (A) or the μ2-subunit (B), HeLa 

cells were transiently transfected with an encoding plasmid IL-6R-GFP. After 24 h, cells were 

incubated with PB-TCZ (2 μg/ml) and Cy3-labeled Tfn (25 μg/ml) at 4 °C for 30 min, 

immediately fixed or subsequently allowed to internalize the antibody and ligand for 30 min at 

37 °C and fixed. After fixation, cells were visualized by confocal microscopy. Right columns 

show the merged images for triple staining of IL-6R-GFP (green), PB-TCZ (cyan), and 

Cy3-labeled Tfn (red). Bars, 20 μm. C, Graph represents the relative amount of internalized 

PB-TCZ in control (NC) or μ2 KD cells (normalized to 1 for the NC). Error bars indicate SEM 

of five independent experiments (n = 20 cells for each condition). ***P < 0.001. 

D, HeLa cells transfected with siRNA directed to NC or the μ2-subunit were transiently 
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transfected with an encoding plasmid IL-6R-GFP. After 24 h, cells were treated with or without 

10 μg/ml CHX at 37 °C for 6 h and harvested. Equal amounts of cell lysates (20 μg) were 

subjected to SDS-PAGE and immunoblotting using antibodies to gp130, GFP, TfnR, the 

μ2-subunit, or β-actin. 

 

Figure 6. Intracellular localization of FcRn-DsRed. 

A, HeLa cells were transiently transfected with an expression plasmid encoding FcRn-DsRed, 

fixed and incubated with primary antibodies to TGN46, TfnR, EEA1, or LAMP-1. The primary 

antibodies were revealed by incubation with Cy3-labeled secondary antibodies. Nuclei were 

labeled with DAPI. Cells were visualized by confocal microscopy. Right columns show the 

merged images for triple staining of FcRn-DsRed (red), each organelle marker (green), and 

DAPI (cyan). Bars, 20 μm. 

B, HeLa cells were transiently transfected with either an expression plasmid encoding DsRed, 

FcRn-DsRed, IL-6R-GFP or FcRn-DsRed and IL-6R-GFP. After 24 hours, cells were treated 

with or without 10 μg/ml CHX at 37 °C for 6 h, fixed and incubated with primary antibodies to 

β2m. The primary antibodies were revealed by incubation with Alexa488-, Cy3 or Cy5-labeled 

secondary antibodies. Nuclei were labeled with DAPI. Cells were visualized by confocal 

microscopy. In cells transfected with DsRed, FcRn-DsRed, or IL-6R-GFP alone, right columns 

show the merged images for triple staining of DsRed, FcRn-DsRed, or IL-6R-GFP (red), β2m 

(green), and DAPI (cyan). In cells co-transfected with IL-6R-GFP and FcRn-DsRed, right 

columns show the merged images for triple staining of FcRn-DsRed (red), β2m (green), and 

DAPI (cyan). IL-6R-GFP is indicated in white. Asterisks show the cells expressing 

FcRn-DsRed. Bars, 20 μm. 

 

Figure 7. Effect of FcRn-DsRed on intracellular trafficking of the internalized PB-TCZ. 

A, HeLa cells were transiently co-transfected with an expression plasmid encoding IL-6R-GFP 
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and FcRn-DsRed. After 24 h, cells were incubated with 2 μg/ml PB-TCZ at 4 °C for 30 min and 

subsequently allowed to internalize the antibody for the indicated time periods at 37 °C. After 

internalization, cells were immediately fixed and visualized by confocal microscopy. Right 

columns show the merged images for double staining of PB-TCZ and IL-6R-GFP or 

FcRn-DsRed. Bars, 20 μm. Colocalization of the internalized PB-TCZ (cyan) and IL-6R-GFP 

(green) or PB-TCZ (cyan) and FcRn-DsRed (red) is shown in yellow in the merged image and 

graphs represent PB-TCZ colocalization with IL-6R-GFP or FcRn-DsRed at each time point. 

Error bars indicate SEM (n = 20 cells for each condition). ***P < 0.001; NS, not significant. 

