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Interleukin-37 (IL-37), a member of the IL-1 family of cytokines, is a
fundamental suppressor of innate and acquired immunities. Here,
we used an integrative approach that combines biophysical,
biochemical, and biological studies to elucidate the unique char-
acteristics of IL-37. Our studies reveal that single amino acid
mutations at the IL-37 dimer interface that result in the stable
formation of IL-37 monomers also remain monomeric at high
micromolar concentrations and that these monomeric IL-37 forms
comprise higher antiinflammatory activities than native IL-37 on
multiple cell types. We find that, because native IL-37 forms dimers
with nanomolar affinity, higher IL-37 only weakly suppresses
downstream markers of inflammation whereas lower concentra-
tions are more effective. We further show that IL-37 is a heparin
binding protein that modulates this self-association and that the
IL-37 dimers must block the activity of the IL-37 monomer. Specif-
ically, native IL-37 at 2.5 nM reduces lipopolysaccharide (LPS)-
induced vascular cell adhesion molecule (VCAM) protein levels by
~50%, whereas the monomeric D73K mutant reduced VCAM by
90% at the same concentration. Compared with other members
of the IL-1 family, both the N and the C termini of IL-37 are ex-
tended, and we show they are disordered in the context of the
free protein. Furthermore, the presence of, at least, one of these
extended termini is required for IL-37 suppressive activity. Based
on these structural and biological studies, we present a model of
IL-37 interactions that accounts for its mechanism in suppressing
innate inflammation.
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he discovery of IL-1 marked a revolution in biology with the

identification of a single highly active protein that could in-
duce inflammation at picamolar concentrations (1). In many
ways, the discovery of IL-37 has led to a similar revolution
whereby IL-37 can limit or even prevent a broad spectrum of
inflammatory models now termed innate immunity. Specifically,
IL-37 can reverse inflammation, diminish multiple phenotypes
related to cancer, and even reverse age-related phenotypes
(2-6). Much of the molecular details of IL-37 signaling has
been surmised from animal models and cellular studies that
include colocalization studies, which suggest that IL-37 engages
both the IL-18Ra receptor and the previously orphaned IL-1R8
receptor (7-10). The elegance of this proposed signaling
mechanism is that IL-37 could both block the proinflammatory-
induced response by IL-18 and simultaneously signal to promote
an antiinflammatory response. However, the molecular details
of IL-37 remain elusive as IL-37 exhibits several unique features
relative to other IL-1 family members, which include the formation
of a dimer and the presence of extended termini.

Unlike other members of the IL-1 family that are monomeric,
IL-37 self-associates with nanomolar affinity (11, 12) and com-
prises longer extended termini relative to other family members.
ILs from different families have been shown to dimerize with a
spectrum of functional consequences, which range from IL-
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10 family members that are fully active as swapped dimers (13,
14) to chemokines, such as IL-8 that engage their receptors
primarily as monomers (15-17). Indeed, the recent crystal
structure of IL-37 by Ellisdon et al. (12) has afforded the engi-
neering of IL-37 mutant forms that disrupt dimer formation and
simultaneously lead to higher IL-37 activities. However, the ac-
tivity of these IL-37 mutant forms were compared well below
their determined self-association affinities where dimer forma-
tion would be expected to be negligible, suggesting the presence
of cellular determinants that further modulate dimerization
analogous to an array of molecules that modulate chemokine
dimerization (18). Considering the effectiveness of IL-1 blocking
therapies already in use today (19), further elucidating the ac-
tivities of these monomeric IL-37 forms and the molecular de-
terminants of IL-37 activity may open a window to new therapies
that utilize variations of IL-37 to block acute inflammation and
potentially cancer progression. Thus, here we sought to address
the solution behavior of IL-37 and its monomeric forms, de-
termine whether the higher activities of IL-37 monomeric ver-
sions are a more general phenotype that would further support
an inhibitory role for the IL-37 dimer, and determine the role of
the extended IL-37 termini.

