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Structural basis of a unique interferon-f3 signaling
axis mediated via the receptor IFNAR1

Nicole A de Weerd!?, Julian P Vivian3, Thao K Nguyen!-3, Niamh E Mangan!, Jodee A Gould!-2,
Susie-Jane Braniffl, Leyla Zaker-Tabrizi!, Ka Yee Fung!, Samuel C Forster!-2, Travis Beddoe3, Hugh H Reid?,

Jamie Rossjohn?~> & Paul ] Hertzog!>%>

Type | interferons are important in regulating immune responses to pathogens and tumors. All interferons are considered to signal
via the heterodimeric IFNAR1-IFNAR2 complex, yet some subtypes such as interferon-g (IFN-B) can exhibit distinct functional
properties, although the molecular basis of this is unclear. Here we demonstrate IFN-B can uniquely and specifically ligate

to IFNAR1 in an IFNAR2-independent manner, and we provide the structural basis of the IFNAR1-IFN-@ interaction.

The IFNAR1-IFN-B complex transduced signals that modulated expression of a distinct set of genes independently of Jak-STAT
pathways. Lipopolysaccharide-induced sepsis was ameliorated in /fnar1-/- mice but not Ifnar2-/- mice, suggesting that IFNAR1-
IFN-B signaling is pathologically relevant. Thus, we provide a molecular basis for understanding specific functions of IFN-.

The type I interferons are a family of cytokines that are critical to
the innate immune response to infection, developing tumors and
other inflammatory stimuli. They elicit a wide variety of responses,
including antiviral and antibacterial activities, and can regulate the
development and activation of virtually every effector cell of the
innate and adaptive immune response!=3. In the clinic, type I inter-
ferons are used to treat infections of hepatitis virus B and C, some
hematological malignancies and, specifically in the case of IFN-,
multiple sclerosis!.

In humans and mice, type I interferons are composed of 14 IFN-c.
subtypes and IFN-, IFN-g, IFN-t, IFN-k and IFN-B. During an innate
immune response, type I interferons are produced via stimulation of
pattern-recognition receptors that sense viral and bacterial nucleic
acids and endogenous ligands?. Stimulated pattern-recognition recep-
tors activate diverse signal transduction pathways that in turn activate
one or more members of the interferon regulatory factor (IRF) family
of transcription factors that drive the production of type I interferons>.
The sensing of pathogens mediated by pattern-recognition receptors
results in the production of a subset of IFN-o. subtypes and IFN-f3.
However, as the promoter of Ifnb has other elements in addition to
IRF binding sites, including sites for NF-kB and AP-1, IEN-f3 can be
produced in different circumstances compared to those that result in
the production of IFN-o subtypes. For example, IFN-f is the only type I
interferon induced by lipopolysaccharide (LPS) of Gram-negative bac-
teria%, activating IRF3 and NF-kB via the TLR4 pathway. IFN-f3 is also
selectively produced in response to signaling via the AP-1 pathway by
macrophage colony-stimulating factor and by the cytokine RANKL,

and therefore has a role in the development of myeloid cells and osteo-
clasts, respectively>®. This selective production of IFN-f implies a
function of IFN- that is different relative to other type I interferons.

Despite the fact that IFN-o. and IFN-f3 have as little as ~30% amino
acid sequence identity, all subtypes of type I interferons characterized
so far interact with, and signal through, a common receptor, IFNAR,
which comprises high-affinity (IFNAR2) and low-affinity (IFNAR1)
components. The current model for assembly of the interferon sig-
naling complex is that interferon initially binds IFNAR2 with the
subsequent recruitment of IFNAR1 to initiate signaling’. Engagement
of this IFNAR2-interferon-IFNAR1 complex activates the canonical
Jak-STAT signaling pathway resulting in transcriptional activation or
repression of interferon-regulated genes that encode the effectors of
the interferon response, such as antiviral proteins, regulators of cell
proliferation and differentiation, and immunoregulatory proteins®.
Recently solved crystal structures of human IFN-® and a mutant
form of human IFN-02, bound to the extracellular domains (ECDs)
of IFNAR2 and a truncated IFNARI have provided insight into the
mechanism of ligand interaction by the IFNARs®. The two ternary
complexes are nearly identical, with key conserved anchoring residues
and some distinct ligand-specific interactions®.

Although the IFN-o subtypes and IFN-f signal using the same
IFNARs, they nevertheless exhibit functional differences!?. Namely,
IFN-f is more potent than IFN-o in inducing the apoptotic and anti-
proliferative pathways required for control of tumor cell growth!!.
IFN-f alleviates the exacerbations of multiple sclerosis, whereas IFN-o
does not. Apart from antiviral activities'2, IFN-J is also important in
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the development of B cells, myelopoiesis and LPS-inducible production
of tumor necrosis factor!!. Although the roles of IFN-B in the patho-
genesis of LPS toxicity!3, myelopoiesis!* and osteoclastogenesis!'®
are at least in part due to the selective production of IFN-f in these
circumstances, it has also been speculated that different biological
outcomes between IFN-o and IFN-f3 result from the relative affinities
of the ligands for the two IFNARs and the resulting stability of ter-
nary IFNAR2-interferon-IFNARI signaling complex!'®17. However,
a specific structural and mechanistic basis for selective actions of
IFN-B has been lacking.

Here we characterize how IFN-f3 can bind to IFNAR1 independently
of IFNAR2. We demonstrate a high-affinity IFNAR1-IFN-f com-
plex and provide a structural basis for this specific interaction. This
IFNAR1-IFN-f axis leads to transduction of specific, unconventional
intracellular signals, and using a mouse model of LPS-induced sep-
tic shock, we observed the pathological relevance of IFNAR1-IFN-f8
signaling to contribute to toxicity in vivo.

