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SUMMARY

Innate immunity relies on pattern recognition receptors (PRRs) to detect threats, including pathogens and
damage-associated molecular patterns (DAMPs) from damaged cells. IFI16 behaves as a DAMP and ac-
tivates Toll-like receptor 4 (TLR4)-mediated inflammation. Here, we identify the N-terminal PYRIN domain
(PYD) of IFI16 as critical for binding TLR4 and triggering inflammation, and we confirm this interaction
through in vitro and in vivo assays. The inflammatory activity of IFI16”YP is unique to human and mouse
PYHIN proteins, as PYDs in other proteins, such as NLRP3 or ASC, do not activate TLR4. Disrupting the
IFI16-TLR4 interaction prevents pro-inflammatory cytokine production, reducing immune cell recruitment
and skin fibrosis in mice. Elevated IFI16 and TLR4 levels in systemic sclerosis patients suggest a role in
disease progression. These findings provide insight into DAMP recognition and inflammation propaga-
tion, highlighting the IFI16-TLR4 interaction as a potential therapeutic target for sterile inflammatory dis-

eases.

INTRODUCTION

The interferon-inducible protein IFI16 belongs to the HIN200
family of proteins, characterized by one or two consecutive
200-amino acid DNA binding HIN (hematopoietic expression,
interferon-inducible nature, and nuclear localization) domains."™
Recently, these proteins have been renamed either PYHIN,®
because of the presence of one PYRIN domain (PYD) at their
N-terminus, or AIM2-like receptors (ALRs) due to their ability to
act as a new class of pattern recognition receptors (PRRs).®’
PYD, a protein-protein interaction domain belonging to the death
domain fold (DDF) superfamily, is known for its oligomerization-
dependent signaling function in innate immune responses,
particularly in the assembly of inflammasomes.®*°

Since its discovery, IFI16 has been linked to a growing range
of physiological processes, including cell cycle regulation, tu-
mor suppression, apoptosis, DNA damage signaling, virus
detection, and virus restriction.’®'® IFI16 has also been re-
ported to be aberrantly expressed in chronically inflamed
tissues, such as the intestinal epithelium of patients with inflam-
matory bowel disease (IBD),'”'® the epidermis and inflam-
matory dermal infiltrates of patients with systemic lupus ery-
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thematosus (SLE),'®?° salivary epithelial cells and infiltrating
lymphocytes in Sjogren’s syndrome (SS) patients,”’?* as well
as the skin of individuals with psoriasis (Pso)*>° and systemic
sclerosis (SSc).?® Of note, a number of autoimmune conditions,
including SSc, RA, SLE, SS, PsA, and IBD, have been associ-
ated with the presence of serum circulating IFI16 protein and its
specific autoantibodies.'”'®?"~*" Fittingly, we have previously
shown that IFI16 is released into the extracellular matrix where
it acts as a damage-associated molecular pattern (DAMP), trig-
gering proinflammatory cytokine production in renal and mono-
cytic cell lines through the Toll-like receptor 4 (TLR4) signaling
pathway. This effect is induced by IFI16 alone and is further
amplified when IFI16 binds one of the microbial agonists of
TLR4, the lipopolysaccharide (LPS), via its HINB domain.®?
Despite these insights, it remains to be fully elucidated how
IFI16 interacts with TLR4.

This study provides in vitro and in vivo functional evidence that
the proinflammatory activity of IFI16 specifically resides in its
N-terminal region and that IFI16"YP is necessary and sufficient
for the binding to, and activation of, TLR4. Moreover, we show
that the proinflammatory activity of PYD is a shared feature
among PYHIN family members, encompassing both human
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Figure 1. The proinflammatory activity of IFI16 lies within its N-terminal region

(A) gRT-PCR analysis for TNF-a, IL-8, and IL-1p mRNA expression levels in human macrophages stimulated for 24 h with IFI16 alone (10 pg/mL) or pre-incubated
for 1 h with the indicated amounts of anti-IFI16 polyclonal antibodies directed against either the N- or C-terminal region of the protein. Values are normalized to
GAPDH mRNA and plotted as fold of induction over untreated cells. gRT-PCR data are presented as mean values of biological triplicates. Error bars indicate SEM
(p < 0.05, **p < 0.001, ***p < 0.0001; one-way ANOVA followed by Dunnett’s test).

(B) Protein concentration of TNF-a and IL-8 determined by ELISA in the culture supernatants harvested from human macrophages stimulated for 24 h as
described in (A). Data are expressed as mean values +SEM of three independent experiments (***p < 0.001, ***p < 0.0001; one-way ANOVA followed by
Dunnett’s test).

(C) Surface plasmon resonance (SPR) analysis of IFI16 binding to immobilized TLR4. 500 nM of IFI16 diluted in running buffer, alone or pre-incubated for 1 h at RT
with increasing concentrations (62.5-500 nM) of the anti-N-term-IFI16 antibody (red bars) or with 500 nM of anti-C-term antibody (green bar), were flowed over a

TLR4/MD2-coated chip. Data are representative of two independent experiments, shown as the mean + SEM (***p < 0.0001; one-way ANOVA followed by

Dunnett’s test).

and mouse genes. We further identify specific amino acids within
PYD that are conserved across the PYHIN family, but not found
in PYD from other gene families such as the NOD-like receptor
(NLR) family pyrin domain-containing protein 3 (NLRP3), which
are critically involved in TLR4-mediated proinflammatory activity
of these proteins.

RESULTS

The inflammatory activity of the IFI16 protein lies within
its N-terminal region

We have previously shown that IFI16 acts as a specific ligand for
TLR4.% To identify the region within the IF116 protein responsible
for TLR4 activation, we took advantage of antibodies directed
against either the N- or C-terminal region of IFI16. Phorbol
12-myristate 13-acetate- (PMA)-differentiated human THP-1
cells (hereafter referred to as human macrophages) were stimu-
lated with 10 pg/mL of full-length IFI16 (IFI16Y), either alone or
after pre-incubation for 1 h at RT with increasing concentrations
of anti-IFI16 antibodies. After 24 h, total RNA was extracted and
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subjected to qRT-PCR analysis to evaluate the inflammatory
response. In agreement with our prior findings,** treatment
with IFI16™- alone markedly increased the mRNA expression
levels of TNF-a, IL-8, and IL-1p compared to untreated cells
(61-fold for TNF-a, 97-fold for IL-8, and 50-fold for IL-1, respec-
tively) (Figure 1A). Interestingly, when IFI16 was pre-incubated
with an anti-N-term-IFI16 antibody, there was a noticeable
decrease in its ability to upregulate TNF-«, IL-8, and IL-1§
gene expression in a concentration-dependent manner. The
reduction in transcriptional activation reached approximately
85% at the highest antibody concentration (10 pg/mL).
Conversely, the anti-C-term-IFI16 antibody did not affect IFI16-
induced cytokine gene expression. This trend aligned with the
increased secretion of TNF-a and IL-8 into cell culture superna-
tants observed after stimulation with IFI167-. Of note, this in-
crease was significantly reduced in a dose-dependent manner
with the anti-N-term-IFI16 antibody, in contrast with the lack of
any effects observed with the anti-C-term-IFI16 antibody
(Figure 1B). The inhibitory activity exerted by the anti-N-term-
IFI16 antibody was further confirmed by surface plasmon
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resonance (SPR) analysis. IFI16™, either alone or pre-incubated
for 1 h at RT with increasing concentrations of anti-N-term or
anti-C-term IFI16 antibody, was flowed over a TLR4/MD2-
coated chip. In good agreement with the results obtained with
the cellular assay, at concentrations of 500 nM and 62.5 nM,
the anti-N-term-IFI16 antibody significantly blocked IFI16 bind-
ing to the receptor complex in a concentration-dependent
manner, achieving around 75% and 45%, respectively, of bind-
ing inhibition compared to controls without antibodies (Figure
1C). As expected, preincubation with the anti-C-term-IFI16 anti-
body did not impair IFI16 binding to TLR4/MD2 even at the high-
est concentration.

Collectively, our findings suggest that the N-terminal region of
IFI16 is responsible for the recognition and activation of the
TLR4/MD2 complex.

