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The four mammalian Jak tyrosine Kinases are
non-covalently associated with cell surface receptors
binding helical bundled cytokines. In the type I inter-
feron receptor, Tyk2 associates with the IFNARI1
receptor subunit and positively influences ligand bind-
ing to the receptor complex. Here, we report that
Tyk2 is essential for stable cell surface expression of
IFNARI. In the absence of Tyk2, mature IFNAR1 is
weakly expressed on the cell surface. Rather, it is
localized into a perinuclear endosomal compartment
which overlaps with that of recycling transferrin
receptors and with early endosomal antigen-1 (EEA1)
positive vesicles. Conversely, co-expressed Tyk2 greatly
enhances surface IFNAR1 expression. Importantly, we
demonstrate that Tyk2 slows down IFNAR1 degrad-
ation and that this is due, at least in part, to inhibition
of IFNAR1 endocytosis. In addition, Tyk2 induces
plasma membrane relocalization of the R2 subunit of
the interleukin-10 receptor. These results reveal a
novel function of a Jak protein on internalization of a
correctly processed cytokine receptor. This function is
distinct from the previously reported effect of other
Jak proteins on receptor exit from the endoplasmic
reticulum.
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Introduction

Receptors that bind helical bundled cytokines form a
large family of transmembrane proteins characterized
by a structurally conserved extracellular cytokine
binding module and an intracellular (IC) region of
variable length and sequence. These receptors function
as homodimeric or heterodimeric ligand binding com-
plexes that are coupled to tyrosine kinases of the Jak
family, initiating a phosphorylation cascade (Yeh and
Pellegrini, 1999; Kotenko and Pestka, 2000). In most
of these receptors, it is unclear how ligand binding to
the ectodomain results in the activation of Jak proteins
in the cytoplasm. However, the ultimate activation
mode of Jak proteins is common to most kinases, and
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involves trans-phosphorylation of tyrosine residues in
the regulatory loop of the tyrosine kinase domain with
consequent increased substrate accessibility to the
active site. A second layer of Jak regulation is exerted
by the kinase-like (KL) domain (Yeh er al., 2000).

The type I interferon (IFN) receptor is expressed on all
cell types as a heterodimeric complex that possesses a
high degree of flexibility, being able to recognize a
panoply of IFN subtypes (IFN-o/f) and to induce
pleiotropic activities (Stark et al., 1998; Mogensen
et al., 1999). In this receptor complex, two members of
the cytokine receptor superfamily, IFNAR1 and IFNAR?2,
contribute to ligand binding and to activation of the
associated Tyk2 and Jakl (Yeh and Pellegrini, 1999).
Efforts to understand the dynamics and plasticity of such
a complex system include the identification of the
interactive surfaces of the components and the study of
the conformational changes induced by ligand binding
(Lewerenz et al., 1998; Roisman et al., 2001; Runkel
et al., 2001). However, little is known about the relative
expression of the receptor subunits in different cell types,
their intracellular trafficking, their delivery to the cell
surface and their basal and ligand-induced endocytic
properties. IFNARI1 possesses a large N-glycosylated
ectodomain, with two cytokine binding modules, and an
IC region of 100 residues (Ling et al., 1995). The
essential role of this chain in IFN responses is evident
from the study of IFNARI-null mice that are totally
unresponsive to all type I IFN subtypes (Muller et al.,
1994). Moreover, it is known that the level of surface
IFNARI1 influences the sensitivity to IFN-o, as measured
in STAT activation and antiviral responses in human
cells (Yeh et al., 2000; Dondi et al., 2001). In our
previous studies of the specific role of Tyk2 within the
IFN receptor complex we found that, in human
fibrosarcoma cells, Tyk2 is required for the formation
of functional high-affinity receptors and in particular for
sustaining the IFNARI protein level (Gauzzi et al.,
1997).

To investigate the mechanism by which Tyk2 exerts
its effect on IFNARI, we have investigated whether
Tyk2 alters the subcellular distribution of the receptor.
Our results provide direct evidence that, in the absence
of the tyrosine kinase, IFNARI1 is exported to the
plasma membrane but then accumulates in endocytic
organelles. Tyk2 co-expression prevents intracellular
accumulation of IFNARI by restraining its constitutive
internalization, and thus stabilizing it at the cell
surface. These results, combined with studies of the
endogenous IFNARI1 and the transfected R2 subunit of
the interleukin-10 receptor (IL-10R2), attribute to a Jak
family member a novel role in regulating cell surface
expression of cognate receptors.
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Fig. 1. Levels of endogenous and transfected IFNARI1. (A) Surface level of endogenous IFNARI1. The level of IFNARI1 was determined by flow
cytometry on the indicated cell lines, using the AA3 mAb. The broken curve represents staining with an isotype matched control mAb. The right panel
shows the Tyk2 content in 10 pg of lysate from the indicated cell lines. (B) Surface and total levels of endogenous IFNAR1. WT and 11,1 cells were
processed for surface and total IFNAR1 immunoprecipitation (see Materials and methods). The recovered material was separated by SDS-PAGE and
analyzed by anti-IFNAR1 immunoblot. The lower panel shows the Tyk2 content in 10 pg of lysate. (C) Surface level of transfected IFNARI. The
level of IFNAR1 was determined by flow cytometry as in (A) on 11,1 cells transiently co-transfected with IFNAR1 and with vector (filled, median
fluorescence 11.2), wt Tyk2 (bold, median 48.3) or A(1-287) mutant (thin, median 8.6). The broken curve represents IFNARI in untransfected
11,1 cells. (D) Surface and total levels of transfected IFNARI. 11,1 cells were transfected with empty vector () or with the plasmids indicated and
processed as in (B). (E) Endo H sensitivity of transfected IFNARI. 11,1 cells were transiently transfected with the plasmids indicated, lysed and
subjected to total IFNAR1 immunoprecipitation. Half of the immuno-absorbed material was digested with Endo H and the other half was left
undigested. After separation by SDS—-PAGE, anti-IFNAR1 immunoblot was performed. The arrow indicates the partly glycosylated form of the
receptor (95 kDa) and the arrowhead indicates the Endo H-digested product (64 kDa).

