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Abstract

The heterodimeric IL-12 cytokine family is characterized by the sharing of three a (p19, p28, p35)
and two B (p40 and Ebi3) subunits, and includes 1L-12 (p35/p40), IL-23 (p19/p40), IL-27 (p28/
Ebi3) and IL-35 (p35/Ebi3). In this study, the dimerization interfaces of IL-12 family members
were characterized, with emphasis on IL-35. Ebi3 and p35 subunits from human and mouse paired
effectively with each other, indicating there is no species barrier to IL-35 dimerization and
suggesting a conserved dimerization interface. Specific p35 residues that contribute to formation
of the I1L-12 interface were assessed for their contribution to the IL-35 interface, and candidate
Ebi3 residues were screened for their contribution to both 1L-27 and 1L-35 interfaces. Several
residues were identified as critical to the IL-12 or IL-27 interfaces. Conversely, no single mutation
was identified that completely disrupts p35/Ebi3 pairing. Linear alanine scanning mutagenesis on
both p35 and Ebi3 subunits was performed, focusing on residues that are conserved between the
mouse and human proteins. Additionally, a structure-based alanine-scanning approach in which
mutations were clustered based on proximitiy was performed on the p35 subunit. Both approaches
suggest that 1L-35 has distinct criteria for subunit pairing and is remarkabley less sensitive to
structural perturbation than IL-12 and IL-27. Additionally, studies using a panel of anti-p35 and
anti-Ebi3 antibodies indicate differential availability of epitopes within IL-12 family members that
share these subunits, suggesting that I1L-35 has distinct structural features, relative to 1L-12 and
IL-27. These results may be useful in future directed therapeutic targeting of 1L-12 family
members.
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1. INTRODUCTION

The IL-12 cytokine family consists of 1L-12, IL-23, IL-27 and IL-35, which have diverse
functions and play a role in both pro- and anti-inflammatory responses. IL-12, IL-23, and
IL-27 are all expressed by activated antigen presenting cells (APCs). IL-12 promotes Thl
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differentiation and IFN-y production by T cells, and plays a role in induction of anti-tumor
responses (Egilmez and Kilinc, 2010; Trinchieri, 2003; Watford et al., 2003). IL-23 is a key
mediator of Th17 responses, promoting IL-17/1L-22 production, and expansion and
maintenance of Th17 cells in autoimmune disorders (Ahern et al., 2010; Awasthi and
Kuchroo, 2009; Cua et al., 2003; McGeachy et al., 2009). IL-23 is also known to play a role
in induction and maintenance of T cell memory (Oppmann et al., 2000). IL-27 can synergize
with I1L-12 to promote IFN-y production early in the Th1 response, and can also suppress
the formation of TGF-p induced Tregs (Neufert et al., 2007; Pflanz et al., 2002). IL-27 also
acts in an anti-inflammatory manor, promoting induction of Foxp3~ IL-10 producing Trl
cells, limiting IL-2 production, and blocking lineage commitment and induction of Th17
responses (Awasthi et al., 2007; Diveu et al., 2009; Villarino et al., 2006). The newest 1L-12
family member, IL-35, is expressed by regulatory T cells (Tregs) and has been shown to
contribute to their suppressive capacity and has been suggested to suppress Th17 cells
(Chaturvedi et al., 2011; Collison et al., 2007; Niedbala et al., 2007). IL-35 can also induce
its own expression, generating an inhibitory population of Foxp3~ IL-35* cells (iTr35s) that
suppress inflammation in IBD and EAE models (Collison et al., 2010). More recently, IL-35
has also been shown to suppress airway inflammation in asthma model and to block IL-2-
mediated CNS demyelination, highlighting its potential as a therapeutic reagent in multiple
autoimmune disorders (Huang et al., 2011; Zandian et al., 2011). Conversely, 1L-35
expression by Tregs and iTr35s in a tumor microenvironment leads to reduced tumor
immunity and blockade of I1L-35 function may promote tumor clearance (Collison et al.,
2010).

The IL-12 family cytokines are a/p heterodimers consisting of one of three a subunits (p35,
p28, p19) and one of two B subunits (p40, Ebi3), and this interaction is structurally
homologous to type-1 IL-6 cytokine/receptor interactions. IL-12 family a subunits are four-
helix bundle long-chain cytokines, similar to IL-6 family cytokines (IL-6, IL-11, LIF, OSM,
CNTF). The B subunits, p40 and Ebi3, are homologous to non-signaling receptors of the
IL-6 family (IL-6R, IL-11R, CNTFR). These B-subunits/receptors consist of two tandem
fibronectin type 111 domains (FNIII) that form a cytokine-binding homology region (CHR),
as well as an N-terminal 1g domain. Ebi3 is unique among IL-6/1L-12 family members in
that it is lacking the N-terminal Ig domain (Jones and Vignali, 2011; Wang et al., 2009).
Unlike IL-6-like cytokines, which are secreted and bind to their receptors extracellularly,
IL-12 family members are secreted as functional heterodimers.

Insight into subunit pairing and sharing has been gained by several structural studies of
IL-12 family members. A crystal structure of human IL-12 showed that charge interactions
are important within the p40/p35 interface (Yoon et al., 2000). A key arginine residue on the
p35 subunit (R189) interacts with an aspartic acid on the p40 subunit (D290) and mutation
of either residue to alanine completely abrogates dimer formation. Furthermore, substitution
of either residue with another of a conserved charge partially restores the interaction,
indicating the importance of this interaction (Yoon et al., 2000). The more recent structure
of IL-23, which shares the p40 B subunit with IL-12, has improved understanding of the
molecular basis of subunit sharing within the IL-12 family (Lupardus and Garcia, 2008).
This structure showed that some key interactions are conserved between I1L-12 and IL-23.
The p19 subunit contains an arginine residue homologous to the critical arginine in p35 and
the arginine interaction with the p40 aspartic acid residue is conserved in both cytokines.
The 1L-23 and IL-12 structures contained areas of p40 involved in distinct interactions as
well, suggesting that it might be possible to target these two cytokines independently with
small molecule inhibitors. It is not known if this is a feature common to all IL-12 family
members, or unique to the p40 subunit. There is no crystal structure of IL-27, however, a
recent mutagenesis study on human IL-27 identified a conserved tryptophan residue in the
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p28 subunit, as well as two acidic Ebi3 residues that are involved in the IL-27 dimer
interface (Rousseau et al., 2010).

