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Interleukin-6 (IL-6) is a cytokine implicated in proin-
flammatory as well as regenerative processes and acts via re-
ceptor complexes consisting of the ubiquitously expressed,
signal-transducing receptor gp130 and the IL-6 receptor (IL-
6R). The IL-6R is expressed only on hepatocytes and subsets of
leukocytes, where it mediates specificity of the receptor complex
to IL-6 as the subunit gp130 is shared with all other members of
the IL-6 cytokine family such as IL-11 or IL-27. The amount of
IL-6R at the cell surface thus determines the responsiveness of
the cell to the cytokine and might therefore be decisive in the
development of inflammatory disorders. However, how the
expression levels of IL-6R and gp130 at the cell surface are
controlled is largely unknown. Here, we show that IL-6R and
gp130 are constitutively internalized independent of IL-6. This
process depends on dynamin and clathrin and is temporally
controlled by motifs within the intracellular region of gp130 and
IL-6R. IL-6 binding and internalization of the receptors is a
prerequisite for activation of the Jak/STAT signaling cascade.
Targeting of gp130, but not of the IL-6R, to the lysosome for
degradation depends on stimulation with IL-6. Furthermore, we
show that after internalization and activation of signaling, both
the IL-6R and gp130 are recycled back to the cell surface, a
process that is enhanced by IL-6. These data reveal an impor-
tant function of IL-6 beyond the pure activation of signaling.

The cytokine interleukin-6 (IL-6) is implicated in mucosal
immunity and the hepatic acute-phase response (1). Further-
more, it is involved in the development of sepsis, multiple
sclerosis, and rheumatoid arthritis, making IL-6 an attractive
therapeutic target (2, 3). The monoclonal antibody tocilizu-
mab, which prevents binding of IL-6 to its IL-6 receptor (IL-
6R), has been approved for the treatment of rheumatoid
arthritis in more than 160 countries (3, 4).

Binding of IL-6 to the interleukin-6 receptor (IL-6R) and the
subsequent recruitment of a gp130 homodimer lead to
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activation of intracellular signaling cascades, most importantly
the janus kinase/signal transducer and activator of transcrip-
tion (Jak/STAT) pathway (5, 6). Besides negative feedback
inhibitors, e.g., SOCS3, internalization of transmembrane re-
ceptors is an important regulatory cellular process, which not
only regulates the amount of protein on the cell surface, but
can also be critical for signal termination. This has been
described e.g., for receptor tyrosine kinases such as the endo-
thelial growth factor receptor (7), but is not the case for the IL-
6 signaling complex. Internalization routes can be divided into
clathrin-dependent and clathrin-independent pathways (8).
Internalized receptors are either degraded intracellularly or
recycled back to the cell surface.

At present, there are only few data available on the internali-
zation of gp130 and the IL-6R and the intracellular fate of the two
receptors (reviewed in (9, 10)). An early study showed rapid
clearance of IL-6 and a reduction of binding sites on the cell
surface, suggesting ligand-induced internalization that was in-
dependent of the intracellular domain (ICD) of the IL-6R, as an
ICD-deficient mutant of the IL-6R showed no internalization
defect (11). However, the ICD of the IL-6R contains sorting
signals that are responsible for transport of the receptor to the
basolateral membrane of polarized Madin-Darby canine kidney
cells. Mutation of the membrane-proximal tyrosine-based motif
(Y408SLG) or the di-leucine-like motif (L427I) disrupts this dif-
ferential sorting and leads to a localization of the IL-6Rmainly at
the apical membrane (12). The receptor subunit gp130 has also
been shown to be sorted to the basolateral membrane in polar-
ized cells because of a di-leucine motif in its ICD (13).

These results are consistent with the view that IL-6 binding is
a prerequisite for endocytosis of its receptors. However, Thiel
et al. showed constitutive and ligand-independent internaliza-
tion of gp130 (14). Whether the IL-6R is also constitutively
endocytosed and whether its endocytosis occurs in complex
with gp130 are questions that have not been addressed so far.

Furthermore, several findings suggest that internalization is
not only a mechanism that terminates IL-6 signaling, but is
rather required for gp130 signaling. A mutant variant of this
receptor found in inflammatory hepatocellular adenomas is
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constitutively active and activates STAT3 in the absence of the
ligand (15, 16). When HepG2 cells were transfected with this
variant and treated with dynasore, an inhibitor of dynamin,
phosphorylation of STAT3 was reduced, indicating that the
constitutive signal transductionwas localized to endosomes (17).
In contrast, coexpression of this gp130 variant and dominant-
negative dynamin in HEK293 cells did not reduce STAT3
phosphorylation although cell surface levels of gp130 were
increased due to impaired clathrin-mediated endocytosis (18).

In the present study, we show that the IL-6R and gp130 are
internalized constitutively and independently of IL-6. Both
receptors are internalized by clathrin-mediated endocytosis,
which is a prerequisite for IL-6-mediated signal transduction.
We further show that the internalized receptors are either
degraded within the lysosome or recycled back to the cell
surface, the latter of which is enhanced in the presence of IL-6.

Results

Regulation of IL-6R levels on the cell surface by limited
proteolysis and internalization

IL-6 is a potent proinflammatory cytokine that exerts its
actions through a receptor complex containing the α-receptor
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Figure 1. Cell surface expression of IL-6R over time. A, THP-1 cells were incu
Remaining cell-surface levels of IL-6R were determined via flow cytometry. B an
30 min with or without 10 μM marimastat at 37 �C and subsequently stained f
again twice and incubated for the indicated time periods at 37 �C in serum-fre
1 h on ice. Cells were washed and analyzed by flow cytometry. One experiment
of three independent experiments in panel C (mean ± SD, n = 3). D, The sIL-6R in
ELISA. The mean ± SD from three independent experiments is shown. Statisti
p < 0.05; ns: not significant. DMSO, dimethyl sulfoxide.
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IL-6R and the signal-transducing receptor gp130. While gp130
is ubiquitously expressed and is also a receptor for all other
cytokines of the IL-6 family, the surface expression of the α-
receptor renders cells specifically responsive to IL-6. Thus, IL-
6R expression has to be tightly regulated to control excessive
inflammatory responses thatmight be harmful to the tissue (19).

