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Inflammasome activation triggers caspase-1-dependent maturation of pro-interleukin-1f
(pro-IL-1f) in an apoptosis-associated speck-like protein containing a CARD (ASC)-
dependent manner, yet the mechanism by which pro-IL-1p is physically recruited to
the ASC signaling platform has remained undefined. Here, we identify the ASC linker
domain (ASC'P) as a noncanonical protein-interaction interface, that can directly recruits
pro-IL-1p onto the ASC speck. Using a live-cell NanoBRET assay, confocal imaging, and
pulldown analysis, we show that ASC directly engages pro-IL-1p and that this interaction
requires a discrete set of charged residues in the IL-1$ mature domain region, forming
an ASC-docking surface. Mutagenesis guided by the IL-1 structure confirmed that
this interaction is essential for caspase-1-dependent IL-1p maturation but dispensable
for pyroptosis. Domain mapping revealed that ASC'P, rather than its N-terminal Pyrin
domain (PYD) or C-terminal caspase recruitment domain (CARD), mediates pro-IL-1f3
recruitment. Using an in-house custom antibody against ASCP, we show that this region
remains exposed within endogenous ASC specks in macrophages. Mutational disruption
of ASCIP selectively impaired IL-1f processing in THP-1 cells Mutations disruption data
was obtained from THP-1 cells without affecting ASC speck formation or pyroptosis.
A cell-penetrating peptide derived from ASC'P selectively blocked pro-IL-1f docking
while preserving speck assembly. In 2 mouse models of peritonitis, the blocking peptide
uncoupled cytokine maturation from pyroptosis and significantly reduced IL-1f-driven
inflammation. Thus, our findings uncover ASC'® as a critical docking interface that posi-
tions pro-IL-1 for efficient caspase-1 processing, which adds a mechanistic checkpoint
within inflammasomes to license cytokine maturation independently of pyroptotic death.
We propose that ASC'P may be a therapeutically tractable node for selective modulation
of IL-1p-driven inflammasomopathies.

inflammasomes | IL-1p | pyroptosis

The proinflammatory cytokine interleukin-1f (IL-1) is a central mediator of inflamma-
tion whose dysregulated production underlies numerous chronic inflammatory diseases.
IL-1 is synthesized as an inactive precursor [pro-interleukin-1p (pro-IL-1f)] in the cytosol
and requires proteolytic maturation by caspase-1 within inflammasomes, a supramolecular
complex assembled by innate immune sensors in response to infection, injury, and met-
abolic perturbations (1-3). Inflammasome activation induces apoptosis-associated
speck-like protein containing (ASC) a caspase recruitment domain (CARD) nucleation
into micron-sized specks that recruit pro-caspase-1 and initiates its autoproteolytic acti-
vation (4, 5). Active caspase-1 cleaves pro-IL-1 and pro-IL-18 to their mature forms (6),
and also processes gasdermin D (GSDMD) (7-10) inducing pyroptosis, an inflammatory
cell death (11-13). While the molecular basis of ASC-mediated caspase-1 recruitment is
well established, how pro-IL-1p is physically positioned at the inflammasome for efficient
cleavage has remained unresolved. Importantly, Asc”~ macrophages fail to cleave pro-IL-1p
and pro-IL-18 following NLRC4 inflammasome activation induced by Salmonella enterica
serovar Typhimurium (14, 15). Although the CARD of NLRC4 can directly recruit
pro-caspase-1“*RP, and infected cells have active caspase-1 and undergo caspase-1 depend-
ent pyroptosis, pro-IL-1 fail to undergo caspase-1-dependent cleavage and maturation.
This finding suggests that inflammasome proteins actively recruit pro-IL-1p to position
it near active caspase-1 for cleavage and maturation, indicating that cytokine recruitment
is a regulated process rather than a passive, diffusion-limited event.

Here, we identify the ASC linker domain (ASCIP), a flexible region connecting the
Pyrin domain (PYD) and CARD, as a docking interface that directly recruits pro-1L-1
to the ASC speck. Using live-cell NanoBRET, confocal imaging, targeted mutagenesis,
and biochemical reconstitution, we show that ASC'P remains exposed within endogenous
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inflammatory diseases.
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specks and engages a discrete surface on pro-1L-1p, especially the
mature domain. Disruption of this interface selectively abolishes
IL-1p maturation in macrophages without impairing ASC speck
formation or pyroptosis, delineating a regulatory layer that separates
cytokine processing from pyroptosis. Structure—function analysis
further identifies specific ASCP residues, including P97 and P104
as essential for docking, whereas K109 SUMOylation, previously
implicated in ASC assembly, is dispensable for cytokine recruit-
ment, indicating that pro-IL-1p engagement operates independently
of canonical PYD-PYD or CARD-CARD interactions. We addi-
tionally find that a cell penetrating peptide derived from ASC'P
blocks pro-IL-1p recruitment and processing while preserving ASC
speck formation, thereby uncoupling IL-1f maturation from pyrop-
tosis. The blocking peptide significantly reduces IL-1p-driven
inflammation in both mono sodium urate (MSU)-induced and
lipopolysaccharide (LPS) + adenosine triphosphate (ATP)-induced
peritonitis models in vivo. Together, these findings reveal ASC'P as
a noncanonical substrate-recruitment module that spatially organ-
izes pro-1L-1p at the inflammasome, defining a mechanism that
govern IL-1P output independently of pyroptotic death.

