TREOPN 00024 No. of Pages 15

Trends Open

¢? CellPress

The bidirectional inflammasome-lymphocyte

axis In Immune regulation
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Inflammasomes are multiprotein innate immune sensors that maintain immune
homeostasis by coordinating inflammatory and regulatory responses. Beyond
their established roles, inflammasome signaling shapes adaptive immunity by
modulating lymphocyte activation, differentiation, and tolerance. Conversely,
lymphocytes regulate inflammasome activity in antigen-presenting cells, forming
a reciprocal feedback loop that integrates innate and adaptive immunity. This
bidirectional inflammasome-lymphocyte axis regulates immune balance in
infection, immune-mediated diseases, and cancer, where its dysregulation can
drive pathological inflammation or immune suppression. In this review, we
synthesize current insights into inflammasome-driven control of lymphocyte
function, lymphocyte-mediated regulation of inflammasomes, and the context-
dependent nature of this bidirectional interaction. Clarifying this bidirectional
mechanism will enable precision immunomodulation and inform the rational
development of novel therapeutics.

Introduction to the emerging regulatory axis between innate and adaptive
immunity

Inflammasomes (see Glossary) are multiprotein innate immune complexes that act as key sensors
of host defense, detecting pathogen- and damage-associated signals to initiate caspase-1-
dependent maturation and secretion of interleukin (IL)-13 and IL-18, often through pyroptotic cell
death [1-4]. These cytokines shape the activity of other immune cells in diverse disease contexts,
including immune-mediated diseases (IMDs), infection, and cancer [5-10]. Because dysregulated
inflammasome activation can drive pathological inflammation, therapeutic strategies increasingly
am to modulate inflammasome pathways to restore immune balance [11-19].

Beyond their canonical roles in innate immunity, inflammasomes—particularly NLRP3 (NOD-,
LRR-, and pyrin domain-containing protein 3)—have emerged as critical upstream modulators
of adaptive immunity. They influence lymphocytes such as T and B cells indirectly by modulating
antigen presentation and cytokine secretion from antigen-presenting cells (APCs), and directly
through intrinsic inflammasome assembly within lymphocytes, shaping their differentiation into
different T helper subsets, most notably Th1 and Th17 [20-23]. Reciprocally, lymphocytes can
restrain or amplify inflammasome activity in APCs, forming a bidirectional feedback loop that inte-
grates innate and adaptive immunity and influences host defense and disease progression [24,25].
Despite growing evidence of this interaction, a comprehensive mechanistic synthesis of how the
inflammasome and lymphocytes reciprocally regulate one another remains lacking. In this review,
we integrate emerging evidence to map how inflammasomes and lymphocytes reciprocally regu-
late each other across immune contexts—from APC-mediated signaling to lymphocyte-intrinsic
inflammasome activation—as well as the noncanonical transcriptional roles of NLRP3 and AIM2
(Absent in Melanoma 2) in IMDs, infection, and cancer, highlighting how this bidirectional circuitry
shapes immune homeostasis and therapeutic potential.
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The bidirectional  inflammasome—
lymphocyte axis integrates innate and
adaptive immunity, shaping protective
or pathogenic responses depending
on the context. Growing evidence
shows that this bidirectional circuitry
influences a wide range of conditions,
from immune-mediated diseases to
infection and cancer. By synthesizing
how these pathways regulate each
other, this review highlights a timely
conceptual framework with significant
potential to guide future therapeutic
strategies.
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Inflammasomes in APCs regulate lymphocyte activity

APCs, such as dendritic cells (DCs) and macrophages, are essential mediators of innate—
adaptive immune crosstalk, bridging early pathogen sensing with lymphocyte activation. By
detecting pathogen-associated molecular patterns (PAMPs) and damage-associated molecular
patterns (DAMPs), APCs process antigens into forms recognized by lymphocytes, initiating an
adaptive immune response [26]. A range of inflammasomes—including NLRP3, NLRC4 (NLR
family CARD domain-containing 4), and AIM2—form in APCs upon antigen detection, triggering
caspase-1-mediated secretion of IL-1(3 and IL-18, often accompanied by pyroptotic cell death.
This shapes T and B cell differentiation and effector function [27-29]. By modulating the response
of lymphocytes, inflammasomes critically influence the pathogenesis of IMDs, cancer, and infec-
tious diseases in a context-dependent manner (Figure 1).