The IFI16°YP is involved in TLR4 binding and activation

To precisely map the IFI16 domain responsible for TLR4 binding
and activation, we generated a panel of IFI16 recombinant do-
mains spanning the whole protein from the N-terminus to the
C-terminus, comprising the PYD, HINA, and HINB domains,
alongside truncated versions of IFI16 lacking either the PYD or
HINB domain (IFI16APYD or IFI16AHINB, respectively) (Figure
2A). Human macrophages were then stimulated with 10 pg/mL
of IF116™ or equimolar concentrations of the IFI16 domains or
truncated proteins, followed by total RNA extraction after 24 h
for gRT-PCR analysis of pro-inflammatory cytokines. In line with
the results shown in Figure 1A and our prior work,** TNF-q,
IL-8, and IL-1 mRNA expression levels were significantly upre-
gulated upon treatment with IFI16™- or IFI16AHINB (Figure 2B).
In contrast, stimulation with IFIT6 APYD led to a substantial reduc-
tion in proinflammatory activity, with decreases in mRNA expres-
sion levels, compared to untreated cells, ranging from 57- to
10-fold for TNF-a, from 113- to 20-fold for IL-8, and from 48- to
5-fold for IL-1p. Consistently, among the three IFI16 domains,
only PYD retained the ability to upregulate the expression levels
of TNF-a, IL-8, and IL-1p mRNAs, albeit less effectively than the
full-length protein, with mRNA levels increases of 37-fold for
TNF-a, 66-fold for IL-8, and 38-fold for IL-1p, compared to un-
treated cells. To strengthen these findings, we analyzed cyto-
kines secreted in the cell culture supernatant. Accordingly,
TNF-a and IL-8 protein levels were significantly higher in superna-
tants from cells treated with IFI16, IFI167", or IFI16AHINB, but
not with IFIT6APYD or the HINA and HINB domains, compared
to untreated cells (Figure 2C). As demonstrated in our earlier find-
ings with IFI16™ protein,® the TLR4 dependency of this proin-
flammatory response was confirmed through its suppression
by the TLR4 antagonist CLI-095 (Figure 2C). As shown in
Figure S1A, these treatments did not impair cell viability. Similar
data were obtained when human primary monocytes or periph-
eral blood mononuclear cells (PBMCs) were isolated from buffy
coats of healthy donors and employed. Under all experimental
conditions tested, human cells responded to IFI16 or IFI167YP
but not to IFH6APYD (Figure S1B). Stimulation of cells with LPS
was utilized as a positive control, and while the heterogeneous
group of cells present in PBMCs responded more potently to
LPS than to IFI16, monocytes showed comparable or higher
levels of cytokines than those released upon LPS treatment, sug-
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gesting that monocytes are the primary responder to IFI16, while
other populations in PBMCs also respond to LPS (Figure S1C).

To assess whether additional domains other than the IFI167YP
could engage TLR4, we conducted SPR analysis. For this pur-
pose, we flowed increasing concentrations of the truncated
IFI16™ protein or its distinct domains over a TLR4/MD2-coated
sensor chip and assessed the binding affinity and interaction ki-
netics, which would be indicative of receptor engagement. As
shown in Figure 2D and summarized in Table 1, both IFI16AHINB
and IF1167YP bound to TLR4/MD2, with affinities (Kp = 7.83*10~8
and 4.15*107, respectively) comparable to that of IFI16™- (Kp =
1.71*1077). As expected, no binding to TLR4/MD2 was observed
when the IFIT6APYD variant was examined. In contrast, the
HINA and HINB domains did exhibit biophysical interactions,
but their affinity constant values fell within the millimolar range
(Kp = 1.57*107* and 2.98*107*, respectively), putatively indi-
cating that these interactions were not robust enough to form a
stable biological complex.

We next sought to determine whether the PYD could bind to
TLR4 on the cell membrane. To this end, human macrophages
were treated, or not, with IFI16™, IFI16”"® or IFI16APYD and
co-immunoprecipitation assays were performed where TLR4
and its interacting partners were immunoprecipitated using an
anti-TLR4 antibody. The resulting immune complexes were
then analyzed by SDS-PAGE followed by immunoblotting for
TLR4 or IFI16, using antibodies directed against either the
N-term or C-term domains of IFI16. As shown in Figure 2E, the
anti-N-term-IFI16 antibody revealed co-immunoprecipitation
signals with TLR4 in samples treated with either IFI16™ or
IFI167"P, indicating the capability of IFI16 and its PYD to interact
with TLR4 in vivo. The specificity of the IFI167YP-TLR4 interaction
was further demonstrated by the lack of signal when the anti-C-
term antibody was employed to detect the interaction between
TLR4 and the IFI167P, or between TLR4 and IFI16APYD, even
though the same antibody did recognize co-immunoprecipitated
IFI16™,

Taken together, our findings indicate that the PYD in IFI16 is
necessary and sufficient to bind and activate TLR4 signaling and
consequent inflammatory responses in human macrophages.

The proinflammatory activity of the PYRIN domain is
conserved among PYHIN family members

Next, we asked whether the proinflammatory activity elicited by
IFI16°"P could be extended to other members of the PYHIN
family, including those from mice, or even to proteins from
different gene families harboring PYD, such as NLRP3 and the
apoptosis-associated speck-like protein containing a CARD
(ASC). To answer this question, we generated recombinant
PYDs of representative human [i.e., AIM2 (hAIM2), MNDA, and
IFIX] as well as mouse [i.e., Aim2 (mAIM2), Ifi203, and Ifi204]
PYHIN proteins, in addition to the human NLRP3 and ASC pro-
teins. Equimolar concentrations of these PYDs were then used
to stimulate human macrophages for 24 h, after which total
RNAs were extracted and analyzed by qRT-PCR to measure
the expression levels of our panel of proinflammatory cytokines.
Stimulation with any of the PYD from the PYHIN family (PYHIN-
PYD) resulted in a significant increase in TNF-a, IL-8, and IL-1§
mRNA expression levels, averaging more than 40-fold

iScience 28, 112413, May 16, 2025 3
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Figure 2. The PYRIN domain of IFI16 is involved in TLR4/MD2 binding and activation

(A) Schematic representation of the full-length IFI16 (IFI16™), the truncated forms IFI16AHINB and IFI16APYD, and the single domains used in this study.
Numbers represent the amino acid positions based on the NCBI Reference Sequence GenBank: NP_005522.

(B) gRT-PCR analysis of TNF-«, IL-8, and IL-1p mRNA expression levels in human macrophages stimulated for 24 h with or without the recombinant proteins
described in A (111 nM). Values are normalized to GAPDH mRNA and plotted as fold induction over mock-treated cells. gRT-PCR data are presented as mean
values +SEM of biological triplicates (**p < 0.001; one-way ANOVA followed by Dunnett’s test).

(C) Protein concentration of TNF-a and IL-8 evaluated by ELISA in supernatants derived from human macrophages stimulated for 24 h as described in the legend
(B), with or without CLI-095 (TLR4 inhibitor, 5uM). Data are expressed as mean values +SEM of three independent experiments (**p < 0.001; one-way ANOVA
followed by Dunnett’s test).

(D) SPR analysis of IFI16 mutants or domains binding to immobilized TLR4/MD2. After immobilization of TLR4/MD2 on the CM5 sensor chip surface, increasing
concentration of IFI16™, IFIH6AHINB, IFI16APYD, IFI167Y°, HINA, or HINB domains (20-800 nM), diluted in running buffer, were injected over the immobilized
complex. Data are representative of three different experiments, with the dissociation constant (Kp) value provided where applicable. In the sensogram for
IFIH6APYD, the asterisk (*) denotes the mass transport effect observed at the highest concentration (2 pM).