Results

Direct Recruitment of pro-IL-1f3 to ASC Speck Enables Spatial
Control of pro-IL-1f Maturation. We previously showed that ASC
speck is the major site for both caspase-1 activation and pro-IL-1p

processing (16). While homotypic CARD—CARD interactions
berween pro-caspase-1°4RP and ASCARP are known to drive
caspase-1 activation on the ASC platform, how pro-IL-1f is
recruited to this site remained unclear. We therefore asked whether
pro-IL-1p is also recruited to speck for caspase-1-dependent
cleavage. To monitor the interaction, we co-transfected human
full-length (FL) ASC'™ and pro-IL-1pf* in HEK293T cells to
establish an innovative nano-bioluminescence resonance energy
transfer (nanoBRET; NB) reporter assay using NanoLuc (NL) and
HaloTag (HL) fusion proteins (Fig. 1 A and B). In the presence of
substrate, NL generates luminescence that excites the nearby HL
acceptor through resonance energy transfer, and the nanoBRET
ratio was calculated as the acceptor emission divided by the donor
emission. Thus, the NB assay provides a proximity-based, live-
cell platform well suited for detecting dynamic protein—protein
interactions within the inflammasome complex. Heterologous
expression of ASC™ in HEK293T cells is sufficient to induce
speck formation even in the absence of an activated sensor (5).
In addition, HEK293T cells lack gasdermin D (GSDMD), an
executioner of pyroptotic cell death; therefore, our NB assay
directly probes the recruitment of pro-IL-1p to the speck and
excludes confounding effects of caspase-1-dependent pyroptotic
cell death. Initially, we determined the optimal tag orientation of
donor constructs (N- or C-terminally NL-tagged pro-IL-1pf- and
ASC™), and acceptor constructs (N- or C-terminally HT-tagged
human pro-IL-18" and ASC™) (Fig. 1B and SI Appendix, Fig. S1).
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Fig. 1. Direct recruitment of pro-IL-1p to ASC speck enables spatial control of pro-IL-1$ maturation. (4) Domain organization of human ASC and pro-IL-1p. (B)
Schematic of NanoBRET assay for ASC/pro-IL-1p interaction. HaloTag (HT)-ASC and pro-IL-1p-NanoLuc (NL) cells were reconstituted in the HEK293T cells. (C)

ASC/pro-IL-1B interaction assessed by NanoBRET in living HEK293T cells. (D)

Redistribution and co-localization of pro-IL-18 with ASC in transfected HEK293T

cells analyzed by confocal microscopy. Left side: HEK293T cells single transfected with either ASC or pro-IL-1p expression construct. Right side: HEK293T co-
transfected with ASC and pro-IL-1f expression constructs. Representative images are shown. (E) Glutathione-S-transferase (GST) pull-down showing interaction
between ASC™ and pro-IL-1pf. Data from three independent experiments (C), or representative images from three experiments are shown. Data are shown
as mean + SD (n = 4/group). All pairwise comparisons were analyzed using one-way ANOVA with Tukey's post hoc multiple comparison. Brown-Forsythe test
was applied to assess homogeneity of variance. (alpha < 0.05). Lane numbers indicate the depicted experimental conditions. ns, not significant; **P < 0.01;

****p < 0.0001. Arrowhead depicts ASC specks or pro-IL-1p. (Scale bar, 5 pm.)
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The optimal results were obtained with N-terminally, HT-tagged
human ASC, and C-terminally, NL-tagged human pro-IL-18,
which yielded the highest BRET signal.