RESULTS

IFN-B forms a stable complex with IFNAR1

To characterize the nature of the interaction of type I interferons
with their cognate receptor, we compared the interaction of recom-
binant mouse IFN-f§ and IFN-o with ECDs of each of the IFNAR
components. As expected, both IFNs formed a complex with the
well-characterized high-affinity receptor component, IFNAR2 ECD
(Supplementary Fig. 1a). However, IFNAR1 ECD formed a stable
complex with IFN-f3, as demonstrated by the presence of a discrete
band in a native gel electrophoresis analysis, whereas IFN-o. did not
(Fig. 1a,b). Using surface plasmon resonance (SPR), we determined
the affinity of the IFNAR1 ECD-IFN-f interaction to have a dissocia-
tion constant (Kp) of 269 = 30 nM (Fig. 1¢), almost 100-fold greater
affinity than the IFNAR1 ECD-IFN-o. interaction (Kp of 22 + 5 uM;
Supplementary Fig. 1b), similar to that reported in the literature for
human interferon—-IFNAR1 ECD interactions!’, and consistent with
the inability of IFN-o to form a high-affinity complex with IFNAR1
ECD (Fig. 1a,b and Supplementary Fig. 1b). Thus we focused our
attention on characterization of the structure and signaling capacity of
the IFNAR1 ECD-IFN-f3 complex, which was of sufficiently high affin-
ity and stability to be purified together by gel-filtration chromatogra-
phy (Supplementary Fig. 1¢), thus facilitating subsequent analyses.

Overview of the IFNAR1-IFN-B complex

To characterize the interaction between IFN-f and IFNAR1 ECD
(here referred to as IFNARI1), we crystallized the IFNAR1-IFN-3
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Figure 1 Interaction of IFNAR1 with IFN-B. (a) Native PAGE

(10%, v/v) analysis of IFN-o, IFN-B, IFNAR1 ECD (indicated at ‘B’)
and combinations of IFN-o with IFNAR1 ECD and IFN-B with

IFNAR1 ECD. The complex formed between IFN-B and IFNAR1

ECD is indicated (‘A"). (b) Reducing SDS-PAGE (12%, v/v) of
samples comparable to those in a. (c) Binding of IFN-B to indicated
concentrations of IFNAR1 ECD measured by SPR analysis, analyzed
as in ref. 36. Data are representative of three experiments (a,b) or are
from three experiments (c; mean + s.e.m.).

complex and solved the structure to a resolution of 2.9 A with R,
and R, values of 24.3% and 28.7%, respectively (Supplementary
Table 1). The asymmetric unit contained one heterodimeric complex,
comprising IFN-, the six helices of which are named A, B, C, CD, D
and E, and all four fibronectin type III domains of the extracellular
domain of IFNARI1, named subdomains 1-4 (SD1-SD4; Fig. 2a,b).
Previously determined crystal structures of IFNARI, either alone or
in complex with IFNAR2 bound to either IFN-® or a mutated form
of IFN-02, comprised three membrane-distal domains of IFNAR1
only (SD1-SD3)°. We determined the binding of IFN-f3 to be centered
on the B helix of the cytokine, with IFNARI SD1-SD3 positioned
approximately planar to each other, binding to the face of IFN-f
opposite the predicted IFNAR2 binding interface, wrapping around
the cytokine exposing helices B, C, CD and D (Fig. 2c¢) to the receptor,
similar to the reported receptor binding of IFN-® and mutant IFN-0.2.
SD4 of IFNARI was transposed 26 A from the plane of the first three

Figure 2 Structure of the IFNAR1-IFN-B complex. (a) Orthogonal views
of the IFNARI-IFN-B complex with IFNAR1 SD1 in yellow, SD2 in green,
SD3 in blue and SD4 in magenta. Helices of IFN-B (orange; labeled A-E)
are also indicated. (b,c) Footprints mapped to surfaces of IFNAR1 (b) and
IFN-B (c), with residues colored in each case according to the interacting
IFNAR1 domain, as in a.
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Figure 3 Contacts between IFNAR1 and IFN-B. (a) Contacts between IFNAR1 SD1 and SD2 around the IFN-f helix CD and N terminus of helix D.

(b) Contacts between IFNAR1 SD1 and SD2 with Trp122 of IFN-B. (

c) Contacts between IFNAR1 SD2 and SD3 with the IFN-B helices B and D.

(d) Contacts between IFNAR1 SD3 and IFN- helix C. (e) Contacts between the B2-B3 loop of IFNAR1 SD2 that bind over the point of structural
and sequence conservation between helices B of the IFN-B and IFN-® structures. IFNAR1 SD1 is in yellow, SD2 in green, SD3 in blue and SD4

in magenta; IFN-f helices A-E are in orange.

domains and oriented 162° relative to SD3 (Fig. 2a) such that it
formed a separate, albeit limited, binding interface at the N terminus
of IFN-. This was to our knowledge the first complete structure of
IFNARI containing all four fibronectin type IIT domains.

The IFNAR1-IFN- interface

The interaction between IFNAR1 and IFN-f buried a total surface
area of 3,300 A2: 18% of the IFN-B surface and 8% of the IFNAR1
surface were sequestered upon formation of the complex. At this
interface, SD1, SD2 and SD3 of IFNARI contributed to approximately
27%, 36% and 33% of the buried surface area, respectively, whereas
SD4 contributed only 5% of the buried surface area (Fig. 2b,c). The
interface is predominantly hydrophobic, with 75% residues at the
interface involved in van der Waals contacts. The interface includes
11 hydrogen bonds and one salt bridge, and exhibited very good shape
complementarity, with a shape complementarity value of 0.75. The
interaction interface on IFN-f involves residues from helices A, B, C,
CD and D of the cytokine (Fig. 2b,c). SD1, SD2 and SD3 of IFNARI1
formed a contiguous binding interface, with SD1 binding to residues
on helices CD and D, SD2 interacting with residues across helices B,
C, CD and D, and SD3 binding to helices B and C (Fig. 2b,c).