(E) Human macrophages were stimulated for 1 h with IFI16F-, IFI16"YP, IFI16APYD, or left untreated (25 pg/mL). Total cellular extracts were then subjected to
immunoprecipitation using an anti-TLR4 monoclonal antibody. Immunoprecipitates (left, IP:TLR4) and whole-cell lysates (right, Input) were analyzed by
immunoblotting using antibodies against N-term-IFI16, C-term-IFI116 or TLR4. B-actin protein expression served as a protein loading control. Data are repre-
sentative of three independent experiments with similar results.

upregulation for all the three cytokines compared to untreated (Figure 3B). Importantly, the small-molecule TLR4 antagonist

cells (Figure 3A). This response was consistent with that
observed following exposure to IFI16°YP and was similarly
noted with murine proteins. Conversely, stimulation with either
NLRP37YP or ASCYP did not lead to a significant upregulation
of the proinflammatory cytokines when compared to untreated
cells. Consistent with these findings, enhanced release of
TNF-a and IL-8 was observed in supernatants from cells stimu-
lated with various PYHINPYPS but not with NLRP3”YP or ASCPYP

4 iScience 28, 112413, May 16, 2025

CLI-095 effectively blocked the proinflammatory responses pro-
moted by PYHINPYPS, confirming that their activation occurs
through the canonical TLR4/MD2 pathway. Of note, similar re-
sults were obtained when murine macrophages (i.e.,
RAW264.7) were used as target cells. As shown in Figure 3C,
PYDs from both human and murine PYHIN family members
induced a TLR4-dependent TNF-a release in murine macro-
phage supernatants, whereas NLRP3”YP or ASCP"P did not.
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Table 1. Binding kinetics to TLR4 receptor of IFI16 full length vs.
deleted isoforms and single domains

Rmax Chi?
Kp(M) (RU) tc (RU?)  U-value
IFI16™- 1.71*10~7 9638 1.33*10° 121 9
IFI16AHINB  7.83*107% 5454 2.9910° 1.47 12
IFH6APYD undetermined - - - -
IF1167YP 4.15*107° 64.70 6.34*10"7 273 4
IFI16HINA 1.57*10~* 1025 1.4910% 044 20
IFI16HINE 2.98*107* 3213  2.207107 224 15

To further confirm that the proinflammatory activity elicited by
PYHINPYPS unlike those from other gene families, specifically
involved the TLR4/MD2 complex, we conducted SPR analy-
ses applying increasing concentrations of hAIM27Y® (human
PYHIN), fi203FYP (murine PYHIN), or NRLP3”YP (non-PYHIN)
on a sensor chip coated with TLR4/MD2. As expected, both
hAIM27YP and [fi2037YP showed high affinity binding to TLR4/
MD2, with a Kp comparable to that of IFI167Y° (3.48*107° for
hAIM2 and 6.06*107° for Ifi203 vs. 4.15*107% for IFI16). In
contrast, NLRP3P"P interacted with TLR4/MD2 with a signifi-
cantly higher Kp (1.09*10%), suggesting a lesser tendency to-
ward complex formation compared to hAIM2 and Ifi203 PYDs
(Figure 3D and Table 2).

Collectively, these findings demonstrate that PYHINPYPS spe-
cifically retain the ability to induce a TLR4-mediated proinflam-
matory phenotype in target cells. Remarkably, this function is
consistent across PYHIN proteins of both human and mouse
origin, implying the existence of conserved mechanisms of inter-
action between these two species.

Three amino acids located within the IFI16°YP are

critically involved in its TLR4-mediated proinflammatory
activity

Having established the TLR4-dependent proinflammatory activ-
ity of PYHINPYPS, we selected IFI116"YP as a representative mem-
ber of the PYHIN family to assess the specificity of its interaction
with TLR4 at the structural level. By means of the Robetta soft-
ware,®® we predicted its 3D structure (Figure 4A) and used it to
perform a molecular docking study with the extracellular domain
of TLR4 (PDB:3FXI, Figure 4B) through High Ambiguity Driven
protein-protein DOCKing (HADDOCK) software.®* In parallel,
we aligned the sequence of PYHINPYPS with those from NLRP3
and ASC proteins to identify PYHIN-specific amino acids sharing
similar chemical properties (Figure 4C). This process, which
merged sequence alignment with molecular docking insights,
focused on: (1) bond lengths shorter than 3 A, (2) the chemical
properties of the amino acids in question, and (3) unique charac-
teristics of PYHINPYPS, This comprehensive analysis allowed us
to identify three residues in IFI167YP —specifically, Lys34,
Lys64, and Lys86—potentially involved in the interaction with
TLR4 (Figure 4C, light blue arrows; Figure 4D). Interestingly,
these residues are either conserved or maintain similar proper-
ties across PYHIN family members of both human and mouse
origin (Figure S2). Furthermore, superimposing the 3D structure
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of IFI167P with those of NLRP3”YP and ASCPYP using PyMOL
software revealed that these critical amino acids are replaced
by residues with different chemical properties and orientations
in non-PYHIN family members, likely preventing binding to
TLR4 (Figure S3). This effect appears to be further exacerbated
by the presence of an extended loop in the NLRP3""P and
ASCPYP structures, which may interfere with receptor binding
due to steric hindrance. Specifically, these loop moieties occupy
the region in IFI167YP meant for TLR4 engagement through elec-
trostatic interaction involving both Lys34 and Lys64.

To assess the biological relevance of these predictions and
confirm the involvement of these residues in TLR4 activation,
we created alanine substitutions at the identified polar residues
through site-directed mutagenesis, giving rise to the IFI16 mu-
tants K34A and K86A (Figure 5A). In addition, to reduce non-spe-
cific interactions potentially caused by the methyl group of
alanine due to steric hindrance, thus enhancing TLR4 interaction,
we replaced Lys64 with glycine, obtaining the K64G mutant.
Finally, to test the specificity of PYHIN?YPS and TLR4 interaction,
we mutated the conserved lle17 residue within PYD, not involved
in receptor binding, to alanine, creating the 117A mutant (Figure
5A). All these IFI16 mutants, including the IFI16™ and IFI167YP
triple mutants K34A/K64G/K86A (IFI16™~™ and IFI167YP—™,
respectively), were then used to stimulate human macrophages
for 24 h at equimolar concentrations alongside IFI16F-. We
observed a significant decrease in TNF-« release in the culture
supernatants from cells treated with these mutants, except for
117A (Figure 5B). Specifically, TNF-a secretion was diminished
by approximately 95%, 75%, and 90% for the K34A, K64G,
and K86A IFI16™ single mutants, respectively, compared to
the IFI16"™- wild-type protein, demonstrating their direct involve-
ment in IFI16 binding to TLR4. Similarly, both IFI16™-~™ and
IF1167YP~™ displayed a significant decrease in TNF-a pro-
duction (~85% and ~94% for IFI16™"™ and IFI16°YP~™,
respectively).

The ability of each mutant to physically interact with TLR4 was
assessed through SPR analysis. This consisted in flowing
increasing concentrations of the IFI16 mutants or the full-length
protein over the aforementioned TLR4/MD2-coated sensor chip.
As depicted in Figure 5C, single mutations at key amino acids
previously identified as essential for TLR4 interaction, namely
K34A, K64G, and K86A, curbed binding to TLR4/MD2, as jud-
ged by increased Kp values and unreliable fitting parameters
(Table 3). This decreased binding affinity led to impaired interac-
tion kinetics, with sensorgrams for the mutants failing to achieve
the saturation levels indicative of a stable interaction (Figure 5C).
A similar outcome was observed for the IFI16F-"™, while the
117A mutant maintained high-affinity binding to the TLR4/MD2
complex (Kp = 1.75*1077), comparable to the affinity seen with
the wild-type IFI16"- protein (Kp = 1.71*1077).

Altogether, these findings confirm the high-affinity interaction
between PYHIN™YP and TLR4 and pinpoint specific amino acids
in IFI167YP crucial for this interaction.

The IFI16 PYD contributes to inflammation in vivo

IFI16 is a human protein and has no clear-defined ortholog in
mice.” However, having shown that IFI16 can also elicit an in-
flammatory response from murine macrophages (Figure 3C),
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Table 2. Binding kinetics of various PYDs to TLR4 receptor

Rmax Chi?
Kp(M) (RU) tc (RU?  U-value
hAIM2PYP 34810 16.33  2.480*10"° 019 5
Ifi203PYP 6.0610°® 5728 2.216*10° 8.61 33
NLRP3”®  1.09*10~* 317.10 8.92*10% 0.855 15

we tested whether IFI16 retained its inflammatory activity in mice
in vivo. To this end, we first intraperitoneally injected IFI167,
IFI167"P, IF16APYD, or vehicle control in wild-type C56BL/6
mice. After 24 h, mice were sacrificed, and cells recovered
from the peritoneal cavity were analyzed by fluorescence-acti-
vated cell sorting (FACS) to evaluate both neutrophil recruitment
and macrophage activation (Figure 6A). As shown in Figure 6B,
both IFI16™- and IFI167"P significantly increased the number of
peritoneal neutrophils (CD11b+Ly6G + Ly6C- cells) when
compared to those depicted in untreated animals. Conversely,
the number of peritoneal neutrophils recruited following
IFI16APYD treatment was significantly lower than that observed
with IF116™- or IFI167YP. Consistently, also the number of perito-
neal macrophages displaying the standard activation markers, e.
g., MHC class Il (I-A/I-E) and CD86, were significantly increased
in mice treated with either IFI16™- or IFI167P when compared to
both untreated mice and those treated with IFI1T6APYD (Figure
6C). Overall, these findings demonstrate that IFI16, through its
PYD domain, can elicit an inflammatory response in vivo.

