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ABSTRACT Type I IFNs activate the Jak—Stat signal trans-
duction pathway. The IFN-« receptor 1 (IFN-aR1) subunit and
two splice variants of the IFN-aR2 subunit, IFN-aR2c¢ and
IFN-aR2b, are involved in ligand binding. All these receptors
have been implicated in cytokine signaling and, specifically, in
Stat recruitment. To evaluate the specific contribution of each
receptor subunit to Stat recruitment we employed chimeric
receptors with the extracellular domain of either IFN-yR2 or
IFN-yR1 fused to the intracellular domains of IFN-aR1, IFN-
aR2b, and IFN-aR2c. These chimeric receptors were expressed
in hamster cells. Because human IFN-y exhibits no activity on
hamster cells, the use of the human IFN-vy receptor extracellular
domains allowed us to avoid the variable cross-species activity of
the type I IFNs and eliminate the possibility of contributions of
endogenous type I IFN receptors into the Stat recruitment
process. We demonstrate that Stat recruitment is solely a func-
tion of the IFN-aR2c intracellular domain. When chimeric
receptors with the human IFN-yR1 extracellular domain and
various human IFN-« receptor intracellular domains were ex-
pressed in hamster cells carrying the human IFN-yR2 subunit,
only the IFN-aR2¢ subunit was capable of supporting IFN-y
signaling as measured by MHC class I induction, antiviral
protection, and Stat activation. Neither the IFN-aR2b nor the
IFN-aR1 intracellular domain was able to recruit Stats or
support IFN-y-induced biological activities. Thus, the IFN-aR2c
intracellular domain is necessary and sufficient to activate Stat1,
Stat2, and Stat3 proteins.

The family of type I human interferons consists of three distinct
subtypes: IFN-q«, IFN-B, and IFN-w. Whereas IFN-B and IFN-w
are single distinct polypeptides, the human IFN-« family consists
of 13 members (1-3). Although all type I IFNs were shown to
compete for the binding to the same cell surface receptor complex
(1, 4, 5), data show that some type I IFNs differ in their
characteristics in binding to the receptor complex (6-8).

Two subunits of the human type I IFN receptor complex were
identified: Hu-IFN-aR1 and Hu-IFN-aR2 and its variants (9—
12). They belong to the class II cytokine receptor family (13, 14),
which in addition includes both chains of the IFN-y and IL-10
receptor complexes (15-18). The major ligand-binding chain is
the Hu-IFN-aR2 chain (8, 10). This receptor chain is expressed
as three variants resulting from differential mRNA splicing. One,
the Hu-IFN-aR2a chain, is secreted, and the other two are
membrane-bound proteins with different lengths of their cyto-
plasmic domains: the IFN-aR2b chain with a shorter cytoplasmic
domain and the IFN-aR2c chain with a longer cytoplasmic
domain. All these variant forms have the same extracellular
domain and bind the ligands. The IFN-aR1 chain exhibits a
distinct structural feature not present in other members of this
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family: its extracellular domain is longer than the extracellular
domains of other members of this family; the D200 domain,
composed of two fibronectin type I1I domains, is repeated twice,
whereas other receptors from this family contain only one D200
domain. The IFN-aR1 chain does not detectably bind most of the
ligands but modulates the differential recognition of type I IFNs
by the IFN-aR2/IFN-aR1 complex (6-8).

All type I IFNs activate Jak1 and Tyk2 tyrosine kinases during
signal transduction leading to formation and activation of IFN-
a-stimulated gene factor 3 (ISGF3) DNA-binding complexes
consisting of Statl and Stat2 transcriptional factors and p48
DNA-binding protein from the IFN regulatory factor (IRF)
family of proteins (19-24). The paradigm for cytokine signaling
is that Stats are recruited to the receptor complex after oligomer-
ization of receptor subunits caused by ligand binding (25, 26).
Recruitment (docking) sites are usually located within the intra-
cellular domains of receptor components. The higher-affinity
ligand-binding chains of the other receptor complexes of the class
II cytokine receptor family (the IFN-y and IL-10 receptors) serve
as the Stat recruitment chains (27, 28). The second chains of these
receptors bring an additional tyrosine kinase to the receptor
complexes, causing Jak cross-activation and initiation of signal
transduction (18, 29-31). The second chains do not recruit Stats.