Significance

IL-37 is the newest member of the IL-1 family of cytokines that
elicit diverse activities integrally related to the innate immune
responses and inflammation. Whereas most members elicit
proinflammatory responses; in contrast, IL-37 broadly down-
regulates inflammation and exists in a unique monomer/dimer
equilibrium. Experimental and theoretical analyses show that
monomeric IL-37 results in more effective suppression of in-
flammatory markers on multiple cell types compared with na-
tive IL-37, whereas the IL-37 dimer functions to block the
activity of the monomer. Considering the emerging efficacy of
antagonists and antibodies that specifically target IL-1 in hu-
man disease, identifying the active form of IL-37 may lead to
the clinical development of recombinant IL-37 to down-regulate
inflammation.
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Results and Discussion

Only Mutations at the IL-37 Dimer Interface Specifically Disrupt Dimer
Formation. The biological form of secreted IL-37 comprises res-
idues 46-218 (IL-37*¢'%), and terminal truncations together
with NMR analysis described below identified a stable core of
IL-37°372% amenable to crystallization and subsequent structure
determination. Whereas the recent X-ray crystal structure of a
similar construct of IL-37°%2% was solved with the proposed
dimer interface formed between IL-37 monomers within differ-
ent asymmetric units (12), IL-37°32% crystallized here was in the
P3,21 space group where each dimer was visible within each
asymmetric unit [Protein Data Bank (PDB) accession number
6NCU]. Thus, despite crystallization within a completely differ-
ent space group and relatively low resolution of these crystals
(Table 1), density across symmetry mates clearly identifies the
same dimer interface as this recent IL-37 structure (Fig. 14).
Specifically, Asp73 in one monomer forms a stabilizing ionic
bond with Lys83 in another monomer, and Tyr85 forms a hy-
drophobic cluster with Val71 and Ile78 across this interface. As
expected, mutation of either IL-37°7 (D73K) or IL-37Y%* (Y85A)
results in stable monomeric forms as assessed by size-exclusion
chromatography, whereas a control mutation of IL-37% retains
dimer formation (Fig. 1B). Thus, IL-37 dimers can be converted
into IL-37 monomers by specific point mutations to the dimer
interface. NMR studies were also undertaken to probe the solu-
tion behavior of IL-37 and characterize the extended termini of
IL-37 that are longer than other IL-1 family members.

The IL-37 Termini Are Disordered, Whereas the Dimer Interface Is
Highly Ordered. To address the solution behavior of IL-37 and
provide a foundation for further comparative studies of the
monomeric versions of IL-37, we exploited the hi%h sensitivity of
NMR. The WT biologically active form of IL-37"°"'® gives rise
to a well-dispersed 2D-heteronuclear single quantum coherence
(HSQC) spectrum that is indicative of a well-folded protein
(Fig. 24). However, a significant overlap of highly intense peaks
within the center of the spectrum is suggestive of unfolded

Table 1. Structural statistics for the IL-37 crystal structure

Data collection
Space group
Cell dimensions

P3,21

a, b, c(A) 67.50, 67.510, 142.74
a, B,y (A) 90.0, 90.0, 120.0
Resolution (A) 3.5
Rmerge (%) 9.0
llal 16.6
Completeness (%) 99
Redundancy 19
Refinement
Resolution (A) 54.1-3.5
Number of reflections 5,091
Rwork/Rfree 34.0 (399)*
Number of atoms 2385
Protein 2385
B-factors 108.8
rms deviations
Bond lengths (A) 0.003
Bond angles (°) 0.0612
Ramachandran
Favored (%) 83.8
Allowed (%) 12.84
Outliers (%) 3.4
Clash score 12

*Values in the parenthesis refer to the highest-resolution shell.
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Fig. 1. IL-37 crystal structure and analytical sizing of IL-37 point mutations.
(A) Electron density of the IL-37°372% dimer interface (Top) and key inter-
actions (Bottom). These include an ionic interaction among D73 (red) and
K83 (blue) and Y85 mediated hydrophobic interactions (yellow). (B) Ana-
lytical size-exclusion chromatography (Superdex 75) of wild-type (WT) IL-
37 and monomer-inducing point mutations D73K and Y85A along with a
control mutation IL-37°82€_ Analytical size exclusion was conducted in the
context of the mature IL-37 (residues 46-218 with the WT sequence and the
single point mutations).