Next, considering the aberrant expression and extracellular
release of IFI16 in many inflammatory skin disease, and the
mounting evidence suggesting that activation of the DAMP-
TLR4 axis drives persistent fibrinogenesis,***° we injected the
IFI167- protein intradermally in mice to see if we could mimic
the fibrotic phenotype executed by intradermal administration
of bleomycin, a well-known experimental mouse model of skin
fibrosis.®” The lesional skin harvested after 6 weeks of contin-
uous every-other-day treatment with IFI16™, revealed a signifi-
cant enhancement of both dermal thickness and collagen depo-
sition, as determined by Masson’s trichrome staining, very much
resembling that observed upon bleomycin injection (~1.6-fold
for both, compared to vehicle-treated animals; Figure 6D). In
addition, the number of mast cells was also quantified in serial
sections by toluidine blue staining. Consistently, mast cells
recruitment was found increased in the skin of mice injected
with IFI16™ when compared to vehicle-treated animals (~5.9-
fold) (Figure 6E). Notably, this enhancement was significantly
higher than that observed in bleomycin-treated mice (~3.3-fold
compared to vehicle-treated mice).
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Finally, we analyzed multiple transcriptome datasets of hu-
man patients with SSc (GSE9285, GSE32413, and GSE45485;
https://www.ncbi.nlm.nih.gov/geo/ *¥) and found that the IFI16
mRNA levels were significantly elevated in skin biopsies char-
acterized by an inflammatory transcriptional program
(p < 0.0001, compared to healthy controls and to the limited
or diffuse proliferative intrinsic subsets) (Figure S4A).
Consistently, IFI1T6 mRNA levels correlated with both TLR4
and TNFA mRNA levels in the same samples (r = 0.2397,
p <0.01 and r = 0.1891, p < 0.05, respectively, Pearson’s cor-
relation) (Figure S4B).

Overall, these findings provide compelling evidence that
IF116™ triggers inflammation in vivo in mice and that IFI16 levels
correlate with inflammation in humans.

DISCUSSION

In our work, we systematically analyze the domains of IFI16 that
allow the interaction with TLR4, driving the production of pro-in-
flammatory response in human macrophages. Through func-
tional cellular assays on target cells and SPR experiments, we
identify that the N-terminal region of IFI16 is required for TLR4
binding and to drive inflammation. Furthermore, by examining
a series of IFI16 recombinant domains covering the entire protein
from its N-terminus to the C-terminus, comprising the PYD,
HINA, or HINB domains, as well as the truncated IFI1T6APYD
and IFI1T6AHINB isoforms, we demonstrate that PYD is neces-
sary and sufficient for TLR4 binding and activation in human
macrophages. These results are in good agreement with our pre-
vious data showing that IFI16 AHINB isoform is still able to drive
inflammation despite the binding with LPS being prevented.*?
Together, these findings suggest that IFI16 exerts a dual mode
of immune regulation: while the HINB domain facilitates LPS
binding and amplifies TLR4-driven responses, the PYD domain
is independently capable of engaging TLR4, even under LPS-
free conditions. This highlights the structural and functional
versatility of IFI16 in modulating inflammatory pathways and
further supports its role as a multifunctional regulator of innate
immunity.

Although IFI16 is predominantly nuclear under physiological
conditions, increasing evidence suggests that it can be actively
released into the extracellular space under inflammatory condi-
tions. Notably, IFI16 has been detected in the serum of patients
with autoimmune diseases at physiologically relevant concentra-
tions, supporting its potential role as an extracellular modulator
of immune responses.’’**> While we did not directly quantify
IFI16 release in cell culture supernatants in this study, previous

Figure 3. The proinflammatory activity of the PYRIN domain is conserved among PYHIN family members and across species

Equimolar concentrations (111 nM) of the PYDs from various human and mouse family members, as well as from the unrelated NLRP3 and ASC proteins, were
used to stimulate human (A and B) or mouse (C) macrophages for 24 h, with or without CLI-095 (TLR4 inhibitor, 5 pM). (A) qRT-PCR analysis of TNF-a, IL-8, and IL-
1p mRNA expression levels in human macrophages stimulated for 24 h. Values are normalized to GAPDH mRNA and plotted as fold induction over untreated cells.
qRT-PCR data are presented as mean values +SEM of biological triplicates (***p < 0.001, *p < 0.01; one-way ANOVA followed by Dunnett’s test). (B and C)
Protein concentration of TNF-a and IL-8 in the supernatants were evaluated by ELISA. Data are representative of three independent experiments, shown as the
mean + SEM (***p < 0.001, **#p < 0.001; one-way ANOVA followed by Dunnett’s test).

(D) SPR analysis showing the binding of various PYDs to TLR4/MD2. The TLR4/MD2 complex was immobilized on a CM5 sensor chip surface, followed by the
injection of increasing concentrations of the indicated PYDs (20-800 nM) in running buffer. Data are representative of three different experiments, and for each
analysis the dissociation constant (Kp) value is shown.
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Figure 4. Structural analysis of the interaction moiety between the IFI16°Y? and the TLR4/MD2 complex

(A) Predicted 3D structure of the IFI167YP using the Robetta software.*

(B) Molecular docking analysis of the IFI167YP (green) and the extracellular portion of TLR4 (blue, PDB:3FXI) using High Ambiguity Driven protein-protein DOCKing
software.®*

(C) Alignment of the primary sequence of PYHINPYPS along with those of NLRP3 and ASC performed using MEGAX and ClustalW algorithm to identify PYHIN-
specific amino acids with similar chemical properties. Green arrows identify amino acids conserved across the different proteins, whereas light blue arrows identify
amino acids that are conserved only across the PYHIN family members, which were used in mutagenesis experiments (see Figure 5). The red arrow identifies an
amino acid conserved in all the proteins, which was mutated and used as control. The six « helices of the PYDs with known structures are also indicated.

(D) Identification of the IFI16""P residues (green) potentially involved in the interaction with TLR4 (Lys34, Lys64, and Lys86) obtained by integrating the alignment
and molecular docking information.

findings indicate that extracellular IFI16 can elicit cytokine In keeping with TLR4 being the receptor that drives the respo-
release from immune cells, reinforcing the relevance of the con-  nseto IFI1 6PYD, the addition of the TLR4 antagonist CLI-095°%:40
centrations used in our experiments.®? abolishes the proinflammatory activity of IFI1167YP. We also show
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that this inflammatory activity is not unique to IFI16 as it is shared
among PYHIN family members across humans and mice.
Specifically, human AIM2, IFIX and, MNDA, as well as mouse
Aim2, Ifi204, and Ifi203 —the latter sharing the highest homology
to IFI16 in its N-terminus—are equally able to induce TLR4-
dependent transcription, leading to the secretion of inflamma-

150 200

0 50 100 150 200
Time (s)

2

0 50 100 150 200
Time (s)

involved in apoptotic and inflammatory signaling pathways,
including NLRs, ASC, pyrin itself, and ALRs. These proteins act
as intracellular adaptor proteins, negative regulators, or PRRs
involved in inflammatory cascades.*®*° A unifying trait among
them is a highly bipolar electrostatic surface patch distribution
on the PYD surface, which allows specific PYD-PYD interactions
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Figure 5. Three amino acids located within
the IFI16PYP are critically involved in its
TLR4-mediated proinflammatory activity
(A) Schematic representation of the polar residues
identified in Figures 4E and 4F, highlighting their
positions within the IFI16™YP and the specific
amino acid substitutions used in the mutagenesis
experiments.

(B) Human macrophages were stimulated for
24 h with equimolar concentrations (111 nM)
of the IFI16 mutants described in (A) and the
IFI16°YP~™  alongside the wild type IFI16™-. The
levels of TNF-a released in the culture superna-
tants were measured by ELISA. Data are repre-
sentative of three independent experiments,
shown as the mean + SEM (*p < 0.05, *p < 0.01,
***p < 0.001; one-way ANOVA followed by Dun-
nett’s test).