The interface of SD1 of IFNAR1 with IFN-[3 was formed through
predominantly hydrophobic contacts via a cluster of aromatic resi-
dues, namely Tyr70 and Phe97 of IFNARI1 packed against the aliphatic
side chain of Lys118 of IFN-f3, and with Tyr98 of IFNARI intercalated
between Met110 and Leul15 of IFN- situated on helix CD and at the
N terminus of helix D (Fig. 3a and Supplementary Table 2). SD1 of
IFNARI also made contacts about the middle of helix D of IFN-f3,
predominantly centered on Trp122, making van der Waals contacts
with Asp66, Thr67 and Asn68 of IFNARI (Fig. 3b).

The binding of SD2 of IFNARI overlapped with that of the
SD1 about both the Lys118 and the Trp122 contact sites of IFN-f
(Fig. 3a,b). Lys118 of IFN-B interacted with Leul83 of IFNARI
and formed a salt bridge with Glu133 of IFNAR1 (Fig. 3a). Close to
Trp122 of IFN-B, the extended loop between the B2 and B3 strands
of SD2 of IFNARI formed contacts through Leul32 and Asn128 of
IFNARI (Fig. 3b and Supplementary Table 2). The 32-B3 loop also
formed extensive contacts over helix B of IFN-f3, with IFNARI resi-
dues 131-135 forming van der Waals contacts to the aliphatic side
chains of GIn60 and Leu64 of IFN-f3 (Fig. 3c).

SD3 of IFNAR1 bound over the C terminus of helix B of IFN-3 and
the N terminus of helix C of IFN-f (Figs. 2 and 3c,d). Contacts to
helix B were centered on Phe63 and Arg67 of IFN-f3 that form van der
Waals interactions with Tyr240, Ser244 and Ser245 of IFNARI on the
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extended loop between 33 and B4 strands of SD3 of IFNAR1 (Fig. 3¢).
The contacts to helix C were formed through residues on the 3-f4
loop of SD3 of IFNARI that extended orthogonally over helix C, form-
ing a network of van der Waals contacts centered about Val81, Leu84
and His88 of IFN-f3 and with hydrogen bonds to Asp85 and His88 of
IFN- (Fig. 3d). Residues 274-277 of IFNARI on the loop spanning
the B5 and 6 strands of SD3 of IFNARI also contributed to binding
helix C of IFN-f (Fig. 3d). Tyr274 of IFNAR1 was intercalated at the
N terminus of helix C between residues ranging from position 72 to
position 82 of IFN-f with additional hydrogen bonds formed through
a bidentate interaction between the carboxylate of Asp85 of IFN-f3 and
backbone carbonyl and amide, and side chain hydroxyl groups of
Thr277 of IFNARI (Fig. 3d and Supplementary Table 2). Accordingly,
an extensive and complementary interface underpins the IFNARI1-
IFN-f interaction.

Comparison with other interferon-IFNAR structures
We compared the structure of the IFNAR1-IFN-f complex to the pre-
viously determined structures of mutant human IFN-02 and IFN- in
complex with IFNAR2 and IFNARI (ref. 9). Structures of the IFN-02
and IFN-® complexes were very similar, with the same docking mode
and angle?; this similarity allowed for a more robust interpretation of
the low-resolution IFN-02 structure (4.0 A resolution) by comparison
with the higher-resolution structure of the IFN-w-containing com-
plex (3.5 A resolution). In the complex of IENAR1 with IFN-B, the
relative angles between SD1-SD3 of IFNARI resembled the arrange-
ment previously observed in the IFNAR1 complex with IFN-a2 or
IFN-®. Similarly, IFNAR1 bound to the same face of IFN-f as to the
IFN-02 and IFN- cytokines. However, the docking angle and thus
the relative contribution of specific residues to the interaction was
different for IFN- compared to these other type I interferons. As
a result, IFNARI docked onto IFN-f at an angle of 16° relative to
IFN-02 and IFN- that brought specific residues in helices C, CD
and D closer for interactions with IFNAR1 as described below.
Although the orientation of the helices in the IFN-f and IFN-o2
structures diverges, there are regions of sequence conservation at the
center of the B, C and D helices where the structures overlay. These
intersection points form a network of interactions spanning SD1, SD2
and SD3 of IFNARI and coincide with sequence and structural con-
servation across IFNARI proteins and various interferons from differ-
ent species (Supplementary Fig. 2a,b). The intersection point on the
D helix of IFN-f3, Lys118, is conserved as either a lysine or an arginine
in other interferons (Supplementary Fig. 2b). The contacts made to
Lys118 of IFN- by the SD1 residues Tyr70 and Phe97 of IFNARI are
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Figure 4 IFNAR1 signaling in response to IFN-B in /fnar2-~ mice. (a) PECs from wild-type (WT) and /fnar2~- mice (at least 3 mice per genotype

per treatment) were incubated ex vivo with IFN-$ (1,000 IU/ml) for 60 min, then the abundance of surface IFNAR1 was measured by flow cytometry.
Results are shown as mean fluorescence intensity (MFI; mean + s.e.m.) above background staining (isotype control antibody). **P < 0.01 (Student’s
t-test). (b) Changes in gene expression (normalized intensity values relative to untreated controls) in PECs extracted from untreated (UT) and in vivo
IFN-B-treated (10,000 IU/mouse; 3 h) Ifnar2~~ mice. Gene expression intensity from triplicate untreated (UT) and triplicate IFN-B-treated mice were
subjected to an unpaired t-test (P < 0.05); only data for genes that were statistically replicable are shown (2,955 genes). Genes upregulated by IFN-3
treatment are shown in red; downregulated in blue. (c) Quantitative RT-PCR validation of Mmp14, Treml4 and Prok2 mRNA levels in PECs extracted
from untreated (UT) WT and /fnar2~/~ mice or from mice 3 h after intraperitoneal administration of IFN-B (10,000 IU/mouse; 5 mice per genotype).
Data are presented as mean * s.e.m. of triplicate experiments. ***P < 0.001, **P < 0.01, *P < 0.05 (Student’s t-test).

