The Molecular Basis of IL-10 Function:
from Receptor Structure to the Onset
of Signaling

Mark R. Walter

Abstract Assembly of the cell surface IL-10 receptor complex is the first step in
initiating IL-10 signaling pathways that regulate intestinal inflammation, viral
persistence and even tumor surveillance. The discovery of IL-10 homologs in the
genomes of herpes viruses suggests IL-10 signaling pathways can be manipulated at
the level of the receptor complex. This chapter will describe our current molecular
understanding of IL-10 receptor assembly based on crystal structures and biochemical
analyses of cellular and viral IL-10 receptor complexes.
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1 Introduction

Interleukin-10 (IL-10) is the founding member of the IL-10 cytokine family, which
includes IL-19, IL-20, IL-22, IL-24, and IL-26 (Fickenscher et al. 2002; Kotenko
2002; Pestka et al. 2004; Trivella et al. 2010; Zdanov 2010). With the interferons (type
I, IFNo/B; type 11, IFNy; and type III, IFN\ or IL28/IL29), the IL-10 family forms
the class 2 cytokine family, where membership is based on conserved cysteine posi-
tions in their receptor sequences (Bazan 1990; Ho et al. 1993; Walter 2004). IL-10is a
unique class 2 cytokine because it potently inhibits the production of proinflammatory
cytokines such as IFNy, tumor necrosis factor o (TNFa), IL-18 and IL-6 in several
cell types and prevents dendritic cell (DC) maturation in part by inhibiting the expres-
sion of IL-12 (Chang et al. 2004; Moore et al. 2001). IL-10 also inhibits the expres-
sion of MHC and costimulatory molecules important for cell-mediated immunity
(Moore et al. 2001). However, IL-10 also exhibits immunostimulatory activities that
include the ability to stimulate [IFNy production in CD8+ T cells activated with anti-
CD3/anti-CD28, or other cytokine cocktails (Mumm et al. 2011; Santin et al. 2000).
IL-10 is also a potent growth and differentiation factor for B-cells, mast cells and thy-
mocytes (Moore et al. 2001; Rousset et al. 1992; Thompson-Snipes et al. 1991).

IL-10 cellular responses require specific recognition and assembly of a heter-
odimeric cell surface complex comprised of IL-10R1 and IL-10R2 chains (Fig. 1)
(Kotenko et al. 1997). IL-10R1 is an ~80,000 kDa protein with an extracellular ligand
binding domain (ECD) of 227 residues, a transmembrane helix of 21 residues, and an
intracellular domain (ICD) of 322 amino acids (Liu et al. 1994). The ECD of IL-10R2
is about the same length as IL-10R1, consisting of 201 residues (Lutfalla et al. 1993).
However, the ICD of IL-10R2 consists of only 83 residues. The IL-10R1 ECD forms
specific high-affinity interactions (Kp = 50-200 pM) with IL-10, while IL-10R2 is a
low affinity (~mM) shared receptor that participates in receptor complexes with other
class 2 cytokine family members (Donnelly et al. 2004; Tan et al. 1993). Thus, in
addition to pairing with IL-10R1 to form the IL-10 signaling complex, IL-10R2 forms
IL22R1/IL-10R2 (Kotenko et al. 2001; Xie et al. 2000), IL-20R1/IL-10R2 (Hor et al.
2004; Sheikh et al. 2004), and IL28R1/IL-10R2 (Kotenko et al. 2003; Sheppard et al.
2003) heterodimers that are activated by IL-22, IL.-26, and IL-28a,b/IL29, respectively.

While the IL-10R1 and IL-10R2 ECDs bind IL-10, the ICDs are constitutively
associated with JAK1 and TYK2 kinases, respectively (Finbloom and Winestock
1995; Ho et al. 1995). IL-10 receptor binding activates JAK1 and TYK2,
which phosphorylate themselves and IL-10R1 ICD tyrosines Y446L—10Rl anqd
Y496'L10R1 T1_10R1 phosphotyrosines provide docking sites that predominantly
recruit and activate, via additional phosphorylation, the transcription factor STAT3
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Fig. 1 Sequential assembly of the IL-10/IL-10R1/IL-10R2 Signaling Complex. a 1:1 IL-10/
IL-10R1 complex. b 1:2 IL10/IL-10R1 complex. ¢ 1:2:2 IL-10/IL-10R1/IL-10R2 complex. As
noted in the text, an engineered monomeric cIL-10 can induce cell signaling (Josephson et al.
2000). Thus, IL-10R2 can engage the 1:1 IL-10/IL-10R1 complex. The intracellular receptor
domain and JAK/TYK kinases are shown schematically. The triangle represents the docking
site/s for unknown proteins required for TNF-a inhibition (Riley et al. 1999). d Enlarged image
of one cIL-10 subunit bound to IL-10R1 and IL-10R2 in the ternary signaling complex, which
denotes the location of the three binding interfaces that regulate complex formation

although STAT1 and STATS can also be activated (Donnelly et al. 1999; Finbloom
and Winestock 1995; Weber-Nordt et al. 1996; Wehinger et al. 1996). The STAT3
docking sites in IL-10R1 appear to be sufficient to induce IL-10-mediated pro-
liferative responses (Riley et al. 1999). In contrast, inhibition of TNFa requires
STAT3 and additional intracellular molecules that recognize serines located in the
C-terminal 30 residues of IL-10R1 (Riley et al. 1999; Takeda et al. 1999). A dock-
ing site for one or more E3 ligases has also been found in the IL-10R1 ICD that
promotes ubiquitination and destruction of the receptor (Jiang et al. 2011; Wei
et al. 2006). Removal of this region of IL-10R1 increased the potency of IL-10 on
cells by 10 to 100 fold (Ho et al. 1995). Thus, the IL-10R1 IDC engages multiple
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proteins/protein complexes that regulate its expression level and diverse biological
activities. In contrast, the only known function of the IL-10R2 IDC is to provide
a docking site for TYK2. Thus, all “IL-10" specific cellular functions appear to
reside in the IL-10R1 chain, while IL-10R2 provides a generic activation signal
that can be used to activate signaling pathways associated with the four different
R1 chains (e.g., IL-10R1, IL-20R 1, IL-22R1, and IL-28R1).