Some Stats are activated by a number of cytokines, others are
highly specific. Stat2 was shown to be activated only in response
to type I IFNs (20). A number of studies were made to define how
Statl and Stat2 are recruited to the type I IFN receptor complex
(32-35). Although it is clear that both receptors are necessary for
signaling of type I IFNs since disruption of any one of them
abolishes ability of cells to respond to type I IFNs (12, 36), the
reports about their role in Stat recruitment are inconclusive. The
IFN-aR1 chain as well as both forms of the IFN-aR2 chain, the
IFN-aR2c chain and the IFN-aR2b chain, were reported to
associate with Stat proteins (32-34, 37, 38). In this report,
employing chimeric receptors, we demonstrate that the presence
of the IFN-aR2c intracellular domain as the only Stat recruitment
domain in the chimeric receptor complex is sufficient for Statl
and Stat2 activation, formation of the ISGF3 DNA-binding
complexes, and biological responses.

MATERIALS AND METHODS

Plasmid Construction. To introduce the FLAG epitope
(DYKDDDDK) after the signal peptide of the Hu-IFN-yR2,
two primers, 5-CGACTACAAGGACGACGATGA-
CAAGGC-3" and 5-CTTGTCATCGTCGTCCTTG-
TAGTCGGC-3', were annealed and ligated into the Sacll site
of the pyR2/yR2 plasmid (30). The expression vector was
designated pFLyR2/yR2. The pFLyR2/yR2 plasmid was
digested with Kpnl and Bg/II restriction endonucleases and the
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FLyR2/yR2 cDNA was ligated into the Kpnl and BamHI sites
of the pcDEF3 vector (39). The expression vector was desig-
nated pEF3-FLyR2/yR2. To construct chimeras FLyR2/aR1,
FLyR2/aR2b, and FLyR2/aR2c, the pyR2/aR1, pyR2/
aR2b, and pyR2/aR2c¢ plasmids (30) were digested with Nhel
and BssHII restriction endonucleases and Nhel and BssHII
fragments were ligated into the Nhel and BssHII sites of the
pEF3-FLyR2/yR2 plasmid. The plasmids were designated
pEF3-FLyR2/aR1, pEF3-FLyR2/aR2b, and pEF3-FLyR2/
aR2c, respectively.

The Nhel and BssHII fragment of the pyR2/yR1 plasmid
was ligated into the Nhel and BssHII sites of the pyRl1lgc
plasmid (40) to yield the pyR1/yR1 plasmid. The yR1/yR1
cDNA was then recloned to the pcDEF3 vector with BamHI
and Xbal restriction endonucleases. The plasmid was desig-
nated pEF3-yR1/yR1. To construct chimeras yR1/aR1,
yR1/aR2b, and yR1/aR2c the same DNA fragments were
ligated into the Nhel and BssHII sites of the pEF3-yR1/yR1
plasmid. The plasmids were designated pEF3-yR1/aR1,
pEF3-yR1/aR2b, and pEF3-yR1/aR2c, respectively.

To construct chimera FLyR2/aR2¢; with a premature termi-
nation signal after Asp-315, the PCR was performed with primers
5'-GTGGCTAGCATAATTACTGTGTTTTTGAT-3' and 5'-
GGCCGAATTCAATCCCACACTTTCTTCT-3' and with the
pYR2/aR2c plasmid as a template. The PCR product was di-
gested with Nhel and EcoR1I restriction endonucleases and ligated
into the Nhel and EcoR1 sites of the pEF3-FLyR2/yR2 plasmid.
The plasmid was designated pEF3-FLyR2/aR2c;.

To construct chimera yR1/yR1g 3 with a Stat3 recruitment
site introduced at the COOH terminus of the IFN-yR1 intracel-
lular domain, the primers 5'-CTGGGCTACATGCCGCAGT-
GACACA-3" and 5'-TCACRGCGGCATGTAGCCCAGA-
CAG-3' were annealed and ligated into the BstXI sites of the
pYR1/yR1 plasmid. The yR1/yR1g; fragment was then re-
cloned to the pcDEF3 vector with BamHI and Xbal restriction
endonucleases. The plasmid was designated pEF3-yR1/yR1ga3.

The nucleotide sequences of the modified regions of all the
constructs were verified in their entirety by DNA sequencing.

Cells, Media, Transfection, and Cytofluorographic Analysis.
The 16-9 and Q21 (153B7-8) hamster X human somatic cell
hybrid lines are the Chinese hamster ovary cell lines containing
a translocated long arm of human chromosome 6 encoding the
human JFNGRI (Hu-IFN-yR1) gene (16-9 cells) or a translo-
cated long arm of human chromosome 21 encoding the human
IFNGR2 (Hu-IFN-yR2) gene (Q21 cells) and a transfected
human HLA-B7 gene (41, 42). The 16-9 and Q21 cells were
maintained in F12 (Ham’s) medium (Sigma) or in F12D (Ham’s)
medium (GIBCO) containing 10% heat-inactivated fetal bovine
serum (Sigma), respectively. The 16-9 and Q21 cells were stably
transfected with the expression vectors as described (36, 43).