conserved for the human receptor, as is the salt bridge to Glu133 (in
human, Asp132) of IFNARI on the $2-f3 loop of the SD2 domain
(Fig. 3e). The $2-B3 loop on SD2 of IFNARI also binds at the point
of structural and sequence conservation between the B helices of the
IFN-B, IFN-02 and IFN-o structures. Namely, there is conserva-
tion of the hydrogen bond between Ser136 of IFNARI and GIn60 of
IFN-f and the van der Waals interactions between Leul32 of IFNAR1
and Asn61 of IFN-f (Fig. 3e). Adjacent to these residues on the
B helix is the highly conserved residue Phe63. Phe63 of IFN-f3 formed
a hydrophobic cluster with the conserved aromatic residue Tyr240 of
IFNARI on the B3-B4 loop of SD3 and with residues on the B helix
as well as helix C, including the conserved His88 of IFN-[ (Fig. 3e).
The conservation of these interconnected binding sites, that span the
width of the binding interface, suggests they form the common anchor
points for interferon binding.

The differences in the docking angle and the binding affinities
observed for [IFNAR1 to IFN-a and for IFNAR1 to IFN-f} are likely
due to the rotation of IFNARI, about the anchor points, enabling
different parts of the receptor to interact with the cytokine. One such
point is the CD helix, a section that is clearly resolved in structures of
IEN-f but not in other IFN structures to date. Furthermore, the CD
helix of IFN- shifts 3.6 A upon binding IFNAR1, which accounts for
the major structural difference between structures of unbound!8 and
bound IFN-B, which are otherwise well conserved (r.m.s. deviation =
0.9 A over all main-chain atoms). This orientation of the CD helix
enables interaction with the 35-B6 loop of IFNAR1 SD2, contribut-
ing 510 A to the total buried surface at the interface. Similarly, a key
point of divergence for [FNAR1 SD1 binding to IFN-f and IFN-0.2 (or
IFN-m) occurs at the site of intercalation of Tyr98 of IFNAR1 between
Leull5 and Met110 of IFN-f at the junction of CD and D helices
(Fig. 3a). This interaction is sterically impermissible with IFNo2 or
IFN-o because of a 3.5 A shift of the D helix. These differences at the
binding interfaces of SD1 and SD2 of IFNAR1 amount to a buried sur-
face area for SD1-SD2 binding to IFN-B totaling 2,140 A2 compared
with the equivalent binding to IFN-a.2 burying 1,330 A2 (1,530 A2
for IFN-m). Similarly, docking of IFNAR1 to IFN-f3 brings the 35-$6
loop of SD3 of IFNARI into closer proximity with helix C of IFN-,
enabling more extensive contacts at this interface. Specifically, SD3
of IFNARI buries 1,150 A2 at the IFN-P interface compared with
820 A2 at the IFN-02 interface (860 A2 for IFN-w). Taken together, the
total buried surface area of the IFNAR1-IFN-f complex amounting
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to 3,300 A2 is more substantial than that of the IFNAR1-IFN-o2
interface totaling 2,030 A2 (2,200 A2 for IFN-w), and approaches the
total surface area of the IFNAR1-IFN-a2-IFNAR?2 interface area of
3,800 A2 (4,080 A2 for IFN-m). Accordingly, this increased binding
interface accounts for the approximately 100-fold increase in binding
affinity of IFNAR1 to IFN-3 compared with IFN-o..

IFNAR1-IFN-g signaling

Having demonstrated a nanomolar affinity interaction between
IFNAR1 and IFN-f, and resolved the corresponding structure of
this complex, we next determined whether this interaction trans-
duced signals in the absence of IFNAR2. To this end, we used mice
with a null mutation in the Ifnar2 gene, which were otherwise phe-
notypically normal'®. Because an early step in signal transduction
after ligand binding is the internalization of the receptor, we first
investigated whether IFNARI1 was internalized after binding IFN-8
in Ifnar27/~ cells. Peritoneal exudate cells (PECs) from wild-type and
Ifnar2~/~ mice expressed similar amounts of IFNARI1 on their cell
surface as determined by flow cytometry using a monoclonal anti-
body to IFNARI (ref. 20) (Fig. 4a). After addition of IFN-f3, ~50% of
the receptors were removed from the surface of cells from Ifnar2-/~
mice (P < 0.01), which was less than the 80% of receptors that were
removed from the surface of wild-type cells. Thus, in the absence
of IFNAR?2, cell-surface IFNARI initiated the first step required for
signal transduction in response to IFN-f3.

We then examined another early step in conventional type I inter-
feron signaling, namely the activation of the Jak-STAT pathway.
We did not observe any activation of STAT1 in Ifnar2~/~ cells
upon stimulation with IFN-} (Supplementary Fig. 3a) similar to
observations in Ifnarl ~/= cells?!. Furthermore, we did not observe
measurable activation of STAT3 or STAT5 as determined by flow
cytometry or immunoblotting of PECs (data not shown) from Ifnar1=/-,
Ifnar2~'~ or wild-type mice. Given the absence of the high-affinity
receptor IFNAR?2, which contains STAT docking sites??, it was unsur-
prising that conventional signaling pathways were not activated via
IFNARI alone.