B, HeLa cells were transiently co-transfected with an expression plasmid encoding IL-6R-GFP 

and FcRn-DsRed. After 24 h, cells were incubated with 2 μg/ml PB-TCZ at 4 °C for 30 min and 

allowed to internalize the antibody for the indicated time periods at 37 °C. Cells were then fixed, 

permeabilized, and incubated with primary antibodies to TGN46 (data not shown), TfnR, EEA1, 

or LAMP-1. The primary antibodies were revealed by incubation with Cy5-labeled secondary 

antibodies. Cells were visualized by confocal microscopy. Right columns show the merged 

images for triple staining of FcRn-DsRed (red), PB-TCZ (cyan), and each organelle marker 

(green). Left columns show the images for single staining of IL-6R-GFP in white. Bars, 20 μm. 

Graph represents PB-TCZ colocalization with each organelle marker at each time point. Error 

bars indicate SEM of five independent experiments (n = 20 cells for each condition). *P < 0.05; 

** P < 0.01. 

 

Figure 8. Effect of FcRn-DsRed expression on the escape of internalized PB-TCZ from 

lysosomal degradation.  

A, HeLa cells were transiently co-transfected with an expression plasmid encoding 

3xFLAG-tagged Rab5(Q79L) and IL-6R-GFP, FcRn-DsRed or IL-6R-GFP and FcRn-DsRed. 

After 24 h, cells were fixed, permeabilized, and incubated with a mouse monoclonal antibody to 

FLAG for labeling of Rab5(Q79L). The primary antibodies were revealed by incubation with 
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Alexa488-, Cy3- or Cy5-labeled secondary antibodies. Cells were visualized by confocal 

microscopy. Right columns show the merged images for double or triple staining of 

3xFLAG-Rab5(Q79L) (red, green, and cyan in top, middle, and bottom columns, respectively) 

and IL-6R-GFP (green), FcRn-DsRed (red) or IL-6R-GFP (green) and FcRn-DsRed (red). 

Boxed regions indicate the area used for the zoomed insets. The white lines in the zoomed 

insets were analyzed by line scanning and the fluorescence intensity profiles are shown in 

histograms. Bars, 20 μm. 

B, HeLa cells transiently transfected with an expression plasmid encoding IL-6R-GFP or 

FcRn-DsRed and IL-6R-GFP were treated with media alone, containing 10 μg/ml CHX, or a 

combination of CHX and E64d/Leup/Pep at 37 °C for 6h and harvested. Equal amounts of cell 

lysates (20 μg) were subjected to SDS-PAGE and immunoblotting using antibodies to GFP, 

FcRn, or β-actin. 

C, D, HeLa cells were transiently co-transfected with an expression plasmid encoding 

3xFLAG-tagged Rab5(Q79L) and IL-6R-GFP (C) or IL-6R-GFP and FcRn-DsRed (D). After 

24 h, cells were incubated with 2 μg/ml of PB-TCZ at 4 °C for 30 min and allowed to 

internalize the antibody for the indicated time periods at 37 °C. After internalization, cells were 

fixed, permeabilized, and incubated with a mouse monoclonal antibody to FLAG for labeling of 

Rab5(Q79L). The primary antibodies were revealed by incubation with Cy3- or Cy5-labeled 

secondary antibodies. Cells were visualized by confocal microscopy. In C, right columns show 

the merged images for triple staining of IL-6R-GFP (green), PB-TCZ (cyan), and 

3xFLAG-Rab5(Q79L) (red). In D, right columns show the merged images for triple staining of 

IL-6R-GFP (green), PB-TCZ (cyan), and FcRn-DsRed (red). 3xFLAG-Rab5(Q79L) is indicated 

in white. Arrowheads show the QL compartments containing both PB-TCZ and FcRn-DsRed, 

but lacking or containing little IL-6R-GFP. Boxed regions indicate the area used for the zoomed 

insets. The white lines in the zoomed insets were analyzed by line scanning and the 

fluorescence intensity profiles are shown in histograms. Bars, 20 μm. 
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