number of cells expressing higher IFNARI surface levels
(Figure 1C). In immunoprecipitation analyses, the level of
IFNART1 at the cell surface was 5- to 6-fold higher in
Tyk2-expressing cells than in control cells (Figure 1D,
lanes 2 and 3), whereas the total IFNARI1 content was
roughly comparable in cells transfected with or without
Tyk2 (Figure 1D, lanes 5 and 6).

In addition to the 110-120 kDa species, a 95 kDa band
was present uniquely in immunoprecipitates from whole-
cell lysates and was less abundant in Tyk2-expressing cells
(arrow in Figure 1D and E). To analyze whether this
species represented an intermediate glycosylated form of
the receptor, endoglycosidase H (Endo H) digestion was
carried out on materials immuno-adsorbed with anti-
IFNAR1 Abs from cells transfected with the receptor. As
shown in Figure 1E, the 95 kDa band disappeared upon
Endo H digestion, giving rise to a new band of ~64 kDa
which is the predicted molecular weight for the core

Results

Tyk2 dosage effect on the surface level of
endogenous and transfected IFNAR1

The level of IFNARI at the surface of three cell lines that
differ in their Tyk2 content was analyzed by flow
cytometry. The mutant cell line 11,1 (UlA) lacks Tyk2
and is IFN-o unresponsive (Pellegrini et al., 1989). The
parental 2fTGH cells express endogenous Tyk2, and WT
cell is a reconstituted 11,1-derived clone that expresses
Tyk2 at a level four times higher than 2fTGH (Figure 1A,
right panel). Whereas surface IFNAR1 was barely detect-
able in 11,1 cells, an almost 3-fold increase was observed
in WT cells compared with 2fTGH cells. The IFNARI
levels present at the cell surface and in total extracts were
analyzed in 11,1 and WT cells by immunoprecipitation
(Figure 1B). Both the total and the surface levels of the
heavily glycosylated IFNAR1 (110-120 kDa) were

increased in WT cells.

We next investigated whether this effect could be
reproduced in a transient co-expression system. For this,
11,1 cells were transfected with IFNAR1 in the presence
or absence of Tyk2 and surface IFNARI was measured
by flow cytometry. Wild-type (wt) Tyk2, but not
an N-terminal deleted mutant A(1-287), increased the
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protein. The broad 110-120 kDa smear was Endo H
resistant. In parallel, digestion with N-glycosidase con-
verted all IFNARI1-specific bands into the unglycosylated
65 kDa band (data not shown). This analysis confirmed
the predominant N-linked glycosylation of the mature
IFNARI1 (Ling et al., 1995) and identified the 95 kDa
species as a minor incompletely processed species which



was nearly twice as abundant in the absence of Tyk2.
Importantly, however, despite the low level of surface
expression, ~70% of the IFNAR1 molecules were mature
(Endo H resistant) in the absence of the kinase. In addition,
the endogenous 95 kDa IFNARI species in Tyk2-negative
cells and in Tyk2-positive derived clones were of similar
abundance (Figure 1B) (see also Gauzzi et al., 1997).
These observations rule out a major contribution of Tyk2
to the processing of the receptor from the endoplasmic
reticulum (ER) through the Golgi.

IFNART1 localizes in an endosomal compartment
when expressed in the absence of Tyk2

The subcellular distribution of the endogenous IFNAR1
protein was difficult to study because of its low abundance.
However, transiently transfected IFNARI could be
visualized by immunofluorescence and confocal micro-
scopy. IFNAR1 was found to be confined in a perinuclear
compartment that appeared as a dense multivesicular
structure with additional scattered vesicles. Representative
profiles are shown in Figure 2A—C (left panels). To define
its location better, IFNAR1 was first co-transfected with a
Golgi-targeted cyan fluorescent protein (CFP) marker.
Simultaneous visualization revealed IFNAR1 in a location
intermingled with, but physically distinct from, the Golgi
complex (data not shown). This IFNARI1-positive com-
partment was then compared with that of recycling
endosomes (Trowbridge et al., 1993). To this end, cells
were transfected with IFNAR1 and 24 h later were allowed
to internalize Alexa*®8-coupled transferrin. Cells were then
processed for immunofluorescence. Internalized transfer-
rin was found in a perinuclear region, in a dense cluster of
vesicles that in part co-localized with IFNARI1-positive
vesicles (Figure 2A). Additionally, a comparison of the
localization of IFNAR1 and EEAI1, a marker for early
recycling endosomes (Mu et al., 1995), revealed a
substantial overlap in the scattered vesicles (Figure 2B).
The possibility that IFNARI1 accumulated in a late
endosomal or a lysosomal compartment was evaluated
by co-staining transfected cells with anti-IFNAR1 Abs and
with Abs directed to the lysosomal membrane glycopro-
teins (Igps) Lampl. No evidence of co-localization of
IFNAR1 with the lysosomal marker could be found
(Figure 2C).