We and others have previously shown that the amount of
IL-6R on the cell surface is controlled by limited proteolysis by
different proteases, among them the metalloprotease
ADAM17 (20, 21). Accordingly, activation of ADAM17 by the
phorbol ester phorbol 12-myristate 13-acetate (PMA) reduced
IL-6R cell-surface levels on the monocytic cell line THP-1 as
judged by flow cytometry (Fig. 1A and (22)).

Besides proteolysis, cytokine receptors are often also regu-
lated by internalization. In order to determine a contribution
of internalization to the cell-surface amounts of the IL-6R, we
stained THP-1 cells with a specific antibody for the IL-6R and
incubated the cells for different time periods at 37 �C. The
used antibody recognizes an epitope located within the D1
domain of the IL-6R and does not interfere with IL-6 signaling
or proteolytic cleavage of the IL-6R. We then visualized the IL-
6R at the cell surface with a secondary antibody coupled to a
fluorescent dye. As shown in Figure 1B (left panel), IL-6R
15min 30min 60min 90min 120min
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levels were reduced over time, indicating a constitutive pro-
cess. Inhibition of proteolysis with the broad-spectrum met-
alloproteinase inhibitor marimastat (Fig. 1B, right panel) did
not significantly prevent IL-6R reduction on the cell surface
(Fig. 1C), although sIL-6R in the cell culture supernatant was
reduced after 90 min and 120 min of treatment with mar-
imastat (Fig. 1D). We concluded from these experiments that
constitutive internalization and proteolysis act simultaneously
in THP-1 cells to regulate the amount of IL-6R at the cell
surface, but that proteolysis is not the dominant mechanism.

Constitutive internalization of the IL-6R and gp130 depends
on clathrin and dynamin

To further analyze the role of internalization and charac-
terize the involved pathways, we incubated THP-1 cells with
the inhibitors Dyngo-4a and Pit-Stop2, thereby specifically
blocking dynamin and clathrin, respectively, or treated cells
with the solvent dimethyl sulfoxide (DMSO) as control. All
experiments were done in the presence of marimastat to avoid
simultaneous proteolytic cleavage. As before, we observed a
constitutive decline of the IL-6R over time, and the cell surface
amount was halved after 60 min (Fig. 2A). Blockade of
Figure 2. The IL-6R and gp130 are constitutively internalized in a clathrin
afterward preincubated with marimastat in serum-free medium for 30 min a
preincubation with 50 μM Dyngo-4a or clathrin-dependent internalization by
10 ng/ml IL-6 was added where indicated. Subsequently, cells were incubated
antibody was washed away, and internalization was performed at 37 �C for
before cells were washed and analyzed by flow cytometry. C and D, The experi
with a specific antibody. Data in all panels were analyzed by two-way ANOVA fo
the DMSO control, Dunnett’s test). *: p < 0.05; **: p < 0.01; ***: p < 0.001. DM
dynamin by Dyngo-4a significantly prevented a decrease of IL-
6R on the cell surface (Fig. 2A), and the same was true for the
clathrin inhibitor Pit-Stop2 (Fig. 2A). Importantly, the inter-
nalization process appeared to be completely independent of
the presence or absence of the ligand IL-6 (Fig. 2B and S1,
A–C).

In addition, we furthermore analyzed the internalization of
the β-receptor gp130 in the same experimental setup. Like the
IL-6R, gp130 was constitutively internalized (Fig. 2C). In
agreement with the data obtained for the IL-6R, the addition of
both Dyngo-4a and PitStop2 significantly prevented gp130
internalization (Fig. 2C), and no influence of IL-6 on this
process was observable (Fig. 2D and S1, D–F). These data
show that both the IL-6R and gp130 are constitutively inter-
nalized from the plasma membrane in a dynamin- and
clathrin-dependent manner, which is in agreement with a
recent report (23).

ADAM17-mediated proteolysis of the IL-6R requires clathrin
and dynamin

Having shown that the internalization of the IL-6R requires
clathrin and dynamin, we sought to determine whether IL-6R
- and dynamin-dependent manner. A and B, THP-1 cells were washed and
t 37 �C. Additionally, dynamin-dependent internalization was inhibited by
adding 25 μM Pit-Stop2. Cells were treated with DMSO as control. In total,
with the specific antibodies against the IL-6R for 1 h on ice. None-bound

the indicated time periods. Secondary antibody was added for 1 h on ice
ment was performed as described for panels A and B, but gp130 was stained
llowed by multiple comparison analysis (both inhibitors were tested against
SO, dimethyl sulfoxide.
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proteolysis by ADAM17 is also dependent on these proteins.
Activation of ADAM17-mediated proteolysis by the phorbol
ester PMA resulted in significantly increased sIL-6R levels
compared with the DMSO control (Fig. 3A). Indeed, pre-
incubation of the cells with Pit-Stop2 was able to abolish
PMA-induced sIL-6R generation (Fig. 3A). A similar experi-
ment using the dynamin inhibitor Dyngo-4a showed strong
and significant reduction of sIL-6R generation compared with
PMA treatment alone and no PMA-induced induction when
Dyngo-4a is used (Fig. 3B). Furthermore, treatment with
Dyngo-4a either alone or in combination with PMA reduced
sIL-6R below the unstimulated control. Because this consti-
tutive cleavage of the IL-6R is mediated by ADAM10 (24, 25),
these results suggest that inhibition of dynamin also interferes
with IL-6R cleavage by ADAM10. In conclusion, our results
show that clathrin and dynamin are not only crucial for
endocytosis of the IL-6R, but also required for IL-6R prote-
olysis by ADAM17.