regions, which we hypothesized are due to the presence of disor-
dered termini. To test this hypothesis, we truncated both termini
to the smallest soluble recombinant protein of IL37°7%, which
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Fig. 2. NMR solution studies of IL-37. (A, Left) ">N-HSQC spectra of IL-374628,
(A, Right) Structural ensemble of the 10 highest scoring structures showing
residues 46-218 calculated from resolution adapted structural recombination
(RASREC) Rosetta with the flexible termini shown (red). (B, Left) ">N-HSQC
spectra of IL-37°32%, (B, Right) Structural ensemble of the same 10 highest
scoring structures with a secondary structure of a-helices (blue) and p-strands
(red) mapped onto the ensemble calculated using measured chemical shifts
and predictions calculated in the chemical shift index (33). Calculated p-strands
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results in a HSQC devoid of this spectral crowding (Fig. 2B).
Moreover, these termini do not alter the chemical environment
of the centrally folded region of IL37°32% as the spectra are
completely superimposable that suggests there is no structural
change to the IL-37 core upon their removal. The determination
of the low-resolution solution structure of the monomer guided
by our chemical shift assignments (Biological Magnetic Reso-
nance Bank accession number 27729) and experimental amide
NOE:s facilitated the low-resolution structure of 1L37°272% in the
context of its native dimer that indicates the solution structure is
identical to that determined within the crystal (Fig. 2C and Table 2).
Thus, these solution studies provide compelling evidence to suggest
that the extended termini of the atypical IL-1 family member are
disordered in the context of the free protein.

In addition, to determine that the IL-37 termini are disor-
dered, the dynamic nature of the centrally folded IL-37 core was
probed using R1 relaxation rates as sensitive markers for local
flexibility (Fig. 2D). Overall, the R1 relaxation rates are consis-
tent with the relatively large dimer with an average R1 relaxation
rate of 0.41 + 0.16 s~'. Relatively flexible regions exhibiting
R1 relaxation rates can be identified by elevated R1 relaxation
rates, shown as, at least, 0.5 SD above the average (Fig. 2C,
dotted line on the left and shown in red mapped onto our X-ray
structure on the right). The entire IL-37 dimer interface is rel-
atively rigid, indicating that the loops at this interface are rela-
tively rigid. Conversely, many loops on the periphery of the
IL-37 dimer are disordered that include the relative large loop of
residues 96-106 and residues 181-187. Whether these loops are
“flexible for function” and comprise the binding epitopes will
await future studies aimed at assessing IL-37 interactions with its
identified receptors.

IL-37 Mutations at the Dimer Interface Remain Monomeric at Millimolar
Concentrations. In general, mutations of protein dimer interfaces
may disrupt dimer association and thereby simply shift the equi-
librium toward a monomeric form with continued association at
higher concentrations, begging the question of whether the engi-
neered IL-37 monomers weakly associate. For example, we have
previously shown that CXCL8 mutants that disrupt dimer associ-
ation nevertheless persist in dimer interactions in solution (20).
Specifically, R1 relaxation was used to both probe for local dis-
order and was simultaneously used as a sensitive reporter of the
overall tumbling time that reports on the oligomeric state (i.e.,
monomer versus dimer). R1 relaxation rates were determined for
both D73K and Y85A, which were compared with WT IL-37 (all
in the context of IL-37732%),

Using the central core of IL-37 residues 53-206 with point
mutations of D73K and Y85A, chemical shift perturbations
(CSPs) were induced only to the dimer interface (Fig. 3 A and
B), suggesting that there are little to no changes to the global
structure. These monomeric forms exhibit average R1 relaxation
rates that are nearly twice as high as the WT dimer with aver-
age R1 rates of 0.77 + 0.10 and 0.79 + 0.10 s~ for D73K and
YS85A, respectively (Fig. 3B). Such relatively high R1 relaxation
rates are consistent with these mutants retaining their oligomeric
states as monomers down to the high concentrations neces-
sary for NMR (near millimolar). Additionally, R1 relaxation
rates of the individual mutants indicate that their internal
dynamics are remarkably similar to the WT IL-37, indicating

include residues 59-63, 69-80, 90-97, 109-113, 119-124, 131-137, 155-161,
164-169, 175-179, 189-190, and 198-203, and a-helices include residues
140-145 and 148-151. (C) Comparison between this solution ensemble
(white) and one subunit within the X-ray crystal structure (green) of residues
53-206 shown. (D) R1 relaxation rates of IL-37°372% with the average 0.41 +
0.16 57" (dashed line) and residues greater than +0.5 SD mapped onto the X-
ray crystal structure dimer (red).
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Table 2. Structural statistics for the IL-37 monomer 10 NMR
solution structure determined using backbone chemical shifts
with RASREC Rosetta

NOE distance restraints 234
Short-range (intraresidue) 22
Sequential 91
Medium-range (Ji-j|<=4) 46
Long-range (|i-j|>4) 75

Violations >0.5 A of hard restraints 23 +2
Long-range violations >0.5 A of hard restraints 5+1
Average long-range violation (A) 0.59

Average rmsd (over all g-strands)

Backbone (&) 1.21+0.3

Heavy atom (A) 1.76 + 0.39
Ramachandran plot summary

Most favored regions (%) 83.1

Allowed regions (%) 15.7

Generously allowed regions (%) 0.2

Disallowed regions (%) 1.1

that these point mutations do not incur substantial global ef-
fects on the dynamics and that the dimer interface still remains
relatively rigid.