Inflammasomes in APCs shape T cell activity in IMDs

In IMDs, such as autoimmune, autoinflammatory, and alloimmune diseases, inflammasome
activation in DCs often drives pathogenic T cell responses or helps maintain immune homeo-
stasis (Figure 1A). Acute graft-versus-host disease (GvHD) is an alloimmune condition in
which donor-derived immune cells attack recipient tissues and exert inflammatory responses
after transplantation. Th17 cells are major drivers of pathology, and their expansion is tightly
linked to inflammasome signaling. Conditioning regimens, such as chemotherapy and radio-
therapy prior to allogeneic hematopoietic cell transplantation (HCT), increase PAMPs and
DAMPs (e.g., intestinal microbial products and uric acids), triggering NLRP3 activation in
DCs and intestinal cell subsets. This induces caspase-1-dependent IL-1[3 secretion, which
promotes alloreactive Th17 differentiation and accelerates acute GvHD. Notably, NLRP3
inflammasome formation in APCs is essential for effective alloantigen-driven T cell proliferation
during GvHD development [20].

Similarly, Th17 cells and Th1 cells are reinforced via NLRP3 inflammasomes in experimental
autoimmune encephalomyelitis (EAE), an animal model for multiple sclerosis (MS), driving
the disease pathogenesis. Beyond promoting T cell differentiation, NLRP3 activation also
enhances the expression of chemotaxis-associated molecules such as osteopontin (OPN),
CCR2, and CXCR6 in Th17 cells, together with their corresponding ligand-receptor pairs
on DCs and macrophages. This coordinated upregulation facilitates the recruitment and
migration of Th17 cells and APCs into the central nervous system (CNS), driving neuroinflam-
mation [27,30,31]. Additionally, NLRP3-dependent IL-13 can drive GM-CSF production by
CD4* T cells, thereby promoting the recruitment of inflammatory myeloid cells into the
CNS and reinforcing EAE pathology [32].

In the gut, NLRP3-dependent IL-1{3 production shapes DC-T cell interactions by altering
the balance between tolerogenic and inflammatory DC subsets. IL-1[3 suppresses the differen-
tiation of CD103™ tolerogenic DCs while promoting inflammatory CD103™ DC subsets, thereby
reducing the availability of DC populations that normally support FOXP3* Treg induction. This
shift skews CD4* T cell responses toward pathogenic Th1/Th17 phenotypes and contributes
to intestinal inflammation in inflammatory bowel disease (IBD) models [33]. On the other hand,
in the intestinal lamina propria, hyperactive NLRP3 inflammasomes drive excess IL-13 produc-
tion that remodels the gut microbiota and indirectly promotes FOXP3™ Treg induction—an
IL-18-independent mechanism that maintains intestinal homeostasis and enhances resis-
tance to colitis and colorectal cancer, highlighting the context-dependent protective role of
inflammasomes [34]. Overall, these findings underscore the multifaceted role of inflammasome-T
cell interaction—particularly Th17 cells—in the pathogenesis of IMDs, such as GvHD, IBD,
and MS.

2 Trends Open, Month 2026, Vol. xx, No. xx

Trends Open

Glossary

Adaptive immunity: the immune
system develops after exposure to an
antigen, mediated by antigen-specific
lymphocytes (T and B cells), providing
specific and long-lasting protection
against pathogens and a robustimmune
response upon second exposure.
Antigen-presenting cell (APC):
immune cells, such as a dendritic cell or
macrophage, that process and present
antigens to T cells via MHC molecules to
initiate adaptive immune responses.

B cell: a lymphocyte that mediates
humoral immunity through antibody
production and antigen presentation.

B cell activating factor (BAFF): a
cytokine that promotes B cell survival,
differentiation, and activation; it can
trigger inflammasome signaling in naive
B cells.

Canonical inflammasome pathway:
caspase-1-dependent activation of
inflammasomes that drives the
maturation of IL-13 and IL-18, as well as
gasdermin D-mediated pyroptosis.
CD4* T cell: a T lymphocyte subset
that primarily coordinates immune
responses through cytokine secretion;
includes Th1, Th2, Th17, Tth, and
regulatory T cells.

CD8* T cell: a CTL that kills infected or
malignant cells via perforin/granzyme-
mediated cytotoxicity.

Cytokines: soluble proteins secreted
by immune and nonimmune cells that
mediate intercellular communication and
regulate immunity, inflammation, and
hematopoiesis.

Damage-associated molecular
patterns (DAMPs): endogenous
molecules released from damaged or
stressed cells that trigger innate immune
responses.

Dendritic cell (DC): professional APC
specialized in pathogen sensing, antigen
presentation, and T cell priming.
Inflammasome: a multiprotein
signaling platform that assembles in
response to pathogen- or danger-
associated signals, leading to caspase-1
activation, cytokine maturation, and
pyroptosis.