Gp130 is not essential, but increases IL-6R internalization

The IL-6R itself contains internalization motifs in its
intracellular domain that have been shown to be crucial for
correct sorting of the receptor (12). Nevertheless, internaliza-
tion from the plasma membrane of an IL-6R that lacks its ICD
occurs in the presence of gp130 (11). This raises the question
whether the IL-6R can also be internalized independently of
gp130 and if this depends on the presence of its ligand IL-6.

In order to analyze the influence of gp130 on IL-6R inter-
nalization, we retrovirally transduced Ba/F3 cells with the IL-
6R alone, with the IL-6R in combination with gp130, or with
an IL-6R variant whose ICD was replaced with the ICD of
gp130 (Fig. 4A). These cells were subjected to an internaliza-
tion assay in the presence or absence of IL-6. We observed
constitutive internalization of the IL-6R when gp130 was
coexpressed (Ba/F3-gp130-IL-6R cells), and consistent with
our data from THP-1 cells with endogenous IL-6R, IL-6 had
no significant influence on IL-6R internalization (Fig. 4B). In
cells lacking gp130 (Ba/F3-IL-6R), the IL-6R was also
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is the mean ± SD from three independent experiments. Statistically significan
comparisons test. *: p < 0.05. DMSO, dimethyl sulfoxide.

4 J. Biol. Chem. (2021) 296 100434
internalized constitutively irrespective of the ligand, but the
IL-6R internalization appeared slower compared with the Ba/
F3-gp130-IL-6R cells (Fig. 4C). In contrast, the chimeric IL-6R
variant (Ba/F3-IL-6 R/gp130-ICD) closely resembled the
internalization kinetics of the Ba/F3-gp130-IL-6R, but not of
the Ba/F3-IL-6R cells (Fig. 4D). We concluded from these data
that the IL-6R can be internalized without the presence of
gp130, but that the ICD of gp130 accelerates the turnover of
the IL-6R.

To further decipher the role of IL-6R inherent internaliza-
tion motifs, we either removed the ICD of the IL-6R (termed
IL-6RΔICD) or mutated the tyrosine residue at position 408
(termed IL-6R-Y/A) or the leucine/isoleucine residues at po-
sitions 427/428 (termed IL-6R-LI/AA) and generated stably
transduced Ba/F3-gp130 cell lines (Fig. 4E). Afterwards, we
performed a similar internalization assay with these three cell
lines. As shown in Figure 4, F–H, addition of IL-6 had no
influence on IL-6R internalization in all three cell lines.
Interestingly, however, IL-6R internalization was decreased in
all cell lines, suggesting a regulatory role for the two motifs and
the intracellular region as a whole (Fig. 4, F–H). Because all
generated cell lines are derived from individual clones, a more
detailed comparison of the cell lines is not permissible.

Collectively, the data shown argue against ligand-induced
internalization of IL-6 R/gp130 and favor constitutive inter-
nalization of both receptors. Furthermore, the IL-6R can be
internalized in the absence of gp130, although gp130 and
especially its ICD enhance IL-6R internalization.

Internalization of the IL-6R is a prerequisite for STAT3
activation

As we could show that the inhibition of clathrin and dynamin
prevented IL-6R internalization, we next sought to analyze the
consequences on IL-6 signal transduction. Therefore, we
analyzed STAT3 phosphorylation by Western blot in THP-
1 cells that were stimulated for different time periods with IL-6
and pretreated with Dyngo-4a (blocking dynamin), Pit-Stop2
(blocking clathrin), or DMSO as a control (Fig. 5, A and B). In
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Figure 4. Internalization of IL-6R depends on gp130-ICD. A, schematic depiction of Ba/F3 cells, which express endogenously neither IL-6R nor gp130,
which were stably transduced with the IL-6R and gp130, the IL-6R alone, or a genetic fusion construct consisting of the extracellular and transmembrane
domain (ECD/TM) of the IL-6R and the intracellular domain (ICD) of gp130. B–D, An internalization assay was performed as described in the legend to
Figure 2. Briefly, the individual cell lines were cultured in the presence or absence of IL-6, and IL-6R was labeled with a specific antibody. Internalization was
performed at 37 �C for the indicated time points, and a secondary antibody was used for staining of remaining surface receptor before cells were analyzed
by flow cytometry. E, schematic depiction of Ba/F3-gp130 cells, which were stably transduced with IL-6RΔICD, IL-6R-Y/A, or IL-6R-LI/AA. F–H, Internalization
assays of the three Ba/F3-gp130 cell lines were performed as described for panel (B). Data shown are the mean ± SD from three independent experiments.

Controlling IL-6R and gp130 cell surface levels
cells pretreated with DMSO only, IL-6 stimulation induced a
strong phosphorylation of STAT3 after 15 min that was almost
abrogated after 60 min. In contrast, when cells were pretreated
with Dyngo-4a, STAT3 phosphorylation after IL-6 stimulation
was detectable, but strongly reduced compared with the control
(Fig. 5A). The treatment with Pit-Stop2 before IL-6 stimulation
J. Biol. Chem. (2021) 296 100434 5
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Controlling IL-6R and gp130 cell surface levels
prevented any subsequent phosphorylation of STAT3 within the
time period of 120 min (Fig. 5B). However, both inhibitors
slightly reduced total STAT3 levels, which might contribute to
the reduction in STAT3 phosphorylation. In a further approach
we transfected HeLa cells with the C-terminal part of AP180,
which is a dominant-negative form of this clathrin-binding
protein (DN-AP180). This variant still binds to clathrin but
leads to its mislocalization and thereby impedes the formation of
clathrin-coated pits (26). In line with our previous results,
overexpression of DN-AP180 led to a strongly reduced STAT3
activation upon IL-6 stimulation in comparison with GFP-
transfected cells (Fig. 5C).