Cell surface expression of IFN-yR1 and chimeras, FL-IFN-
yR2 and chimeras, or the HLA-B7 antigen was detected by
treatment of cells with mouse anti-IFN-yR1 (y99 monoclonal
antibody was a gift from Gianni Garotta, Ares-Serono, Geneva),
anti-FLAG (M2 monoclonal antibody was from Eastman Kodak,
catalog no. 1B13010), or anti-HLA (W6/32) (44) monoclonal
antibodies, respectively, followed by treatment with fluorescein
isothiocyanate-conjugated goat anti-mouse IgG (Santa Cruz Bio-
technology, catalog no. SC-2010). The cells then were analyzed by
cytofluorography as described (29). To detect IFN-y-induced
MHC class I antigen (HLA-B7) expression, cells were treated
with Hu-IFN-y (1,000 units/ml) for 72 hr and analyzed by flow
cytometry as described above.

Electrophoretic Mobility-Shift Assays (EMSAs). EMSAs were
performed with either a 22-bp DNA probe containing a Statla
binding site corresponding to the IFN-y-activated sequence
(GAS) element in the promoter region of the Hu-IRF-1 gene
(5'-GATCGATTTCCCCGAAATCATG-3') or a 27-bp DNA
probe containing the consensus IFN-stimulated response ele-
ment (ISRE) sequence (5'-TGGGAAAGGGAAAC-
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CGAAACTGAAGGT-3") as described (29). Cells used for
preparing cellular lysates to be tested with the ISRE probe were
first pretreated with hamster IFN-y 18 hr before treatment with
Hu-IFN-vy or Hu-IFN-B. Rabbit anti-Statla and anti-Stat3 anti-
bodies were gifts from James Darnell (Rockefeller University,
New York) and James Ihle (St. Jude’s Children’s Hospital,
Memphis, TN).

Antiviral Assay. Parental and transfected cells were assayed for
resistance to encephalomyocarditis virus (EMCV) by a cyto-
pathic effect inhibition assay (45).

RESULTS

Chimeric Receptors. The following receptors and receptor
chimeras were used in this study. The Nhkel site was introduced in
the beginning of the transmembrane domain of the Hu-IFN-
yR1/yR1 (yR1/yR1), the ligand-binding chain of the Hu-IFN-y
receptor complex (15) and the Hu-IFN-yR2/yR2 (yR2/yR2),
the second chain of the Hu-IFN-vy receptor complex (16). The
FLAG epitope was introduced at the NH, terminus of the
Hu-IFN-yR2 extracellular domain (FLyR2/yR2) (Fig. 1). To
create chimeric receptors the extracellular domain of either
Hu-IFN-yR1 or Hu-IFN-yR2 was fused to the transmembrane
and intracellular domains of different subunits of the Hu-IFN-«
receptor complex: the Hu-IFN-aR1 (aR1), the first chain of the
Hu-IFN-« receptor complex (9); and two splice variants of the
second Hu-IFN-aR2 chain of the Hu-IFN-a receptor complex: a
short form, Hu-IFN-aR2b (a«R2b) (10) and a long form, Hu-
IFN-aR2c (11, 12). Chimeric receptors with the IFN-yR1 extra-
cellular domain were designated yR1/aR1, yR1/aR2b, and
yR1/aR2c (Fig. 1B); and chimeric receptors with the FLAG-
tagged IFN-yR2 extracellular domain were designated FLyR2/
aR1, FLyR2/aR2b, and FLyR2/aR2c (Fig. 14). The FLyR2/
aR2c; chimeric receptor has the IFN-aR2c intracellular domain
prematurely terminated after Asp-315 (Fig. 14). The yR1/
YR1saz chimeric receptor is the yR1/yR1 receptor with the
Statla recruitment site replaced by the Stat3 recruitment site (46)
(Fig. 1B).