(C) SPR analysis assessing the binding of IFI16™-
and its mutants to immobilized TLR4/MD2 on a
CM5 sensor chip. Increasing concentration of
IFI16F- or the mutants (20-800 nM), diluted in
running buffer, were flowed over the immobilized
complex. Data are representative of three
different experiments, and for each analysis the
dissociation constant (Kp) value is shown.

tory cytokines. This activity is not spe-
cies-specific since both mouse and
human macrophages show similar reac-
tivity to PYDs from either species.
Further supporting this observation,
SPR analysis reveals that both human
AIM2 and mouse [fi203 PYDs bind to
TLR4/MD2 with affinity and kinetics very
much resembling those seen with
IFI16FYP (Table 2). This evidence points
to a conserved mechanism of PYD-
mediated TLR4 activation, likely due to
the substantial homology (65%)"' be-
tween human and murine TLR4, and
highlights the cross-species conserva-
tion of PYHIN PYDs,”” uncovering a
shared evolutionary pathway.

PYD, originally identified in the pyrin
protein, also known as Marenostrin,*® be-
longs to the DDF superfamily.** It com-
prises six anti-parallel alpha helices ar-
ranged in a Greek key structure, tightly
packed around a hydrophobic core with
a highly charged surface. This distinctive
configuration is found at the amino termi-

nal end of more than 20 human proteins
46,47
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Table 3. Binding kinetics to TLR4 receptor of IFI16F--PYD
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flammatory responses.®’ On the other hand, emerging evidence

mutants also indicates that DAMPs, produced by stressed or damaged
e o cells,*® can similarly activate PYD-dependent inflammatory path-
Ko(M) (RU) Tc (RU?) U-value ways associated with sterile inflammation.

IFI16F 171107 0638 133107 121 9 The ab.ove mechanlstlc.|n3|ght provides the ra!tlonale for un-
IFI16FL.K34A  4.82°10-5 4568 3.1610° 17 20 derstandmg the pathologlcal consequences of |pflammasome
dysregulation, which has been implicated in a variety of autoim-

IFI16™-K64G  undetermined - - - - mune and autoinflammatory diseases.®® A paradigmatic exam-
IFI6™-K86A  8.42°10°° 3233 1.74"10° 94 20 ple is represented by the familial Mediterranean fever
IFI16F-—™ undetermined - - - - (FMF), the most prevalent systemic autoinflammatory disease
IF6™-117A  1.75410°7 38.14 35510 339 4 (SAID),***® whose underlying mechanisms stem from the aber-

rant interactions between mutant pyrin and chaperones mole-
cules, leading to a pathological inflammasome-dependent
release of IL-1p.°° Likewise, the dysregulated expression of the
PYD-containing NLRP3 protein has been associated with a
group of autosomal dominant diseases known as NLRP3-AID

between proteins.® The activation and assembly of PYD-depen-
dent inflammasome complexes are triggered by PAMPs engaging
with specific PRRs, a process that initiates antimicrobial and in-
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Figure 6. IFI16 induces neutrophil recruitment, macrophage activation and fibrosis in vivo

(A-C) C57BL/6J mice were i.p. injected with 5 mg/kg IFI167, 5 mg/kg IFI167YP, 5 mg/kg IFI1BAPYD or vehicle as control. After 24h peritoneal exudated cells
(PECs) were harvested and neutrophil recruitment and macrophage activation were analyzed by FACS. (A) Representative FACS plots showing the gating
strategy for FACS analysis of neutrophils and inflammatory activated macrophages in PEC samples. The bar graphs depict the frequency of (B) neutrophils
(CD11b+Ly6G + Ly6C- cells) among total live PECs and (C) macrophages (CD11b+F4/80+Ly6G-Ly6C- cells) expressing the activation markers I-A/I-E (MHC 1)
and CD86 among total macrophages (“p < 0.05, **p < 0.01 by two-tailed one-way ANOVA).

(D and E) C57BL/6J mice received every other day for 6 weeks s.c. injections of PBS (vehicle), bleomycin (Bleo, 0.1 U/ml), or IFI167- (50 ng). Mice were sacrificed
at day 22, and skin was harvested for analysis. (D) Dermal collagen deposition was assessed by Masson’s trichrome staining and analyzed for dermal thickness,
as indicated by the lines in the representative photomicrographs on the left (scale bar: 200 pm). Results are shown in the right histograms where each dot indicate
the mean of three different measurements per skin sample. Error bars indicate SEM (*p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA followed by Dunnett’s
test; n = 4 per group). (E) Mast cells recruitment was assessed by toluidine blue staining, as shown in the representative photomicrographs on the left (scale bar:
200 pm) where black arrows indicate representative mast cells. Results are shown in the right histograms as mean values of two different measurements per skin
sample. Error bars indicate SEM (*p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA followed by Dunnett’s test; n = 4 per group).
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or cryopyrin-associated periodic syndromes (CAPS),°”>° char-

acterized by uncontrolled activation of caspase-1 and excessive
pro-IL-1p and pro-IL-18 cleavage into their biologically active
forms. Furthermore, supporting our hypothesis that extracellular
PYD-containing proteins, acting as DAMPs, contribute to the
development of inflammatory processes, aggregates containing
both ASC and NLPRS3 have been found in the blood from patients
with chronic inflammatory diseases and acknowledged as signif-
icant circulating biomarkers of inflammation.®°%® However,
despite the extensive data available, the specific signaling path-
ways underlying the inflammatory activities of these PYD-con-
taining DAMPs remain largely unknown.

In this study, we provide compelling evidence that the PYD
from both human and mouse PYHIN proteins acts as a direct
initiator of inflammation in macrophages via TLR4, which is
consistent with the high degree of similarity observed between
human and murine TLR4 proteins.

Another important finding from our study is the distinct pro-in-
flammatory role played by PYDs from various PYHIN family
members. This feature does not seem to be shared by other
PYD-harboring proteins as recombinant PYDs from NLRP3
and ASC fail to elicit pro-inflammatory activity when used to treat
human or murine macrophages.

Our study also unveils previously unrecognized 3D structures of
the IFI167"P, detailed through molecular docking analysis incorpo-
rating the extracellular portion of TLR4 as well. This analysis, along
with sequence alignments of the PYDs from PYHIN members,
such as human MNDA, human and mouse AIM2, human IFIX,
and mouse [fi203 and Ifi204, and non-PYHIN proteins like human
NLRP3 and ASC, tells us that IFI167"P uniquely carries three resi-
dues likely crucial for interactions with TLR4 (Lys34, Lys64, and
Lys86). Interestingly, these residues are conserved among
PYHIN family proteins, while in non-PYHIN members (e.g., human
NLRP3 and ASC) they are replaced by other amino acids with
different chemical properties or orientations, expected to impede
TLR4/MD2 interactions. Consistently, the sequence alignment of
IFI16P"P with the PYDs of other murine PYHIN family members
supports the hypothesis of a shared “inflammatory pattern” in
both human and mouse PYHIN proteins (Figure S2), further rein-
forcing the evolutionary conservation of this immune mechanism.
Furthermore, the comparison of the projected 3D structure of
IFI167YP with those of NLRP3"YP and ASC™'P shows that these
latter are characterized by extended loops located precisely where
the Lys34 and Lys64 residues of IFI16"YP are supposed to engage
with TLR4. These structural/conformational changes may then
interfere with TLR4 binding due to steric hindrance. In agreement
with these observations, we show that mutating any of these iden-
tified residues in the PYHIN domain of the IFI16- significantly re-
duces its proinflammatory activity, as judged by reduced TNF-a
production in macrophages exposed to these recombinant pro-
teins. Similarly, human macrophages treated with either the
IFI16F- or IFI16F"® triple mutants (K34A/K64G/K86A; IFI16™— ™
and IFI16”YP~™) exhibited reduced TNF-u release compared to
cells exposed to the respective wild-type proteins. Importantly,
the conservation of these residues across PYHIN proteins in
both humans and mice underscores their evolutionary significance
and offers insights into their potential role in species-wide inflam-
matory responses. The crucial role of these conserved residues
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is further substantiated by SPR analysis, revealing impaired bind-
ing of the IFI16-PYD mutants to the TLR4/MD2 complex compared
to that of the IFI16™ isoform. Conversely, mutating the widely
conserved non-polar amino acid lle17 in IFI16-PYD does not affect
the IFI167/TLR4 binding kinetic.