In addition to clathrin-mediated endocytosis, endophilin-
mediated endocytosis, which is completely independent of
clathrin, has recently been described (27, 28). Hence, we
investigated whether this pathway had any influence on IL-6-
mediated signaling. Therefore, we overexpressed the BAR do-
mains of endophilin A1, A2, and A3 lacking their N-terminal
amphipathic helix, which proved to be efficient inhibitors for the
endophilin-dependent internalization (27). We expressed these
constructs transiently in HeLa cells, stimulated them with IL-6,
and analyzed STAT3 phosphorylation via Western blot (Fig. 5,
D–F). We could not detect a major difference in STAT3 acti-
vation in these cells compared with GFP-expressing cells,
although STAT3 phosphorylation appeared slightly enhanced
when one of the endophilin constructs was overexpressed.
6 J. Biol. Chem. (2021) 296 100434
However, our results exclude a major role for endophilin-
mediated endocytosis in IL-6 signaling. Thus, we concluded
that internalization of the IL-6 R/gp130 complex is necessary for
STAT3 activation, but that this is not dependent on endophilin,
but on clathrin- and dynamin-dependent mechanisms.

The IL-6R is constitutively targeted to the lysosome following
internalization

Following internalization, receptors are directed from the
early endosomes to lysosomes for degradation or to recycling
endosomes to be redirected to the plasma membrane. In order
to analyze the intracellular fate of the IL-6R and gp130, we did
a pulse-chase experiment to analyze a possible targeting of
both receptors to lysosomes following internalization. For this
purpose, we labeled surface IL-6R on overexpressing HeLa
cells with an antibody at 4 �C and shifted the cells afterward to
37 �C in the presence or absence of IL-6 for different periods
of time. After fixation and permeabilization, localization of the
receptor to lysosomes was detected by adding a fluorescently
labeled secondary antibody and analyzing colocalization with
the lysosome-associated marker protein 2 (LAMP-2). We
could clearly detect colocalization of the internalized IL-6R
with LAMP-2, indicating targeting of the receptor to lyso-
somes after endocytosis (Fig. 6A). Interestingly, the amount of
lysosomal IL-6R increased over time, but was not affected by
the presence of IL-6 (Fig. 6B). Thus, ligand binding did not
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Figure 6. Internalized IL-6R and gp130 are targeted to the lysosome independent of IL-6. A, localization of the IL-6R to the lysosome was analyzed in
IL-6R-transfected HeLa cells, which were seeded onto coverslips and labeled with a primary IL-6R-specific antibody for 1 h at 4 �C. Following a wash step,
the cells were stained with a secondary AlexaFlour488-labeled anti-goat antibody for 1 h at 4 �C. Cells were washed and incubated for 15, 30, or 60 min at
37 �C in the presence or absence of 10 ng/ml IL-6. Subsequently, cells were fixed with 4% PFA, permeabilized with 0.2% saponin, and finally stained with a
primary LAMP-2-specific antibody and a secondary AlexaFlour594 anti-mouse antibody. At last, cells were mounted onto microscopy slides and analyzed
using the Olympus FV1000 confocal laser scanning microscope. Scale bar: 50 μm. B, colocalization of the IL-6R with LAMP-2 was quantified using ImageJ
and the JACoP plugin calculating Mander’s coefficient. C and D, Colocalization of gp130 with the lysosomal marker LAMP-2 at different time points was
analyzed as described for the IL-6R before. Mander’s coefficient was calculated from 20 cells out of three independent experiments, and statistical sig-
nificant differences were determined using unpaired t-tests and the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli. ns: not sig-
nificant; *: p < 0.05.
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induce lysosomal degradation, indicating that the IL-6R was
constitutively directed to lysosomes.

In addition, we also analyzed lysosomal targeting of gp130
following stimulation with IL-6 (Fig. 6C). As for the IL-6R,
colocalization of gp130 with LAMP-2 increased over time
(Fig. 6D). However, the process was accelerated when the cells
were stimulated with IL-6, and significantly more gp130 colo-
calized with LAMP-2. There was an increase of gp130/LAMP-2
colocalization already 15 min after addition of cytokine. These
results suggest that the IL-6/IL-6 R/gp130 complex is dis-
assembled following endocytosis, and the two receptor subunits
are differentially targeted to lysosomal degradation.