As IFNARI did not activate conventional Jak-STAT signaling in
response to IFN-f3, we hypothesized that the internalized IFNAR1
would transduce unconventional signaling. Therefore, we next used
genome-wide expression profiling to determine signaling as indicated
by regulation of gene expression activated by IFN-f binding to
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Table 1 Genes upregulated in PECs extracted from Ifnar2~~ mice treated in vivo with IFN-p

Gene Fold change Functional annotation
Immunoresponsive gene 1 73.60 Response to molecule of bacterial origin

Chemokine (c-c motif) ligand 7 21.23 Chemotaxis

Prokineticin 2 19.61 Locomotory behavior

Sphingosine kinase 1 16.09 Multiple processes

Cystatin A 14.92 Cysteine-type endopeptidase inhibitor

Interleukin 1B 13.48 Inflammatory response, response to LPS

G protein—coupled receptor 84 13.18 Cell surface linked signal transduction
Transglutaminase 2 12.37 Multiple processes

Interleukin 6 11.25 Immune response, multiple processes

Triggering receptor expressed on myeloid cells 1 10.91 Mediator of septic shock35

Metallothionein 2 8.93 Cellular metal ion homeostasis, nitric oxide signaling
Serum amyloid A 2 8.85 Acute Inflammatory Response

MARCKS-like 1 7.37 Positive regulation of cell proliferation

Oxidized low-density lipoprotein (lectin-like) receptor 1 7.33 Defense response

Chemokine (C-X-C motif) ligand 1 7.16 Inflammatory response, neutrophil chemotaxis
Chemokine (C-X-C motif) ligand 2 6.78 Inflammatory response, neutrophil/Leukocyte chemotaxis
Matrix metalloproteinase 14 5.70 Chemotoxis, cell proliferation, response to LPS
Triggering receptor expressed on Myeloid cells-like 4 4.99 Unassigned

Serine (or cysteine) peptidase inhibitor, clade E, member 1 4.78 Regulation of cell proliferation

Nuclear receptor subfamily 4, group A, member 1 4.74 Negative regulation of catalytic activity, MAPK cascade
Prostaglandin E synthase 4.37 Prostaglandin biosynthetic process

Hepatocyte growth factor 4.26 Activation of MAPK activity

Mediterranean fever 4.19 Unassigned

CD14 antigen 3.74 Inflammatory response, response to wounding or LPS
DNA (cytosine-5-)-methyltransferase 3-like 3.68 Nuclear heterochromatin

Arginase 2 3.47 Negative regulation of catalytic activity

Eph receptor A4 3.36 Locomotory behavior, chemotaxis, angiogenesis

Rho family GTPase 1 3.33 Small GTPase-mediated signal transduction
Chemokine (C-X-C motif) receptor 7 3.31 MAPK cascade, G protein—coupled receptor activity

Fold change is expressed relative to levels of signals in matched untreated control samples. Only genes that showed greater than a 3.3-fold upregulation are shown. All gene
changes were significant (P < 0.05) according to a Student’s t-test using triplicate samples. Functional annotation information was retrieved from http://david.abcc.ncifcrf.gov.

IFNARI in the absence of IFNAR2. Consistent with the lack of con-
ventional STAT signaling elicited by IFN-f in Ifnar2~/~ PECs, 3,306
of the interferon-regulated genes activated by conventional IFN-f
signaling in wild-type cells were not activated by IFN- in Ifnar2~/~
cells (Supplementary Fig. 3b). Promoter analysis of these 3,306 genes
revealed significant enrichment (enrichment scores ranging from
70 to 150) for STAT1 (P < 0.01), STAT3 (P < 0.01), IRF (P < 0.05),
NEF-xB (P < 0.05) and ISRE (P < 0.01) binding sites typically associated
with the interferon response. Examples of three of these interferon-
regulated genes, Ifit1, Ifit2 and Irf7, that we validated by quantitative
(Q)RT-PCR are shown (Supplementary Fig. 3d). The lower basal
mRNA abundance observed for these genes in Ifnar2~/~ and Ifnar1~/~
cells compared to wild-type cells was probably due to the lack of prim-
ing as observed previously in cells from Ifnarl~~ mice?!.

However, we observed IFN-f signaling in the presence of IFNAR1
and absence of IFNAR2. Treatment of Ifnar2~/~ PECs with IFN-f
significantly regulated the expression of 235 genes (P < 0.05); 173
genes were upregulated and 62 genes were downregulated (Fig. 4b and
Supplementary Fig. 3b). Whereas 131 IFNAR1-IFN-f3 regulated genes
were expressed in both wild-type and Ifnar2~/~ cells, 104 IFNAR1-
IFN-P regulated genes were unique interferon-regulated genes as they
were not significantly induced (>2-fold) in wild-type cells by IFN-,
as measured using microarray analysis (P > 0.05; Supplementary
Fig. 3b). As an example, we validated the IFN-B-induced expression
of Mmp14, Treml4 and Prok2 by qRT-PCR (Fig. 4c). Consistent with
the inability of IFN-o. to form a complex with IFNARI alone, IFN-o.
did not induce expression of Treml, Treml4 or Tgm2 in Ifnar2-/~
cells (Supplementary Fig. 4). Promoter analysis of the 235 genes
regulated by IFN- in Ifnar2~/~ PECs (Table 1 and Supplementary
Table 3) demonstrated an absence of enrichment for ‘classical’ inter-
feron response factors such as STAT1 (P > 0.85), STAT3 (P > 0.45),
IRF (P > 0.15), NF-kB (P > 0.21) and ISRE (P > 0.32). Transcription
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factors whose binding sites were statistically enriched in these pro-
moters included NANOG, TCF-3 and ISL2, but these factors exhib-
ited enrichment scores (<2) below standard cutoffs in the program
Clover (~50)23. These factors were not expressed in the cells used
in this experiment (according to our data set), consistent with pub-
lished tissue expression data?. Because promoter analyses provided
no indication of alternate signaling pathways, we next investigated
other pathways. As activation of Akt by LPS has been reported!?
to be dependent on IFN-f3, we investigated its activation by IFN-
independently of IFNAR2. Indeed, IFN-f activated Akt phos-
phorylation in Ifnar2~/~ PECs (Supplementary Fig. 3c). We detected
no differences in cell composition between wild-type and Ifnar2~/~
PECs as determined by cell-surface immunostaining and flow cytom-
etry quantification (Supplementary Fig. 5). Thus, we found that in
Ifnar2~'~ cells, IFNAR1-IFN-B signaling regulates the expression of
a unique set of 235 genes by non-Jak-STAT-mediated pathway(s).
The discovery of this signaling underscores the importance of the
IFNARI1-IFN-f complex that we structurally characterized.