Overall, our findings unveil a central role of the PYHIN™YP in
mediating the binding to the TLR4/MD2 complex, subsequently
triggering the transcriptional activation and release of pro-inflam-
matory cytokines in the extracellular milieu.*>** Further research
is required to rule out that none of the other PYD-containing pro-
teins outside the PYHIN families may share similar activities.

While our research does not directly link extracellular IFI16 to any
specific human disease, there is substantial evidence of enhanced
levels of circulating IFI16 protein or specific antibodies in multiple
autoimmune/autoinflammatory conditions.*>>¢®  Remarkably,
we show that IFI16 can induce inflammatory cell recruitment
when intraperitoneally injected in mice as well as a pro-fibrotic
skin phenotype upon intradermal injection. Consistently, our rean-
alysis of human SSc transcriptomes revealed a significant correla-
tion between IFI16 mRNA expression levels and the overall
inflammatory profile of the skin SSc biopsies. Moreover, other
interferon-inducible proteins implicated in the inhibition of viral
replication have also been recognized for their ability to be
secreted and participate in cell-to-cell signaling.®” Thus, our
research adds to the body of evidence that IFI16, possibly together
with other PYHIN family members, once abnormally released into
the microenvironment, actively contributes to the uncontrolled im-
mune responses observed in both sterile and infection-related
inflammation due to its DAMP activity. Consequently, we propose
a novel mechanism for sustaining chronic inflammation through
IF116-mediated intercellular communication, which warrants care-
ful design and selection of PYHINTYPS inhibitors as potential treat-
ments for autoimmune and autoinflammatory diseases.

Limitations of the study

The primary limitation of our study is the lack of experiments us-
ing a TLR4KO animal model to confirm that PYHIN PYD-induced
inflammation occurs through the TLR4 signaling pathway in vivo.
Additionally, questions remain about the translatability of our
findings to clinical settings. While substantial evidence indicates
elevated levels of circulating IFI16 protein or specific antibodies
in multiple autoimmune and autoinflammatory conditions, further
research is needed to determine whether IFI16 targeting is a
viable therapeutic strategy in vivo. Finally, even if no other
PYD-containing proteins outside the PYHIN family exhibit the
same activities as IFI16, a definitive experiment would involve
introducing the three K residues into NLRP3 or ASC PYD to
assess whether they, like IFI16 and IFI16PYD, activate TLR4.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfiled by the lead contact, Marco De Andrea
(marco.deandrea@unito.it).

Materials availability
This study did not generate new unique reagents, and all materials in this
study are commercially available. The plasmids used in this study and any
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Data and code availability
o All the datasets used in this study were retrieved from public reposi-
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in the key resources table.
® This paper does not include the original code.
® Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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Antibodies

Rabbit polyclonal anti-IFI16 N-term Gariglio et al.,*® N/A

Rabbit polyclonal anti-IFI16 C-term Gariglio et al.,*® N/A

Mouse anti-human TLR4 monoclonal antibody
Mouse anti-human TLR4 monoclonal antibody
Mouse anti-p-actin monoclonal antibody

Goat anti-rabbit IgG-HRP

Goat anti-mouse IgG-HRP

Santa Cruz Biotechnology
Santa Cruz Biotechnology

Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientifc

Cat# sc-293072: RRID:AB_10611320
Cat# sc-13593; RRID: AB_628366
Cat# A1978; RRID: AB_476692

Cat# A6154; RRID: AB_258284

Cat# A16072; RRID: AB_ 2534745

Alexa Fluor 488 anti-mouse/human CD11b antibody BioLegend Cat# 101219; RRID: AB_493545
APC/Cyanine7 anti-mouse Ly-6C Antibody BioLegend Cat# 128025; RRID: AB_10643867
Brilliant Violet 711 anti-mouse Ly-6G Antibody BioLegend Cat# 127643; RRID: AB_2565971
APC anti-mouse F4/80 Antibody BioLegend Cat# 123115; RRID: AB_893493
PE anti-mouse I-A/I-E Antibody BioLegend Cat# 107607; RRID: AB_313322
Brilliant Violet 650 anti-mouse CD86 Antibody BioLegend Cat# 105035; RRID: AB_11126147
Bacterial and virus strains

ClearColi BL21(DEJ) Lucigen Cat# 60810

Chemicals, peptides, and recombinant proteins

CLI-095 Invivogen Cati# trl-cli95-4

Phorbol 12-myristate 13-acetate Sigma-Aldrich Cat# P8139

Human recombinant IF116™- lannucci et al.,*” N/A

Human recombinant IFI16 PYD lannucci et al.,*? N/A

Human recombinant IF116 HINA lannucci et al.,** N/A

Human recombinant IF116 HINB lannucci et al.,*? N/A

Human recombinant IFI16AHINB lannucci et al.,*? N/A

Human recombinant IFI16APYD This paper N/A

Human recombinant IFI16™-117A This paper N/A

Human recombinant IFI16F--K34A This paper N/A

Human recombinant IFI16™--K64G This paper N/A

Human recombinant IFI167--K86A This paper N/A

Human recombinant IFI167--K34A/K64G/K86A This paper N/A

Human recombinant IFI167YP-K34A/K64G/K86A This paper N/A

Human recombinant ASC PYD This paper N/A

Human recombinant NLRP3 PYD This paper N/A

Human recombinant IFIX PYD This paper N/A

Human recombinant MNDA PYD This paper N/A

Human recombinant AIM2 PYD This paper N/A

Mouse recombinant aim2 PYD This paper N/A

Mouse recombinant ifi203 PYD This paper N/A

Mouse recombinant ifi204 PYD This paper N/A

Human recombinant TLR4/MD2 complex protein R&D systems Cat# 3146-TM-050/CF

RPMI medium 1640 Sigma-Aldrich Cat# R0883

Hank’s Buffered Saline Solution Lonza Cat# 10-508Q

Bovine serum albumin (BSA) Sigma-Aldrich Cat# A7030

Fetal Bovine Serum (FBS)

Immunological Sciences

Cat# EU-000-500
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Penicillin/Streptomycin/Gentamycin solution Gibco Cat# 10378-016
Propidium lodide Sigma-Aldrich Cat# 537059
Histopaque Sigma-Aldrich Cat# 1077-1

Percoll Cytiva Cat# GEH17089101
Protease inhibitor cocktail Thermo Fisher Scientifc Cat# 1860932
Phosphatase inhibitor cocktail Thermo Fisher Scientifc Cat# 78420

TRIzol Reagent

SsoAdvanced Universal SYBR Green Supermix
HBS-EP+ Buffer 10x

Bleomycin sulfate

Thermo Fisher Scientifc
Bio-Rad

Cytiva

Santa Cruz Biotechnology

Cat# 15596026
Cat# 1725274

Cat# BR100669
Cat# sc-200134

Critical commercial assays

TGX™ FastCast™ Acrylamide Kit, 7.5%
TGX™ FastCast™ Acrylamide Kit, 12%
Dynabeads Protein G Immunoprecipitation Kit
iScript cDNA synthesis kit

Human IL-6 DuoSet ELISA

Human IL-8 DuoSet ELISA

Human TNF-a DuoSet ELISA

Mouse TNF-a DuoSet ELISA

ELISA MAX™ Deluxe Set Human TNF-a
ELISA MAX™ Deluxe Set Human IL-6
ELISA MAX™ Deluxe Set Human IL-1p

LIVE/DEAD™ Fixable Aqua Dead
Cell Stain Kit, for 405 nm excitation

Bio-Rad

Bio-Rad

Thermo Fisher Scientific
Bio-Rad

R&D systems

R&D systems

R&D systems

R&D systems
BioLegend

BioLegend

BioLegend

Thermo Fisher Scientific

Cat# 1610171
Cat# 1610175
Cat# 10007D
Cat# 1708890
Cat# DY206
Cat# DY208
Cat# DY210
Cat# DY410
Cat# 430204
Cat# 430504
Cat# 437004
Cat# L34966

Deposited data

Sequence of human IFI16

Sequence of human MNDA

Sequence of human AIM2

Sequence of human IFIX

Sequence of mouse ifi203

Sequence of mouse ifi204

Sequence of mouse aim2

Sequence of mouse ifi205

Sequence of mouse ifi206

Sequence of mouse ifi207

Sequence of mouse ifi208

Sequence of mouse ifi209

Sequence of mouse ifi211

Sequence of mouse ifi212

Sequence of mouse ifi213

Sequence of mouse ifi214

Sequence of human NLRP3

Sequence of human ASC

Gene Expression Profiling of Scleroderma Skin
Gene Expression Profiling of Scleroderma Skin
Gene Expression Profiling of Scleroderma Skin

Uniprot
Uniprot
Uniprot
Uniprot
Uniprot
Uniprot
Uniprot
Uniprot
Uniprot
Uniprot
Uniprot
Uniprot
Uniprot
Uniprot
Uniprot
Uniprot
Uniprot
Uniprot
Milano et al.,*®
Pendergrass et al.%®
Hinchcliff et al.”