These findings raised the question of whether the
IFNARI1 protein trafficked through the cell surface before
localizing in the endocytic and recycling compartment. To
answer this question, cells were transfected with IFNARI,
or co-transfected with IFNAR1 and CFP-Golgi, and then
incubated with anti-IFNAR1 mAbs for 60 min at 37°C
(see Materials and methods). After washing, cells were
processed for confocal microscopy. IFNAR1 mAbs, but
not isotype-matched control Abs (data not shown), were
efficiently internalized in vesicles that did not ovelap with
the CFP-Golgi marker (Figure 2D). In a similar experi-
ment, transfected cells were allowed to internalize labeled
transferrin and anti-IFNAR1 mAbs and processed for
immunofluorescence. As shown in Figure 2E, internalized
IFNAR1 mAbs partially co-localized with transferrin-
containing vesicles. Taken together, these results demon-
strate that transfected IFNARI1 is able to reach the plasma
membrane, from where it is constitutively internalized and

Tyk2 controls IFNAR1 cell surface expression

localizes in a compartment that is in part common with
transferrin-containing early and recycling endosomes.

Tyk2 stabilizes IFNAR1 at the cell surface

To study the impact of Tyk2 on IFNARI1 distribution, we
performed indirect immunofluorescence on cells co-
expressing IFNAR1 and Tyk2. A remarkable effect was
evident, with IFNAR1 strongly decorating the plasma
membrane only in Tyk2-expressing cells (Figure 3A, right
panel). Despite the variable signal intensity among
transfected cells due to heterogenous expression levels,
we were able to observe a considerable reduction in
intracellular IFNARI1. As previously reported, Tyk2 was
distributed throughout the cell, including at the plasma
membrane (data not shown) (Ragimbeau et al., 2001).
Like its human ortholog, the murine receptor stained the
cell surface when co-expressed with either human Tyk2
(Figure 3B) or murine Tyk2 (not shown). To eliminate the
possibility of a cell-specific effect, the experiment was
performed in other recipient cells. Similar localization
patterns were observed in COS-7 cells (Figure 3C), MEF
from Tyk2—/— mice (Figure 3D), HT-1080 and IFNAR1—-/—
MEF (not shown). Immunoprecipitation analyses con-
firmed the positive effect of Tyk2 on IFNARI1 surface
level in co-transfected Tyk2—/— MEF (data not shown).
From these data, we conclude that Tyk2 can robustly
enhance IFNARI surface expression in a variety of cell
types.

To assess whether Tyk2 could influence the localization
of other interacting cytokine receptors, we studied
IL-10R2. This receptor chain can pair with IL-10R1 to
bind IL-10 and with CRF2-9 to bind IL-22 (Kotenko et al.,
1997, 2001). IL-10R2 was transiently expressed in
11,1 cells with or without Tyk2 and stained with a mAb
directed to the ectodomain. As shown in Figure 3E, IL-
10R2 was confined in an intracellular compartment,
closely resembling that of IFNARI. Conversely, upon
Tyk2 co-expression, the intracellular labeling was very
weak and IL-10R2 strongly decorated the cell surface.
This result was confirmed by flow cytometry (not shown).
Thus, the novel Tyk2 function described here is not
uniquely exerted towards IFNARI.

In subsequent studies, we focused on the Tyk2/IFNAR1
pair and further characterized the phenomenon. To
identify the minimal Tyk2 determinants required to
stabilize IFNARI at the cell surface, a panel of Tyk2
mutants was co-transfected with IFNARI and cells were
analyzed by indirect immunofluorescence. The IFNARI
profiles obtained upon co-transfection of the most repre-
sentative Tyk2 mutants are shown in Figure 4A and the
overall results are summarized in Figure 4B. Neither of the
two kinase domains of Tyk2 was required to stabilize the
receptor at the surface. On the other hand, deletion of as
few as 51 aa at the N-terminus in mutant A(1-51), deletion
of 22 aa within the FERM domain in mutant A(219-240)
or deletion of the SH2-related domain in mutant
A(385-496) all abrogated the Tyk?2 effect. Thus, an intact
N region, encompassing the FERM and SH2 domains, is
necessary and sufficient to stabilize IFNAR1 at the cell
surface.
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Fig. 2. In the absence of Tyk2 IFNAR1 accumulates in an endosomal compartment. (A) 11,1 cells were transfected with human IFNARI1 (R1) and
24 h later they were incubated with Alexa*8-coupled transferrin for 60 min at 37°C. Cells were fixed, permeabilized and stained with anti-IFNARI
mAbs, followed by Texas Red-coupled secondary Abs, and analyzed by confocal microscopy as described in Materials and methods. IFNARI, red;
transferrin, green; merging of the two signals is shown in the overlay. (B) IFNARI-transfected cells were fixed, permeabilized and stained with
anti-IFNAR1 and anti-EEA1 Abs, followed by Texas Red- and Alexa*®-coupled secondary Abs. IFNARI, red; EEA1, green. White arrows in the
overlay indicate some of the vesicles where IFNARI-positive and EEA1-positive staining overlapped. (C) IFNARI-transfected cells were fixed,
permeabilized and stained with anti-IFNAR1 and anti-Lampl Abs, followed by Texas Red- and Alexa**-coupled secondary Abs. IFNARI, red;
Lampl, green. (D) 11,1 cells were co-transfected with IFNAR1 and the pECFP-Golgi marker and allowed to internalize the anti-IFNAR1 AA3 mAbs
for 60 min at 37°C. Cells were fixed, permeabilized and stained with Texas Red-coupled secondary Abs. IFNARI, red; CFP fluorescence, green.
(E) IFNAR1-transfected cells were allowed to internalize both Alexa*$8-coupled transferrin and anti-IFNAR1 AA3 mAbs for 60 min at 37°C. Cells
were processed as in (D). IFNARI, red; transferrin, green. The white arrow in the overlay indicates one of several vesicles stained by both the
internalized mAbs and transferrin. Scale bar, 5 um.
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Fig. 3. Tyk2 stabilizes IFNARI and IL-10R2 at the plasma membrane.
(A) 11,1 cells were co-transfected with human IFNAR1 (R1) and either
vector (left) or human (right) Tyk2. Cells were fixed, permeabilized
and stained with anti-IFNAR1 and anti-Tyk2 Abs. IFNARI staining in
Tyk2-positive cells is shown in the right panel. (B) 11,1 cells were
co-transfected with the VSV-G epitope tagged murine IFNAR1 (mR1)
with either vector (left) or human (right) Tyk2. Staining was with the
p5D4 mAbD and anti-Tyk2 Abs. IFNARI staining in Tyk2-positive cells
is shown in the right panel. (C) COS-7 cells were co-transfected with
human IFNARI1 (R1) and either vector (left) or human (right) Tyk2.
Cells were stained with anti-IFNAR1 and anti-Tyk2 Abs. IFNARI
staining in Tyk2-positive cells is shown in the right panel.
(D) MEF Tyk2—/— cells were co-transfected with human IFNARI (R1)
and either vector (left) or human (right). Cells were stained with anti-
IFNARI and anti-Tyk2 Abs. IFNARI staining in Tyk2-positive cells is
shown in the right panel. (E) 11,1 cells were co-transfected with human
IL-10R2 and either vector (left) or human (right). Cells were stained
with anti-IL-10R2 and anti-Tyk2 Abs. IL-10R2 staining in Tyk2-
positive cells is shown in the right panel. Images were acquired
with a CCD camera.