Toward this, co-transfection of pro-IL-1B*L--NL/HT-ASC in
living HEK293T cells showed interaction between the two proteins
depicted by the high BRET ratios, signifying that the donor
(pro-IL-1p™) and acceptor (ASCFL) are in close proximity
(<10 nm) (Fig. 1C, lane 1). Our controls included i) HT tags alone
co-expressed with NL-tagged pro-cytokines to determine back-
ground signal (Fig. 1C, lanes 2 and 4); and ii) NL-tagged pro-IL-33
co-expressed with HT-ASCFL as a negative control (Fig. 1C,
lane 3), as pro-1L-33 is not processed by inflammasomes (17).
Distribution of ASC and pro-IL-1p proteins and recruitment of
pro-1L-1p to the ASC speck were analyzed by co-localization after
co-transfection of plasmids encoding DsRed2-N1-tagged ASC¥T,
together with pro-IL-1p fused on the N terminus with mTur-
quoisel (mTur) and on the C-terminus with mNeonGreen (mNG),
creating the mTur-pro-IL-13-mNG construct (16) (Fig. 1D). As
expected, HEK293T cells transfected with ASC' formed specks,
whereas pro-1L-1p* expression was diffuse and evenly distributed
in HEK293T cells (Fig. 1D, single-transfected, Left side). Strikingly,
pro-IL-1B* redistributed in HEK293T cells co-transfected with
ASCF where pro-IL-1Bf reorganized from diffuse distribution to
a speck-like appearance, resembling ASC and co-localized with it
(Fig. 1D, co-transfected, Right side). Biochemically, GST pulldown
assays were conducted by co-expressing GST-ASC with mTur-
pro-IL-18-mNG (16) in HEK293T cells (Fig. 1E). Cell extracts
were incubated with GST beads and washed to remove unbound
proteins. The bound proteins were eluted and assessed by western
blotting. GST-ASC pulled down pro-IL-1f, whereas GST alone
did not (Fig. 1, lanes 4 and 3). These findings reveal a previously
unrecognized immunoregulatory role of ASC in its ability to recruit
pro-IL-1P to the inflammasomes, redefining its function beyond
caspase-1 activation.

The Linker Domain of ASC Is Sufficient for pro-IL-1f Binding. We
tested the domain requirement for the ASC/pro-IL-1f interaction.
Active caspase-1 cleaves pro-1L-1p at D116 (YVHD, ) sequence to
generate the mature p17 fragment responsible for its inflammatory
activity. To define the regions of pro-IL-1p domains required for
recruitment to ASC, we generated constructs encoding either
the pro-domain (IL-1B*P) or the mature domain (IL-1pMP)
(Fig. 24). NanoBRET analysis revealed that both IL-1"P and
IL-1pMP exhibited binding to ASC™ (Fig. 2B, lanes 2 and 5),
indicating that both domains contribute to ASC engagement.
ASC contains an N terminus pyrin domain (ASCF'P), a C-
terminus CARD (ASCE*RD) and a flexible linker domain
(ASC™) in between (18, 19) (Fig. 24). Strikingly, ASC'P alone
bound pro-IL-1B*" as robustly as ASCF, whereas ASC'YP and
ASCEARD alone showed minimal binding (Fig. 2C, lanes 1 and 3
to 5). Fusion of the PYD to LD (ASCPYP*LP) enhanced pro-1L-
1B binding relative to ASCFYP alone, whereas CARD-LD fusion
(ASCIP+CARD) did not, suggesting that PYD enhances an LD-
dependent recruitment mechanism (Fig. 2C, lanes 3, 4, 6, and
7). To test the necessity of LD, we engineered ASC variants in
which the LD was either replaced by a flexible linker (3x SGSGSG
linker, ASCAP) or removed entirely (ASCSHORT), Both constructs
showed markedly reduced binding to pro-IL-1B*L comparable to
ASCYT, conforming that the LD sequence is required for pro-IL-
1P recruitment (Fig. 2D, lanes 3 and 4).

As ASC!P, akin to ASCFY, facilitated pro-IL-1pF* binding, we
examined macromolecular assemblies generated by these ASC
constructs in transfected HEK293T cells by confocal microscopy.
As expected, ASCI' assembled into specks with dense cores and
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emanating filaments (20), while ASC™P and ASCRP formed
filaments (Fig. 2 and SI Appendix, Fig. S24). In contrast, ASC'P
displayed a granular cytoplasmic distribution with small speckles,
whereas ASCPYP+LD | ASCLD+CARD " and ASCSHORT formed fila-
ments (Fig. 2E). Notably, ASCAP with the artificial linker, despite
lacking pro-IL-1BL binding capacity, still formed specks compa-
rable to ASC' (Fig. 2£), demonstrating that the molecular com-
position of LD is not required for speck formation but is essential
for pro-IL-1pF engagement. The alternatively spliced ASCb iso-
form retains both PYD and CARD and binds pro-caspase-1 with
comparable affinity to ASC (21). However, it has only a short
linker domain (~3 amino acids), explaining why ASCb is associ-
ated with reduced IL-1p maturation (18, 21, 22).