Q16666
P41218
014862
Q6KO0P9
035368
PODOV2
Q91VJ1
Q8CGES8
G3Uzv2
E9Q3L4
Q3Vv3Q4
Q8BV49
PODOVA
DOQMC3
Q3UPZ5
Q504N7
Q96P20
Q9ULZ3

GEO: GSE9285
GEO: GSE32413
GEO: GSE45485

Experimental models: Cell lines

THP-1
RAW 264.7

ATCC
ATCC

Cat# TIB-202; RRID: CVCL_0006
Cat# TIB-71; RRID :CVCL_0493
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Experimental models: Organisms/strains

C57BL6/J mice The Jackson Laboratory Cat#000664;

RRID: IMSR_JAX:000664

Oligonucleotides

TNFA Forward primer 5’-GCCAG This work N/A
AGGGCTGATTAGAGA-3’

TNFA Reverse primer 5’- TCAGCCT This work N/A
CTTCTCCTTCCTG-3’

IL8 Forward primer 5’- ATGACTTC This work N/A
CAAGCTGGCCGTGGCT-3’

IL8 Reverse primer 5’- TCTCAGCC This work N/A
CTCTTCAAAAACTTCTC-3’

IL1B Forward primer 5’- TCCCCA This work N/A
GCCCTTTTGTTGA-3’

IL1B Reverse primer 5’- TTAGAA This work N/A
CCAAATGTGGCCGTG-3

GAPDH Forward primer 5’- AACGT This work N/A
GTCAGTGGTGGACCTG-3’

GAPDH Reverse primer 5’- AGTGGG This work N/A
TGTCGCTGTTGAAGT-3’

Recombinant DNA

pET30a IFI16™ lannucci et al.,* N/A
pET30a IFI16 PYD lannucci et al.,* N/A
pET30a IFI16 HINA lannucci et al.,*? N/A
pET30a IFI16 HINB lannucci et al., N/A
PET30a IFI16AHINB lannucci et al.,*? N/A
pET30a IFI16APYD Genscript N/A
PET30a IFI16™-117A Genscript N/A
pET30a IFI16F--K34A Genscript N/A
pET30a IFI16™-K64G Genscript N/A
pET30a IFI16F--K86A Genscript N/A
pET30a IFI16™-K34A/K64G/K86A Genscript N/A
PET30a IFI167P-K34A/KB4G/K86A Genscript N/A
pET30a ASC PYD Genscript N/A
pET30a NLRP3 PYD Genscript N/A
pET30a IFIX PYD Genscript N/A
pET30a MNDA PYD Genscript N/A
pET30a AIM2 PYD Genscript N/A
pET30a aim2 PYD Genscript N/A
pET30a ifi203 PYD Genscript N/A
pET30a ifi204 PYD Genscript N/A

Software and algorithms

GraphPad Prism version 9.00 for Windows

BlAcore Evaluation Software

MEGAX software

ClustalW algorithm

GraphPad, Software, La Jolla,
California, USA

GE Healtcare

Kumar et al.”"

Thompson et al.”?

www.graphpad.com; RRID: SCR_022798

https://www.biacore.com/lifesciences/service/
downloads/software_licenses/biaevaluation/;
RRID: SCR_015936

https://doi.org/10.1093/molbev/msy096;
RRID: SCR_023471

https://doi.org/10.1093/nar/22.22.4673;
RRID: SCR_017277
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Robetta software Kim et al.,** https://doi.org/10.1093/nar/gkh468;

HADDOCK web server

PyMOL software

Flow Jo software, version 10.9

Slideviewer software, version 2.7

GEO2R web tool

Van Zundert et al.,**

The PyMOL Molecular
Graphics System, Version
2.3.4 Schrodinger, LLC

FlowJo LLC
3DHISTECH

Barrett et al.”®

RRID: SCR_018805

https://doi.org/10.1016/j.jmb.2015.09.014;
RRID: SCR_019091

https://www.pymol.org/; RRID: SCR_000305

https://www.flowjo.com/; RRID: SCR_008520
https://www.3dhistech.com/research/digital-
microscopes-viewers/Slideviewer/

https://doi.org/10.1093/nar/gks1193;
RRID: SCR_016569

Other

InstantBlue Coomassie
Westar Antares
Sensor chip CM5

Expedon
Cyanagen
Cytiva

Cat# ISB1L
Cat# XLS042,250
Cat# BR100012

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and isolation of human PBMCs

Human leukemia monocytes THP-1 and murine macrophages RAW 264.7 were obtained from ATCC and grown at 37°C 5% of CO, in
RPMI 1640 Medium (Sigma-Aldrich) containing 10% of fetal bovine serum (FBS, Immunological Sciences) and 1% of penicillin/strep-
tomycin/glutamine solution (PSG, Gibco). THP-1 were differentiated into macrophages (M0) with 100 ng/ml PMA for 48 h followed by
24 h of resting period before treatment. Routine testing of cell lines for contamination with Mycoplasma was performed using a stan-
dard PCR method. Human peripheral blood mononuclear cells (PBMCs) or monocytes were isolated from the buffy coats of healthy
donors’ blood, obtained from the blood bank of Boston Children’s Hospital. The samples were anonymous, and sex and gender are
unknown. The sample size is indicated in the figure legend (see Figure S1). Briefly, blood was diluted 1:2 in PBS, and PBMCs were
isolated using Histopaque (Sigma-Aldrich) gradient, and then resuspended in RPMI 1640 Medium supplemented with 10% FBS and
1% PSG. Monocytes were isolated by a well-established protocol based on two step density gradient centrifugation performed with
Histopaque (Sigma-Aldrich) and 46% Percoll (Cytiva).” Finally, to eliminate remaining lymphocytes, cells were seeded in RPMI 1640
Medium supplemented 1% PSG and incubated at 37°C 5% CO, to allow monocyte attachment. After 1h of incubation, non-adherent
cells were vigorously washed out with saline solution and monocytes were cultured in RPMI 1640 Medium supplemented with 10%
FBS and 1% PSG.

Mice experiments
C57BL/6J mice were acquired from The Jackson Laboratory. Mice were housed under specific pathogen-free condition, and all the
procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of Boston Children’s Hospital (ethical
approval number 1995). Eight-week-old female mice were used for the in vivo experiments. For inflammatory cell recruitment,
mice were intraperitoneally (i.p.) injected with recombinant IFI167- (5 mg/kg), IFI167P (5 mg/kg), IFI16APYD (5 mg/kg) or with vehicle
as control. Twenty-four hours after the treatment, mice were euthanized by CO, inhalation. Peritoneal exudate cells (PECs) were
recovered by peritoneal lavage using 5 ml of PBS and analyzed using flow cytometry.

For the experimental model of fibrosis, mice received subcutaneous (s.c.) injections of bleomycin (0.1 units/mice), recombinant
IFI16 (IFI167-, 50 pg/mice), or PBS every other day for 6 weeks. They were then euthanized by CO, inhalation and skin harvested
for further analyses as described later. All treatment groups consisted of 4 mice.

METHOD DETAILS

Reagents, antibodies, and recombinant proteins
CLI-095 was purchased from InvivoGen. Phorbol 12-myristate 13-acetate (PMA) was purchased from Sigma-Aldrich.

The following antibodies were used: rabbit polyclonal anti-IFI16 N-term and C-term (produced as described in®®), mAb anti-human
TLR4 (sc-293072, Santa Cruz Biotechnologies), mAb anti-human TLR4 (sc-13593, Santa Cruz Biotechnologies), mAb anti-p-actin
(A1978, Sigma-Aldrich), rabbit IgG-HRP (A6154, Sigma-Aldrich), and mouse IgG-HRP (A16072, Thermo Fisher Scientific).
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pET30a expression vectors encoding the human and murine proteins used in this study were purchased from GenScript. All pro-
teins were expressed in ClearColi BL21(DE3) cells (Lucigen) and produced as previously described.®? The purity of the proteins was
assessed by 7.5% or 12% SDS-polyacrylamide gel electrophoresis and revealed by using InstantBlue Coomassie (Expedon)
(Figure S5).