IFNAR1-IFN-B signaling in LPS toxicity

Next, we investigated the in vivo biological function of the IFNAR1-
IFN-f signaling pathway. As IFN-f is the only type I interferon
induced by LPS%, and the type I interferon signaling pathway is criti-
cal in mediating lethality in models of septic shock!3, we used this
mouse model to investigate whether the IFNAR1-IFN-f} signaling
axis was of pathophysiological relevance. IfnarI~/~ mice are pro-
tected from the lethal effects of intraperitoneal LPS administration
observed in wild-type mice (Fig. 5a), consistent with interferon-
mediated signals contributing to LPS toxicity as previously reported?®.
By contrast, Ifnar2~/~ mice demonstrated the same susceptibility to
LPS-mediated toxicity as wild-type mice (Fig. 5a). The interferon
signals mediating LPS toxicity were independent of the production
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of other proinflammatory signals because serum concentrations of
interleukin 6 and tumor necrosis factor were similar in all three geno-
types after treatment with LPS, including Ifnarl~/~ mice that rescued
the LPS toxicity (Supplementary Fig. 6). These results suggest that
interferon-regulated genes induced in both wild-type and Ifnar2~/~
mice may be involved in this pathogenesis. Using qRT-PCR, we vali-
dated genes induced via the IFNAR1-IFN-f axis in Ifnar2~/~ and
wild-type mice, namely, Ccl2, Ccl3, Tgm2 and Treml, which have
known roles in the pathogenesis of sepsis?® (Fig. 5b). As IFN-B is the
only type I interferon induced by LPS, and IFNAR1 is the only known
interferon receptor expressed in Ifnar2~/~ mice?, this result suggests
that signals transmitted and genes regulated by IFNAR1-IFN-f, inde-
pendently of IFNAR2, contribute to the LPS-induced lethality. These
data illustrate the in vivo relevance of the IFNARI-IFN- signaling
axis characterized here.

DISCUSSION

Type I interferons are a large family of ligands with the 14 IFN-a
subtypes and IFN-f being the most extensively characterized. IFN-f
haslong been considered unique as it is produced in different circum-
stances, particularly bacterial infection, is more potent than IFN-o in
several biological assays and appears more effective for the treatment
of multiple sclerosis. Here we described the IFNAR1-IFN- interac-
tion and demonstrated that this complex transmits signals to induce
genes independently of IFNAR2 and that these signals contribute
to the proinflammatory actions of IFN-} in a mouse model of LPS-
induced toxicity. These findings were unexpected as IFNARI was
considered the low-affinity chain of the type I interferon receptor,
and the current model for conventional IFNAR complex formation

906

Figure 5 Pathophysiological relevance of the IFNAR1-IFN-f signaling
axis. (a) Kaplan-Meier plot showing the percentage survival over time

of age-matched wild-type (WT), /fnar1~/- and Ifnar2-/- mice (8 mice in
each group) after in vivo intraperitoneal stimulation with LPS (4 mg/
mouse). **P < 0.01 (log-rank (Mantel-Cox) test). (b) Quantitative RT-

PCR validation of Tgm2, Trem1, Ccl2 and Cc/3 mRNA abundance in
PECs extracted from untreated (UT) WT and /fnar2~~ mice or from mice
3 h after intraperitoneal administration of IFN-B (at least 3 mice per
genotype per treatment). Data are presented as mean + s.e.m. of triplicate
experiments. **P < 0.01, *P < 0.05 (Student’s t-test).

and signaling involves the ligand initially binding to IFNAR2 with
the subsequent recruitment of IFNARI (ref. 7). Although IFNARI1
is critical for conventional type I interferon signaling?’, it was not
expected to independently bind ligand or transduce signals.

We determined the structure of IFN-f in complex with the
full-length ECD of IFNARI in which IFN-f formed extensive
contacts with IFNARI, a feature consistent with the high affinity of
this interaction. A notable difference between IFN-f and other inter-
ferons is that the CD helix undergoes a conformational shift upon
binding IFNARI and contributes a major component of the interac-
tion with IFNAR1. Such IFN-B-centric features provide a molecular
basis for understanding how IFN-f3 but not other type I interferons
can bind IFNARI1 independently of IFNAR2.

Our study revealed that the IFNAR1-IFN-3 complex transduced
signals independently of IFNAR2. We showed that IFN- modu-
lated the expression of a substantial set of genes independently of
IFNAR2 and canonical interferon-activated transcription factors.
This signaling was consistent with the formation of an IFNARI1-
IFN-B binary complex in vivo and suggests a possible functional
basis for the selective biological properties reported for IFN-f.
It is not unexpected that the genes modulated by IFN-f independently
of IFNAR?2 are unconventional interferon-regulated genes because
of the known reliance on the heterodimeric IFNAR1-IFNAR2
complex for conventional signaling and STAT activation?!-2%27. It is
interesting that 104 unique genes are induced by this IFNAR1-IFN-f3
signaling axis. It is possible that removal of negative regulators in the
ligand-receptor signaling complex unmasked signaling pathways that
were otherwise repressed. For example, we have shown that SOCS1
docks onto the IFNARI chain?® and others have shown that nega-
tive regulators dock onto the IFNAR2 chain: USP18 (UBP43)?° and
RACKI1 (ref. 30). The absence of the IFNAR2 chain from the sig-
naling complex may also reveal docking sites for signaling factors
that are otherwise masked or whose access is sterically constrained
in the conventional heterodimeric receptor signaling complex. For
example, IFNAR2 inhibits the interaction of GAB2 with IFNARI1
(ref. 31). Some of the genes induced in the absence of IFNAR2 were also
induced in wild-type cells, suggesting that there is a common pathway
activated by IFN-f via IFNAR1 whether IFNAR?2 is present or not. It is
also consistent with the proposal that the ternary complex (IFNAR2-
IFN-B-IFNAR1) could exist in equilibrium with an IFNAR1-IFN-f3
binary complex as previously speculated?2.