The diverse biology of IL-10 observed in cell culture studies is also observed
in animal models and in humans. In particular, disruption of the IL-10 signal-
ing pathway results in severe inflammatory disease, which was first observed in
IL-10 knockout (KO) mice that spontaneously developed inflammatory bowel dis-
ease (IBD) (Kuhn et al. 1993). The IBD phenotype was dependent on T-cells and
gut bacteria, suggesting IL-10 controls immune responses to commensal intesti-
nal pathogens (Rennick and Fort 2000; Sellon et al. 1998). Consistent with the
studies in animals, mutations in IL-10, IL-10R1, and IL-10R2 that disrupt IL-10
signaling have been identified in infants/children, who suffer from early onset IBD
(Engelhardt et al. 2013; Glocker et al. 2009; Grundtner et al. 2009).

The possibility that IL-10 signaling could promote viral infection was established
by identifying an open reading frame in the Epstein Barr virus (EBV) genome that
encoded an IL-10 homolog (ebvIL-10) (Moore et al. 1990). Analysis of another per-
sistent herpes virus, cytomegalovirus (CMV), revealed that it also harbored an IL-10
homolog (cmvIL-10) in its genome (Kotenko et al. 2000; Lockridge et al. 2000).
Subsequent studies have established that ebvIL-10 and cmvIL-10 exhibit distinct
receptor binding and biological activity profiles that may promote viral persistence
(Ding et al. 2000; Ding et al. 2001; Liu et al. 1997; Raftery et al. 2004; Rousset et al.
1992; Yoon et al. 2005). In contrast to EBV and CMYV, other persistent human patho-
gens, including HIV, upregulate cellular IL-10, which contributes to T-cell exhaus-
tion (Blackburn and Wherry 2007; Duell et al. 2012; Wilson and Brooks 2011).
Remarkably, antibody mediated disruption of IL-10 signaling has been shown to
enhance T cell responses and eliminate persistent viral infection in animal models.
(Brooks et al. 2006; Ejrnaes et al. 2006). Thus, strategies to efficiently block IL-10
signaling may have therapeutic potential against persistent viral infections.

While these studies are consistent with the dogma that IL-10 is an immuno-
suppressive cytokine, IL-10 clearly has potent immunostimulatory activities,
which are observed in studies in animals and humans. Strikingly, tumor immune
surveillance was shown to be weakened in IL-10 KO mice, whereas transgenic
overexpression of IL-10 protected mice from carcinogenesis (Mumm et al. 2011).
Furthermore, injection of PEGylated IL-10 into Her2 transgenic mice led to tumor
rejection that was dependent on activated CD8+ T cells that expressed IFNy and
granzyme B. (Mumm et al. 2011). Consistent with the animal studies, the admin-
istration of lipopolysaccharide (LPS) and IL-10 to humans reduced serum TNFa
levels, but also elevated IFNy and granzyme B (Lauw et al. 2000).

These brief examples demonstrate that IL-10 receptor signaling plays an essen-
tial role in inflammation, viral pathogenesis, and cancer. To understand the com-
plex nature of IL-10 activation, this review will describe the results of structural
and biochemical studies to define molecular mechanisms that control IL-10 recep-
tor assembly and subsequent cellular responses.
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Fig. 2 Structure of cIL-10 and IL-10 Receptors. a Ribbon and schematic diagrams showing
the structure and topology of the IL-10 domain swapped dimer. Overall structures of IL-10R1
(b), IL-10R2 (c), and a superposition of the receptor chains (d). Structural differences in the L2
receptor loops are highlighted in the box

2 Structures of I1L.-10 and IL-10 Receptor Complexes

2.1 Cellular IL10 (cIL-10)

Cellular human IL-10 (cIL-10) is a 160 amino acid polypeptide that adopts
a domain-swapped dimer with its subunits oriented at ~90° with respect to one
another (Fig. 2a) (Walter and Nagabhushan 1995; Zdanov et al. 1995; Zdanov
et al. 1996). Helices A, B, C, and D, from one peptide chain assemble with helices
E and F, from the twofold related chain, to form two helical bundles containing six
a-helices. The helices are connected by three tight turns (BC, CD, and EF loops)
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and two longer 12-residue loops (AB and DE loops) located at either ends of the
bundles. Two intra-chain disulfide bonds link the N-terminus, and helix C, to the
DE loop in each subunit. Thus, the disulfide bonds stabilize the assembly of heli-
ces A-D, but do not cross-link the two domain-swapped chains of the dimer.