The IL-6R is recycled back to the cell surface in an IL-6-
dependent manner

Having analyzed the trafficking of the IL-6 signaling com-
plex to lysosomes, we next wanted to examine whether IL-6R
and gp130 were recycled back to the cell surface. For this
purpose, we adapted a procedure from the Kveiborg lab (29)
and stained IL-6R-transfected HeLa cells with a specific anti-
body against the IL-6R at 37 �C for 1 h to allow internalization
of the IL-6R–antibody complexes. The remaining antibody
bound to the cell surface was then removed by stripping with
an acidic buffer before AlexaFlour488-conjugated secondary
antibody was applied for 1 h at 37 �C to stain recycled receptor
molecules that reappeared on the surface of the cells. As
negative control, only secondary but not primary antibody was
applied. To confirm the performance of the stripping buffer
(strip control), cells were stained with secondary antibody after
stripping at 4 �C to impede recycling. When cells were not
stimulated with IL-6, only few cells showed fluorescent stain-
ing at the cell-surface (Fig. 7B, upper panels). In contrast,
stimulation of the cells with IL-6 increased IL-6R recycling as
indicated by an increase of AlexaFlour488-positive cells
J. Biol. Chem. (2021) 296 100434 7
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Figure 7. The IL-6R is recycled to the cell surface in an IL-6-dependent manner. A, HeLa cells were transfected with pcDNA3.1-IL-6R and seeded onto
coverslips. Surface IL-6R was stained with a specific antibody for 1 h at 37 �C in the presence (lower panels) or absence (upper panel) of 10 ng/ml IL-6.
Controls were stained at 4 �C except negative control, where no primary antibody was added. After washing, noninternalized antibody was stripped
with an acidic buffer (except surface staining control) and cells were washed again. For recycling, cells were incubated again 1 h at 37 �C adding Alex-
aFlour488-conjugated anti-mouse IgG antibody. Finally, cells were washed, fixed in 4% PFA for 10 min at room temperature, washed again, and mounted
onto microscopy slides. Analysis was performed using the Olympus FV1000 confocal laser scanning microscope. Scale bar: 50 μm. B, percentage of flu-
orescently labeled cells shown in (B) was quantified with ImageJ and 11 pictures taken from three individual experiments were analyzed. Data were
analyzed by Student’s t-test. C, localization of the IL-6R to recycling endosomes was analyzed in IL-6R-transfected HeLa cells, which were seeded onto
coverslips and labeled with a primary IL-6R-specific antibody for 1 h at 4 �C. Following a wash step, cells were stained with a secondary AlexaFlour488-
labeled anti-goat antibody for 1 h at 4 �C. Cells were washed and incubated for 15, 30, or 60 min at 37 �C in the presence or absence of 10 ng/ml
IL-6. Subsequently, cells were fixed with 4% PFA, permeabilized with 0.2% saponin, and finally stained with a primary Rab11-specific antibody and a
secondary AlexaFlour594 anti-mouse antibody (Rab11). Lastly, cells were mounted onto microscopy slides and analyzed using the Olympus FV1000
confocal laser scanning microscope. Scale bar: 50 μm. D, colocalization of the IL-6R with Rab11 at different time points was quantified using ImageJ and the
JACoP plugin. Mander’s coefficient of 20 cells was calculated, and statistical significant differences were determined using unpaired t-tests and the
two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli. ns: not significant; *: p < 0.05.
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compared with unstimulated cells (Fig. 7A, lower panels), and
quantification revealed a statistically significant increase in IL-
6R recycling when cells were stimulated with IL-6 (Fig. 7B).
Importantly, due to the absence of signal at the cell surface in
the strip control cells, we ensured that IL-6R detected at the
cell surface indeed underwent internalization and recycling.

These results suggest that recycling of the IL-6R, in contrast
to internalization, was increased in the presence of the ligand.
In order to further verify this observation, we did immuno-
fluorescence stainings in HeLa cells of the IL-6R and Rab11, a
marker for recycling endosomes (30). In accordance with our
previous results, stimulation of the cells with IL-6 led to a
statistically significant increase of colocalization of both pro-
teins at 15, 30, and 60 min (Fig. 7, C and D).
8 J. Biol. Chem. (2021) 296 100434
IL-6 increases gp130 recycling to the cell surface

In analogy to the IL-6R, gp130 has previously been shown to
be ligand-independently and constitutively internalized (14).
Therefore, we tried to answer the question whether gp130 also
succumbs to ligand-induced recycling and performed a recy-
cling assay similar to the one described above with HeLa cells
overexpressing gp130 (Fig. 8A). As for the IL-6R, IL-6 treat-
ment increased the number of fluorescently labeled cells,
indicating ligand-induced recycling of gp130 (Fig. 8A, lower
panels). As seen for the IL-6R, the percentage of cells with
recycled receptor was about twice as high in the presence of
IL-6 compared with unstimulated cells (Fig. 8B). This was
further corroborated by an increase in colocalization with
Rab11 when cells were stimulated with IL-6, which was
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Figure 8. gp130 is recycled to the cell surface in an IL-6-dependent manner. A, p409-gp130-transfected HeLa cells were seeded onto cover slips. A
gp130-specific antibody was added to the culture for 1 h at 37 �C in the presence (lower panels) or absence (upper panels) of 10 ng/ml IL-6 to enable
internalization of the receptor and bound antibody. Cells were washed, and noninternalized antibody was stripped off applying an acidic buffer. Afterward,
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surface. Negative control was performed without primary antibody, for surface staining, the antibodies were applied at 4 �C, and for strip control secondary
antibody was applied at 4 �C. Scale bar: 50 μm. B, Percentage of fluorescently labeled cells shown in (A) was analyzed with ImageJ. Eleven pictures taken
from three individual experiments were analyzed. Data were analyzed by Student’s t-test. C, HeLa cells were transfected with p409-gp130 and seeded onto
cover slips. A gp130-specific primary antibody was used to stain receptor molecules on the surface, which were allowed to internalize for 15, 30, or 60 min at
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determined using unpaired t-tests and the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli. ns: not significant; *: p < 0.05.
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statistically significant at all time points analyzed (Fig. 8, C and
D). Thus, like the IL-6R, gp130 can also be recycled back to the
cell surface, and this process is also increased in the presence
of IL-6.

Discussion

IL-6 is a pleiotropic cytokine involved in regenerative and
pathophysiological processes. Its signal transduction occurs
via gp130 and the IL-6R in its membrane-bound or soluble
form. The regulation of cell surface levels and release of the
soluble form of the IL-6R have to be tightly controlled, which
is executed by internalization and proteolytic ectodomain
release (31).