IL-35 has shown early promise as a potential therapeutic target, but nothing is known about
the nature of the dimer interface and whether the p35 and Ebi3 subunits use the same
interface for 1L-35 formation as they do for IL-12 and IL-27, respectively. Given the nature
of subunit sharing within the IL-12 cytokine family, a thorough understanding of these
interactions at the molecular level is essential for therapeutic development of 1L-35 reagents
that do not interfere with 1L-12 and IL-27. In this study we characterized the dimerization
interfaces of IL-12 family members, with an emphasis on 1L-35, using both targeted
mutagenesis and alanine-scanning mutagenesis approaches. These results elucidate the
molecular basis of subunit sharing within the IL-12 family and will be useful for developing
targeted inhibitors of IL-12 family members.

2. MATERIALS AND METHODS
2.1. Mice and cord blood

C57BL/6 mice were purchased from the Jackson Laboratory. All animal experiments were
performed in American Association for the Accreditation of Laboratory Animal Care-
accredited, specific-pathogen-free facilities in the St. Jude Animal Resource Center
following national, state and institutional guidelines. Animal protocols were approved by the
St Jude Animal Care and Use Committee. Human umbilical cord samples were provided by
Brandon Triplett, Michelle Howard and Melissa McKenna at the St. Louis Cord Blood
Bank, and were obtained from the umbilical vein immediately after vaginal delivery with the
informed consent of the mother and approved by St. Louis Cord Blood Bank Institutional
Review Board. Use at St. Jude was approved by the St. Jude IRB.

2.2. Cell lines and antibodies

HEK?293T (ATCC catalog # CRL-11268) were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% FCS, 2mM glutamine, 1mM pyruvate, 100pM
MEM non-essential amino acids (Gibco), 5mM HEPES, 5.5x10™°M B-mercaptoethanol,
100U/ml penicillin and 100pg/ml streptomycin. The following antibodies were purchased
from Sigma-Aldrich Biotechnology: purified mouse monoclonal anti-HA biotin clone HA-7,
agarose-conjugated purified mouse monoclonal anti-HA clone HA-7, purified mouse
monoclonal anti-FLAG biotin clone M2, and agarose-conjugated purified mouse
monoclonal anti-FLAG clone M2. Purified rat anti-mouse p35 clone C18.2 was purchased
from eBioscience. Monoclonal mouse anti-mouse p35 clones MMp35.8G7 (8G7) and
MMp35.A1.6 (Al.6) were generated in C57BL/6 mice vaccinated respectively with mouse
p35 N-ter peptide (RVIPVSGPARCLSQSRNLLKT)-ovalbumin or mouse 1L-12 protein-
ovalbumin conjugates produced according to previously described protocol (Uyttenhove et
al., 2011). Monoclonal hamster anti-mouse p35 clone RedT was a generous gift from E. R.
Unanue (Washington University, St. Louis, MO) (Tripp et al., 1995). Monoclonal rat anti-
mouse p35 clone 45806 was provided by R&D Systems. Biotinylated rat-anti-mouse p40
clone C17.8 was purchased from Biolegend. All purified mouse monoclonal anti-Ebi3
antibodies were generated as previously described (Collison et al., 2010). Mouse anti-GFP
clone B2 was obtained from Santa Cruz Biotechnology. Peroxidase-conjugated goat anti-
mouse polyclonal 1gG was purchased from Thermo Fisher Scientific. Streptavidin-
biotinylated horseradish peroxidase complex was obtained from GE Healthcare UK Limited.

2.3. IL-35-mediated suppression assays

Culture supernatants containing mouse and human IL-35 were generated as previously
described (Collison et al., 2007). Purified CD4* CD45RBN CD25~ T cells from C56BL/6
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mice were purified by FACS and activated with anti-CD3/CD28 beads in the presence and
absence of mIL-35, hIL-35 or control supernatants as previously described (Collison et al.,
2007). For suppression of human T cell proliferation, CD4* CD25 T cells from human cord
blood were purified by FACS and activated with anti-CD3/CD28 beads and 10 1U/ml IL-2
in the presence and absence of mIL-35, hIL-35 or control supernatants as previously
described (Chaturvedi et al., 2011; Collison et al., 2010). Cells were cultured in the presence
of 1L-35 for 72 hours for mouse T cells and 5d for human T cells and proliferation was
measured by incorporation of 3H-thymidine during the last 8 hours.

2.4. Amino acid sequence alignments and structure predictions

Amino acid sequences were aligned using ClustalW as previously described (Goujon et al.,
2010; Larkin et al., 2007). Alignments were generated in Microsoft Excel and identical
residues are colored black. Residues with a similar character (i.e. hydrophobic, polar,
charged) are colored grey. Secondary structure of aligned sequences were predicted with
PSlpred as previously described (Bryson et al., 2005). In addition, the structure of human
IL-12 and a model of human IL-27 were used to further predict structural features of murine
p35 and Ebi3 (Rousseau et al., 2010; Yoon et al., 2000).