Truncated forms of IFNAR1 are stably expressed at
the cell surface

We investigated whether the Tyk2-driven effect on
IFNARI1 localization required a specific receptor deter-
minant. The IC region of IFNARI1 contains 100 residues
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Fig. 4. Localization of IFNARI1 co-expressed with Tyk2 mutants.
(A) 11,1 cells co-transfected with IFNARI (R1) and the Tyk2
constructs indicated [schematized in (B)] were stained with anti-
IFNARI and anti-Tyk2 Abs, as in Figure 3A. Representative IFNARI
staining profiles in Tyk2-positive cells are shown. Images were
acquired with a CCD camera. (B) Schematic representation of the
domain organization of Tyk2 and of the various constructs that were
tested for their effect on IFNARI localization. The N region (590 aa)
includes the FERM and the SH2-like domain. The bar over the FERM
domain points to the minimal IFNARI1 binding domain (Richter et al.,
1998). K930R is a kinase-dead form with a Lys-to-Arg substitution
mutation in the ATP-binding site (Gauzzi et al., 1996). KL, kinase-like;
TK, tyrosine kinase.

and lacks the box1/2 sequences required by other cytokine
receptors for the interaction with Jak proteins (Kotenko
and Pestka, 2000). This region can be subdivided into a
membrane-proximal half which includes 25 residues (aa
486-511) critical for Tyk2 binding, and a C-terminal
portion which includes 16 residues completely conserved
in vertebrates (Gibbs et al., 1996; Yan et al., 1996; Basu
et al., 1998). From the full-length human IFNARI, we
generated three C-terminal truncation mutants IC-524,
IC-480 and IC-463, retaining 67 IC, 23 IC and 6 IC
residues, respectively, and one internally deleted mutant,
IC-A(464-519) (Figure 5A). The four IFNAR1 mutants
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Fig. 5. (A) Schematic representation of mutated forms of IFNARI1. Only the IC region is drawn. The unshaded rectangle in wild-type IFNAR1 (WT)

corresponds to the Tyk2 binding region (residues 486-511) (Yan et

al.,

1996). (B) Localization of mutated forms of IFNARI. 11,1 cells were

co-transfected with the IFNARI mutants indicated and either vector (upper panels) or Tyk2 (lower panels). Cells were double stained with
anti-IFNAR1 and anti-Tyk2 Abs. Representative IFNARI staining profiles in Tyk2-positive cells are shown. (C) Surface expression levels of IFNAR1
mutants. 11,1 cells were co-transfected with the IFNARI1 plasmid indicated and vector (—) or Tyk2 (+) and processed for surface immunoprecipitation

as in Figure 1B.

were transiently transfected in 11,1 cells, with or without
Tyk2, and their localization profiles were analyzed.
Mutant IC-524 behaved like the wild-type protein,
being expressed on the plasma membrane only in Tyk2-
positive cells. Conversely, mutants 1C-480, IC-463 and
IC-A(464-519) were localized at the surface irrespective
of Tyk2 presence (Figure 5B). The cell surface level of
each mutant was also analyzed by surface immunopreci-
pitation. A 6-fold increase in wild-type IFNAR1 and
IC-524 was consistently measured when Tyk2 was co-
expressed (Figure 5C). This Tyk2-driven increase is even
more remarkable, considering that the transcript level of
all receptor forms was 50% reduced when Tyk2, or an
unrelated expression vector, was co-transfected (data not
shown). This accounts for the finding that the IC-463 and
IC-A(464-519) proteins were less abundant when co-
transfected with Tyk2 than with the vector (Figure 5C).
These data demonstrate that the constitutive internaliza-
tion of IFNARI requires an intact 480-520 aa segment,
since deletion of this region allows stable surface
expression.