Although pro-IL-1p expression in most myeloid and epithelial
cells is NF-kB-dependent, ASC is constitutively expressed, ensur-
ing a preformed adaptor pool for rapid ASC-dependent inflam-
masome assembly. The ability of ASC'P to form small granular
structures and bind pro-IL-1Bf prompted us to ask whether
similar ASC' granules or speckles exist in macrophages as pre-
cursor inflammasome platforms. In differentiated THP-1 mac-
rophages with or without LPS priming, ASC immunostaining
(AL177; Adipogen) revealed granular and speckled cytoplasmic
distribution, which consolidated into distinct specks upon inflam-
masome activation (Fig. 2 F, Top, Middle, and Bottom panel). To
specifically examine whether ASC'™P is accessible in the ASC speck,
we raised an anti-LD antibody in-house (87 Appendix, Fig. S2B).
Immunofluorescence (IF) with this antibody revealed a compara-
ble granular/speckled ASC pattern as observed with the commer-
cial antibody in THP-1 cells (Fig. 2 G, Top, Middle, and Bottom
panel). Similar patterns were also observed in untreated or
LPS-primed primary human peripheral blood mononuclear cells
(PBMCs) (SI Appendix, Fig. S2 C-E), confirming that the LD
region is exposed and accessible within native specks.

To determine whether ASC granules or speckles associate with
pro-IL-1P, we performed IF microscopy following LPS priming
or at 60 min post-NLRP3 inflammasome activation, using anti-
bodies specific for either the mature or the pro-domain of pro-IL-1f
(81 Appendix, Fig. S2 F-L). Under LPS-primed conditions, ASC
granules or speckles in the cytosol appeared partially co-localized
with cytosolic pro-IL-1. In contrast, activation with nigericin
induced robust ASC speck formation, accompanied by a reduction
of cytosolic IL-1p signal, consistent with pro-1L-1p processing and
release of mature pro-1L-1f within this time frame (16). Together,
these findings identify ASC'P as a key structural element mediating
pro-IL-1f recruitment. Our data further suggest that ASC' pos-
itive granules/speckles could represent early or pre-assembly
inflammasome platforms that have already recruited pro-IL-1f for
efficient cytokine processing upon activation.

Structural and Molecular Determinants of pro-IL-1f3 for ASC
Binding. Although both pro- and mature domains of IL-1f
can interact with ASC (Fig. 2B), the IL-1p*P signals exhibited
substantial variability whereas IL-1BMP produced consistently
robust NanoBRET signals, surpassing even those of pro-IL-1p*L.
We thus decided to map the interaction of IL-1pMP with ASC.
Guided by AlphaFold (23, 24), and the X-ray crystal structure
of human IL-1p (PDB:9ILB) (25), we systematically mutated
surface-exposed, charged residues within IL-1pMP and assessed
ASC engagement using the NanoBRET assay (Fig. 34). A discrete
set of IL-1pMP domain mutants (R127E, D128A, K143E, K190E/
K193E, and K204E) significantly disrupted ASC binding (Fig. 3
Band C and SI Appendix, Fig. S3).

To determine the functional significance of this interface,
we reconstituted /Z1B”'~ THP-1 cells with individual IL-1fMP
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depicts full-length pro-IL-1p labeled with N-terminal mTur and C-terminal with mNG (Tur-pIL-1p-NG). The red asterisk marks non-specific band. (G) Secreted
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****p < 0.0001.

variants. Importantly, all IL-1$MP mutants that impaired ASC
binding in NanoBRET assays showed a marked decrease in IL-1p
processing upon inflammasome activation when reconstituted in
IL1B-THP-1 cells (Fig. 3 D-G). In contrast, pyroptosis, assessed
by lactate dehydrogenase (LDH) release, was comparable to WT
reconstituted cells (Fig. 3H). These findings indicate that ASC

recruitment to IL-1P specifically governs cytokine processing

PNAS 2026 Vol.123 No.19 2537563123

without perturbing pyroptotic execution. A second category of
mutants (R120E, K179E/K181E, K132E, K208E/K209E/K210E,
K225E), while showing unperturbed interaction with ASC in
nanoBRET assay, could not be evaluated functionally because they
exhibited low or undetectable expression in reconstituted THP-1
cells (Fig. 3 D and F). This expression limitation may reflect insta-
bility or misfolding of certain IL-1p variants in the reconstituted
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THP-1 system rather than lack of biological relevance. Notably,
the D128A substitution (D129 in mouse IL-1p) (26) previously
shown to disrupt an intramolecular electrostatic interaction with
K132 (K133 in mouse IL-1f) (26) also impaired ASC binding
shown by NanoBRET (Fig. 3B, lane 4), pro-IL-1p cleavage when
reconstituted into /L 1B~ THP-1 cells (Fig. 3D, lane 6), and IL-1f
secretion (Fig. 3G, lane 4). Together, these data identify the IL-1p
mature domain region as an important determinant for recruitment
to ASC and establish the ASC/IL-1p interface as a key regulatory
checkpoint that ensures efficient IL-1p maturation without limit-
ing beneficial pyroptotic cell death response.