IL-37 Exhibits a Unique Dose-Dependent Profile on Multiple Cell
Types. Dose dependencies that monitor the antiinflammatory
response of recombinant IL-37 on primary cells elicit a distinct
response (Fig. 4), which can be rationalized based on the unique
dimerization property of this IL-1 family member. Specifically,
increasing doses of IL.-37 initially blocks the secretion of proin-
flammatory cytokines in both mouse and human primary cells
induced by either PMA or LPS (Fig. 4 A and B). IL-37 antiin-
flammatory activity is observed to reach a maximum response
after which increased doses of IL-37 become less effective. As
a further corroboration of these results, a similar IL-37 dose—
response was also observed using J774A.1 (J1) macrophages
as an in vitro model system (Fig. 4 C and D). Collectively, these
data further support a role in IL-37 dimerization in suppressing its
antiinflammatory activity.

Mechanistically, these dose dependencies reveal surprising
characteristics of IL-37 dimer association that include the
role of the IL-37 dimer in blocking IL-37 activity induced by
the IL-37 monomer. For example, a theoretical derivation of
the IL-37 self-association binding isotherm shows that, al-
though increasing concentrations of IL-37 result in the
expected relative increase in IL-37 dimers (SI Appendix, Fig.
S1A), the absolute concentration of IL-37 monomers still
increases (SI Appendix, Fig. S1B). Collectively, these data
suggest that the increase in IL-37 dimers inhibit the increase
in IL-37 monomer activity, potentially by occluding mono-
mer binding sites. Moreover, IL-37 dimer formation is likely
mediated by endogenous molecules. For example, the self-
association constant was initially reported as 5 nM (11), and
an even weaker self-association constant was recently reported
(12). However, the inflection point where IL-37 concentrations
becomes inactive varies with different cell types and is well
below the reported self-association constants. This modulation
of IL-37 oligomerization may be reminiscent of chemokines
that interact with a variety of glycosaminoglycans and may
therefore be cell-type dependent. Such a possibility was directly
assessed by NMR titrations with heparin below, which is a com-
mon glycosaminoglycan that does, indeed, engage IL-37 (see
Fig. 8).
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Fig. 3. Solution characterization of IL-37 monomeric mutants. Both amide
CSPs and R1 relaxation rates are shown for (A) Y85A and (B) D73K. CSPs were
determined for WTs and mutants in the context of IL-37°372%, and R1 re-
laxation rates are plotted for the WT IL-37°372% together with each mutant
form for comparison. Average R1 relaxation rates for Y85A and D73K are
0.79 + 0.10 and 0.77 + 0.10 s, respectively, consistent with monomer tum-
bling and compared with the slower average R1 relaxation rate of the WT
IL-37%372%6 dimer with an average of 0.41 + 0.16 s~
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Fig. 4. IL-37 elicits a unique (parabolic) dose dependence observed under
multiple conditions. (A) Recombinant IL-37 suppression of phorbol 12-
myristate 13-acetate (PMA)-induced IL-18 secretion in human peripheral
blood mononuclear cells (PBMCs) pretreated with indicated doses of IL-37 2 h
before treatment with 25 ng/mL of PMA for 24 h in the presence of 10% FCS. IL-
1Ra was also used at 10 pg/mL (B) Recombinant IL-37 (IL-37%2"®) suppression of
LPS-induced IL-6 secretion in bone marrow cells of mice pretreated with indicated
doses of IL-37 2 h before treatment with 100 ng/mL LPS. Assays were performed in
quadruplicate in 96 well plates with 500,000 cells/mL. J1 murine macrophage cells
were stimulated with LPS, and the indicated doses of IL-37*2'® and supernatants
were probed for both (C) IL-1 and (D) IL-6 as described in Fig. 5.
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Either Termini of IL-37 Are Required for Activity and Monomeric
Forms of IL-37 Increase the Anti-Inflammatory Activity. The lack of
structured termini for IL-37*-2'® and the suppressive effects of
its dimerization facilitate multiple avenues to engineer variants
of IL-37 to explore their relative contributions to function. To
this end, we sought to directly test the contributions to the ac-
tivity of the IL-37 termini as well as confirm that IL-37 monomeric
mutants enhance IL-37 activity. As J1 cells were shown above to
recapitulate the IL-37 activity profiles observed in primary cells,
J1 cells were therefore utilized to test the activity of engineered IL-
37 forms described herein.