2.5. Generation of IL-12 family subunit constructs

Construct in which the native signal peptides of human Ebi3 and p35, and murine p40, Ebi3,
p35 and p28 were replaced with the CD33 signal peptide for targeted secretion
(MPLLLLLPLLWAGALA) were used as templates for PCR addition of epitope tags to the
IL-12 family subunits. Briefly, a triple-FLAG epitope tag
(DYKDDDDKDYKDHDIDYKDDDDK) followed by a GSS linker was added to the N-
terminus of 1L-12 family B subunits (human Ebi3, murine Ebi3, murine p40) and cloned into
plYneo, a variant of pCl-neo (Promega) containing an IRES-YFP, as Nhel-EcoRlI
fragments. A triple-HA epitope tag (YPYDVPDYAGYPYDVPDYAGYPYDVPDYA) was
added to the C-terminus of IL-12 family a subunits (human p35, murine p35, murine p28),
separated by a GSG linker and cloned into plGneo, a pCl-neo variant containing an IRES-
GFP, as Nhel-EcoRlI fragments. Similar constructs lacking epitope tags and containing
native signal peptides were used for all ELISAs.

2.6. Mutagenesis

All point mutations to p35 and Ebi3 were generated using the Quikchange Site-Directed
Mutagenesis kit (Stratagene). All residues referred to in the text are numbered such that
residue one is the first amino acid of the full length secreted protein, following cleavage of
the signal peptide. For p35 and Ebi3 linear Alanine/Serine-scan mutants, constructs were
designed to include all residues that are conserved or semi-conserved between murine and
human p35 or Ebi3. Residues that were investigated as individual point mutations and those
that did not have surface-exposed side-chains in the IL-12 structure (Yoon et al., 2000) were
excluded from analysis of p35. Residues predicted to be involved in intra-chain disulfide
bonds were excluded from the Ebi3 linear Alanine/Serine-scan mutants. For p35 structure-
based Alanine/Serine-scan constructs, all conserved, surface exposed residues were
included. Mutations to p35 and Ebi3 were generated by overlap-extension PCR and cloned
into either the plGneo (p35) or pl'Yneo (Ebi3) vectors as described above. Detailed
information regarding primer sequence and construct generation will be made available
upon request.

2.7. Transient transfection of HEK293T cells

Cells were cultured in 6-well plates at a concentration of 1.7x10° cells/well. After 24 hours,
cells were transfected with 1.9 total plasmid DNA (0.5ug of each in cases requiring two
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vectors) using TransIT-LT1 transfection reagent (Mirius Bio LLC) according to
manufacturer instructions. Culture medium was changed 24 hours post-transfection and cells
and supernatants were harvested 48 hours later.

2.8. Immunoprecipitation and Immunoblotting

2.9. ELISAs

Transfected HEK293T cells were harvested and lysed in buffer containing 50mM HEPES,
150mM NaCl, ImM EDTA, 0.1% Tween-20, and Roche complete protease inhibitor
cocktail (Roche). Lysates were quantified using BCA protein assay (Pierce) and normalized
to 100pg (IL-12 and 1L-27) or 50pg (IL-35) of total protein in 500l of lysis buffer.
Samples were immunoprecipitated overnight at 4°C with the indicated antibody plus protein
G agarose (GE Healthcare). Agarose was washed with lysis buffer, boiled in SDS-PAGE
sample loading buffer (with 10% b-mercaptoethanol), and run on SDS-PAGE. Gels were
transferred to nitrocellulose membranes, blocked with TBS plus 0.002% Tween-20 (TBS-T)
and 3% BSA and probed with indicated primary antibodies. After incubation with HRP-
conjugated secondary antibody or HRP-streptavidin, proteins were detected with Western
Lightening ECL system (PerkinElmer). Lysate samples prior to IP were also run and probed
for GFP as a control for variability in transfection efficiency. Blots were quantified using
ImageJ software (NIH).

For IL-12 detection, plates were coated with 2pg/ml of anti-p35 clone C18.2 (eBioscience)
overnight. Plates were blocked with PBS-1% BSA for 2 hours and supernatants or standards
were added and incubated overnight at 4°C. Biotinylated anti-p40 (Biolegend) was added for
1 hour, followed by 1:2000 streptavidin-HRP for 20 minutes. TMB substrate (Thermo) was
added and color was allowed to develop for 20 minutes at room temperature. Reactions were
stopped with 1N H,SO,4 and absorbance at 450nm was read. Plates were washed 4 times
with PBS-0.05% Tween-20 between each step. For detection of IL-27 and IL-35, a similar
protocol was used, except anti-p35 clone 8G7 (capture) and biotinylated anti-Ebi3
V1.4F5.29 (detection) were used for IL-35, and anti-Ebi3 4E2 (capture) and biotinylated
anti-Ebi3 V1.4C4.22 (detection) were used for IL-27.

2.10. Statistical Analysis

All data from cytokine mutants is shown as percent of wild type cytokine levels. For
statistical analysis, one-sample t-tests (two tailed, Cl of 95%) were performed using a
theoretical mean of 100 to determine if mutants were significantly different from wild type.
All analysis was performed with GraphPad Prism Version 4.

3. RESULTS

3.1. The Ebi3/p35 dimer interface and receptor interaction sites are conserved between
mouse and human IL-35

We assessed the degree of sequence identity between mouse and human p35 and Ebi3 and
found 58% identity for p35 (Supplemental Fig. 1A) and 63% identity for Ebi3
(Supplemental Fig. 1B). Conservation of mouse and human IL-35 subunits led us to
determine if there is a species barrier for IL-35 function. Proliferation of mouse CD4* T
cells was suppressed comparably by mouse and human IL-35 (Fig. 1LA). Similarly,
proliferation of human CD4™" T cells was also suppressed by mouse and human IL-35 (Fig.
1B), indicating that there is no species barrier for IL-35 function, and suggesting that the
receptor interaction sites of both mouse and human IL-35 are functionally conserved.

We then asked if the Ebi3/p35 subunit interface was also conserved between mouse and
human IL-35. Co-transfection of cells with mouse Ebi3 (mEbi3) and human p35 (hp35),
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followed by co-immunoprecipitation to identified paired complexes showed that these
proteins are still able to form an 1L-35 dimer. Likewise, human Ebi3 (hEbi3) and murine
p35 (mp35) also formed heterodimers, although formation of this pair was less efficient
(Fig. 1C, 1D). Thus the dimer interface between Ebi3 and p35 is conserved between mouse
and human, and serves as a starting point for identification of residues involved in the
heterodimer interface.