Tyk2 protects IFNAR1 from degradation

To determine whether Tyk2 affected the stability of the
IFNAR1 protein, we measured the amount of total
IFNARI1 at various times after blocking de novo protein
synthesis with cycloheximide (CHX). As shown in
Figure 6A, when expressed alone, >80% of the mature
IFNAR1 band decayed within 4 h of CHX treatment.
Pharmacological inhibition of the lysosomal system, using
NH,4CI or chloroquine, counteracted the effect of CHX
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(Figure 6B), suggesting the involvement of lysosomes
in targeting IFNARI1 to degradation. A similar result
was obtained with the proteasomal inhibitor MG132
(Figure 6B). The effect of MG132 does not necessarily
support a role for proteasomal degradation of the receptor,
since it may reflect a block in the recycling of ubiquitin,
leading to impaired ubiquitin-dependent internalization
and lysosomal targeting (van Kerkhof et al., 2000; Rocca
et al., 2001). When IFNARI1 was co-transfected with the
A(1-51) or the A(219-240) Tyk2 mutants, which were
both unable to stabilize it at the surface, its half-life was
unchanged. Conversely, when co-transfected with wild-
type Tyk2, only 25% of IFNAR1 was degraded in a 4 h
time period (Figure 6A).

Having shown that the degradation of IFNARI is
slowed down in the presence of Tyk2, we analyzed the
lifespan of the three IFNAR1 mutants in a similar setting.
As shown in the densitometric scan of Figure 6C, the
IC-524 mutant behaved essentially like the wild-type
receptor, unlike the IC-463 and the IC-A(464-519)
mutants which were stable over the 4 h period of CHX
treatment. In sum, these results demonstrate that the
mature IFNAR1 protein is subject to a degradation process
which depends on the presence of the 66 membrane-
proximal IFNARI1 residues and is slowed down when
Tyk2 is co-expressed.

Tyk2 inhibits basal IFNAR1 internalization

Based on the results described above, we explored the
possibility that Tyk2 could exert its function by modifying
the constitutive endocytic properties of IFNAR1. To do
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Fig. 6. (A) Tyk2 delays IFNARI1 degradation. 11,1 cells were co-transfected with IFNAR1 (R1) and the empty vector or the Tyk2 constructs indicated.
The following day, CHX was added for the periods indicated. Total lysates were resolved by SDS-PAGE and blotted with anti-IFNAR1 Abs (top) or
anti-Tyk2 Abs (bottom). (B) Pharmacological inhibition of IFNAR1 degradation. 11,1 cells were transfected with IFNAR1 and the following day cells
were left untreated or treated for 2 h with CHX alone or in combination with the inhibitor indicated. Total lysates were resolved by SDS-PAGE and
blotted with anti-IFNAR1 Abs. (C) Stability of IFNAR1 mutants in CHX-treated cells. Wild-type and three truncated forms of IFNARI (scheme in
Figure 5A) were transfected and analyzed as in (A). The WT form was also analyzed when co-transfected with Tyk2. The densitometric scan of the
signal is shown. For each construct, the total receptor level in cells not treated with the drug was taken as 100%. The data are from one of three

experiments yielding comparable results.

this, we investigated whether Tyk2 affected the rate of
internalization of IFNAR1. The COS-7 cells were utilized
for this study, since their transfection efficiency was higher
than that of the 11,1 cells. Cell surface IFNAR1 was traced
by labeling with the radio-iodinated 64G12 mAb at 4°C.
Labeled cells were then warmed to 37°C, allowing
endocytosis of the IFNARI/mAb complexes to proceed
for short time intervals. The intracellular and surface
labels were quantified after washing with acid. As shown
in Figure 7, the rate of endocytosis of IFNAR1, measured
within the first 20 min of incubation and estimated by the
slope of ['?°1]64G12 internalization at 37°C, was substan-
tially slowed down by the presence of Tyk2. Consistent
with the previous results, at steady state (90 min at 37°C)
the partitioning of the receptor between the intracellular
compartment and the plasma membrane differed, with less
receptor being internalized in cells expressing Tyk2 (see
inset to Figure 7). Thus, these results demonstrate that
Tyk2 contributes to IFNARI surface expression by
preventing endocytosis.

Discussion

Cells constantly regulate the expression level of proteins
reaching the plasma membrane by complex intracellular
trafficking processes (Trowbridge et al., 1993; Mellman,
1996). Recent reports have shown that two members of the
Jak family of tyrosine kinases play a role in intracellular
trafficking of cytokine receptors. One report concerns the
short-lived erythropoietin receptor (Epo-R), which is
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Fig. 7. Basal endocytosis of IFNARI is slowed down by Tyk2. COS-7
cells were transfected with IFNAR1 (squares) or with IFNARI and
Tyk2 (circles). Two days later, cells were harvested, incubated with
5 nM of anti-IFNAR1 [!251]64G12 mAb for 1 h at 4°C and then
warmed to 37°C to allow endocytosis to proceed. At the times
indicated, the internalized material was measured as the cell-associated
radioactivity remaining after the acid pH wash (see Materials and
methods). Background values obtained from cells transfected with only
empty vector were substracted. The plot shows the ratios of internalized
(acid-resistant) to surface radioactivity. The inset illustrates the
percentage of intracellular (empty bars) and surface (filled bars)
radioactivity relative to total radioactivity after 90 min of incubation at
37°C for cells transfected with IFNAR1 (R1) and cells co-transfected
with IFNAR1 and Tyk2 (R1+Tyk2). This figure is representative of one
of three experiments yielding comparable results.
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expressed at low level at the cell surface. The vast majority
of transfected Epo-R is retained in the ER and undergoes
degradation through determinants within the juxtamem-
brane region without reaching the Golgi apparatus
(Neumann et al., 1993; Supino-Rosin et al., 1999). Jak2,
and more precisely its N-terminal region, was found to be
required for processing and efficient surface expression of
transfected Epo-R (Huang et al., 2001). The second report
concerns the oncostatin M receptor which, when over-
expressed, accumulates mainly in the ER (Radtke et al.,
2002). As for the Epo-R, the glycosylation status of the
oncostatin M receptor and its localization were greatly
modified upon Jak co-expression.