Terminal truncations of the mature WT IL-37*'% were
constructed, which include the C-terminally truncated form (IL-
37%-206) the N-terminally truncated form (IL-377*-%'%), and the
central structured form that was subjected above to both X-ray
crystallography and NMR studies (IL-37°°72%). Activities of
these terminal truncated forms were compared with WT IL-37
(Fig. 54). Interestingly, the removal of either the N-terminal or
the C-terminal residues leads to no measurable change to LPS-
induced IL-1p secretion, yet the removal of both termini led to a
recombinant form with slightly reduced activity compared with
WT IL-37. These data indicate that the removal of the disor-
dered termini of IL-37 do not simply remove regions that are
sterically obstructing a single receptor interaction but that there
is possibly a more complicated mechanism of engagement. For
example, one possibility is that each terminus is critical for specific
interactions for specific receptors whereby the other terminus is a
negative regulator. Conversely, there may be nonspecific interac-
tions that enhance receptor affinity. Either way, the removal of
both termini renders IL-37 unable to bind both receptors.

Both IL-37 monomeric mutations were also tested to confirm
that disruption of the WT IL-37 dimer enhances IL-37 activity in
the context of the fully mature IL-37*'8, Indeed, the activities
of both D73K and Y85A are enhanced relative to WT IL-37
(Fig. 5B). These data support earlier important findings that
indicate the antiinflammatory activity of IL-37 lies in its mono-
meric form (12), at least, with regard to macrophages that were
also extended to primary cells below.

IL-37 Monomers Down-Regulate VCAM-1 Expression in a Dose-
Dependent Manner as Opposed to WT IL-37. Consistent with the
data described above that utilized cell lines, we studied the dose—
response of native IL-37*°'® in primary human aortic valve cells
(AVICs). As shown in Fig. 64, LPS-induced expression of VACM-
1 is reduced from an eightfold increase over the baseline level (nor-
malized to 1.0) to only 1.8-fold by IL-37*'® at 0.05 nM. This low
concentration of IL-37*!8 is typical of many in vitro studies. How-
ever, as shown in Fig. 6B, an increase in IL-37*218 {5 0.5 nM results
in the loss of a significant ability to suppress VCAM-1 expression. In
contrast, both mutant monomers in the same assay at 1.0 nM sup-
pressed VCAM-1 expression much better than the WT form. The
interpretations of these data are consistent with dimeric forms of WT
IL-37 preventing the monomeric IL-37 from access to its receptors.
With increasing doses of IL-37 WT and monomeric mutant forms,
the higher activity of the IL-37 monomers become increasingly ap-
parent (Fig. 6 C and D). For example, at 2.5 nM, there was a 50%
reduction in VCAM-1 for WT IL-37, but the monomeric mutant
D73K reduced expression from eightfold nearly back to the baseline
level. Here, the monomeric D73K reduced VCAM-1 from eightfold
to 1.8-fold, a 90% decrease. These data support the higher activity
of the monomeric IL-37 forms shown above in the cell lines. Thus,
using primary cells, we can appreciate the antiinflammatory prop-
erties of monomeric IL-37 as the effective form for limiting in-
flammation. Although monomeric mutants do not exist in nature,
the data nevertheless convincingly reveal that the IL-37 monomer is
the active form. As discussed below, the ability of low concen-
trations to be effective in suppressing innate inflammation likely
requires a cofactor (s).

Eisenmesser et al.
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Fig. 5. IL-37-mediated antiinflammatory activity is not increased by termi-
nal truncations but only mutations that disrupt dimer formation. (A)
J1 murine macrophage cells were pretreated 1 h with the indicated doses
of WT IL-37%¢72'8 and engineered terminal mutants of IL-37, stimulated
with 1 pg/mL LPS for 4 h and, subsequently, treated with 20 pM of nigericin
for 1 h before monitoring IL-1p secretion. (B) WT IL-37%6-2'8 along with
both point mutations that specifically disrupt the IL-37 dimer, Y85A, and
D73K, was assayed identically to A. Assays were performed in triplicate
in a 96 well plate with 750,000 cells/mL Cytokine production was quan-
tified by ELISA. All assays are representative of, at least, five indepen-
dent experiments. Error bars represent the SEM; *P < 0.05, **P < 0.001,
and ***P < 0.0001, statistical significance was assessed using the unpaired
Student’s t test.