3.2. Site-directed mutagenesis of p35

In order to identify specific residues that are involved in IL-35 dimer formation, we focused
on p35 residues that are conserved between the murine and human protein. We chose to
detect cytokine dimerization in the lysates of transfected cells, rather than in the
supernatants for two reasons. First, mutations that affect cytokine secretion but not
necessarily heterodimer formation will not interfere with our study. Second, secretion of
IL-35 is relatively poor, compared to that of IL-12 and IL-27, whereas examining pairing in
lysates gave a more robust signal.

The crystal structure of human IL-12 previously identified several p35 residues that are at
the IL-12 interface and critical to formation of the IL-12 dimer (Yoon et al., 2000). We
assessed four groups of p35 mutations, (23 total point mutations) that were examined
collectively: (1) residues that are critical for IL-12 formation; (2) residues at the IL-12 dimer
interface, but not critical for dimer formation; (3) residues near, but not at the IL-12 dimer
interface; and (4) residues on the opposite side of p35. Human p35 residues C74, R189 and
Y193 have been shown to be critical to p35 association with p40, and are conserved in mp35
(C70, R185 and Y189).

As expected, mutation of R185 and Y189 to alanine significantly reduced the formation of
IL-12 dimer in transfected cells. We also observed consistent, but not significant decrease in
the formation of 1L-12 in the absence of the inter-chain disulfide bond (C70S) (Fig. 24, 20).
Conversely, these mutations had no effect on IL-35 dimer formation (Fig. 258, 2C). Next we
focused on p35 residues that are at the interface of the 1L-12 dimer, but have been shown to
have little to no effect on IL-12 dimer formation (hp35 residues R34, L68 and D188; mp35
residues R30, L64 and N184) (Yoon et al., 2000). As expected, mutation of these residues to
alanine did not inhibit 1L-12 dimer formation. However, mutation of N184 to tryptophan
was able to disrupt formation of the IL-12 dimer (Fig. 24, 2C). We also examined total
lysates levels of all p35 point mutants to ensure that any differences seen were a result of
pairing deficiency and not due to reduced levels of total p35 protein (Supplemental Fig. 1C).
Once again, no mutations had a significant effect on IL-35 formation (Fig. 2B, 2C). Thus the
IL-35 subunit Ebi3 interacts with p35 in a manner that is distinct from the IL-12 subunit
p40.

Structural analysis of IL-12 and IL-23, which share the p40 subunit, has shown that rotation
of p19 or p35 relative to the common p40 subunit results in p40 residues that are exclusively
involved in IL-12 or IL-23 dimerization (Lupardus and Garcia, 2008). Thus we reasoned
that p35 residues that are near, but not at, the IL-12 interface may play a similar role in
IL-35 (eg. murine p35 residues Y163, R164 and H174; human p35 residues Y167, K168 and
H178). It is also possible that regions of p35 involved in IL-35 formation are not utilized in
IL-12 and may be conformationally flexible until stabilized by interaction with Ebi3. We
examined several residues within a region between the A and B helices of p35 that is
unresolved in the IL-12 structure, but highly conserved between mouse and human p35
(murine p35 residues D44, E46, D47 and R50; human p35 residues D48, E50, D51 and
K54). Surprisingly, several of these residues had subtle effects on IL-12 dimer formation
when mutated to alanine, although they are not implicated in the IL-12 dimer interface (E46,
R50) (Yoon et al., 2000) (Fig. 24, 2C). Moreover, none of these residues had any significant
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impact on 1L-35 dimer formation (Fig. 2B, 2C). Although less likely, it is possible that the
Ebi3/p35 interaction utilizes a completely different surface of p35 than the p40/p35
interaction. Therefore we also examined several conserved residues that are located on the
opposite side of p35 as the IL-12 interface (murine p35 residues Y102, E103, K106, D138,
E139 and Q142; human p35 residues Y106, E107, K110, D142, E143 and Q146). As
expected, none of these mutations had significant effects on IL-12 dimer formation (Fig. 2A,
20). Although some residues (Y102A, E103A) had slightly reduced IL-35 levels, these
reductions were not significant or consistent over several experiments (Fig. 25, 2C). Thus,
no individual p35 point mutation was able to abrogate or improve IL-35 heterodimer
formation.

3.3. Site-directed mutagenesis of Ebi3

Although there is no crystal structure of Ebi3, we utilized sequence homology and the IL-12
p40 structure to identify 7 Ebi3 residues that could potentially be involved in the IL-27 or
IL-35 interface. Residues D290 and Y293 of the human IL-12 p40 subunit were shown to be
critical for formation of IL-12. D290 is conserved in mEbi3 (D187). Although Y293 is not
strictly conserved in Ebi3, there is a tyrosine positioned one residue over that could
potentially play a role in Ebi3 interface formation (Y191). In addition, a recent modeling
and mutagenesis study of IL-27 identified several human Ebi3 residues that disrupt 1L-27
dimer formation (F77, E139 and D190), and these residues are conserved in mEbi3 (F78,
D139, D190) (Rousseau et al., 2010). Finally, upon examination of the 1L-12 p40 structure
and p40:Ebi3 sequence alignments, we noticed that the B'~C” loop of p40 may be slightly
extended in Ebi3, allowing for closer contact with p35 in this region. We selected two
residues that are conserved in mEbi3 and hEbi3 from this region (F141 and K144 in both
mouse and human Ebi3). These seven residues were mutated to alanine and assessed for
their contribution to IL-27 and IL-35 dimer formation.