The subunit structure of cIL-10 is similar to crystal structures of other IL-10 fam-
ily cytokines (IL-19, IL-20, IL-22, IL-28, and IL-29), and based on sequence simi-
larity, similar to IL-24 and IL-26 (Chang et al. 2003; Gad et al. 2009; Logsdon et
al. 2012; Miknis et al. 2010; Nagem et al. 2002; Xu et al. 2005). However, with the
possible exception of IL-26, cIL-10 is the only IL-10 family member that adopts a
domain-swapped dimeric structure. To address the necessity of cIL-10 dimer for-
mation to induce IL-10 signaling, a monomeric cIL-10 (cIL-10M1) was engineered
by inserting a 6 amino acid linker peptide into the DE loop (Josephson et al. 2000).
Despite its monomeric structure, cIL-10M1 was able to induce short-term cellular
proliferation, albeit with ~8—18 fold lower activity than the cIL-10 dimer. However,
maximal proliferative responses, equivalent to cIL-10, could be achieved with higher
concentrations of cIL-10M1. These studies suggest a 1:1 cIL-10M1/IL-10R1 interac-
tion is sufficient to engage the IL-10R2 chain and induce cIL-10 cellular responses.

2.2 cIL-10/IL-10R1 Complex

The structure of the cIL-10/IL-10R1 revealed two IL-10R1 chains bind the twofold
related surfaces of IL-10, comprised of helix A, the AB loop and helix F (the site
1 interface, Fig. 3), to form a 1:2 cIL-10/IL-10R1 binary complex (Fig. 1b). The
IL-10R1 ECD consists of two B-sandwich domains (D1 and D2) oriented at ~90°
to one another (Fig. 2b). IL-10R1 contacts IL-10 through five loops (L2-L6), which
are located on the convex surface of the receptor, at the junction of the D1 and D2
domains (Fig. 3b). IL-10R1 recognizes IL-10 in a “vertical” orientation, meaning the
helical bundle axis of each subunit is parallel to the long axis of IL-10R1. To form
these interactions, each IL-10R1 in the complex must rotate ~60° (counter-clock-
wise) away from a vector perpendicular to the plane of the cell membrane (Fig. 4a).
In this orientation, the C-terminal ends of the two receptors are separated by ~110 A
and incapable of activating a JAK mediated signaling cascade. The IL-10/IL-10R1
recognition paradigm is a unique feature of class 2 cytokines, relative to the class 1
cytokine family typified by growth hormone, IL-2 and IL6, where the helical bundle
axis is recognized in a horizontal orientation, relative to the long axis of their respec-
tive receptors (de Vos et al. 1992; Josephson et al. 2001; Wang et al. 2009).

2.3 Viral IL-10/IL-10R1 Complexes

The viral IL-10 homologs ebvIL-10 and cmvIL-10 share 83 and 27 % sequence
identity with cIL-10, respectively (Hsu et al. 1990; Kotenko et al. 2000; Lockridge
et al. 2000). As suggested by their high-sequence identity, the overall ebvIL-10/
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Fig. 3 Structure of the IL-10/IL-10R1 Binary Complex. a Comparison of the binary cIL-10/
IL-10R1 (top) and cmvIL-10/IL-10R1 complexes (bottom). b Enlarged region of the cIL-10/
IL-10R1 complex showing the site 1 interface. ¢ Key molecular contacts in the site la inter-
face enlarged from Fig. 3b. Amino acid sidechains described in the text are shown with carbon
atoms and bonds colored yellow, oxygen atoms red, and nitrogen atoms blue. The amino acids
are labeled using single letter amino acid codes (e.g. Glu = E). d Important contacts in the site
1b interface, enlarged from Fig. 3b. Amino acid side chains described in the text are colored and
labeled as described in Fig. 3c. e Backbone superposition of site 1 (helices A, B and F) from cIL-
10 (green) and cmvIL-10 (blue). cIL-10 and cmvIL-10 residues that donate sidechains to the site
1 interface are colored on the protein backbone yellow and red, respectively. The sidechains of
amino acids conserved in the cIL-10 and cmvIL-10 site 1 interface are shown with carbon atoms
and bonds colored green for cIL-10 and blue for cmvIL-10. For all sidechains shown, oxygen
atoms are red and nitrogen atoms are blue

IL-10R1 structure is almost identical to the cIL-10/IL-10R1 complex (Yoon et al.
2005). In contrast, the cmvIL-10/IL-10R1 complex adopts a significantly different
structure from cIL-10/IL-10R1 (Jones et al. 2002). The largest differences between
cIL-10/IL-10R1 and cmvIL-10/IL-10R1 complexes occur in the subunit orien-
tations of cmvIL-10 and cIL-10, whereas the structures of IL-10R1 and the site 1
binding interfaces are very similar (Fig. 3a). Like cIL-10 and ebvIL-10, cmvIL-10
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folds as a domain swapped dimer. However, the two peptide chains in cmvIL-10 are
cross linked by an interchain disulfide bond that is not found in cIL-10 or ebvIL-10
(Jones et al. 2002; Yoon et al. 2005; Zdanov et al. 1997). As a result of structural
changes within the dimer interface, the subunits of cmvIL-10 are oriented at an angle
of 130°, compared to 90° for cIL-10. The change in subunit orientation causes the
IL-10R1 chains, in the cmvIL-10/IL-10R1 complex, to rotate counter clockwise an
additional ~25° relative to their position in the cIL-10/IL-10R1 complex (Fig. 3a).
Despite the change in orientations of the IL-10R1s in the cmvIL-10/IL-10R1 com-
plex, the C-terminal ends of the IL-10R1 folds chains are separated by 105 A,
which is essentially identical to their separation in the cIL-10/IL-10R1 complex
(110 A). Conservation of the twofold relationship and similar spacing of the receptor
C-termini suggests these features are important for optimal IL-10 signal transduction.