MHC Class I Antigen Expression and Antiviral Protection in
16-9 Cells Expressing Different Chimeric Receptors. The chi-
meric receptors (Fig. 1) were used to evaluate the specific
contribution of the various intracellular domains of the IFN-«
receptor complex components to signaling. Because Hu-IFN-vy is
highly species-specific and exhibits no activity on hamster cells,
the use of the Hu-IFN-vy receptor extracellular domains allowed
us to avoid the problem of variable cross-species activity of the
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FiGc. 1. Structure of chimeric receptors. The Hu-IFN-yR1/yR1
and Hu-IFN-yR2/yR2 are the first (15) and second (16) chains of the
Hu-IFN-v receptor complex, where the Nhel site was introduced in the
beginning of the transmembrane domain of these receptors. The
extracellular domain (EC) of either Hu-IFN-yR1 (B, hatched bars) or
Hu-IFN-yR2 (A4, open bars) was fused to the transmembrane and
intracellular domains (IC) of different subunits of the Hu-IFN-«
receptor complex (shaded bars): the Hu-IFN-aR1 (9); the Hu-IFN-
aR2b (10), and the Hu-IFN-aR2c (11, 12). The FLAG epitope was
introduced at the NH, terminus of the Hu-IFN-yR2 extracellular
domain. The FLyR2/aR2¢; chimera has the IFN-aR2c¢ intracellular
domain prematurely terminated after Asp-315. The yR1/yRlsia
chimera has the Statla recruitment site replaced by the Stat3 recruit-
ment site.
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type I IFNs and eliminate the possibility of the contribution of the
endogenous hamster type I receptor chains into the Stat recruit-
ment process.

The parental 16-9 hamster cells express the Hu-IFN-yR1
chain. The chimeric receptors, FLyR2/aR1, FLyR2/aR2b,
FLyR2/aR2c, and FLyR2/yR2 (Fig. 14) were expressed in the
16-9 cells, and the transfectants obtained were designated ac-
cording to the chimeric receptor expressed. After transfection
clonal cell populations were obtained and the clones expressing
comparable levels of the chimeric receptors as measured by flow
cytometry with anti-FLAG antibody (Fig. 2) were selected and
used in this study. First, the ability of Hu-IFN-vy to induce MHC
class I antigen expression in these transfectants was tested (Fig.
2). Hu-IFN-vy induced MHC class I antigen expression in all cell
lines except the FLyR2/aR2b cells. We then determined whether
Hu-IFN-vy can induce protection against EMCV in the 16-9 cells
expressing chimeric receptors with the intracellular domains of
the type I IFN receptors. The FLyR2/aR1 and FLyR2/aR2b
cells were not protected against EMCYV in response to Hu-IFN-vy
(Table 1). Only the FLyR2/aR2c cells acquired IFN-y-induced
protection against viral cytopathic effect of EMCV (Table 1).

Stat Activation in 16-9 Cells Expressing Different Chimeric
Receptors. IFN-y activates latent transcriptional factor Statla
and induces formation of homodimeric Statla DNA-binding
complexes which bind to the GAS element in the promoter region
of the IFN-vy-inducible genes. We used a GAS probe to determine
whether Statla was activated. The IFN-y-induced formation of
Statla DNA-binding complexes correlated with MHC class I
antigen expression and was detected in all cell lines except the
FLyR2/aR2b cells (Fig. 34). Addition of specific anti-Statla
antibody to the EMSA reaction caused the supershift effect,
indicating that the DNA-binding complexes contained Statla
proteins (Fig. 34). Addition of anti-Stat3 antibody did not have
any major effect (Fig. 34), although a minor complex migrating
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FiG. 2. Expression of receptors on the cell surface and induction
of HLA-B7 surface antigen in hamster 16-9 cells by IFN-y. The
expression of FLyR2/yR2, FLyR2/aR1, FLyR2/aR2b, FLyR2/
aR2c, and FLyR2/aR2¢; (B, C, G, H, and I) or induction of HLA-B7
antigen by IFN-y (D, E, F, J, K, and L) were analyzed by flow
cytometry. Ordinate, relative number of cells; abscissa, relative fluo-
rescence. (B, C, G, H, and I) Cells were harvested and incubated with
anti-FLAG monoclonal antibody (thin lines, shaded areas), the pa-
rental 16-9 cells were used as a control (4, B, C, G, H, and [, thick lines,
open areas). (D, E, F, J, K, and L) Cells were treated with IFN-+y (thin
lines, shaded areas) or left untreated (thick lines, open areas). Cells
were the parental 16-9 cells (4 and D) and clonal populations of
hamster cells stably transfected with the following: FLyR2/yR2 (B
and E), FLyR2/aR1 (C and F), FLyR2/aR2b (G andJ), FLyR2/aR2c
(H and K), and FLyR2/aR2¢ (I and L).
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Table 1. Protection of cells expressing different chimeric receptors
from EMCV infection by IFN-vy