Six out of the seven point mutations significantly disrupted I1L-27 dimer formation (Fig. 34,
30). We did not observe a defect in IL-27 pairing with the D139A mutant as has been
previously reported, although the previous study was performed using human IL-27 this
residue is a glutamic acid in human Ebi3 (Rousseau et al., 2010). Total levels of mutant Ebi3
were similar to wild-type Ebi3 levels, indicating that decreased IL-27 levels were due to
deficiencies in pairing and not reduced Ebi3 levels (Supplemental Fig. 10). Once again, no
single point mutation to mEbi3 was able to significantly abrogate or improve I1L-35
dimerization, suggesting that IL-35 has a distinct Ebi3 interface, relative to IL-27 (Fig. 35,

30).

3.4. Alanine-scanning mutagenesis of p35

It is possible that we were unable to identify specific mutations to Ebi3 or p35 that affect
IL-35 pairing because multiple weak interactions are collectively required to mediate
EDbi3:p35 pairing and thus single point mutations are insufficient. Thus multiple mutations
within a region may be required to exert an effect. In an effort to more thoroughly examine
potential Ebi3:p35 interaction sites, we performed alanine-scanning mutagenesis of p35.
Residues that were conserved between mp35 and hp35, and surface exposed in the 1L-12
p35 structure were included in the alanine scan. Fifteen different mutant constructs (Al-
A15) with between four and seven mutations in each construct where generated, for a total
of 78 mutations (Supplemental Fig. 2A4). In an effort to prevent misfolding of the mutant
proteins, hydrophobic residues were replaced with alanine, while polar or charged residues
were replaced with serine.

Co-expression of the IL-12 alanine/serine-scan p35 mutants with p40 identified 10 out of 15
mutants with significant effects on I1L-12 dimer formation (Fig. 4A4, 4C). Mutant A15
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contains alanine or serine mutations to residues V181, T182, R185 and Y189, which have
been previously shown to be involved in human IL-12 interface formation (human p35
V185, T186, R189 and Y193), consistent with our observed decrease in IL-12 levels. Mutant
AT contains the cysteine involved in the inter-chain disulfide bond, which although not
critical to IL-12 formation, leads to decreased IL-12 stability and secretion, consistent with
our results here. Mutant A6 contains an inter-chain disulfide bond, which presumably
disrupts p35 folding or stability. Unexpectedly, mutants A1l and A13 exert negative effects
on IL-12 formation, although they are located away from the interface on the opposite side
of p35. It is possible that these mutations disrupt protein folding such that p40 can no longer
associate, or cause allosteric changes that disrupt dimer formation. Finally, several mutants
contain residues that are unresolved in the IL-12 crystal structure (mutants A1, A2, A5 and
A9), and thus defining the mechanism by which they affect 1L-12 dimerization remains to be
determined.

Strikingly, IL-35 was largely unaffected by this panel of p35 mutations. Significant
decreases in IL-35 formation were observed for mutants A7 and A14, although this was
most likely due to decreased total p35 protein levels in these mutants (Fig. 45, 4C,
Supplemental Fig. 2B8). A slight decrease in IL-35 dimer formation (~30%) was observed for
mutant A13. This mutant contains residues that are located on the opposite face of p35, as
well as several residues that are unresolved in the IL-12 crystal structure.

3.5. Alanine-scanning mutagenesis of Ebi3

We performed similar alanine/serine-scanning mutagenesis studies on the Ebi3 subunit of
IL-35, utilizing a strategy similar to that describe above for p35. As there is no structural
information for Ebi3, all residues conserved between mouse and human Ebi3 were included
in the mutants. A total of 21 mutants were generated spanning the entire Ebi3 protein (B1-
B21), each containing between four and seven mutations (Supplemental Fig. 3A4). This panel
contained mutations of 107 out of the 209 Ebi3 residues. Ebi3 mutants were co-transfected
into cells with p28 or p35 and assessed for their ability to form IL-27 and IL-35
heterodimers by immunoprecipitation and western blot. In two cases, a predicted N-linked
glycosylation site was mutated, causing Ebi3 to migrate further on the gel, relative to wild
type Ebi3 (mutants B4 and B10). In the case of Ebi3 mutant B21, an additional O-linked
glycosylation site was introduced near the C-terminus of Ebi3, resulting in retarded
migration relative to wild type Ebi3 (Fig. 54, 55).

Similar to IL-12 p35 mutants, we found 11 out of 21 Ebi3 mutants that had significant
detrimental effects on IL-27 dimer formation (Fig. 5A, 5C). The effects of some mutants are
likely due to structural perturbations, as the absence of IL-27/Ebi3 structural information
prevented us from restricting mutagenesis to surface exposed residues. Ebi3 mutant B3
contains cysteine and tryptophan residues that are conserved in many FN3 domains (Halaby
et al., 1999). Mutants B13 and B15 contain proline rich regions that may be important for
protein folding or loop stability. Mutant 21 contains the “WSXWS” motif (LSDWS in
mEDbi3), which is important for cytokine binding and may contribute to protein folding
(Hilton et al., 1996). Mutants B16 and B20 contain several point mutations already shown to
inhibit IL-27 dimer formation (F141A, K144A, D187A, D190A, Y191A), although they do
not completely abrogate p28 binding in the context of the alanine scan mutants, suggesting
other mutations may compensate somewhat for their negative effects. Reduction in 1L-27
heterodimer detection was not due to reduced Ebi3 levels, as all alanine scan mutants were
expressed at normal to elevated levels in transfected cells (Supplemental Fig. 358). Once
again, we failed to identify any mutations to Ebi3 that had a significant impact on IL-35
dimer formation, even in instances where overall protein folding could be affected (Fig. 55,

50).
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3.6. Structure-based mutagenesis of p35

While alanine-scans are generally useful in identifying residues involved in protein-protein
interactions, they fail to take into account protein structure. If mutations to multiple residues
are required to disrupt the 1L-35 interface, proximal residues may not necessarily be
adjacent in the linear sequence and thus would not be detected by a sequence-based
approach. Therefore, we generated a series of mutants based on proximity within the p35
structure. We divided p35 into six regions or “patches”, and introduced mutations to
residues that are conserved between mouse and human and have surface-exposed side-
chains in the crystal structure of IL-12 (Supplemental Fig. 1A, 4). These patch mutants (C1-
C6) were co-transfected with either p40 or Ebi3 and assessed for IL-12 and IL-35
heterodimer formation by immunoprecipitation and western blot.