We could verify that proteolysis is a strong regulator of IL-
6R surface levels. Shedding and subsequent ectodomain
release could be induced by PMA as expected, confirming our
own and other previous results (20, 21, 32). Still, when
shedding was blocked by the broad-spectrum metal-
loproteinase inhibitor marimastat, labeled IL-6R disappeared
from the cell surface over time, and this could be blocked by
small chemical clathrin and dynamin inhibitors. This pointed
to clathrin-mediated endocytosis as the main mechanism of
endocytosis of the IL-6R and is in line with previous data (14,
33). There might also be a vast interplay between both surface-
level regulating processes.

Mechanisms that regulate shedding by ADAM proteases are
still under investigation, but a strong induction of ectodomain
release is able to drastically reduce the availability of the re-
ceptor on the surface. It is plausible to assume that both
mechanisms, proteolysis and internalization, act in concert to
regulate the amount of transmembrane proteins on the cell
surface. Indeed, this has been described for the vascular
endothelial growth factor receptor 2, which also undergoes
constitutive endocytosis. Endocytosis was proposed in this
J. Biol. Chem. (2021) 296 100434 9
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context to act as a protective mechanism against shedding
(34). Consequently, mechanisms that reduce internalization
would also interfere with shedding and subsequently could
elevate serum levels of sIL-6R. However, such mechanism will
certainly also affect the activity of membrane-bound proteases
and not only influence their substrates.

Opposing results have been published on whether the
internalization of the IL-6R was rather ligand-induced or
constitutive. Zohlnhöfer et al. and Dittrich et al. reported that
binding sites for IL-6 on the cell surface were reduced after
application of the cytokine (35, 36). In contrast, our results
point to a constitutive ligand-independent internalization of
the receptor. This has also been proposed by Gerhartz et al.,
who analyzed the half-life of the IL-6R in cycloheximide-
treated Madin-Darby canine kidney and HepG2 cells and
found it to be unaffected by the presence of IL-6, and by
Fujimoto et al., who obtained the same result for GFP-tagged
IL-6R in HeLa cells (33, 37). In the latter study, analysis of the
intracellular fate of tocilizumab (TCZ), a therapeutic mono-
clonal antibody against the IL-6R, failed to prove any signifi-
cant direction of the IL-6R to recycling endosomes under TCZ
treatment. As TCZ blocks IL-6 binding to the IL-6R, this is
consistent with our results that recycling is induced by IL-6
and occurs only to a small extent in the absence of the cyto-
kine. Our finding that IL-6 induces recycling of the IL-6R may
also explain why IL-6 has not previously been demonstrated to
induce increased degradation of the IL-6R although the re-
ceptor is internalized (36). However, the molecular mechanism
of how IL-6 induces IL-6R recycling in detail warrants further
investigation.

Further controversy exists on whether internalization motifs
of the IL-6R are responsible and sufficient for IL-6R inter-
nalization or if rather the ICD of gp130 is necessary for the
internalization of the IL-6R. Cells expressing a truncated
version of the IL-6R that consists only of the extracellular and
transmembrane domain are able to internalize IL-6R, whereas
mutation of gp130 internalization motifs reduced IL-6R
endocytosis (36, 38). Our data point toward a constitutive
internalization that requires neither IL-6 nor gp130. Conse-
quently, the internalization of the IL-6R has to be mediated by
its inherent internalization motifs when no gp130 is present.
Although this situation might seem artificial, granulocytes
have recently been identified as the first cell type that expresses
IL-6R but no gp130 (39). The different kinetics of the coloc-
alization with Rab11 of the IL-6R and gp130 under IL-6
stimulation in the present study might also be a hint that
these receptor subunits, after signal transduction from early
endosomes, do not undergo trafficking in complex but rather
independently.

Experimental procedures

Cells and reagents

HEK293 cells, THP-1 cells, Phoenix cells, and HeLa cells
were cultured in Dulbecco's modified Eagle's medium
(DMEM) high-glucose culture medium (Gibco/Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10% fetal
10 J. Biol. Chem. (2021) 296 100434
calf serum (FCS), penicillin (60 mg/l), and streptomycin
(100 mg/l). Ba/F3-derived cell lines were also cultured in
DMEM high-glucose culture medium (Gibco/Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10% FCS,
penicillin (60 mg/l), and streptomycin (100 mg/l) and addi-
tional 10 ng/ml Interleukin-6 (IL-6), 10 ng/ml Hyper-IL-6 or
10 ng/ml Interleukin-3, depending on the receptor composi-
tion of the individual cell line. All cells were kept at 37�C and
5% CO2 in a standard incubator with a water-saturated
atmosphere.

The broad-spectrum matrix-metalloprotease inhibitor
marimastat was purchased from Sigma-Aldrich, St Louis, MO,
USA, as well as the protein kinase C activator PMA. The in-
hibitors Pit-Stop2 (clathrin inhibitor) and Dyngo-4a (dynamin
inhibitor) were purchased from abcam (Cambridge, United
Kingdom).

The following antibodies were used: 4–11 (IL-6R-specific
antibody) was expressed and purified in-house. pSTAT3,
STAT3, and GAPDH-specific antibodies were purchased from
Cell Signaling Technology (Frankfurt/M., Germany), B-P4
(gp130-specific antibody) and the Rab11-specific antibody
were obtained from abcam (Cambridge, United Kingdom),
H4B4 (LAMP-2-specific antibody from mouse) was purchased
from Developmental Studies Hybridoma Bank (Iowa City, IA,
USA), the LAMP-2-specific antibody derived from rabbit was
obtained from Thermo Scientific (Waltham, MA, USA), and
the IL-6R-specific antibody BAF227 was purchased from R&D
systems (Minneapolis, MN, USA). The secondary antibodies
anti-mouse-IgG-APC, anti-mouse-IgG-HRP, and anti-rabbit-
IgG-HRP were obtained from Dianova (Hamburg, Germany).
The fluorescently labeled antibodies anti-mouse-IgG-
AlexaFlour488, anti-goat-IgG-AlexaFlour488, anti-mouse-
IgG-AlexaFlour594, and anti-rabbit-IgG-AlexaFlour594 were
obtained from life technologies at Thermo Scientific (Wal-
tham, MA, USA).