ASCD Defines a Discrete, Noncanonical Binding Interface
Required for pro-IL-1f Recruitment. ASC speck formation
proceeds through polymerization of N terminus ASC™P into
filaments, followed by ASC“ARP driven condensation into a

micron-sized structure known as ASC speck (20, 27). Mutations

that disrupt ASC oligomerization (ASCPYP™u®) or filament cross-

linking (ASCCARP™MUL) are known to impair speck formation and
consequently impede pro-IL-1p maturation (20). While these
structured domains are well characterized, how the intrinsically
flexible ASCLP (22) directly contributes to pro-IL-1p processing
remained undefined (18, 19). To address this question, we
systematically substituted proline and glycine residues in ASC'P
with alanine residues (G92A, G94A, G99A, P97A, P104A,
P110A) and assessed pro-IL-1B" binding using the NanoBRET
assay (Fig. 44 and SI Appendix, Fig. S4A). We also mutated
the K109 residue within this region, whose SUMOylation by
ZBTB16 (zinc-finger and BTB domain-containing protein 16)
was shown to enhance ASC oligomerization (28) (Fig. 4B).
Among these ASC'P mutants, only P97A and P104A significantly
disrupted binding with pro-IL-1p (Fig. 44, lanes 5 and 7). To
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test the functional consequence of these disruptive mutations,
ASC~ THP-1 cells were reconstituted with WT or LD-mutant
ASC. Despite forming normal ASC speck (Fig. 4C), P97A and
P104A significantly decreased mature IL-1p production following
LPS priming and NLRP3 activation (Fig. 4D), without affecting
pyroptosis as measured by LDH release (Fig. 4E). Although ASC
SUMOylation at K109 should promote ASC oligomerization,
the preserved ASC/pro-IL-1f interaction in the SUMO-deficient
ASCKOR mutant suggests that SUMOylation is not required
for pro-IL-1p binding (Fig. 4 B-E). Removing the entire linker
domain (ASCSHORT) eliminated both speck assembly (formed
filaments) and pro-IL-1p maturation, whereas replacing the entire
LD with a flexible 3x SGSGSG linker (ASCAP) preserved speck
assembly but abolished pro-IL-1p'" binding and reduced IL-1f
maturation (Figs. 2 D and £ and 4 C and D). Thus, ASC™ is
specifically required for both ASC oligomerization and cytokine
processing but is dispensable for pyroptosis. Because pro-IL-1f
engages ASCP, we next tested whether this interaction perturb
canonical PYD-PYD or CARD-CARD interfaces within the
inflammasomes. HEK293T cells lack endogenous caspase-1
and GSDMD. Reconstitution of the NLRP3 inflammasome in
HEK293T confirmed that ASC'P/pro-IL-1p binding measured by
NanoBRET remained intact even in the presence of NLRP3"YP—

ASCPYD and ASCEARD_pro-caspase-1“ARD interactions (Fig. 4
Fand G). The catalytically dead caspase-1 (C285A) was used
in the reconstitution to prevent pyroptotic membrane rupture.
Although ASC has been reported to nucleate pro-caspase-8
filaments at inflammasomes thereby promoting apoptotic cell
death (29, 30), lack of apoptotic protease-mediated PARP
cleavage confirmed that our reconstituted NLRP3/ASC/caspase-
1¢2854/pro-1L-1p system is non-lytic (Fig. 4H). Thus, the ASC'P/
pro-1L-1p recruitment occurs in intact, viable cells, not driven
by membrane lysis. Together, these data demonstrate that the
ASC linker domain is a distinct, accessible, and noncanonical
surface within the ASC speck for pro-IL-1p recruitment, does
not interfere with inflammasome assembly, and mediates a key
regulatory checkpoint that governs IL-1f maturation without
limiting beneficial pyroptotic death.