Similar to results with previous alanine scans, we identified several mutants that had
detrimental effects on IL-12 pairing (Fig. 6A4, 6 ). Mutant C1, which contains the I1L-12
interface, completely abrogated IL-12 dimer formation, as expected. In addition, mutants
C2, C3 and C4 also disrupt IL-12 formation, although they contain mutations to residues not
known to be involved in IL-12 pairing. Total p35 levels are similar to wild type for all
mutants, indicating mutant p35 protein is not degraded (Supplemental Fig. 4C). However,
the number of mutations in these proteins (21 in mutant C1, 7 in mutant C2, 21 in mutant C3
and 13 in mutant C4) likely generates some degree of misfolding of p35, which could inhibit
IL-12 formation via allosteric mechanisms. Strikingly, IL-35 dimer formation is completely
unaffected by extensive mutagenesis of p35 (Fig. 68, 6 C). We were unable to detect IL-35
dimer in cells transfected with Ebi3 or p35 alone, indicating that these results are not due to
non-specific immunoprecipitation of over-expressed Ebi3 by the anti-HA antibody, or non-
specific detection of p35 by the anti-FLAG antibody used for blotting (Fig. 65).

3.7. Confirmation of selected mutants by ELISA

We wanted to confirm that some of our more intriguing mutants could also be secreted by
cells. Also, we wanted to confirm that the epitope tags we used for immunoblot experiments
do not affect IL-12 family pairing. Thus we measured the amount of native wild type and
mutant cytokine secreted by transfected 293Ts by ELISA. We developed a p35/Ebi3
sandwich ELISA that is specific to 1L-35 and does not cross-react with unpaired Ebi3, IL-12
or IL-27 (data not shown). We also utilized an ELISA for IL-12 p70 heterodimer that does
not react to p40 heterodimers to determine IL-12 concentrations. Supernatants from cells
transfected with p35 point mutants that showed significant differences in pairing for IL-12,
but not 1L-35 were generated (N184W, R185A and Y189A). We also included a point
mutant that had no effect on IL-12 (R30A) as a control. ELISA results confirmed our
previous observations that p35 mutants N184W, R185A and Y189A disrupt IL-12 pairing,
but have no effect on 1L-35 (Fig. 7 A).

We also screened EDbi3 point mutations that resulted in significant reduction in 1L-27
pairing, but not in IL-35 pairing (F78A, F141A, K144A, D187A, D190A and Y191A). Ebi3
mutant D139A, which had no effect on either 1L-27 or IL-35, was included as a control. We
developed an Ebi3/Ebi3 ELISA to detect secreted IL-27, as commercially available ELISAS
for IL-27 only detect the p28 subunit, which can be secreted independently of Ebi3 (Pflanz
et al., 2002; Shimozato et al., 2009; Stumhofer et al., 2010). Mutations F78A, F141A,
K144A, D187A and D190A significantly reduced the amount of IL-27 detected by ELISA,
as expected. Mutant Y191A reduced IL-27 pairing by western blot analysis, but did not
significantly reduce the amount of IL-27 detected in supernatants (Fig. 75). Assessment of
IL-35 supernatant levels with these mutants largely confirmed our western blot results, with
the majority of mutants having no effect on 1L-35 levels. We did observe a slight, but
significant decrease in IL-35 levels with D190A that was not seen in our pairing analysis,
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suggesting that this residue may play a role in IL-35 secretion. We also noted a significant
decrease in both IL-27 and IL-35 with mutant E139A, which was not seen in our pairing
studies that utilized epitope tags to detect Ebi3. The differences observed between
immunoblot and ELISA results may be a due to changes in anti-Ebi3 antibody affinity for
these mutants.

Finally, we screened the p35 patch mutants (C1-C6) for their effect on IL-12 and IL-35
secretion. As expected, significantly less IL-12 was detected for mutants C1-C4, and normal
IL-12 levels were observed for mutant C5 (Fig. 7C). Mutant C6 paired effectively in our
western blot analysis, but was not detectable at normal levels in supernatants by ELISA.
Surprisingly, not only were all IL-35 patch mutants secreted at detectable levels, for C1 and
C3 the p35 mutations appear to improve IL-35 secretion (Fig. 7). Mutants C5 and C6 had
slightly decreased amounts of 1L-35 produced. For both cytokines there was one mutant (C6
for IL-12 and C4 for IL-35) that did not agree with results obtained for western blot pairing
analysis using epitope tagged constructs. The most likely explanation for this is that C4 and
C6 contain mutations that disrupt the epitopes of the anti-p35 antibodies used in IL-12 and
IL-35 ELISAs. Taken together, these data indicate that IL-35 has a pairing interface that is
distinct from IL-12 and IL-27, and that it is largely unaffected by substantial amino acid
substitutions.

3.8. Differential antibody epitope availability in IL-12 family cytokines

These mutagenesis studies above suggest that IL-35 has distinct pairing criteria from IL-12
and IL-27. To provide additional support for this notion, we utilized a panel of p35 and Ebi3
antibodies to determine if there were differences in their ability to recognize IL-12 family
cytokines. HEK293T cells were co-transfected with native, tag-less mutant p35 and either
p40 or Ebi3 in separate vectors, and a panel of p35 antibodies was used to
immunoprecipitate either 1L-12 or IL-35. Interestingly, most of the antibodies tested
preferentially immunoprecipitate either IL-12 or IL-35 (Fig. 84, 88). Only one clone, 8G7,
was able to bind to both IL-12 and IL-35. Similar results were obtained using a panel of
anti-Ebi3 antibodies and supernatants from cells transfected with either IL-27 or IL-35 (Fig.
8C, 8D). All Ebi3 antibody clones were obtained from Ebi3 knock-out mice immunized with
recombinant Ebi3 protein (Shenandoah Biotechnology). In this instance, several clones had
a clear preference for 1L-27 and did not recognize IL-35 well, whereas other clones
recognized both cytokines similarly. Together, these results clearly show the differential
accessibility of antibody epitopes within IL-12 family cytokines that utilize the same
subunits, and further suggest that IL-35 has distinct subunit pairing criteria relative to 1L-12
and IL-27.