IL-6R and gp130 internalization assay

The internalization assay using different Ba/F3 cell lines was
performed as previously described (20). For the analysis of IL-6R
internalization, the cells were stained with primary antibody
against IL-6R (4–11) and APC-conjugated anti-mouse-IgG
antibody. For gp130 internalization, the cells were stained with
primary antibody B-P4 (abcam, Cambridge, United Kingdom)
against gp130 and APC-conjugated anti-mouse-IgG antibody.
The staining onTHP-1 cells was performed in the sameway, but
these cells were not starved before staining. Where indicated,
marimastat was added to prevent proteolytic cleavage of the IL-
6R. One milliliter of the cell suspension was transferred into
1.5 ml tubes, centrifuged at 1.200 g for 10 min at 4 �C, and the
supernatants were transferred into a new tube for clearance via
centrifugation at 18.000 g for 20 min at 4 �C. Following, the
supernatants were stored at –20 �C until further analysis.

For the analysis of dynamin or clathrin involvement in
internalization, the cells were incubated with the inhibitors
Pit-Stop2 (clathrin inhibitor) or Dyngo-4a (dynamin inhibitor)
for 40 min at 37 �C before staining with primary antibody. The
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inhibitors were also added during the time course of
internalization.

IL-6R proteolysis

THP-1 cells were washed with phosphate buffered saline
(PBS) twice and 1 x 106 cells per inhibitor, and controls were
seeded in 1 ml serum-free RPMI in 24-well plates. Subse-
quently, the cells were incubated with either 25 μM Pit-Stop2
(abcam, Cambridge, UK) or 50 μM Dyngo-4a (abcam, Cam-
bridge, UK) or DMSO as control for 30 min at 37 �C and 5%
CO2. Afterward, the cells were stimulated with 100 nM PMA
(Sigma-Aldrich, St Louis, USA) or DMSO as control and
incubated at 37 �C and 5% CO2 for additional 120 min. The
cells were then transferred into 1.5 ml tubes and centrifuged at
1.200 g for 10 min at 4 �C. The supernatants were transferred
into a new tube, cleared via centrifugation at 18.000 g for
20 min at 4 �C, and stored at –20 �C until further analysis.

ELISA

The amount of sIL-6R in the supernatant was detected using
the DuoSet Human IL-6Rα ELISA kit (R&D systems, Minne-
apolis, USA). The ELISA was performed according to the
supplier’s instructions, except for the adaption of the used
volumes. Fifty microliters of capture antibody, detection anti-
body, and undiluted samples were used as well as 60 μl of
substrate solution and stop solution. Streptavidin–horseradish
peroxidase (R&D Systems, Minneapolis, USA) and peroxidase
substrate BM blue POD (Roche, Basel, Switzerland) were used
for the enzymatic reaction, which was stopped by addition of
2 N H2SO4. The absorbance was measured at 450 nm on
FLUOstar Omega (BMG labtech, Offenburg, Germany).

Construction of expression plasmids

For the generation of the IL-6 R/gp130-ICD chimera and for
the insertion of point mutations into the IL-6R internalization
motifs, splicing by overlapping extension (SOE)-PCR was
performed using the expression plasmids pcDNA3.1-IL-6R
and p409-gp130 as templates. The IL-6R constructs were
subcloned into the pMOWS-puro vector to allow retroviral
transduction of Ba/F3 cells.

Retroviral transduction of Ba/F3 and Ba/F3-gp130 cells

Retroviral transduction of Ba/F3 and Ba/F3-gp130 cells via
Phoenix-Eco cell supernatant was performed as described
previously (40–42). Cells stably expressing different IL-6R
constructs were selected with puromycin (1.5 μg/ml) and
cultivated with 10 ng/ml recombinant IL-6 or IL-3.

Activation of signaling pathways and analysis via western
blot

In order to analyze the effect of inhibition of internalization
pathways on STAT3 signaling, 2 x 106 THP-1 cells per time
point were starved in 6-well plates in 2 ml serum-free DMEM
for 4 h at 37 �C before they were incubated with the internal-
ization inhibitors Pit-Stop2 or Dyngo-4a and as a control
DMSO for 40 min at 37 �C. After incubation, 10 ng/ml IL-6 was
added, and the cells were harvested at different time points. In a
second approach, HeLa cells were transfected with 5 μg plasmid
of pN1-eGFP or DN-AP180_BFP2 or one of the endophilin
constructs (Δhelix0-BAR-A1, -A2, or -A3 in pEGFP) (27). The
next day, the cells were distributed on six wells of a 6-well plate.
Two days after transfection, the cells were starved for 3 h at 37
�C in 2 ml serum-free DMEM before 10 ng/ml of IL-6 was
added, and the cells were harvested at different time points.

The cells were washed in PBS and finally lysed in 80 μl lysis
buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA,
1 mM NaF, 1 mM Na3VO4, 1% IGEPAL (NP-40), 1% Triton-
X-100, complete protease inhibitor cocktail (Roche Applied
Science, Mannheim, Germany)).