ASC'P-perived Peptide Blocks pro-IL-1f} Processing in Primary
Macrophages and THP-1 Cells. Since ASC'P is sufficient for
pro-I1L-1p interaction, likely both before and after ASC speck
formation, we synthesized the ASC'P peptide fused at its C-
terminal end to the antennapedia sequence for intracellular
delivery (31) (Peptide'P), as well as a control peptide derived
from the C-terminal end of ASCARP (Peptide“™®) (Fig. 54). We
isolated monocytes from human PBMC:s of a healthy volunteer
and generated monocyte-derived macrophages (MDMs) (Fig. 5A4).
Peptide' pre-treated to human MDMs prior to LPS priming and
NLRP3 activation with nigericin significantly reduced secreted
mature-IL-1f in supernatants as quantified by Enzyme-linked
immunosorbent assay (ELISA) (Fig. 5B, lane 4), while pyroptotic
cell death remained unaffected, as indicated by comparable LDH
release (Fig. 5C, lane 4). By contrast, Peptide“™® had no observable
effect and was similar to vehicle-treated + LPS + nigericin
stimulated condition, supporting a specific requirement for LD
in pro-1L-1p recruitment and maturation (Fig. 5 Band C). Similar
to THP-1 cells, ASCIP is exposed within endogenous ASC specks
formed in MDMs, shown by IF experiments at basal, LPS-primed,
and LPS + nigericin conditions using either the in-house LD
specific antibody or the commercial ASC antibody (Fig. 5 D-F
and S7 Appendix, Fig. S5 A-D).

Peptide-inhibition studies in THP-1 cells showed similar results
with Peptide'? decreasing mature IL-1p without changes in LDH

PNAS 2026 Vol.123 No.19 2537563123

release (Fig. 5 G and H and SI Appendix, Fig. SSE), confirming
that LD domain-mediated recruitment is conserved across endog-
enous inflammasome platforms in both primary and immortalized
cells. The reduction in IL-1p maturation was not attributable to
impaired priming as Peptide'? did not alter pro-IL-1p or NLRP3
expression under either primed or activated condition (Fig. 51).
Caspase-1 activation was also comparable, as evidenced by the
presence of the cleaved p20 subunit (Fig. 5/), indicating that
reduction in IL-1p maturation resulted from impairment in
pro-IL-1p recruitment rather than from impaired inflammasome
assembly or signaling. Together, these results reveal that peptide
based on ASC!™P can interfere with the recruitment and position-
ing of pro-IL-1P for caspase-1-dependent maturation, which
provides a proof of principle for targeting the ASC/pro-IL-1p

interaction against IL-1f-driven inflammation.

Asc'P Targeting Preserves ASC Speck Assembly While Impairing
pro-IL-1f Recruitment. As ASC oligomerization is necessary
for both speck formation and pro-IL-1f maturation, and
Peptide'® prevented pro-IL-1f maturation, we asked whether
it also perturbs ASC speck formation. To test this directly, we
transfected untreated or peptide-treated HEK293T cells with
an ASC-mTurquoise construct and visualized speck formation
by fluorescence microscopy. ASC speck formed robustly in all
conditions (Fig. 64 and SI Appendix, Fig. S6A), and the LD
epitope remained exposed on these specks, as detected by an
ASCM-specific antibody (SI Appendix, Fig. S6B). These data
indicate that the LD is accessible on the specks and its blockade
does not impair speck assembly.

We examined the functional consequence of peptide treatment
on pro-1L-1f in HEK293T cells co-expressing ASC. Under vehi-
cle or Peptide“™® treated conditions, pro-1L-1p redistributed from
a diffuse cytosolic pattern to speck-like puncta that co-localized
with ASC, indicating recruitment to specks (Fig. 68 and
SI Appendix, Fig. S6C). In contrast, Peptide'P treatment reduced
the relocalization despite the formation of normal ASC specks,
with pro-IL-1f remaining diffuse in most cells shown by quanti-
fication (Fig. 6B and SI Appendix, Fig. S6C). These results demon-
strate that Peptide'” treatment uncoupled pro-IL-1p docking
from speck assembly. Together, these findings support a model in
which ASCP not only required for ASC speck formation but also
is exposed on speck for pro-IL-1f recruitment. By selectively per-
turbing pro-IL-1p recruitment, Peptide' inhibits pro-IL-1p pro-
cessing without compromising inflammasome assembly. Our data
identify an intracellular regulatory checkpoint for pro-IL-1f
recruitment and reveals a therapeutically accessible mechanism
for selectively modulating pro-IL-1p maturation.

ASCLP |s Required for MSU- and ATP-Induced Inflammation
In Vivo. To define the in vivo role of the ASC linker domain
in pro-cytokine recruitment, and inflammasome-dependent
IL-1f maturation, we evaluated two established mouse models
of NLRP3-dependent peritonitis: MSU-induced peritonitis
(32) and LPS + ATP-induced peritonitis (33) (Fig. 7). These
models are NLRP3-dependent, but they differ in the upstream
signaling mechanism. MSU, a damage-associated molecular
pattern (DAMP), provides both priming and activating signals
and mimics sterile inflammation as seen in gouty arthritis
inflammation (34), in which the early infiltrating immune cells
are primarily neutrophils during the onset of peritonitis, and
the number of infiltrating neutrophils in the peritoneal cavity
correlates with the extent of inflammasome activation (35, 36).
The LPS + ATP model utilized two sequential signaling steps,
conferred by a bacterial pathogen-associated molecular pattern
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(PAMP) (such as LPS) for priming and a host-derived signal (ATP)
for NLRP3 inflammasome activation, generating a broader and
tightly regulated inflammatory response.