Recombinant TLR4/MD2 complex (3146-TM-050/CF) was purchased from R&D Systems.

Cell treatments
For treatments, cells were stimulated in complete medium with equimolar concentration (111 nM) of recombinant proteins for 24 h.
For antibody-mediated IFI16 inhibition, increasing concentrations of anti-IFI16 N-term and C-term (1, 5, 10 pg/ml) were preincubated
with recombinant IFI16 for 1 h before treatment. For TLR4 inhibition, macrophages were preincubated with CLI-095 (5 uM) for 1 h
before treatment.

Sequence alignments, protein structure prediction, docking, and mutagenesis

Sequence alignments of the PYRIN domains were performed using the MEGAX software’" and the ClustalW algorithm.”? The primary
amino acid sequences were sourced from UniProtKB, designated by the following accession numbers: IFI16 Q16666, MNDA
P41218, AIM2 014862, IFIX Q6KO0P9, IFI203 035368, IFI204 PODOV2, mAIM2 Q91VJ1, NLRP3 Q96P20, ASC Q9ULZ3, IFI205
Q8CGES, IFI206 G3UZV2, IFI207 E9Q3L4, IFI208 Q3V3Q4, IFI209 Q8BV49, IFI211 PODOV1, IFI212 DOQMCS, IFI213 Q3UPZ5,
and IFI214 Q504N7. The structural modeling of the of IFI167YP was performed using Robetta software.** Simulations of protein-pro-
tein interaction were conducted on the HADDOCK web server,** focusing on the potential complexes formed between the N-terminal
segment of TLR4 (up to the first 626 amino acids) and the PYD. To ascertain their interaction potential, these complexes were eval-
uated and ranked according to the HADDOCK score, indicative of a binding free energy-like metric.

The 3D structures of proteins were visualized, binding lengths calculated, and illustrative figures created using PyMOL software
(The PyMOL Molecular Graphics System, Version 2.3.4). For site-directed mutagenesis, GenScript was asked to substitute
specific residues (i.e., 117, K64, K34, K86, or the combination K64-K34-K86) with alanine or glycine on a pET30a-IFI16 wt or a
PET30a-IFI167"P backbone. The resulting plasmids were then transformed into ClearColi BL21(DE3) cells (Lucigen), where the
proteins were expressed and purified following the previously outlined method.

Co-immunoprecipitation and immunoblotting

For co-immunoprecipitation (co-IP) experiments, human macrophages were treated for 1 h with IFI16™, IFI167Y°, or left untreated,
and whole-cell extracts were prepared using RIPA lysis buffer (Thermo Fisher Scientific) supplemented with protease and phospha-
tase inhibitor cocktail (Thermo Fisher Scientific). After lysis, co-IP was performed using mAb anti-TLR4 antibody (sc-13593, Santa
Cruz Biotechnologies) previously conjugated with magnetic beads (Dynabeads Protein G Immunoprecipitation Kit, ThermoFisher).
Co-immunoprecipitated proteins were then separated by electrophoresis using 7.5% or 12% SDS-polyacrylamide gels (Bio-Rad)
and transferred to nitrocellulose membranes. After blocking and probing with specific primary and HRP-conjugated secondary an-
tibodies, proteins were detected using ECL (Cyanagen Westar Antares) and images acquired using Quantity One software (version
6.1.0.07, Bio-Rad).

Gene expression analysis

Total RNA was extracted using TRIzol Reagent (Thermo Fisher Scientific) and retrotranscribed using an iScript cDNA Synthesis Kit
(Bio-Rad). cDNAs were then analyzed on a CFX96 Real-Time PCR Detection System (Bio-Rad) using SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad) and specific primers for TNFa, IL8, IL15 and GAPDH (housekeeping gene). Gene expression variations
were calculated as fold change relative to untreated cells, using the AACT method. Primer sequences are available upon request.

Cytokine measurement by ELISA

Cytokine production was measured in cell culture supernatants using human IL-8 DuoSet ELISA, human IL-6 DuoSet ELISA, human
or mouse TNF-a DuoSet ELISA (all from R&D Systems), ELISA MAX Deluxe Set Human TNF-a, ELISA MAX Deluxe Set Human IL-6
and ELISA MAX Deluxe Set Human IL-1p (all from BioLegend). Absorbance was measured with a Spark multimode microplate reader
(Tecan).

Surface plasmon resonance

SPR was performed using the Biacore X100 (Cytiva) instrument as previously described.*? Briefly, recombinant proteins were flowed
over a TLR4/MD2-coated chip, and KDs were calculated using the Biacore evaluation software (Cytiva) assuming a 1:1 binding
model. The quality of kinetic constants was validated through specific reliability indicators. To investigate the effect of antibodies
on IFI16-receptor binding, increasing concentrations of anti-IFI16 N-term and C-term (62.5, 125, 250, 500 nM) were mixed with
500 nM of recombinant IFI16 for 1 h. These mixtures were then flowed over the TLR4/MD2-coated chip for 120 s and allowed to
dissociate for 180 s, and response units (RUs) were recorded. Any background signals from the control flow cell and buffer injections
were subtracted from the final RUs.
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Flow cytometry

0.5 x 106 cells/sample were resuspended in HBSS (Lonza) supplemented with 0.5% BSA (Sigma) and stained for 30 minutes at 4°C
with Aqua LIVE/Dead Fixable-405nm staining (Invitrogen, Carlsbad, US) to exclude dead cells, and a mix of antibodies diluted in
FACS buffer. The following fluorophore-conjugated antibodies were used: anti-CD11b-A488 (clone M1/70), anti-Ly6C-APC-Cy7
(clone HK1.4), anti-Ly6G-BV711 (clone 1A8), anti F4/80-APC (clone BM8), anti-I-A/I-E-PE (clone M5/114.15.2), anti-CD86-BV650
(clone GL-1), all from Biolegend. After two washes with PBS, cells were acquired with LSRFortessa Cell Analyzer (BD) and analyzed
by FlowdJo cell analysis software v10.9 (BD).

Skin histology

4-pum thick sections of paraffin-embedded skin tissues were stained with Masson’s trichrome staining or toluidine blue staining.
Figures were acquired using a Mirax Pannoramic Midi Scanner (3DHISTECH) and analyzed using Slideviewer 2.7 software (3DHIS-
TECH). Dermal thickness was measured as the distance from the epidermis to the subcutaneous tissue. Mast cells were counted in
two randomly selected fields of each picture. Measures were performed blinded by two independent researchers.

Pl permeabilization assay

The cell death ratio was calculated as previously described.”® Briefly, differentiated THP-1 cells were incubated or not with CLI-095
for 1h and then treated with IFI16™, recombinant domains or variants, or left untreated. After 24 hours, the cells were washed three
times with PBS. Subsequently, 300 pl of a pre-warmed staining solution (containing 5 pM PI, 5% FBS, and 20 mM HEPES in HBSS
without phenol red but supplemented with MgCl, and CaCl,) was added to each well and incubated for 5 minutes at 37°C with 5%
CO,. A 0.1% Triton X-100 solution was used as a positive control to assess maximum permeability. The fluorescence intensity was
measured using a Spark multimode microplate reader (Tecan).

Bioinformatics analysis

GEO2R web tool”® was used to measure the IFI16, TLR4 and TNFA gene expression in 3 publicly available SSc microarray datasets
(GSE9285, GSE32413, GSE45485). Patients’ stratification was done using a previously published set of “intrinsic” gene signature®®
(https://www.ncbi.nlm.nih.gov/geoy).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical differences for comparison between groups were calculated using one-way ANOVA followed by Dunnett’s or Sidak’s
correction for multiple comparison, and considered significant at a p-value < 0.05 with levels indicated as: * p < 0.05, ** p < 0.01,
***p < 0.001, *** p < 0.0001 and non-significant (ns). Data are express as the mean + SEM or SD. The number of independent ex-
periments and individual statistical analyses performed can be found in figure legends. Statistical analyses were performed using
GraphPad Prism version 9.0.0 for Windows (GraphPad Software, La Jolla California USA, www.graphpad.com).
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