4. DISCUSSION

IL-6 family cytokines have clearly defined interaction sites between the helical cytokine and
its primary receptor, termed Site 1 (i.e. IL-6 and IL-6Ra) (Wang et al., 2009). Similarly,
these interactions are relatively conserved within the IL-12 family members, which utilize
soluble B subunits instead of receptors. The crystal structures and mutagenesis studies of
IL-12 and IL-23, as well IL-6 and CNTF confirmed that specific interactions between
conserved residues are common to most if not all IL-6 and IL-12 family Site 1 interactions
(Boulanger et al., 2003; Rousseau et al., 2008). These residues are present in p35 and Ebi3,
and mutagenesis confirmed their involvement in mouse IL-12 and IL-27 dimer interfaces.
The extensive mutagenesis performed here also indicates that both IL-12 and IL-27 pairing
are sensitive to mutagenesis of residues that do not directly mediate subunit dimerization,
suggesting structural perturbations introduced in areas distal to the interface can exert
allosteric effects on dimer formation.
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Given the degree of conservation of Site 1 interactions within the 1L-6/IL-12 cytokine
family, it is surprising that these residues have no impact on p35/Ebi3 heterodimer
formation, suggesting that IL-35 does not conform to this paradigm. Furthermore, we were
unable to identify any residues or regions that had significant impact on IL-35 heterodimer
formation. This may not be surprising for point mutations, as multiple mutations can be
required to disrupt certain interactions, particularly when the protein-protein interface is
made up of a network of weak interactions. We utilized a structure-based mutagenesis
approach in anticipation that we would disrupt the entire interface; however 1L-35 was still
unaffected. We cannot rule out the possibility that a large interface that may mediate
Ebi3:p35 interaction straddles two or more of the mutants and thus may not be affected by
only one.

This approach relied on mutagenesis of amino acid side chains, and will thus only identify
regions of the interface in which side chains play a significant role. It is possible that the
negligible effect of these mutations on IL-35 is because the Ebi3:p35 interface relies heavily
on the use of backbone carbonyl interactions. While this would be an unconventional mode
of binding within the IL-12 family, such interactions have been described. For instance,
MHC class Il peptide binding is mediated in part through a network of hydrogen bonds
between the MHC helices and the main chain of the peptide (Stern et al., 1994; Stern and
Wiley, 1994). Another possibility is that the interaction between mouse p35:human Ebi3 and
vice versa are mediated not by conserved amino acid residues, but rather by conserved
secondary structural elements, which may be generated with significant variation in amino
acid sequence. For example, the DDB1 ubiquitin ligase recognizes short viral peptides that
form a-helical structures, despite their divergent sequences (Li et al., 2010). If p35:Ebi3
interactions were mediated in a similar manor, the present study may fail to identify
interaction sites that are not conserved between the mouse and human subunits. It is also
possible that the functional secreted form of IL-35 is not in fact a heterodimer, but some
higher ordered multimer. In this case, multiple redundant binding sites may make it difficult
to identify residues involved in protein-protein interactions by this methodology. However,
this explanation seems less likely given current knowledge of heterodimer formation within
the IL-6/1L-12 cytokine family.

While it is possible that some of the residues mutated could contribute to protein folding (i.e.
the Ebi3 WSXWS motif in mutant B21 or p35 mutant C3 with 21 mutations), it is unlikely
that most of the mutants tested are completely misfolded, as most were not degraded and
levels remain similar to that of their wild type counterparts. Additionally, at least for the p35
mutants C1-C6, p35 and Ebi3 not only pair effectively, but are also secreted to the same
extent or better than wild type IL-35, suggesting that they are properly folded. It remains to
be seen if these mutants retain IL-35 functional activity, but such analysis would also be
compounded by mutations that affect receptor interaction (Collison, 2012). It is also possible
that Ebi3 and p35 proteins are sticky, and our inability to identify mutations that abrogate
binding is an artifact of the over-expression system used in this study. However, this seems
unlikely given that IL-12 and IL-27 were over-expressed to similar, if not higher levels, and
multiple mutations affecting dimerization were identified for these IL-12 family members
that share subunits with 1L-35.

IL-6/1L-12 family members also contain conserved sites for interaction with their receptors
(Jones and Vignali, 2011; Wang et al., 2009). The large array of Ebi3 and p35 mutants
generated in this study will also be useful in mapping IL-12, IL-27 and IL-35 receptor
interactions. Any differences in receptor utilization by these cytokines will be useful in
developing targeted therapies that inhibit specific 1L-12 family members. In addition, many
in vivoand in vitro studies of 1L-12 family members have mainly relied on the use of mutant
mice that are deficient in a single subunit. However these mice often lack more than one
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cytokine, making interpretation of data difficult (Collison and Vignali, 2008). We have
identified mutations that clearly disrupt IL-12 and I1L-27 dimer formation, but appear to
leave the 1L-35 heterodimer intact. Although functional analysis will be needed to confirm
IL-35 activity, these mutants could potentially be used for the generation of targeted knock-
in mice that specifically lack IL-12 or IL-27, but not I1L-35, making /7 vivo analysis of the
role of IL-12 and IL-27 in specific disease models more definitive.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. IL-35 receptor interaction sites and heterodimer interfaceis conserved from mouse to
human