Here, we demonstrate that Tyk2, a third member of the
Jak family, has a remarkable influence on the subcellular
localization of the IFNARI1 chain of the type I IFN
receptor. In the absence of Tyk2, IFNAR1 reaches the cell
surface, internalizes and is found in a perinuclear
endosomal compartment which overlaps with that of
recycling transferrin receptors. Tyk2 modifies such traf-
ficking and profoundly enhances IFNARI1 expression at
the cell surface. Taken together, these studies indicate that
members of the Jak family are critical regulators of
cytokine receptor trafficking and argue for the existence of
preformed receptor—Jak complexes. However, the function
attributed to Tyk?2 is quite distinct, as it is exerted on the
internalization rate of a receptor which is intrinsically
capable of being processed and reaching the cell surface.
This function is strongly reminiscent of that attributed to
the cytoplasmic Lck tyrosine kinase which stabilizes CD4
at the cell surface of T lymphocytes (Pelchen-Matthews
et al., 1992; Pelchen-Matthews et al., 1998). Whether the
other Jak proteins perform a similar function towards some
of their cognate receptors needs to be investigated.

A number of studies have addressed the question of the
mechanism regulating the surface expression of individual
cytokine receptor subunits in the absence of ligand. For
instance, the B chain of the IL-2R is efficiently internalized
(Hémar et al., 1994; Subtil er al., 1997; Lamaze et al.,
2001). Similarly, in the absence of signaling, efficient
internalization of gp130 and LIF-R occurs (Thiel et al.,
1998, 1999). The IFN-y R2 appears to recycle between
intracellular stores and the cell surface in T lymphocytes
(Rigamonti et al., 2000). Whether Jak proteins influence
the level or the endocytic properties of these receptor
chains is not known. We found that Tyk2 also enhanced
the surface expression of IL-10R2. In contrast, a third
Tyk2-binding receptor chain, IL-12RB1, which is also a
subunit of IL-23R (Oppmann et al., 2000), was found
highly expressed and localized at the cell surface,
irrespective of the presence of Tyk2 (data not shown).
These results suggest that properties intrinsic to each
receptor will determine their degree of dependency on
their tyrosine kinase partner. It is noteworthy that, in
contrast with the ubiquitous IFNAR1 and IL-10R2, the
expression of IL-12RB1 is restricted to specific hemato-
poietic cell subsets, and its regulation may occur at the
transcriptional, rather than the post-translational, level
(Gately et al., 1998).

In MEF from Tyk2 knockout mice the signaling
amplitude through the type I IFN receptor was shown to
be compromised, with a 2-log decreased response to both
IFN-a and IFN-B (Karaghiosoff et al., 2000; Shimoda

544

et al., 2000). While this finding is fully compatible with
the role attributed to the human Tyk2 in tuning the
receptor sensitivity to the ligand, the magnitude of the
Tyk2 contribution may be higher in the human system
since a residual IFN-f} response, and no IFN-o response,
can be measured in 11,1 cells (Velazquez et al., 1995). A
decreased IFNARI1 surface level in Tyk2—/— murine cells
may have gone undetected upon analysis of membrane
fractions that are prone to containing intracellular vesicles
(Karaghiosoff et al., 2000). The lack of suitable Abs
directed to the murine IFNAR1 ectodomain precludes a
thorough analysis of its surface level in murine Tyk2—/—
cells.

In contrast with the evident, although subordinate, role
of Tyk2 in responses to IFN-0/f, Tyk2 was found to be
dispensable or redundant for the IL-10-induced down-
regulation of LPS-stimulated TNFo production in bone
marrow macrophages from Tyk2—/— mice (Karaghiosoff
et al., 2000; Shimoda et al., 2000). This result does not
exclude a structural and/or catalytic role for Tyk2 in other
IL-10 induced responses, since IL-10 regulates differen-
tiation and/or growth of a variety of hematopoietic cells
and little is known about the role of IL-10R2 and Tyk?2 in
such responses (Moore ef al., 2001). Importantly, IL-10R2
is also a component of the receptor for IL-22 and for a
novel family of cytokines exerting antiviral activities
(Kindsvogel and Kotenko, 2002). Thus, Tyk2 could exert
its structural contribution toward IL-10R2 in the context of
some, but not all, IL-10R2-containing receptor complexes.