The distinct orientation of the IL-10R1s in the cmvIL-10/IL-10R1 complex
(Fig. 3a, e.g., almost parallel with the cell membrane) could alter the gene expres-
sion profile of cmvIL-10 relative to cIL-10. In support of this hypothesis, struc-
tural analyses of erythropoietin (EPO), and EPO peptide mimetics, bound to EPO
receptor (EPOR), revealed agonist or antagonist activity was correlated, not with
dimerization of the receptor chains, but the orientation of EPOR in the different
complexes (Livnah et al. 1998). Despite these observations, no significant dif-
ferences in biological activity have been found between cmvIL-10 and cIL-10.
Interestingly, cIL-10 and ebvIL-10, which share identical complex structures, have
markedly different biological activities (Ding et al. 2001; Liu et al. 1997; Rousset
et al. 1992; Yoon et al. 2012). In the case of ebvIL-10, the functional differences
between ebvIL-10 and cIL-10 are largely due to ebvIL-10’s reduced binding affin-
ity for IL-10R1 and not large structural changes in the receptor complex (Ding
et al. 2001; Liu et al. 1997; Yoon et al. 2005).

2.4 cIL-10/IL-10R1 Site 1 Interface

Residues in the cIL-10/IL-10R1 site 1 interface are mostly polar (~70 %) and cluster
into two structurally distinct interaction surfaces, site 1a and site 1b (Josephson et al.
2001). Site 1a is centered on the bend in helix F and includes the AB loop while site
1b is located near the N-terminus of helix A and the C-terminus of helix F (Fig. 3b).
Receptor binding loops L2-L4 from the IL-10R1 D1 domain interact exclusively
with site 1a, while loops L5 and L6 from the D2 domain interact with site 1b.

Site la accounts for approximately 67 % of the total buried surface area
(~1000 A2) in the site 1 interface (Fig. 3c). IL-10R1 residues Tyr-43, Arg-76,
and Arg-96 make extensive interactions in the interface. The phenolic group of
Tyr-43 buries the most surface area of any IL-10R1 residue into a shallow cavity
created by helix F and the AB loop. The base of the cavity is formed by cIL-10
residues Glu-142 and Lys-138 that each form hydrogen bonds to the OH of Tyr-
43. Adjacent to Tyr-43, the N of Gly-44L—10Rl forms a hydrogen bond with the
carbonyl oxygen of AB loop residue Asp-44'“~10 An extensive hydrogen bond/
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salt bridge network is also formed between Arg-96™19R1 and Asp-144-—10 GIn-
3810 and the carbonyl oxygen of Ser-141L-10,

Site 1b is centered on the ion pair formed between Arg-27~10 and Glu-
151'=10 Jocated on helices A and F, respectively (Fig. 3d). Glu-151"=10 forms a
series of hydrogen bonds with Ser-190™~10R and Arg-191-—10R! Jocated on the
L6 loop. Additional interactions are formed between the carbonyl oxygens of Ser-
190~ 10RT and Arg-191~10R1 with the Ne atoms of Arg-27-~10 and Arg-241-10,
respectively. The interface also contains a small hydrophobic surface comprised
of Phe-143L—10RT that packs into a cleft formed by Pro-20"~10 and Ile-158—10,
Additional hydrophobic surface area is donated to the interface through packing of
the aliphatic portions of Arg-191™~19R! and Arg-27=10 (Josephson et al. 2001).

2.5 IL-10R2 Chain

Although IL-10R2 exhibits low-affinity for cIL-10, its overall architecture is simi-
lar to IL-10R1 (Figs. 2c, d) (Yoon et al. 2010). Like IL-10R1, IL-10R2 consists
of two B-sandwich domains (D1 and D2) that are oriented at ~90° to one another.
However, the IL-10R2 L2 and L5 loops adopt significantly different conforma-
tions than observed in IL-10R1. In particular, the L2182 adopts a B-hairpin
structure and L5™~19R2 forms a “thumb-like” structure that extends away from the
rest of the molecule. The conformations of the L2-~10R2 hairpin and L5~ 10R2
thumb give rise to two clefts (L2/L3 and L3/L5 clefts) that are not observed in
IL-10R1, or the ECDs of IL-22R1, IL-20R1, or IL-28R1 (Bleicher et al. 2008;
Jones et al. 2008; Logsdon et al. 2012; Miknis et al. 2010; Yoon et al. 2010). In
addition to unique structures, the L2, L3, and L5 loops are lined with aromatic
residues (Tyr-56, Tyr-59, Tyr-82, Tyr-140, and Trp-143) that allow IL-10R2 to rec-
ognize IL-10, as well as IL-22, IL-26, IL-28a,b, and IL-29 (Fig. 4d) (Yoon et al.
2010). In support of these findings, structure-function studies, performed on the
class 1 shared receptors gp130 and IL2yc, demonstrated aromatic residues Phe-
1698130 and Tyr-103Y¢ form critical contacts at the center of the IL-6/gp130, IL-2/
yc, and IL-4/yc interfaces (Wang et al. 2009). Comparisons between IL-10R2,
gp130, and IL2yc demonstrate Phe-1692P130 Tyr-103v¢, and Tyr-82L10R2 are
structurally conserved, which suggests the promiscuous binding cytokine receptors
share a common origin (Yoon et al. 2010).