Our data from the mouse model of LPS-induced toxicity
suggest that the IFNAR1-IFN-f signaling axis contributes to LPS
toxicity. This finding is consistent with the selective induction of
IFN-f after TLR4 ligation, and its ability to upregulate the expression
of known proinflammatory interferon-regulated genes. Furthermore,
as the IFNARI-IFN-f signaling axis does not activate the Jak-
STAT pathway, our data are consistent with reports that although
LPS toxicity is dependent on IRF3, IFN-f and IFNARI, it is inde-
pendent of STAT1 signaling3?. Indeed, several LPS-inducible genes
encoding cytokines, chemokines and other factors (for example,
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Tgm2 (ref. 34) and TREM1 (ref. 35)) known to contribute to
the pathogenesis of septic shock?® are upregulated in the IFN-f
signaling axis we identified in this study and may provide clues
to the mechanism of action of the in vivo toxicity mediated by IFN-f
in this disease model. Thus our studies indicate that the IFNAR1-
IFN-P signaling axis characterized is of primary importance in LPS
toxicity and regulates the expression of several candidate effector
molecules previously implicated in this syndrome and other inflam-
matory conditions.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Gene Expression Omnibus: GSE48827. Protein Data
Bank: 3WCY.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Recombinant protein production and purification. The ECD of IFNAR1
expressed during this study corresponds to residues 27-429 encoded by mouse
Ifnarl (GenBank AAA37890.1)37. IFN-B corresponds to residues 24-182
encoded by mouse Ifnb (RefSeq NP_034640.1). Endoglycosidase H (EndoH)
corresponds to residues 54-268 encoded by Streptomyces spp. endoH (GenBank
ENH74786.1). For insect cell culture expression, recombinant proteins were
cloned into a modified version of pFastBac HTa vector (Invitrogen) contain-
ing the gp67 signal sequence of the A. californica nuclear polyhedrosis virus
followed by an N-terminal, enterokinase-cleavable, six-histidine tag. For
expression using the Bac-to-Bac expression system (Invitrogen), recombinant
bacmids were generated in the AcBacACC bacmid3® and virus produced after
transfection of Spodoptera frugiperda (Sf9) insect cells. Proteins were expressed
via baculovirus infection of suspension Trichoplusia ni (Hi5) insect cells and
purified from the culture supernatant by dialysis into TBS (10 mM Tris-HCI,
pH 8.0, and 150 mM NaCl) before affinity chromatography in TBS contain-
ing 20 mM imidazole over a nickel-charged Sepharose 6 Fast Flow column
(GE Healthcare). Proteins were eluted in TBS containing 150 mM imidazole.
Size-exclusion chromatography was carried out in TBS over an S200 16/60
size exclusion column (GE Healthcare). For purification of the IFNAR1-
IFN-f} complex coexpressed in the presence of EndoH, the affinity-purified
preparation was subjected to a second round of affinity purification over
a Concanavalin A Sepharose (GE Healthcare) column in TBS before size-
exclusion chromatography. The gene encoding mouse IFNAR2 ECD (C94S
variant) was expressed by transient transfection in HEK293S cells, and IFNAR2
protein was purified from culture supernatants using methods previously
described?®. This protein is referred to as IFNAR2 throughout this study.

PAGE analysis of protein interactions. All native polyacrylamide gels were
composed of 10% (w/v) polyacrylamide:bis-acrylamide and 0.375 M Tris-HCI,
pH 8.8, and were run in native running buffer (25 mM Tris-HCI, pH 8.3, and
192 mM glycine) at 100 V for 2 h, before Coomassie staining. For analysis
of all native interactions, proteins were combined at a 1:1 molar ratio before
loading onto the gels.

Surface-plasmon resonance. All SPR experiments were conducted in triplicate
at 25 °C on a Biacore 3000 instrument using a buffer of 10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES, pH 7.4), 500 mM NaCl and 0.005%
(v/v) surfactant P20 supplied by the manufacturer. [IFNAR1 ECD was immo-
bilized onto a CM5 chip according to manufacturer’s instructions. Various
concentrations of IFN-f or IFN-o (2.37-300 uM) were then injected at
50 ul/min over the chip. The final response of IFNAR1-IFN-f3 or IFNARI-
IFN-0. complex formation was calculated by subtracting the response of the
blank flow cell. Pseudo-equilibrium analysis data were analyzed using GraphPad
Prism according to ref. 36. For inhibition studies, IFNARI ECD (280 nM)
was incubated with various concentrations of IFN-f or IFN-0. (50-500 nM)
for 1 h at 22 °C before being passed over the immobilized IFNAR1 ECD at
5 wl/min for 1 min. After each injection, the surface was regenerated with two
injections of 4 M MgCl,. The amount of IFNAR1 ECD bound at equilibrium
was used to generate the inhibition curve (data points show mean +s.e.m.) that
was analyzed by nonlinear regression using GraphPad Prism software.