Implications for IL-37 Interactions. Whereas IL-37 has been shown
to associate with both IL-18Ra and IL-1RS8 (8§, 9, 11), studies
shown here and previous studies indicate that these interactions
are likely more complicated than originally conceived. For ex-
ample, cononical IL-1 family interactions, such as that of IL-18,
first engage a primary receptor followed by the association with a
second receptor as is the case for ternary complexes of IL-1/IL-
1R/IL-1R3 (21) and IL-18/IL-18Ra/IL-18Rp (22). Following
such a canonical binding mechanism, a straightforward model
would suggest that IL-37 first interacts with one receptor (IL-
18Ra), and that this is followed by ternary complex formation
with a second receptor (IL-1R8) as we have modeled here using
the recently determined IL-18 ternary complex (Fig. 74). The
evidence for such a model is based on fluorescent studies that
identified an IL-37/IL-18Ro/IL-1R8 complex in primary cells
and cell lines (9). The elegance of such a model seems appealing
as the IL-37 dimer must dissociate in order for the IL-37 monomer
to interact with IL-18Ra, which is consistent with our data (Fig. 4),
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Fig. 6. Suppression of LPS-induced VCAM-1 by high concentrations of IL-
37 monomers in human AVICs. (A) Normal human AVICs were treated with
0.05 nM recombinant WT IL-37%62'8 Y85A, and D73K or untreated before
stimulation with LPS and then subsequently probed for VCAM-1. Identical
assays were performed with (B) 0.05 nM, (C) 1.0 nM, and (D) 2.5 nM
recombinant IL-37 proteins.
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and the antiinflammatory activity of IL-37 would also inhibit the
proinflammatory IL-18 activity. Moreover, superposition of
the NMR solution structure ensemble of the monomer in this
model suggests that the flexible N terminus would need to reorient
to avoid steric clashes with IL-18Ra (Fig. 7B). This too may be
consistent with the role of one of these termini in dictating IL-
37 interactions and the role of the other that may negatively
regulate binding (in Fig. 5).

There are important problems with this model that should be
addressed in the future. First, the relatively weak affinity of IL-37 to
IL-18Ra previously determined as ~130 nM (11) is inconsistent
with the picomolar activity of IL-37 observed here and elsewhere,

A X-ray Structure

\‘M
|L-1R8_}.§ & ¥
A’% X2 1L-37
Sy }1

B IL-37 NMR Structure
p

Fig. 7. Potential model of IL-37 interactions. (A) Utilizing the IL-18 (red)
ternary complex with IL-18Ra (blue), IL-18Rp (magenta) as a template (PDB
accession 3WO04), and an IL-37 monomer (green) from the X-ray crystal
structure determined here (green and white) is superimposed onto IL-18
with IL-18Ra and the homology model of IL-1R8 superimposed onto IL-
18Ra. Note, the IL-37 dimer is shown in the same orientation of the IL-37/
IL-18Ra complex to illustrate the occlusion of the interacting surface within
the IL-37 dimer. (B) NMR-derived solution ensembles are superimposed onto
this model with the mature IL-37 extended termini of residues 46-52 and
207-218 shown (red). A blowup of the N-terminal region of IL-374¢2 illus-
trates potential clashes with the receptor complex, suggesting that this region
may need to reorient for interactions.
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which may suggest that there are missing cofactors of this in-
teraction. Second, the previously determined 5 nM affinity for
IL-37 dimerization would preclude the weaker binding of IL-
18Ra in the first place, which further suggests the existence of
cofactors. Thus, although the presented canonical mode of
IL-37 binding to IL-18Ra and IL-1R8 is consistent with signal
transduction in the IL-1 family, there are likely missing co-
factors that contribute to the molecular details of IL-37 signaling
in full. Such a cofactor (s) may also explain how IL-1R8 func-
tions, which contains only one Ig-like domain compared with, at
least, two Ig-like domains for receptors within the canonical
interactions.