2.6 Model of the cIL-10/IL-10R1/IL-10R?2 Signaling
Complex

A structure-based model of the cIL-10/IL-10R1/IL-10R2 signaling complex has
been generated using a mutagenesis /computational docking strategy (Fig. 1d)
(Yoon et al. 2010). In the final model, the cIL-10 dimer assembles a symmetric
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Fig. 4 IL-10R1 Binding induces conformational changes in the IL-10R2 binding site (Site 2). a
Orthogonal view, relative to Fig. 1b, of the IL-10/IL-10R1 binary complex. b Orthogonal view,
relative to Fig. lc, of the IL-10/IL-10R1/IL-10R2 signaling complex derived from a data-driven
computational docking strategy (Yoon et al. 2010). ¢ Ribbon diagram of one subunit of IL-10
colored to show the extent of conformational changes observed upon IL-10R1 binding. Distances
in the legend correspond to distances between a-carbon atoms in unbound cIL-10 and IL-10R1-
bound cIL-10 (Yoon et al. 2006). “Not observed” regions (white) correspond to residues that
were not observed in the final electron density maps of unbound cIL-10, but were present in the
structure of the cIL-10/sIL-10R1 complex. Residues that form the IL-10R1 binding site 1 are
denoted by blue spheres. The sidechains of residues important for IL-10R2 binding are shown in
magenta. d Enlargement of the site 2 interface (see Fig. 1d), which shows interactions between
aromatic IL-10R2 residues (yellow) and IL-10 residues determined to be important for IL-10R2
binding by mutagenesis (magenta). For all sidechains shown, oxygen atoms are colored red and
nitrogen atoms are blue

complex containing two IL-10R1 chains and two IL-10R2 chains (Figs. lc, 4b).
In the ternary complex, IL-10R2 forms two contacts with the cIL-10/IL-10R1
binary complex. A site 2 interface between cIL-10 and IL-10R2 and a site 3 inter-
face between the D2 domains of IL-10R1 and IL-10R2 (Fig. 1d). At this time, no
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experimental data directly confirms the formation of the site 3 interface. This is
because mutational data used for the docking experiment characterized the cIL-
10/IL-10R2 site 2 interface but not residues in the putative site 3 contact (Yoon
et al. 2010). Interestingly, modeling IL-10R2 onto the recently determined IL-20/
IL-20R1/IL-20R2 ternary complex structure, another IL-10 family cytokine, sug-
gests the site 3 interface may not form (Logsdon et al. 2012). Small angle x-ray
scattering experiments confirmed IL-10R2 adopts a rigid structure with a fixed
D1/D2 domain orientation (Logsdon et al. 2012). Thus, IL-10R2 flexibility can-
not be used to explain problems with the docking model. This suggests IL-20R2
and IL-10R2 recognition strategies may be very different. Interestingly, the crystal
structure of another class 2 cytokine ternary complex, IFNa2/IFNAR1/IFNAR?2,
revealed the membrane proximal domain of the IFNARI chain, equivalent to the
IL-10R2 D2 domain, is disordered (Thomas et al. 2011). Together, the data sug-
gests the IL-10R1/IL-10R2 site 3 interface either does not form or is extremely
weak and/or transient in nature.

In contrast to site 3, the structural model of site 2 is consistent with mutational
analysis of cIL-10 and IL-10R2, which provides insight into how IL-10R2 is
recruited into the binary cIL-10/IL-10R1 complex (Yoon et al. 2010; Yoon et al.
2006). The main features of the site 2 interface are three IL-10R2 binding loops
(L2, L3, and L5, Fig. 4d) that recognize cIL-10 helices A and D in a “vertical”
manner, as described for the cIL-10/IL-10R1 interaction (Fig. 4b). Met-22¢L—10,
located between helices A and D, forms the center of the interface and packs
against L3~10R2 regidue Tyr-82™—10R2 (Fig, 4d). On either side of L3L—10R2
L2WL—10R2 “and L5™—10R2 form contacts with helices D and A, respectively. As
predicted from analysis of the IL-10R2 structure, IL-10R2 aromatic residues,
that when mutated to alanine disrupt cIL-10 binding, form several key contacts
in the interface (Yoon et al. 2010; Yoon et al. 2006). In particular, L3 residue Ser-
80L1OR2 forms contacts with Arg-32¢L=10, 1.2 residue Tyr-56"-19R2 forms contacts
with Ser-93°4=10 and L5 residue Tyr-140~19R2 contacts Ser-31°1~10 (Fig. 4d).

3 IL-10R1 and IL-10R2 Binding Properties and Impact
on Signaling

3.1 Binding and Sensor Properties of IL-10R1 and IL-10R2

The affinity of cIL-10 for cell surface IL-10R1 ranges from 50 to 200 pM when
measured on different cell lines (Ding et al. 2001; Liu et al. 1997; Tan et al. 1993).
On a biacore chip surface, the Kp of the cIL-10/IL-10R1 interaction was deter-
mined to be 240 pM (Yoon et al. 2012). Thus, cell surface binding and in vitro sur-
face plasmon resonance (SPR) analyses are in good agreement. Although IL-10R2
is essential for the biological activity of cIL-10 (Kotenko et al. 1997), cIL-10 cell
binding affinity does not change whether the IL-10R2 chain is expressed on cells
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or not (Ding et al. 2001). Subsequent SPR studies estimated the cIL-10/IL10R2
binding affinity to be approximately 3 mM (Logsdon et al. 2002). Additional
in vitro binding studies measured a ~13-fold increase in the affinity of soluble
IL-10R2 (Kp = 234 uM) for the cIL-10/IL-10R2 binary complex, relative to cIL-
10 alone (Yoon et al. 2005). Even with the ~13-fold affinity increase, IL-10R2
interaction is approximately four orders of magnitude weaker than the cIL-10/
IL-10R1 site 1 interaction.