For analysis via western blot, 30 μg total protein of each
sample was loaded onto a 10% SDS gel, run for 2 h at 110 V,
and transferred onto a PVDF membrane (Merck Millipore,
Darmstadt, Germany) via semidry blot using the Trans-Blot-
Turbo (Bio-Rad, Hercules, CA, USA) at 1 A and constant
25 V for 40 min. The membrane was blocked in 5% milk
powder in TBS-T for 1 h at room temperature, washed in TBS-
T, and subsequently incubated with antibody against phos-
phorylated STAT3 or GAPDH as loading control over night at
4 �C. The following day, the membrane was washed in TBS-T
and incubated with HRP-conjugated secondary antibody for
1 h at room temperature. The membrane was washed again in
TBS-T, and proteins were detected with the ECL Chemocam
Imager (Intas Science Imaging, Göttingen, Germany) using the
EMD Millipore Immobilon Western Chemiluminescent HRP
Substrate (Merck Millipore, Darmstadt, Germany). For the
detection of total STAT3 levels, the membrane was stripped
for 40 min at room temperature using the Restore Western
Blot Stripping Buffer (Thermo Fisher Scientific, Waltham, MA,
USA). The membrane was washed with TBS-T and incubated
in 5% milk powder in TBS-T for 1 h at room temperature. The
membrane was then washed again in TBS-T and incubated
with primary antibody against total STAT3 over night at 4 �C.
Incubation and detection were performed as described above.

IL-6R and gp130 recycling assay using immunofluorescence
staining

This experiment was conducted in a manner similar to that
described by Stautz et al. (29). HeLa cells were transfected
either with pcDNA3.1-IL-6R or p409-gp130 plasmid before
being seeded onto coverslips. The cells were incubated with
0.12% (w/v) glycine in 1xPBS for 10 min, washed in PBS, and
blocked in 10% FCS in PBS for 1 h at room temperature before
staining with 4–11 antibody (anti-IL-6R) or B-P4 (anti-gp130)
for 1 h at 37 �C in the presence or absence of 10 ng/ml IL-6.
After washing the cells with PBS, noninternalized primary
antibody was stripped from the cell surface by incubation in
serum-free DMEM pH 2.0 for 30 min at 4 �C. Subsequently,
the cells were washed again in PBS and were incubated with
AlexaFlour488-conjugated anti-mouse secondary antibody for
1 h at 37 �C. Finally, the cells were washed, fixed in 4% PFA in
PBS for 10 min at room temperature, washed again in PBS and
J. Biol. Chem. (2021) 296 100434 11
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additionally once in ddH2O, and mounted onto microscopy
slides using ProLong Gold Antifade Mountant with DAPI
(Thermo Fisher Scientific, Waltham, MA, USA). As controls
surface staining and a strip control were additionally analyzed.
For these, the cells were incubated with primary antibody for
1h at 4 �C in the presence or absence of 10 ng/ml IL-6. The
strip control was then incubated in serum-free DMEM pH 2.0
for 30 min at 4 �C, whereas the surface staining control was
incubated in serum-free DMEM pH 7.4 for 30 min at 4 �C.
Staining with AlexaFlour488-conjugated anti-mouse second-
ary antibody was performed for 1 h at 4 �C. The negative
control was treated as the sample staining but was excluded
from staining with primary antibody. Recycling was analyzed
using the Olympus FV1000 confocal laser scanning micro-
scope and ImageJ (NIH, Bethesda, MD, USA).

Colocalization of IL-6R or gp130 with lysosome (LAMP-2) and
recycling endosome (Rab11)

For the colocalization experiment of IL-6R or gp130, HeLa
cells were transfected with either pcDNA3.1-IL-6R or p409-
gp130wt and seeded onto coverslips the next day. Two
days after transfection cells were washed in PBS, incubated
for 10 min at room temperature in 0.12 % (w/v) glycine in
1xPBS, washed again, and blocked in 10% FCS in PBS for
30 min at room temperature. Surface IL-6R or gp130 was
stained with BAF227 or B-P4 antibody for 1 h at 4 �C,
respectively. To remove unbound antibody, the cells were
washed three times in PBS before the cells were incubated
with fluorescently labeled anti-goat-IgG-AlexaFlour488 (IL-
6R) or anti-mouse-IgG-AlexaFlour488 (gp130) antibody for
1 h at 4 �C. To allow internalization of the receptors, the
cells were incubated in serum-free DMEM for 15, 30, or
60 min at 37 �C in the presence or absence of 10 ng/ml IL-6.
The cells were washed in PBS, fixed in 4% PFA/PBS for
10 min at room temperature, washed again, incubated in 0.12
% (w/v) glycine in 1x PBS for 10 min at room temperature,
and blocked in 10% FCS and 0.2% saponin in PBS for 30 min
at room temperature. Subsequently, the cells were incubated
with antibody directed against the lysosomal marker LAMP-2
or against the recycling endosome marker Rab11 for 1 h at
room temperature. After three washing steps in 10% FCS,
0.2% Saponin in PBS, the cells were incubated with fluo-
rescently labeled antibodies anti-mouse-IgG-AlexaFlour594
or anti-rabbit-IgG-AlexaFlour594 for 1 h at room tempera-
ture. Finally, the cells were washed in 10% FCS, 0.2% saponin
in PBS, and once in ddH2O and mounted onto microscopy
slides using ProLong Gold Antifade Mountant with DAPI
(Thermo Fisher Scientific, Waltham, MA, USA). Images were
taken using the Olympus FV1000 confocal laser scanning
microscope, and colocalization was analyzed using ImageJ
(NIH, Bethesda, MD, USA).

Statistical analyses

Statistical analyses were carried out with GraphPad Prism 8
(GraphPad Software, San Diego, CA, USA). The used methods
are described in the legends of the respective figures.
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