MHC class 1 Antiviral

Host cell Cell line antigen expression  protection
16-9 - -
FLyR2/aR1 + -
(Hu-TEN-yRL) R0 /aR2b - -
FLyR2/aR2c + +
FLyR2/aR2¢, + -
Q21 - —
RN yR1/aR1 - -
(Hu-IFN-yR2) YR1/aR2b _ B
yR1/aR2c + +

The 16-9 or Q21 cells expressing Hu-IFN-yR1 or Hu-IFN-yR2,
respectively, were transfected with the cimeric receptors as indicated
in the Table and described in Fig. 1. The various cell lines were tested
for Hu-IFN-+y-induced protection against EMCV by a cytopathic effect
inhibition assay (45).

above the Stat1 homodimeric complex was removed by anti-Stat3
antibody, indicating that a small amount of Stat3 is activated in all
IFN-vy-responsive cells.

Stat2 is activated in cells only by IFN-«. After IFN-« treatment,
activated Stat2 and Statl and p48 proteins form the ISGF3
DNA-binding complex. Using the ISRE probe specific for de-
tection of the ISGF3 complex, we tested whether IFN-+y was able
to activate the ISGF3 DNA-binding complexes in cell lines
expressing chimeric receptors. We detected the formation of the
IFN-a-induced Statla/Stat2/p48 DNA-binding complexes only
in the FLyR2/aR2c cells (Fig. 3B). Since Hu-IFN-f is active on
hamster cells, we used Hu-IFN- as a control for activation of the
ISGF3 complex. In addition, as demonstrated above (Table 1),
only the FLyR2/aR2c cells were protected against challenge with
EMSYV infection. Therefore, we concluded that the antiviral
protection is correlated with the presence of the IFN-aR2c
intracellular domain in the chimeric receptor complex and pos-
sibly with the activation of the IFN-y-induced ISGF3 DNA-
binding complexes. Thus, we decided to use the FLyR2/aR2c
chain mutants to determine whether the loss of ability to activate
ISGE3 will be associated with the loss of antiviral protection. We
introduced a termination codon after Asp-315 of the IFN-aR2¢
intracellular domain, just after the putative Jakl association site
on the FLyR2/aR2c chimera (47) and expressed the truncated
FLyR2/aR2¢, chimeric receptor in the 16-9 cells (Fig. 21). We
still detected the IFN-y-induced MHC class I antigen expression
(Fig. 2L) and activation of Statla homodimeric DNA-binding
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Fi1G.3. EMSA in hamster 16-9 cells. Cellular lysates were prepared
from untreated or IFN-y-treated cells expressing different chimeric
receptors as indicated in the figure and defined in the legends to Figs.
1 and 2. EMSAs were performed with GAS probe (4) or with ISRE
probe (B). Specific anti-Stat1a and anti-Stat3 antibodies were used for
supershift assays as noted. The positions of the Stat DNA-binding
complexes are indicated by arrows.
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complexes (Fig. 34), but we did not detect antiviral protection in
these cells (Table 1) or formation of ISGF3 complexes (Fig. 3B).
In addition, these experiments narrow down the Jakl-binding
region of the IFN-aR2c intracellular domain from the first 82
membrane-proximal amino acids (47) to the first 51 amino acids
(Figs. 1-3).

MHC Class I Antigen Expression and Antiviral Protection in
Q21 Cells Expressing Different Chimeric Receptors. Since 16-9
cells express the Hu-IFN-yR1 chain that recruits Statla into the
receptor complex upon IFN-vy treatment, Statla activation
through the Hu-IFN-yR1 chain could contribute to antiviral
protection in cells expressing chimeric receptors. Therefore, we
focused on hamster Q21 cells (the 153B7-8 cell line) that
maintained a portion of human chromosome 21 encoding the
human IFNGR2 (Hu-IFN-yR2) gene (42). We created a new set
of chimeric receptors by fusing the Hu-IFN-yR1 extracellular
domain to the intracellular domains of all receptors that were
identified to be involved in IFN-« receptor complex and signaling
(Fig. 1B). The chimeric receptors yR1/aR1, yR1/aR2b, yR1/
aR2¢, and yR1/yR1 were expressed in Q21 cells, and the ability
of Hu-IFN-y to induce MHC class I antigen expression and
antiviral protection in these transfectants was tested (Fig. 4; Table
1). Since Stat3 has been reported to be activated by type I IFNG,
the chimeric receptor yR1/yR1s,3, in which the Statla recruit-
ment site was replaced by the Stat3 recruitment site, was created,
expressed in Q21 cells, and served as a positive control for Stat3
activation.