Protein crystallization, data collection and structure determination.
Crystals of the IFNAR1-IFN-f complex were grown by the hanging-drop
vapor diffusion method at 24 °C of IFNAR1-IFN-f (1 pl at 12 mg/ml), in
10 mM Tris-HCI, pH 8.0, and 150 mM NaCl was mixed with 1 pl of reser-
voir solution comprising 12% (v/v) PEG 3350, 8% (v/v) tacsimate pH 6.0.
Before data collection, the crystals were equilibrated in a solution consisting
of the reservoir solution enriched with 30% (v/v) PEG 3350 and then flash-
cooled in a liquid nitrogen stream at —173 °C. Native data to 2.9 A resolution
were collected on the Macromolecular Crystallography (MX2) beamline of
the Australian Synchrotron. The data were integrated and scaled using the
MOSFLM and SCALA programs from the CCP4 program suite?(. Structural
determination was achieved by a combination of molecular replacement and
single-wavelength anomalous diffraction (SAD) phasing as implemented
in PHENIX*L. The position of the IFN-B cytokine was found by molecular
replacement using PHASER*? with the crystal structure of IFN-f3 (Protein Data

NATURE IMMUNOLOGY

Bank (PDB): 1WU3; ref. 18) used as the search model. The position of SD2
and SD3 of IFNAR1were similarly placed using PHASER with SD2 and SD3 of
human IFNAR1 used as the search model (PDB: 3SE4; ref. 9). SD1 and SD4 of
IFNARI were visualized in density modified electron density maps resulting
from MR-SAD phasing using the partially determined molecular replacement
model and SAD phases from a TagBrj, soaked crystal. Models of SD1 and
SD4 of IFNARI1 were generated from the structure of SD2 of IFNARI using
ROSETTA*? and then placed by a computational search of the electron density
map as implemented in MOLREP#% The structure was refined with iterative
rounds of manual building in COOT*® and refinement with BUSTER*; refine-
ment statistics are summarized in Supplementary Table 1.

Mice, mouse experiments and in vivo reagents. All in vivo experiments were
carried out on age-matched, female, mixed genetic background mice between
6and 10 weeks of age!>?”. Commercial IFN-B (Sigma-Aldrich) was administered
via the intraperitoneal route at 10,000 IU/mouse and PECs extracted from mice of
both genotypes after 3 h of treatment. Endotoxin-free, IFN-o. was made in-house
as previously reported?” and also administered at 10,000 IU/mouse with PECs
extracted after 3 h of treatment. All LPS used in this study (K-235 E. coli from
Sigma-Aldrich) was repurified as described*8. Mice were administered 4 mg/
mouse for the disease model experiment. Mouse PECs were extracted by flushing
the peritoneal cavity with ice-cold, sterile PBS and were either lysed immedi-
ately for RNA extraction (microarray and qRT-PCR analysis), protein extrac-
tion (analysis of AKT activation by SDS-PAGE followed by immunoblotting;
Supplementary Note) or cultured for 24 h before stimulation (flow cytometry).
All animal experiments were compliant with guidelines set by the institutional
ethics committee (Monash Medical Centre AEC-A, Monash University).

Extraction of RNA and microarray analysis. PECs were lysed and homog-
enized before total RNA was purified and treated with DNase on columns
according to the manufacturer’s instructions (Qiagen). RNA was labeled with
cyanine-3 (Cy3) using the One-Color Low RNA Input Quick Amp
Amplification Kit (Agilent), purified by RNeasy column purification (Qiagen)
and fragmented using Agilent fragmentation and blocking reagents follow-
ing the manufacturer’s instructions. On completion, the preparation was
hybridized to Agilent Mouse GE v3 Microarrays for 17 h and washed fol-
lowing the manufacturer’s instructions. Slides were scanned on Agilent DNA
Microarray Scanner (G2505B) using one-color scan setting for ‘4x44K’ slides.
The scanned images were analyzed with Feature Extraction Software 9.5.3.1
(Agilent) using default parameters to obtain background-subtracted and
spatially detrended processed signal intensities. Features flagged in feature
extraction as ‘feature non-uniform’ outliers were excluded. Data from fea-
ture extraction were imported into GeneSpring GX11.5 (Agilent) for analysis.
Data were tested for significant difference between interferon-treated ver-
sus untreated groups using triplicate samples in each group, by performing a
Student’s ¢-test with the P value (<0.05 deemed significant) computed using the
asymptotic method. Probes were mapped and promoters extracted 1,500 bp
upstream and 500 bp downstream relative to Ensembl 69-annotated tran-
scription start sites*®. Clover transcription factor enrichment analysis was
performed as described previously®® using the Clover enrichment algorithm??
with Transfac Professional 2012 matrices and whole genome background sets.
All data produced was MIAME-compliant.

Extraction of RNA and cDNA synthesis for quantitative RT-PCR. For vali-
dation of gene expression by qRT-PCR, RNA was purified using an RNeasy
kit (Qiagen) and treated with DNase (Promega). All cDNA was synthesized
using Superscript III (Life Technologies) and random hexamers (Promega)
following the manufacturer’s instructions. qRT-PCR was performed using
either TagMan or Sybr reagents (ABI). Relative expression was determined
using the AACt method®! with gene expression normalized to 18S rRNA abun-
dance. All data are represented as fold induction relative to gene expression in
wild-type untreated mice except where stated. All experiments were carried
out in triplicate. The sequences of primers used for qRT-PCR are shown in
Supplementary Table 4.

Flow cytometry. For all experiments to detect surface IFNARI, nonspecific
antibody interactions were blocked using anti-CD16/CD32 blocking antibody
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(1:125 dilution; clone p3; eBiosciences) before staining with the specific anti-
bodies described below. For detection of surface IFNAR1 on PECs, cells from
wild-type, Ifnar1~'~ or Ifnar2~'~ mice were treated with IFN-f (1,000 IU/ml) for
30 min or 120 min as specified. After cells were collected, they were blocked
and stained with either biotinylated anti-IFNARI (1:1,000 dilution; MARI
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