The entire N portion of Tyk2, comprising the FERM
and the SH2-like domains, was found necessary to
stabilize IFNARI1 at the cell surface. We know from
previous work that the segment encompassing residues
1-221 from the FERM domain interacts in vitro with the
IC region of IFNARI1 (Richter et al., 1998). However,
when expressed in Tyk2-minus cells, neither this nor a
larger segment comprising residues 1-385, can rescue
surface IFNAR1. Thus, in addition to this minimal binding
interface, other surfaces of the N moiety, including the
SH2-like domain, contribute to anchoring IFNARI1 to the
plasma membrane. The possibility that the function
exerted by Tyk2 on IFNAR1 implicates a reciprocal effect
on the conformation and catalytic performance of the
enzyme is attractive. Although neither kinase domain is
required for the stabilizing function of Tyk2, the N region
alone is unable to ensure binding of the ligand to the
receptor (Gauzzi et al., 1997). Thus, the N/IFNARI
interaction may impose a signaling or ‘productive’ con-
formation on the kinase domains. Related to this, we know
that the kinase-like domain itself exerts a positive function
on the ligand-binding activity of the IFN receptor,
suggesting a complex interplay between the receptor and
the various Tyk2 modular domains (Yeh et al., 2000).
Importantly, our data exclude the possibility that assembly
of the full receptor complex is required for IFNARI
surface expression, since Jakl and IFNAR2 would be
limiting.

Although the positive effect of Tyk2 on the overall
endogenous IFNARI level was consistent in 11,1 cells,
this effect was less obvious in transient transfections. We
believe that some variability is intrinsic to the transient
system, where the ratio of IFNAR1 to Tyk2 transfected
plasmids is difficult to control and a high biosynthesis may



saturate degradation components. Nevertheless, we could
clearly reveal a positive effect of Tyk2 on the half-life
of IFNARI upon blocking de novo protein synthesis
in transfected cells. The increased stability of the
IC-A(464-519) and IC-480 mutants and their surface
localization demonstrate that the IC segment between
residues 480 and 519 is critical for constitutive inter-
nalization and degradation of IFNARI. Since Tyk2 binds
to a region between residues 486 and 511 of IFNARI (Yan
et al., 1996), it may prevent endocytosis of the receptor by
masking endocytic motifs. In doing so, Tyk2 could also
sequester the complex away from internalization gates and
concomitantly localize it in specific signaling membrane
subdomains (Takaoka et al., 2000). Our results do not
exclude the possibility that Tyk2 also triggers a conforma-
tional change of IFNAR1 towards a more stable folding
or diverts the sorting of IFNARI-containing endocytic
vesicles from a degradative pathway to a more efficient
recycling. Future work will need to address the question of
whether the same or distinct structural determinants are
involved in ligand-mediated IFNARI1 internalization and
whether Tyk2 contributes to it.

The anchoring function of Tyk2 may provide a mech-
anism for the rapid modulation of receptor expression.
Conformational modification of either protein, induced by
ligand binding or intracellular signaling events, could lead
to dissociation of the receptor—Jak complex, exposure of
endocytic motifs and/or translocation into domains where
efficient endocytosis occurs. Our data suggest that Tyk2
could be a limiting factor for IFNARI1 surface expression
in certain cell contexts, where Tyk?2 is less abundant or is
engaged in other signaling complexes. Given the intricate
cross-regulation of cytokines and their receptors, the
upregulation of receptors that bind and withdraw Tyk2
may reduce IFNAR1 levels and in turn modulate signaling
through the IFN receptor (Dondi et al., 2001). From a
physiological perspective, our results suggest that Tyk2
may set the sensitivity threshold of the receptor to the
various type I IFN subtypes by modulating receptor
density (da Silva et al., 2002). This could be particularly
relevant in physiological responses to the low constitu-
tively produced type I IFN thought to regulate the
homeostasis of cells of the immune system (Gongora
et al., 2000; Lee et al., 2000; Takaoka et al., 2000).
Inasmuch as Tyk2 is dedicated to signaling pathways of
cytokines that perform key functions in early innate
responses to pathogens, it is conceivable that its absence
will be more or less harmful to the host, depending on the
relative impact of these cytokines in the mounting of
efficient responses necessary to eradicate a given pathogen
(Bogdan, 2000; Karaghiosoff et al., 2000; Shimoda et al.,
2000; Biron, 2001).

Materials and methods

Cell culture and transfection

Human fibrosarcoma parental 2fTGH, Tyk2-deficient 11,1 and Tyk2-
complemented WT cells were as described (Pellegrini et al., 1989; Yeh
et al., 2000). A clone of MEF from Tyk2—/— mice was kindly provided by
M.Karaghiosoff (Karaghiosoff et al., 2000). For transient transfection,
cells were plated at 5 X 10* in 24-well plates or on glass cover-slips.
Next day, 1 ug of IFNARI plasmid was mixed with 1 pg of Tyk2 or
empty vector and added to the cells as a calcium phosphate precipitate for
6 h. Cells were processed for immunofluorescence or western blot 24 or

Tyk2 controls IFNAR1 cell surface expression

48 h later. The protocol was scaled up for immunoprecipitation.
Cycloheximide (Sigma) was added at 20 pg/ml 24 h after transfection
and left as indicated. MEF Tyk2—/— were transfected for 4 h using the
polymer polyethylenimine (Sigma) (Boussif et al., 1995). The lysosomal
inhibitors NH4Cl and chloroquinine (Sigma) were used at 50 nM and
100 uM respectively. The proteasomal inhibitor MG132 (Sigma) was
used at 50 M.