Finally, to address the findings that IL-37 activity is diminished
well below its in vitro determined self-association affinities (11,
12), we hypothesized that glycosaminoglycan interactions are
likely to occur and thereby serve to modulate IL-37 interactions.
Thus, we sought to directly address whether IL-37 interacts with
such endogenous molecules. To test such a scenario, we uti-
lized heparin as a representative of common glycosaminoglycans,
which has been shown to modify the activity of several chemo-
kines by stabilizing an oligomeric state (23-25). Indeed, heparin
addition to both the WT IL-37%2% dimer (Fig. 84) and the
monomeric mutant of Y85A (Fig. 8B) induced severe line
broadening at stoichiometric concentrations. Although such line
broadening may be induced by either oligomerization or binding
to multiple interaction sites, the fact that specific CSPs can be
observed while simultaneously being diminished in intensities
indicates a preferred interaction site with sampling of larger
oligomeric species. This simultaneous shifts with concomitant
diminishment in intensity is exemplified using Y85A (Fig. 8C). A
plot of these CSPs reveals a likely heparin binding surface within
this monomer (Fig. 8D), which is largely distinct from any in-
teraction surface within the modeled ternary complex of IL-37/
IL-18Ra/IL-1R8 (Fig. 8E). As glycosaminoglycans are present
within multiple surface exposed glycoproteins and are abundant
within the extracellular matrix (26), these NMR studies identify
IL-37 as a potential glycosaminoglycan binding protein. Such
interactions may stabilize IL-37 oligomerization by either shifting
the monomer/dimer equilibrium toward the dimer or promoting
higher order oligomers of the dimer (Fig. 8D). Additionally,
glycosaminoglycan could compete for an additional cofactor in-
teraction (Fig. 8E). In either event, glycosaminoglycan may down-
regulate IL-37 activity in accord with its inactivation at concen-
trations well below the self-association affinity.

Conclusion

Revealing the underlying molecular mechanism of IL-37 will
identify promising pathways that may be exploited for controlling
inflammation. The biophysical, biochemical, and biological stud-
ies here confirm that elevated IL-37 concentrations result in a
dampening of its antiinflammatory activities whereby dimerization
occludes the activity of the IL-37 monomer. Point mutations that
specifically disrupt the IL-37 dimer remain stable monomers in
vitro and provide greater suppression of inflammatory cytokines
compared with native IL-37 on multiple cell types. Athough NMR
solution studies have specifically shown that, in the absence of any
other interaction, the IL-37 termini are unstructured, the presence
of one extended terminus is necessary for activity. Such findings
may be reconciled by the existence of multiple cell surface inter-
actions and/or multiple mediators of IL-37 activity, which would
also explain how IL-37 is active at picomolar concentrations de-
spite its relatively weak interaction with IL-18Ra.

Materials and Methods

Protein Expression and Purification. Recombinant IL-37 constructs with an N-
terminal 6xHis tag and thrombin cleavage site were cloned into pET21 for
subsequent expression in BL21/DE3 cells at room temperature. The soluble
protein was purified using Ni affinity and subjected to sulphopropyl (SP) ion
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Fig. 8. IL-37 interacts with heparin. Heparin induces severe line broadening
in IL-37 ">N-HSQC spectra as shown in a comparison of free protein and
equimolar concentrations of heparin for the (A) IL-37°32% dimer and (B)
mutant Y85A. (C) ">N-HSQC spectra Y85A (300 uM) with substoichiometric
heparin (50 pM), highlighting amide chemical shifts. (D) IL-37 residues that
exhibit large CSPs in the presence of heparin are largely confined to one
surface. (Left) Amide CSPs per residue induced by heparin binding within
Y85A with substoichiometric heparin added. (Right) CSPs greater than 1.0 SD
above the average (0.033 ppm) are mapped onto the structural model of the
IL-37 dimer (red spheres) that illustrate how either a monomer or a dimer
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exchange (50 mM Tris, pH 7.2, 100 mM NacCl, 1 mM EDTA, and 1 mM DTT)
with bound IL-37 eluted with high salt (2 M NaCl). After removal of the 6xHis
tag with thrombin, the protein was subjected to Superdex-75 size exclusion
using the final NMR buffer (50 mM phosphate, 150 mM NacCl, and 1 mM
DTT), crystallization buffer (20 mM Trizma, pH 7, 50 mM NacCl, and 1 mM
DTT), or biological buffer (PBS). For ?H'>N'3*C-labeled NMR samples, protein
was grown at 37 °C and refolded as previously published to facilitate amide
exchange (27, 28).