Wildtype C57BL/6 mice were pre-treated with vehicle,

Peptide“™®, or Peptide!® prior to inflammasome activation

(Fig. 7A). As expected, MSU challenge induced robust peritoneal
neutrophil infiltration (Ly-6G**¢ Ly-6B.2** cells) and IL-1f pro-
duction in vehicle- or Peptide“™-treated mice (Fig. 7 B-D). In
contrast, Peptide'? significantly reduced both IL-1f levels and
neutrophil recruitment in the peritoneal lavage (Fig. 7 B-D). In
the LPS + ATP model, pretreatment with Peptide' significantly
decreased IL-1P production in the plasma (Fig. 7 £ and F).
Unexpectedly, Peptide'® showed selective activity in the LPS +
ATP model as it reduced systemic (plasma) IL-1f but failed to
suppress cytokine production in the peritoneal cavity (Fig. 7 E
and G). This differential activity likely reflects context-dependent
peptide stability, biodistribution, and cellular uptake across an
inflammatory environment. In the MSU model, inflammation
occurs locally within a sterile peritoneal milieu dominated by res-
ident peritoneal macrophages and early neutrophil influx. Under
these conditions, Peptide!? likely remained stable and was suffi-
ciently concentrated to block the ASC/pro-IL-1f interaction. In
contrast, the LPS + ATP model involves systemic priming,
enhanced vascular permeability, and robust ATP-driven activation,
a condition that may enhance proteolytic degradation or dilute
local Peptide!'” concentration, thereby limiting its inhibitory
capacity. Together, these findings demonstrate that the ASC linker
domain is indispensable for efficient pro-IL-1f maturation in vivo.
Disrupting ASC/pro-IL-1f interface using the cell-penetrating
peptide attenuates inflammation across mechanistically distinct
NLRP3-dependent contexts, highlighting ASC'™ as a regulatory
node that couples pro-IL-1p recruitment to downstream inflam-
martory response.

Discussion

Inflammasome protects host from both infectious and sterile inju-
ries by coupling caspase-1 activation to IL-1p maturation, yet the
molecular mechanism that positions pro-IL-1f for cleavage has
remained undefined. Here, we identify the ASC linker domain, a

PNAS 2026 Vol.123 No.19 2537563123

flexible, previously uncharacterized region between the PYD and
CARD as a dedicated docking interface that recruits pro-IL-1p
to the ASC speck. The present findings establish a conceptual shift
by identifying ASC as not only a signaling scaffold for caspase-1
activation but also a spatial organizer that concentrates the pro-
IL-1P substrate at the site of processing (S Appendix, Fig. S8).

Using multiple orthogonal approaches, including NanoBRET,
cellular imaging, targeted mutagenesis, synthetic peptide inhibition,
and in vivo perturbation, we show that ASC'P provides a nonca-
nonical binding surface that remains exposed within the native,
endogenously assembled speck. The IL-1f mature domain region
encodes residues necessary for ASC engagement, forming a discrete
interface that is essential for pro-IL-1p processing but dispensable
for pyroptosis. These findings define ASC/pro-IL-1f recruitment
as a regulatory checkpoint that modulates IL-1p output inde-
pendently of pyroptosis, permitting selective control of inflamma-
tory potency without compromising host-protective pyroptosis.

An intriguing implication of our findings is that even cleaved,
mature IL-1 retains the capacity to interact with ASC, raising
the question of how mature IL-1f is ultimately released from cells.
This interpretation is particularly interesting in light of observa-
tions by Singer et al., who reported that mature-IL-1p is generated
following the association of pro-IL-1p and caspase-1 with the
plasma membrane during secretion (37). Since the initial descrip-
tion of inflammasomes, subsequent studies have identified mech-
anistic aspects of IL-1p maturation and release (8, 38—40). More
recent work has shown that mature-IL-1p is directed toward
plasma membrane projections or vesicular structures and can exit
the cell through both gasdermin D (GSDMD)-dependent rapid
pathways and GSDMD-independent slower routes, irrespective
of ultimate cell fate (41). Based on these findings, we propose that
retention of mature IL-1p on ASC might serve to transiently
sequester the cytokine until appropriate permeabilization occurs,
either through GSDMD pore formation or increased membrane
tension, thereby limiting premature intracellular diffusion, aber-
rant signaling, or proteolytic degradation.