As a result of the disparate IL-10R1 and IL-10R2 affinities, each receptor chain
has a distinct function in activating IL-10 cellular responses. Specifically, IL-10R1
functions as the IL-10 binding chain which controls cell specificity and cellu-
lar targeting of IL-10 to immune cells that selectively express the IL-10R1 chain
(Nagalakshmi et al. 2004; Wolk et al. 2002). The second function of the IL-10R1
chain is to regulate receptor occupancy time, which is controlled by the kinetics of
the IL-10/IL-10R1 interaction. In contrast to IL-10R1, IL-10R2 functions as a sensor
chain, which efficiently “senses” IL-10 bound to IL-10R1 (e.g., the IL-10/IL-10R1
complex). Thus, the role of the IL-10R2 chain is to activate signaling based on the
kinetics of the IL-10/IL-10R1 interaction. Because of its singular function, IL-10R2
can be used in similar signaling strategies of the other IL-10R2 binding cytokines,
IL-22, IL-26, IL-28a/b, and IL-29 (Donnelly et al. 2004; Jones et al. 2008; Yoon et al.
2010). This allows specific signaling responses from six cytokines using five recep-
tors. Thus, the promiscuous binding IL-10R2, with its singular function, reduces the
number of unique receptor chains required for IL-10 family cytokine signaling.

Not surprisingly, changes in site 1 (IL-10/IL-10R1) or site 2 (IL-10/IL-10R2)
interfaces result in different biological outcomes (Ding et al. 2001; Raftery et al.
2004; Yoon et al. 2012; Yoon et al. 2006). Disruptions in IL-10 site 1, increases the
effective concentration of the ligand required to induce one half of measured max-
imal biological responses (EC50). Despite increased EC50 values, site 1 mutants
can still induce biological responses equivalent to cIL-10, at high-protein concen-
trations (Yoon et al. 2012). In contrast, mutations in IL-10 site 2 cannot induce
the same response levels observed for cIL-10, despite the addition of extremely
high-protein concentrations (Yoon et al. 2006). However, consistent with the low-
affinity of the IL10R2 chain, most mutations in IL-10 site 2 have little impact on
IL-10 signaling, whereas most mutations made in the high-affinity site 1 cause a
measurable difference in biological activity. Overall, these findings are consistent
with the roles of IL-10R1 and IL-10R2, as binding and sensor chains, respectively.

3.2 Reduced IL-10/IL-10R1 Affinity Prevents Signaling
on Cells with Low-IL-10R1 Levels

The impact of reduced IL-10/IL-10R1 binding affinity on IL-10 cellular responses
has been predominantly studied using ebvIL-10, which exhibits ~1000-fold lower
affinity for IL-10R1 than cIL-10 (Ding et al. 2001; Liu et al. 1997; Yoon et al.
2012). Due to its weak affinity, ebvIL-10 was unable to signal on thymocytes,
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which express very low-levels of IL-10R1, whereas cIL-10 signaled normally (Ding
et al. 2001). Thus, ebvIL-10/IL-10R1 binding affinity is insufficient to assemble
enough ebvIL-10/IL-10R1/IL-10R2 complexes to reach the threshold required for
signaling. While EBV has presumably engineered ebvIL-10 to not be responsive on
cells with low-IL-10R1 levels, regulation of cell surface IL-10R1 levels appears to
be a normal mechanism to regulate IL-10 signaling. Specifically, human neutrophils
do not respond to cIL-10 unless they are activated by danger signals, such as LPS,
which upregulates IL-10R1 expression allowing cIL-10 signaling (Crepaldi et al.
2001; Tamassia et al. 2008). In contrast to neutrophils, activated DC express lower
levels of IL-10R1 than immature DC (Corinti et al. 2001; Kalinski et al. 1998). In
contrast to IL-10R1, IL-10R2 has been shown to be constitutively expressed on
essentially all cells (Nagalakshmi et al. 2004; Wolk et al. 2002).

3.3 Reduced IL-10/IL-10R1 Affinity Stimulates Signaling
on Cells with High-IL-10R1 Levels

Although ebvIL-10 cannot signal on cells expressing low-IL-10R1 levels, ebvIL-10
signaling is enhanced, relative to cIL-10, on cells (e.g., human B-cells) that express
high-IL-10R1 levels (Liu et al. 1997; Rousset et al. 1992; Yoon et al. 2012). To
address this counter intuitive observation, a series of ebvIL-10/cIL-10 chimeras
were expressed, purified, and tested for receptor binding and biological activity
(Yoon et al. 2012). A unique feature of this study was the ebvIL-10/cIL-10 chi-
meras were produced as monomers and dimers to further address the importance
of the IL-10 dimer in activating IL-10 cellular responses. Yoon et al. found mono-
meric ebvIL-10/cIL-10 chimeras stimulated short-term proliferative responses that
were directly proportional to IL-10R1 affinity (Yoon et al. 2012). Thus, IL-10 mon-
omers exhibiting weak affinity for IL-10R1 exhibited weak cellular responses and
monomers with high-affinity for IL-10R1 exhibited enhanced biological activity.
In contrast to experiments performed with the monomers, the biological activity of
ebvIL-10/cIL-10 dimers was inversely proportional to IL-10R1 affinity. For exam-
ple, dimers with high-affinity for IL-10R1 (e.g., cIL-10) exhibited lower biologi-
cal activity than dimers with reduced affinity for IL-10R1 (e.g., ebvIL-10). Thus,
the ebvlL-10 dimer was essential for its enhanced signaling properties on cells
expressing high-levels of IL-10R1.