As the IFN-yR2 chain does not contribute to Stat recruitment
in these cells (30, 31), in response to Hu-IFN-vy the Stats can be
recruited only through the intracellular domain of the transfected
chimeric receptors. Both the yR1/yR1 and the yR1/aR2c cells
were able to up-regulate MHC class I antigen expression after
IFN-vy treatment, but the yR1/aR1 or yR1/aR2b cells were not
(Fig. 4; Table 1). All tested clones had comparable levels of the
cell surface expression of the chimeric receptors as demonstrated
by flow cytometry with anti-Hu-IFN-yR1 antibody (Fig. 4 A4, B,
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F1G. 4. Expression of receptors on the cell surface and induction
of HLA-B7 surface antigen in hamster Q21 cells by IFN-y. The
expression of yR1/yR1, yR1/yR1sw3, YR1/aR1, yR1/aR2b, and
YyR1/aR2¢ (B, C, G, H, and I) or induction of HLA-B7 antigen by
IFN-y (D, E, F, J, K, and L) were analyzed by flow cytometry. (4, B,
C, G, H, and I) Cells were harvested and incubated with anti-IFN-yR1
monoclonal antibody (thin lines, shaded areas), and the parental Q21
cells were used as a control (thick lines, open areas). (D, E, F, J, K, and
L) Cells were treated with IFN-vy (thin lines, shaded areas) or left
untreated (thick lines, open areas). Cells were the parental Q21 cells
(4 and D) and clonal populations of hamster cells stably transfected
with the following: yR1/yR1 (B and E), yR1/yR1sta3 (C and F),
yR1/aR1 (G andJ), yR1/aR2b (H and K), and yR1/aR2c (I and L).
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C, G, H, and I). These results indicate that the intracellular
domains of only the IFN-yR1 and the IFN-aR2c chains are able
to initiate the signal transduction cascade leading to MHC class
I antigen expression, whereas the intracellular domains of the
IFN-aR1 and the IFN-aR2b chains are not. When Q21 cells
expressing chimeric receptors with the intracellular domains of
the type I IFN receptors were challenged with EMCV, only the
YR1/aR2c chimera was capable of protecting the Q21 cells
against EMCV in response to Hu-IFN-y. The other cell lines
showed no antiviral protection (Table 1).

Stat Activation in Q21 Cells Expressing Different Chimeric
Receptors. We then tested whether the IFN-y-induced up-
regulation of MHC class I antigen expression and antiviral
protection correlates with Stat activation. Indeed, formation of
the homodimeric Statla DNA-binding complexes was observed
in cells that were able to up-regulate MHC class I antigen
expression in response to Hu-IFN-vy treatment, the yR1/yR1 and
the yR1/aR2c cells (Fig. 54). Furthermore, IFN-y-induced
activation of Stat3 as detected by EMSA with the GAS probe was
observed in control the yR1/yR1sg cells and in yR1/aR2¢ cells
(Fig. 54) indicating that the IFN-aR2c intracellular domain is
able to recruit Stat3 (Fig. 54). However, inability to detect strong
Stat3 activation in 16-9 cells expressing FLyR2/aR2c (Fig. 34)
suggests that the position of the IFN-aR2c intracellular domain
within the receptor complex could change the ability of the
intracellular domain to recruit Stats. The presence of small
amounts of Stat3 in IFN-y-induced DNA-binding complexes was
also observed in the yR1/yR1 cells (Fig. 54).