(A) CD4* CD45RBN CD25~ T cells from C56BI1/6 mice were FACS purified and activated
with anti-CD3/CD28 beads in the presence and absence of mIL-35, hIL-35 or control
supernatants. Counts per minute of activated T cells alone were 30,000-50,000. (B)
CD4*CD25" T cells from human cord blood were FACs purified and activated with anti-
CD3/CD28 beads and 10 IU/ml IL-2 in the presence and absence of mIL-35, hiL-35 or
control supernatants. Counts per minute of activated T cells alone were 50,000-100,000.
Data represents mean £ SEM of 3 experiments done in duplicate. (C) 293Ts were
transfected with indicated combination of mouse and human FLAG-EDbi3 and p35-HA
subunits. Lysate samples were immunoprecipitated using an anti-HA antibody and
immunoblotted with anti-FLAG to assess the degree of subunit pairing. Multiple bands for
IL-35 are a result of multiple intracellular glycosylation species. Lysates were
immunoblotted for GFP as a loading control. (D) Western blots were quantified and plotted
normalized to GFP. Data represent the mean =+ SEM of 4 independent experiments.
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Fig. 2. Contribution of selected p35 residuesto IL-12 and IL-35 formation

HEK?293T cells were transfected with point mutants of p35 and either (A) p40 or (B) Ebi3
and lysates were analyzed for paired cytokines by immunoprecipitation and western blot.
Lysates were immunoblotted for GFP as a loading control. Residues at the IL-12 interface
(R30, L64, N184, R185, Y189), near IL-12 interface (Y163, R164, H174), opposite face of
p35 (Y102, E103, K106, D138, E139, Q142) were selected based on the crystal structure of
IL-12. Residues in an unresolved loop of p35 (D44, E46, D47, R50) were also selected. (C)
Western blots from at least 3 independent experiments were quantified and are shown as
percent of wt IL-12 or IL-35 (mean + SEM). *p< 0.05, ** p< 0.01, *** p< 0.001
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Fig. 3. Contribution of selected Ebi3 residuesto IL-27 and IL-35 formation

HEK293T cells were transfected with point mutants of Ebi3 and either (A) p28 or (B) p35
and lysates were analyzed for paired cytokines by immunoprecipitation and western blot.
Lysates were immunoblotted for GFP as a loading control. Ebi3 residues were selected
based on sequence homology to p40 and the IL-12 crystal structure. (C) Western blots from
at least 3 independent experiments were quantified and are shown as percent of wt 1L-27 or
IL-35 (mean £ SEM). ** p< 0.01, *** p< 0.001
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Fig. 4. Alanine/Serine scan of p35 subunit and contribution to IL-12 and 1L-35 formation
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Page 19

Lysates from HEK293T cells transfected with wild type or mutant p35 and either (A) p40 or
(B) Ebi3 were assessed for cytokine formation by immunoprecipitation and western blot.

Lysates were immunoblotted for GFP as a loading control. (C) Western blots from at least 3
independent experiments were quantified and plotted as percent of wt IL-12 or IL-35 (mean

+ SEM). *p< 0.05, ** p< 0.01, *** p< 0.001
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Fig. 5. Alanine/Serine scan of Ebi3 subunit and contribution to IL-27 and 1L -35 formation
Lysates from HEK293T cells transfected with wild type or mutant Ebi3 and either (A) p28
or (B) p35 were assessed for cytokine formation by immunoprecipitation and western blot.
Lysates were immunoblotted for GFP as a loading control. (C) Western blots from at least 3
independent experiments were quantified and plotted as percent of wt IL-27 or IL-35 (mean
+ SEM) * p<0.05, ** p<0.01
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Fig. 6. Structure-based Alanine/Serine scan of p35 and contribution toIL-12 and IL-35
formation

Lysates from HEK293T cells transfected with wild type or mutant p35 and either (A) p40 or
(B) Ebi3 were assessed for cytokine formation by immunoprecipitation and western blot.
Lysates were immunoblotted for GFP as a loading control. In addition, p35, p40 or Ebi3
only transfected cells were included as negative controls. (C) Western blots from at least 3
independent experiments were quantified and plotted as percent of wt IL-12 or IL-35 (mean
+ SEM). * p<0.05, ** p<0.01, *** p< 0.001
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Fig. 7. EL1SA analysis of selected p35 and Ebi3 mutants

(A) Supernatants from HEK293T cells transfected with wild type or mutant p35 and either
p40 or Ebi3 were assessed for cytokine levels by ELISA for IL-12 (anti-p35 C18.2 and anti-
p40 biotin C17.8) and IL-35 (anti-p35 MMp35.8G7 and biotin anti-Ebi3 DV29). (B)
Supernatants from HEK293T cells transfected with wild type or mutant Ebi3 and either p35
or p28 were assessed for soluble 1L-27 or IL-35 levels by ELISA. (C) Supernatants from
HEK?293T cells transfected with wild type or patch mutant p35 and either p40 or Ebi3 were
assessed for cytokine levels by ELISA for IL-12 or IL-35. Mean + SEM from at least 3
independent experiments are shown as percent of wt 1L-12 or IL-35. *p< 0.05, ** p< 0.01,
*** p< 0.001
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Fig. 8. Differential antibody epitope availability in IL-12 family cytokines

(A) Supernatants from HEK293T cells transfected with wild type IL-12 or IL-35 were
subjected to immunoprecipitation by indicated anti-p35 monoclonal antibodies. Western blot
analysis was performed using anti-p40 biotin (IL-12) or anti-Ebi3 biotin (IL-35). (B)
Western blots from 3 independent experiments were quantified and plotted as percent of
maximal signal. (C) Supernatants from cells transfected with wild type IL-27 or IL-35 were
subjected to immunoprecipitation by indicated anti-Ebi3 monoclonal antibodies. The lower
band in all Ebi3 western blots represents the light chain of the antibody used for
immunoprecipitation. (D) Western blots from 3 independent experiments were quantified
and plotted as percent of maximal signal.
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