Receptor binding kinetics revealed ebvIL-10 exhibits very transient interac-
tions (~10 s) with IL-10R1, before the complex falls apart (Yoon et al. 2012). In
contrast, cIL-10/IL-10R1 interactions are very stable (~50 min). As a result,
ebvlL-10 is very inefficient in forming the 1:2 ebvIL-10/IL-10R1 complex
(see Fig. 1b). This suggests ebvIL-10 may activate cellular responses primarily by
formation of 1:1 ebvIL-10/IL-10R1 complexes that are recognized by IL-10R2
as shown by Josephson et al. (Josephson et al. 2000) (e.g., Fig. 1a). How tran-
sient receptor binding enhances biological activity remains to be determined. One
hypothesis is transient ebvIL-10/IL-10R1 interactions prevent the engagement of
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the IL-10R1 ubiquitination machinery, which prevents IL-10R1 internalization and
signal termination (Jiang et al. 2011; Wei et al. 2006). A second hypothesis suggests
that cells that express high-levels of IL-10R1 capture high-affinity cIL-10 in non-
functional cIL-10/IL-10R1 complexes that reduce its biological activity. This idea
originated from biochemical studies that demonstrated the soluble cIL-10/IL-10R1
complex contains two cIL-10 dimers and four sIL-10R1 molecules (Tan et al. 1993).
The solution stoichiometry of the complex is also observed in the cIL-10/IL-10R1
crystals, where two 1:2 cIL-10/IL-10R1 complexes are positioned adjacent to one
another such that they block IL-10R2 binding (Josephson et al. 2001).

4 Structural Mechanisms Regulating IL-10/IL-10R1/
IL-10R2 Assembly

4.1 Conserved IL-10 Site 1 Residues

To identify essential molecular features of IL-10 required for IL-10 receptor bind-
ing, the diverse sequences and structures of the cellular and viral IL-10s were
compared, since all share the ability to engage IL-10R1 and IL-10R2 and initi-
ate IL-10 signaling responses (Slobedman et al. 2009). This analysis revealed
the subunit structures of ebvIL-10 and cmvIL-10 exhibit root mean square devia-
tions (r.m.s.d.) of 0.5 and 1.9 A, respectively, with cIL-10 (Yoon et al. 2005). The
structural comparison identified eight residues (Leu-23, Arg-27, Lys-34, Gln-38,
Ser-141, Asp-142, Asp-144, Glu-151, see Fig. 3d) whose sequence and structure
were conserved in the site 1 interface (Jones et al. 2002). Not surprisingly, these
residues participate in the extensive hydrogen binding networks observed in site
la (Fig. 3c) and site 1b (Fig. 3d). However, they also form interpeptide salt bridges
between helices A and F in the domain-swapped dimer (Fig. 3e) (Jones et al. 2002;
Zdanov et al. 1995). Thus, these conserved residues promote the folding and sta-
bility of IL-10, as well as forming critical interactions with IL-10R1.

4.2 IL-10/IL-10R1 Specificity: A Two-Point Recognition
Model

While conserved residues in the IL-10 site 1 interface are important for IL-10R1
binding, they do not fully explain why IL-10 is specific for IL-10R1 and not other
class 2 cytokine receptors, such as IL-22R1. To identify key molecular features
that control IL-10/IL-10R1 specificity, structural comparisons of cellular and viral
IL-10/IL-10R1 complexes (Jones et al. 2002; Josephson et al. 2001; Yoon et al.
2005), and IL-22/IL-22R1 complexes (Bleicher et al. 2008; Jones et al. 2008)
were performed. This analysis identified the site la L2/AB loop recognition
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motif, which consists of Tyr-43"L—10Rl and Gly-44L—10R1 a5 a critical specificity
determinant (Fig. 3c). This is because the precise geometry of the extensive site la
hydrogen bonds, positions the IL-10 subunit for additional IL-10R1 interactions in
site 1b (Fig. 3d), which cannot be accurately reproduced in noncognate complexes
(e.g., IL-22/sIL-10R1 or IL-10/sIL-22R1) without steric clashes between other
regions of the molecules. Thus, the requirement for specific contacts in two spa-
tially distinct regions of the interface, sitela and site 1b (Fig. 3b), provides critical
constraints that ensure specificity between IL-10/IL-10R1 and other IL-10 family
complexes, such as IL-22/IL-22R1.