Interestingly, in addition to Stat3, small amounts of Statl
were also detected in IFNvy-induced DNA-binding complexes
in Q21 cells expressing yR1/yRl1sw3 (Fig. 54). However,
IFN-v failed to up-regulate MHC class I antigen expression in
these cells (Fig. 4F). Thus, although Statl DNA-binding
complexes can be detected in the yR1/yR1sa3 cells (Fig. 54),
induction of MHC class I antigen on the cell surface was
observed only in the yR1/yR1 and the yR1/aR2c cells (Fig.
4 FE and L), and not in the yR1/yR1s3 cells (Fig. 4F). These
observations suggest that the formation of the Statla DNA
binding complexes in these cells might be an artifact of the
EMSA, might require a minimal level of Statla activation to
induce biological effects, or might require activation of other
components in the Stat DNA-binding complexes. There ap-
pear to be two additional DNA-binding complexes; one is just
above the Stat3 homodimeric complex and another one is just
under the Stat1:Stat3 heterodimeric complex. The exact com-
position of these complexes is currently unknown.
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Fi1G.5. EMSA in hamster Q21 cells. Cellular lysates were prepared
from untreated or IFN-y-treated cells expressing different chimeric
receptors as indicated on the figure and defined in the legends to Figs.
1 and 4. EMSAs were performed with GAS probe (4) or with ISRE
probe (B). Specific anti-Statl« and anti-Stat3 antibodies were used for
supershift assays as noted. The positions of the Stat DNA-binding
complexes are indicated by arrows.
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In addition to the activation of the Statla and Stat3 DNA-
binding complexes, IFN-y was able to induce formation of
ISGF3 complexes only in the yR1/aR2c cells, as detected by
the EMSA with ISRE probe (Fig. 5B). Hu-IFN-B was used as
a control for activation of the ISGF3 complex (Fig. 5B). Thus,
the presence of the IFN-«R2c¢ intracellular domain as the only
Stat recruiting domain in the chimeric receptor complex
enabled IFN-vy to induce activation of Statle«, Stat3, and Stat2
proteins in the yR1/aR2c cells.

DISCUSSION

The difficulty in evaluating the contribution of each chain of the
IFN-« receptor complex has resided in the lack of cell lines
without the endogenous receptor chains and in the cross-species
activity of the type I IFNs. To overcome these limitations we used
chimeric receptors with the extracellular Hu-IFN-y receptor
chains expressed in hamster cells because Hu-IFN-v is highly
species specific and does not activate the endogenous hamster
IFN-vy receptor. This strategy with the use of chimeric receptors
(Fig. 1) permitted us to definitively show that the IFN-aR2c chain
is necessary and sufficient for recruitment of Statl and Stat2.

Results of others have implicated all receptor subunits of the
IFN-a receptor complex (the IFN-aR1, the IFN-aR2b, and the
IFN-aR2c chains) in Stat activation (32-35). The IFN-aR1 chain
was reported to bind Stat2 and Stat3 in a ligand-dependent
manner through the phosphorylated Tyr-466 and the phosphor-
ylated Tyr-527, respectively (33, 35, 37). It was originally dem-
onstrated that the peptide containing phosphorylated Tyr-466
(pTyr-466) can inhibit type I IFN signaling in permeabilized cells
and specifically interact with the SH2 domain of Stat2, but not
that of Statl (33). Later the pTyr-466 peptide which was one
amino acid longer was shown to interact with both Stat1 and Stat2
proteins (35). However, mutation of all four tyrosine residues
within the IFN-aR1 intracellular domain to phenylalanine re-
sulted in a functional receptor (48), demonstrating that phos-
phorylation of the IFN-aR1 chain is unnecessary for the gener-
ation of a biological response. The IFN-aR2c chain was shown to
bind both Statl and Stat2 in a ligand-independent manner (34,
35). Because Statl activation by type I IFNs is Stat2-dependent
(49, 50), it was proposed that Statl is recruited to the complex
through Stat2 (35, 50). The short form, the IFN-aR2b chain, was
reported to associate with Stat2 in a ligand-dependent manner
(32). However, most experiments were performed in cells where
the endogenous type I receptor subunits were present. It is thus
likely that endogenous components interacting with the heterol-
ogous type I IFN components in the host cells contributed to the
results previously reported. In our experiments, we can isolate the
contributions of endogenous and exogenous components, which
was not possible previously.

The chimeric receptors with the IFN-yR2 extracellular domain
(Fig. 1A4) were expressed in hamster 16-9 cells expressing the
Hu-IFN-yR1 chain. The FLyR2/aR1 and FLyR2/aR2c chime-
ras rendered 16-9 cells sensitive to Hu-IFN-y as measured by
IFN-y-induced MHC class 1 antigen expression and Statla
activation, as did the intact FLyR2/yR2 (Figs. 2 and 34). All
receptors were expressed on the cell surface (Fig. 2). The
FLyR2/aR2b was unable to support IFN-y signaling because the
IFN-aR2b intracellular domain does not associate with any
kinase, as we previously demonstrated (30). The IFN-vy-induced
activation of Statla DNA-binding complexes in 16-9 cells ex-
pressing chimeric receptors correlated with MHC class I antigen
induction (Figs. 2 and 34). However, formation of the IFN-vy-
induced ISGF3 DNA-binding complexes was detected only in
FLyR2/aR2c cells (Fig. 3B). Thus, we demonstrated that the
Stat2 protein can be recruited and activated in cells expressing the
chimeric receptor complex where the FLyR2/yR2 chain is
replaced by the FLyR2/aR2c chimeric chain, but not by the
FLyR2/aR1 or the FLyR2/aR2b chimeric chains, indicating that
recruitment and activation of Stat2 occurs through the intracel-
lular domain of the IFN-aR2c chain.