Our data support a model in which the ASC/pro-IL-18 inter-
action is not dependent on the ASC oligomerization state. That
is, small ASC speckles or granules in the cytosol and the large ASC
speck both represent pro-IL-1p recruitment-competent forms.
Thus, even before inflammasome activation, pro-IL-1p is already
associated with ASC, at least partly, such that as soon as caspase-1
gets recruited and activated at the ASC speck, cleavage of pro-IL-1p
by caspase-1 can occur. This intricate control explains how IL-1p
processing is both rapid and insulated from fluctuations in down-
stream pyroptotic execution. Because of the intrinsic flexibility of
the ASC linker domain, the recent cryo-EM structure did not
resolve density corresponding to this region (22). Our systematic
alanine-scanning analysis across this flexible stretch unveiled a
continuous functional surface, with P97 and P104 emerging as
key determinants of pro-IL-1p engagement. Given the short,
unstructured nature of the LD, it is likely that these residues,
together with the surrounding linker aid in stabilizing the docking
interface for pro-IL-1f that operates independently of canonical
PYD-PYD or CARD-CARD interactions. Consistent with an
LD-specific mechanism, ASC SUMOylation at K109, previously
linked to ASC oligomerization (28), was dispensable for pro-IL-1p
binding, indicating that pro-IL-1p recruitment does not rely on
global effects of ASC assembly. These studies further warrant
detailed structural studies to elucidate the extent of interaction
interface in ASC/pro-I1L-1p.

The importance of ASC'P-mediated recruitment is underscored
by the striking in vivo requirement for this interface. ASC'P-
targeting peptides markedly reduced IL-1f production and
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Fig. 7. ASC'? is required for MSU- and ATP-induced inflammation in vivo. (A-D) MSU-induced peritonitis model. (A) Schematics with indicated dosing and
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neutrophil influx in two NLRP3-dependent peritonitis models,
highlighting the importance of this interaction in inflammatory
signaling. Although linker-domain peptide showed consistent
activity across models, we did observe context-dependent inhibi-
tion, suppressing systemic IL-1p in LPS + ATP challenge but not
local peritoneal production. This differential behavior likely
reflects variations in peptide stability, proteolytic degradation, and
tissue distribution under sterile (MSU) versus endotoxin-primed
inflammarory conditions, rather than a fundamental mechanistic
difference in LD dependency.

Importantly, the ability to attenuate inflammation without
broadly suppressing pyroptosis suggest that IL-1f plays a domi-
nant role in shaping inflammatory signaling in vivo, at least par-
tially independent of pyroptosis-triggered DAMP release and its
downstream signaling. Such functional uncoupling may be par-
ticularly relevant in tissues or disease settings where excessive
cytokine release, rather than pyroptotic cell death, is the principal
driver of the pathology.

Together, our findings establish ASC'P as a previously unrecog-
nized regulatory site that confers spatial control over IL-1f matura-
tion. By directly recruiting pro-IL-1f and coordinating its processing,
LD provides a mechanism to tune IL-1p output without altering
inflammasome assembly or pyroptosis. This separation-of-function
highlights an inherent modularity within inflammasomes and iden-
tifies a therapeutically actionable interface for selectively dampening
IL-1B-driven pathology while preserving host protective inflamma-
tory cell death.

Materials and Methods

Human HEK293T and THP-1 cells, as well as primary human monocyte-derived
macrophages and peripheral blood mononuclear cells were used for inflam-
masomes assay. Primary human cells were derived from de-identified blood
samples obtained from healthy donors. Cells were transfected with expression
constructs encoding human NLRP3, ASC, caspase-1, and pro-IL-1f (IL1B), as
depicted. THP-1 cells were differentiated and primed with lipopolysaccharide
followed by activation with nigericin to induce NLRP3 inflammasome signaling.
Cytokine release (IL-1pB) was quantified by ELISA, and cell death was assessed by
LDH release. Protein-protein interactions were assessed using NanoBRET and
GST pull-down assays.

Confocal and fluorescence microscopy were used to assess ASC speck
formation and subcellular localization. Stable cell lines were generated by
lentiviral transduction where indicated. In vivo inflammasome activation was
evaluated using mouse models of MSU- and LPS + ATP-induced peritonitis,
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followed by measurement of IL-1p levels and immune cell recruitment by
flow cytometry.

Detailed experimental procedures, including cloning strategies, reagents,
cellularimaging parameters, and full protocols, are provided in the S/ Appendix.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix. Cell lines and reagents generated in this study are
available from the corresponding author, V.G.M (vmagupalli@nybc.org), upon
reasonable request and subject to scientific review and completion of a material
transfer agreement.
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