4.3 IL-10 Conformational Changes Regulate IL-10/IL-10R1
Affinity and IL-10R2 Recruitment

A static picture of IL-10/IL-10R1 binding does not explain ebvIL-10 binding affinity
or recruitment of IL-10R2 into the IL-10/IL-10R1 complex. Both cIL-10 and ebvIL-10
share the 8 conserved residues within the IL-10R1 binding epitope. However, ebvIL-
10 exhibits ~1000-fold lower affinity for IL-10R1 than cIL-10 (Ding et al. 2001; Liu et
al. 1997). Comparison of the amount of surface area buried in the cIL-10R1/IL-10R1
and ebvIL-10/IL-10R1 site 1 interfaces are very similar (Yoon et al. 2005). Thus, bur-
ied surface area does not explain the differences in IL-10R1 affinity between cIL-10
and ebvIL-10. However, closer examination revealed the ebvIL-10 AB loop is partially
disordered in the ebvIL10/IL-10R1 complex (Yoon et al. 2005). In contrast, the cIL-10
AB loop is completely ordered in the cIL-10/IL-10R1 complex (Josephson et al. 2001;
Yoon et al. 2005). Furthermore, the cIL-10 and ebvIL-10 AB loops are completely
disordered in structures determined without the IL-10R1 chain (Fig. 4c) (Walter and
Nagabhushan 1995; Zdanov et al. 1997). Taken together, this data suggests IL-10R1
binding promotes the ordering of the cIL-10 and ebvIL-10 AB loops. However, in the
case of ebvlL-10, the transition to the ordered state is only partially completed. As a
result of the increased mobility of the ebvIL-10 AB loop, the hydrogen bonds in site
la are less precise (e.g., increased hydrogen bond lengths and poor geometry) than
observed in the cIL-10/IL-10R1 complex, which as described in the two-point recog-
nition model, disrupts interactions in site 1b and overall ebv/IL-10R1 affinity (Yoon
et al. 2005).

To substantiate this model, a series of ebvIL-10/cIL-10 chimeras were tested
for IL-10R1 binding affinity (Yoon et al. 2012). This study revealed changing just
two residues in the ebvIL-10 AB loop (V43°PVIL=10 and A87¢0VIL—10) o cIL-10
residues (L4310 and 187°L-10) almost completely restored “cIL-10-like”
IL-10R1 affinity (Yoon et al. 2012). Remarkably, residues L43¢1L=10 and 187¢1L—10
point into the IL-10 hydrophobic core and make no direct contacts with IL-10R1
(Yoon et al. 2005). Thus, ebvIL-10 contains packing defects in its hydrophobic
core, which prevents the AB loop from effectively “locking” into an orientation
that precisely positions ebvIL-10 site 1a and site 1b IL-10R1 contacts for high-
affinity binding.
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Conformational changes in cIL-10 that occur upon IL-10R1 binding were
determined by comparing crystal structures of unbound cIL-10 and IL-10R1-
bound cIL-10 (Fig. 4c) (Yoon et al. 2006). In addition to “ordering” the AB loop,
IL-10R1 binding also induces conformational changes (exceeding 2A) in the
N-terminus of helix A and in the CD loop, which corresponds to the IL-10R2 site
2 binding site (Figs. 1d, 4d) (Yoon et al. 2006). Specific IL-10R2 binding resi-
dues (Fig. 4d) that undergo large conformational changes include Asn-21¢-—10,
Met-22¢0-10 and Arg-32¢1L-10 which are adjacent to IL-10R1 site 1a and site
1b. These conformational changes provide a structural mechanism to explain the
~13-fold increase in IL-10R2 affinity for the cIL-10/IL-10R1 complex compared
to cIL-10 alone (Logsdon et al. 2002). The conformational coupling between cIL-
10 site 1 and site 2 revealed from crystal structure analysis is further validated by
mutations in cIL-10 site 2, which increase the affinity of the site 1 cIL-10/IL-10R1
interaction (Yoon et al. 2006).

5 Conclusions

Using crystal structures, receptor binding, protein engineering and functional
studies, a unifying mechanism of IL-10 receptor assembly is beginning to appear.
These data provide a molecular framework for understanding the diverse bio-
logical functions of IL-10 under normal and pathologic conditions. To date, the
structural data has been used to design nonfunctional versions of rhesus CMV
IL-10 (RhemvIL-10) for use in vaccination strategies against RhCMYV, the non-
human primate model of CMV (Crough and Khanna 2009; Yue and Barry 2008).
Immunization of RhCMV-infected rhesus macaques with these nonfunction
RhcmvIL-10 mutants stimulated antibodies that neutralize wildtype RhemvIL-10
biological activity, but do not cross react with rhesus cellular IL-10 (Logsdon
et al. 2011). Given the critical role of IL-10 in persistent viral infections, vaccine
induced neutralization of cmvIL-10 biological activity could be an exciting new
strategy to prevent CMV infection or reinfection.

Structural elucidation of the IL-10 signaling complex has also played an impor-
tant role in understanding IL-10, IL-10R1, and IL-10R2 mutations, which are
found in patients suffering from early onset IBD (Eberhardt et al. 2012; Grundtner
et al. 2009). Further studies will refine the ability to predict the biological proper-
ties of newly discovered mutations and might ultimately lead to short-term thera-
pies that restore IL-10 signaling to these patients while hematopoietic stem cell
therapy is being considered.

While excellent progress has been made elucidating molecular mechanisms of
IL-10 receptor binding and formation of the extracellular signaling complex, the
accompanying intracellular steps required for activation remain largely unknown
(Fig. 1). This problem is not specific to the IL-10 receptor complex, but is a gen-
eral problem in the cytokine structural biology field. It should be noted that crys-
tal structures of JAK1 and TYK2 kinase (JH1) domains, and a JAK pseudo kinase
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(JH2) domain, have been determined (Bandaranayake et al. 2012; Chrencik et al.
2010; Williams et al. 2009). However, this represents only ~50 % of the full length
JAK and TYK proteins (Haan et al. 2010). Furthermore, how these proteins assem-
ble with the IL-10R1 and IL-10R2 ICDs, or how the JAKSs alter their conformations
upon IL-10 binding to the ECDs remains unknown. These are important fundamen-
tal questions that could lead to new strategies to harness IL-10 biological activities
for therapies to treat inflammatory disease, viral infections, and even cancer.
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