Protein analysis

For surface IFNARI immunoprecipitation, 4 X 10¢ cells were washed
with phosphate-buffered saline (PBS), detached in PBS and 5 mM EDTA,
and incubated with 5 pg of EA12 Abs (Goldman et al., 1999) for 2 h at
4°C. After removal of uncoupled antibodies by extensive washing, cell
lysis and immunoprecipitation was as described (Gauzzi et al., 1997).
IFNAR1 was detected with 64G12 mAbs (Eid and Tovey, 1995). Tyk2
was detected with T10-2 mAbs (Gauzzi et al., 1996). Endoglycosidase H
(Roche) was used at 20 mU per sample according to the manufacturer’s
instructions. Bands were revealed with an ECL detection system
(Amersham) and quantified with the Kodak Image Station 440CF.

Flow cytometry

Surface IFNARI levels were monitored by incubating cells with 10 pg/ml
of AA3 mAb (Goldman et al., 1999), followed by incubation with
10 pg/ml of biotinylated anti-mouse IgG Abs and with streptavidin—
phycoerythrin (Jackson Immuno Research Laboratories). Cells were
analyzed with a FACScan flow cytometer (Becton Dickinson).

Fluorescence microscopy

Cells seeded on cover-slips were transiently transfected and 24 h later
fixed with 4% paraformaldehyde and processed as described (Ragimbeau
et al., 2001). The IFNAR1 AA3 mADb (Goldman et al., 1999) was used at
5 pg/ml, the anti-IL-10R2 mAb (R&D Systems) was used at 5 pg/ml
and the murine IFNARI1 anti-VSV tag pSD4 mAb (Sigma) was used at
10 pg/ml. Appropriate mAbs were revealed with Texas Red-coupled anti-
IgG1 secondary Abs (Southern Biotech). Anti-Tyk2 C20 (Santa Cruz)
was used to identify Tyk2-positive transfected cells. Goat anti-EEA1 Abs
(N19) was obtained from Santa Cruz. Rabbit anti-Lampl Abs was a gift
from S.Méresse (Centre d’Immunologie de Marseille-Luminy). Rabbit
primary Abs was revealed with Alexa*8-coupled secondary Abs
(Molecular Probes). For transferrin internalization, cells were washed
twice and starved for 1 h in serum-free medium. Alexa*¥-coupled
transferrin (150 nM) was added to the culture medium at 37°C for
30-120 min. For internalization, AA3 anti-IFNAR1 mAbs was added to
culture medium at 1 pg/ml for 30—120 min. At 30 min, the internalized
mADbs was found mostly in scattered vesicles, while from 60 min on it was
found in a more compact multivesicular compartment, as shown in
Figure 2. Cover-slips were mounted on glass slides with Mowiol
containing 2.5% DABCO (Sigma). The confocal microscopy analysis in
Figure 2 was performed with a Zeiss LSM-510 microscope; Z-series of
optical sections were performed at 0.5 um increments. Images were
acquired with settings allowing the maximum signal detection below the
saturation limits. For double staining, sequential aquisitions were
performed to avoid fluorescence contamination between the two
channels. A three-dimensional reconstruction using 36 projections at an
angle of 10° around the Y axis was carried out using the LSM-510
software. A single orientation of the three-dimensional reconstruction is
shown. For the other figures, visualization was with a Zeiss Axiovert 135
microscope (40X oil immersion lens). Images were captured with a
Hamamatsu Orca II CCD camera and analyzed using AquaCosmos
software.

Endocytosis assays

The anti-IFNARI mAb 64G12 was iodinated using the chloramine T
method (Giron-Michel et al., 2002). The COS-7 cells were transfected by
the calcium phosphate protocol. Two days later, 10° cells were harvested
with PBS and 10 mM EDTA and were washed twice. After 15 min at 4°C
in Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal calf serum
and 20 mM HEPES pH 7.2, 5 nM of ['»1]64G12 mAb was added for 1 h
at 4°C. Internalization was initiated by rapidly warming the cells to 37°C,
without removing unbound ligand. At the indicated times, duplicate
aliquots were withdrawn, cooled on ice and washed with DMEM and
20 mM HEPES pH 7.2. Surface-bound ['ZIJmAb was measured by
subjecting the cells to three acid washes for 2.5 min at pH 2. This
treatment released more than 90% of the surface-bound ligand.
Internalized ['2’IlmAb was determined after lysis of the cell pellet. The
steady state distribution of IFNARI was measured as follows: 10°
transfected COS-7 cells were incubated in the presence of 5 nM
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[1251]65G12 mAb for 90 min at 37°C, and surface-bound and internalized
labeled material was measured as described above.

Plasmids

pRc/CMV-Tyk2 constructs were as described (Gauzzi et al., 1997,
Richter et al., 1998; Ragimbeau et al., 2001). Murine Tyk2 cDNA in
pcDNA3.1 was a gift from M.Karaghiosoff. The 3’ untranslated region of
human IFNARI cDNA in pVADNI1 was deleted by swapping an
Ndel-BstXI with a PCR fragment containing a 5" Ndel site and a stop
codon after aa 557. Two IFNAR1 mutants were made similarly: in mutant
IC-463 the stop codon is after aa 463, and in mutant IC-524 the stop is
after aa 524. For mutant IC-A(464-519), an Ndel-BstXI fragment with a
deletion of 168 bp was amplified and swapped into pVADNI-IFNARI.
All fragments derived by PCR were sequenced. Plasmid IC-480 (from
G.Lutfalla) contains 23 IC residues followed by 11 unrelated residues.
Murine IFNAR1 ¢cDNA in the pVADNI vector contains a 3’ VSV-G
epitope. Human IL-10R2 (Lutfalla e al., 1993) is in pVADNI. The
pECFP-Golgi plasmid was from Clontech.
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