Proc. Natl. Acad. Sci. USA 96 (1999) 5011

In the FLyR2/aR2c cells the presence of the Hu-IFN-yR1
chain which recruits Statle to the receptor complex did not
permit us to answer the question whether the presence of only the
IFN-aR2c intracellular domain is sufficient for recruitment and
activation of Statla and Stat2, for formation of the ISGF3
DNA-binding complexes, and for the resultant biological activi-
ties. To further define the requirements for Stat2 recruitment, we
switched to the Q21 hamster cell line. These cells express the
Hu-IFN-yR2 chain, which, unlike the IFN-yR1 chain, does not
recruit any Stats. Thus, the chimeric receptors with the IFN-yR1
extracellular domain (Fig. 1B) expressed in the Q21 cells were the
only chains that could contribute to Stat recruitment. Therefore,
MHC class I antigen induction in these cells could serve as a
marker of Stat activation. The Q21 cells expressing the yR1/yR1
and yR1/aR2c chimeras demonstrated IFN-y-induced MHC
class I antigen expression, whereas the yR1/aR1 and yR1/aR2b
cells did not (Fig. 4). Similarly, Statla DNA-binding complexes
and small amounts of Stat3 DNA-binding complexes were acti-
vated in the yR1/yR1 and the yR1/aR2c cells, but not in the
yR1/aR1 and the yR1/aR2b cells (Fig. 54). However, ISGF3
DNA-binding complexes were induced only in yR1/aR2c cells
(Fig. 5B). Thus, the presence of the IFN-aR2c intracellular
domain as the only Stat recruiting domain in the chimeric
receptor complex is sufficient for Statl, Stat2, and Stat3 recruit-
ment, for ISGF3 DNA-binding complex activation and for in-
duction of MHC class I antigens.

The FLyR2/aR2c chimeric chain expressed in the 16-9 cells
was able to support IFN-y-induced protection against EMCV
(Table 1). The antiviral protection correlated with induction of
the ISGF3 DNA-binding complexes: the truncated FLyR2/
aR2¢; chain could not support antiviral activity and formation of
ISGF3 complexes. The Q21 cells expressing the yR1/aR2c
chimera were protected by IFN-vy treatment from EMCYV infec-
tion. In none of the cells could the chimeric receptors with the
aR1 or aR2b intracellular domains support antiviral activity.
Thus, only when the IFN-aR2c¢ intracellular domain was present
in the chimeric receptor was IFN-y able to induce antiviral
protection in cells.

IFN-oR1

transcription

Fi1G. 6. Model of type I IFN receptor complex and signaling.
Ligand binding to the subunits of the type I IFN receptor complex, the
IFN-aR2c and the IFN-aR1 chains, initiates the cascade of signal
transduction events. All Stats involved in IFN-« signaling are activated
through the intracellular domain of the IFN-aR2c chain (see text for
details).
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We therefore conclude that all Stats activated by type I
IFNs—Stat1, Stat2, and Stat3—are activated through the IFN-
aR2c¢ intracellular domain (Fig. 6). The IFN-aR1 intracellular
domain does not recruit Stats, but supports type I IFN signal
transduction by bringing Tyk2 tyrosine kinase to the receptor
complex. However, the IFN-aR1 intracellular domain modulates
type I IFN signaling. Indeed, the deletion of the 525-544 amino
acid region of the IFN-aR1 intracellular domain created a
receptor that produced an enhanced response (48, 51). This same
region was implicated in IFN-a-induced activation of phospha-
tidylinositol 3-kinase (PI 3-kinase) through association with the
IFN-aR1 chain via Stat3 as an adaptor protein (52). However, it
is not clear how this same region could recruit Stat3 and PI
3-kinase, which were reported to be necessary for full biological
responsiveness (52, 53) but at the same time, when eliminated,
produce a receptor with enhanced activity. Nevertheless, our
results demonstrated that the IFN-aR2c intracellular domain was
able to recruit and activate all Stats involved in type I IFN
signaling, Statl, Stat2, and Stat3, without the presence of the
IFN-aR1 intracellular domain. We thus conclude that Stat re-
cruitment by the type I IFN receptor complex is solely a function
of the IFN-aR2c intracellular domain and that the IFN-aR2c
chain is sufficient and necessary for recruitment of Statl, Stat2,
and Stat3.
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