X-Ray Crystallography and NMR Relaxation. Recombinant IL-37°372% was used
for all structural studies unless otherwise stated. For NMR assignments,
standard BioPack sequences were collected on a 2H'>N'3C-labeled protein
acquired on a 600 MHz Varian spectrometer along with '°N- and "*C-nuclear
Overhauser effect spectroscopy (NOESY) spectra acquired on a 900 MHz
Varian spectrometer and R1 relaxation data were collected at 900 MHz.
Samples were ~500 pM. Heparin sodium salt from porcine intestinal mucosa
(average molecular weight 11-12.5 kDa; Sigma-Aldrich) was added as in-
dicated. Data were processed using nmrPipe software (29) and analyzed
using CCPNmr software (30). Chemical shifts and NOEs for the truncated IL-
37 residues 53-206 were used with RASREC Rosetta to calculate solution
ensembles of the IL-37 monomer (31) with distance restraints all set to 6 A
and IL-37 residues 1-218 used for all solution calculations. For crystallogra-
phy, conditions were identified within JCSG Core | (Qiagen) condition 92
(0.1 M citric acid pH 2.5, 20% MPD), and crystals were collected at the Ad-
vanced Light Source beamline 8.2.1. For computational models, the ectodo-
main of IL-1R8 residues 1-118 was calculated with the Rosetta structural
prediction, and all superpositions were calculated using Coot Software (32).

Cell Lines and in Vitro Assays. The murine macrophage cell line J1 was pur-
chased from American Type Culture Collection and cultured according to the
distributor’s instructions in DMEM (Corning) supplemented with 10% FBS
and 1% penicillin/streptomycin at 37 °C and 5% CO,. For in vitro assays,
75,000 cells per well were plated overnight or 1 h before pretreatment in a
flat bottom 96 well plate. J1 cells were stimulated for 4 h with 1 pg/mL LPS;
Escherichia coli 055:B5; Sigma-Aldrich. For inflammasome activation, 20 pM
nigericin sodium salt dissolved in 100% ethanol (InvivoGen) was added for
another 1 h. IL-18 and IL-6 concentrations were measured in the cell
supernatants by specific ELISA (DuoSet, R&D Systems). Manufacturer’s in-
structions were strictly followed.

Isolation and Culture of Human AVICs. All studies were approved by the In-
stitutional Review Board of University of Colorado (COMIRB; Protocol 08-
0280) and performed in accordance with the Declaration of Helsinki. All aortic
valve donors gave their written informed consent before their inclusion in
this study. The normal tricuspid aortic valves were collected from cardio-
myopathy heart-transplant patients at the University of Colorado Hospital.

Aortic valve leaflets were excised, washed in PBS, and then incubated
with collagenase solution (type I, 1.0 mg/mL) in hybridization ovens at
37 °C for 30 min to separate endothelial cells. Leaflets were further
digested with a fresh solution of 1 mg/mL collagenase solution for 4-6 h
at 37 °C to isolate human AVICs. After vortexing and aspirating repeatedly
to break up the tissue mass, human AVIC suspensions were centrifuged
at 1,000 rpm for 10 min. Pellets were resuspended and cultured in M199
growth medium (Lonza), supplemented with 10% FBS, 100 U/mL peni-
cillin, and 100 pg/mL streptomycin (Sigma-Aldrich) in an incubator with
5% CO, at 37 °C. The medium was replaced every 3 d throughout the
growth, differentiation, and experimental periods. Human AVICs were
passaged three to six times and used at 80-90% confluence for all ex-
periments. The AVICs were stimulated with LPS (200 ng/mL) for 24 h. In
the experiments, the AVICs were pretreated with recombinant IL-3746-218,
the single point mutation of D73K, or Y85A for 2 h before the addition
of LPS. After 24 h, the cultures were processed for Western blotting with
antihuman VCAM-1 antibodies.

Statistical Analysis. Statistical significance was calculated using the two-tailed
Student’s t test with GraphPad Prism 5.0. P values < 0.05 were considered to
be significant with *P < 0.05, **P < 0.001, and ***P < 0.0001.

may engage heparin and a representative model of IL-37 interacting with a
heparin chain. (E) Residues are mapped (red spheres) onto the ternary
complex model of IL-37/IL-18Ra/IL-1R8. Mapped residues that exhibit large
CSPs upon substoichiometric addition of heparin are K59, F60, 190, A95,
C122, D123, L135, E138, F154, S163, and V206.
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