Innate immunity: the first line of host
defense, mediated by germline-
encoded receptors and rapid,
nonspecific responses to pathogens.
Macrophage: a phagocytic innate
immune cell involved in pathogen
clearance, antigen presentation, and the
orchestration of inflammatory
responses.
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Figure 1. NLRP3 inflammasome-mediated regulation of T cell responses by antigen presenting cells (APCs). In
dendritic cells (DCs) and macrophages, PAMP/DAMP-derived signals converge to activate the NLRP3-ASC—-caspase-1
inflammasome, resulting in maturation and release of IL-1f3 and IL-18 via cell death. These outputs shape context-dependent
CD4" and CD8" T cell responses that can be protective or pathogenic across (A) immune-mediated diseases (IMDs), (B) cancer,
and (C) infection. EAE: experimental autoimmune encephalomyelitis; GvHD: graft-versus-host disease; IBD: inflammatory bowel
disease; IFN-v: interferon-y; IL-10: interleukin-1f3; IL-18: interleukin-18; NF-kB: nuclear factor kappa B; NLRP3: NOD-, LRR-, and

pyrin domain-containing protein 3; PAMP/DAMP: pathogen/damage-associated molecular pattern.
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Inflammasomes in APCs shape T cell activity in cancer

Inflammasome activation in APCs can exert either tumor-promoting or tumor-suppressive effects
depending on the context (Figure 1B). In pancreatic ductal adenocarcinoma, tumor-associated
macrophages display heightened NLRP3 inflammasome activity, which amplifies IL-10 signaling
in CD4* T cells and skews differentiation toward Th2, Th17, and regulatory phenotypes while
suppressing Th1 and cytotoxic T lymphocyte (CTL) responses. This shift establishes an immuno-
suppressive tumor microenvironment and promotes tumor progression [35]. On the other hand,
the inflammasome-lymphocyte axis acts in a protective manner under immunotherapy, where
ATP released from dying tumor cells is recognized by P2X7R on DCs, activating NLRP3 inflam-
masome formation and IL-13 secretion. Secreted IL-1{ induces antitumor CD8* T cell activity
by enhancing interferon-y (IFN-y) production, thereby enhancing chemotherapy efficacy [21].

Inflammasomes in APCs shape T cell activity in infection

In infection immunity, inflammasome-lymphocyte interactions can either promote pathogen
clearance or facilitate pathogen persistence in a context-dependent manner (Figure 1C). During
Paracoccidioides brasiliensis infection, dectin-1/Syk/nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB) signaling activates DCs and induces NLRP3-dependent IL-1(3
production, which drives protective Th17- and Th1-type immunity against fungal pathogens
[28]. Conversely, inflammasome activity can reinforce infection. In Trichuris muris, NLRP3-
dependent IL-18 suppresses protective Th2 responses, enabling chronic helminth infection
[36]. Moreover, during Chlamydia infection, autocrine IL-10 signaling maintains P2X7R signaling
and intracellular Ca®* flux, promoting NLRP3 assembly in DCs. This triggers DC apoptosis and
disrupts antigen presentation to CD4* T cells, thereby dampening downstream proinflammatory
T cell responses and weakening antibacterial immunity [37]. Additionally, during Helicobacter
pylori infection, inflammasome-independent NLRP3 expression in CD11b™ DCs restrains Th1
immunity while promoting FOXP3* Treg accumulation, facilitating bacterial persistence [38].
Together, these studies highlight that inflammasome requirements in infection are pathogen-
specific, shaping susceptibility or resistance depending on immune context.

NLRC4 and AIM2 inflammasomes in APCs regulate lymphocyte activity

Inflammasomes other than NLRP3 also shape lymphocyte responses and either drive or protect
against disease progression. NLRC4 has both inflammasome-dependent and -independent
interactions with lymphocytes, either enhancing or preventing immunity in infection models.
During influenza A virus infection, NLRC4 exerts inflammasome-independent effects by modulat-
ing Akt1/FOXO3a signaling in lung DCs, preventing FasL-mediated deletion of virus-specific
CD4* T cells, and thereby improving antiviral immunity [39]. Moreover, under bacterial infections,
such as those caused by Salmonella enterica serovar Typhimurium, Yersinia pseudotuberculosis,
and Pseudomonas aeruginosa, NLRC4 in CD8a™* splenic DCs senses bacterial flagellin, triggering
IL-18 and IL-1[3 secretion, which enhances IFN-y production by memory CD8" T cells, thus rein-
forcing antibacterial immunity [40]. On the other hand, NLRC4 inflammasome formation in macro-
phages and DCs during a P. brasiliensis infection suppresses NLRP3 inflammasome activity by
disrupting prostaglandin E, production, which is required to enhance transcription of Nirp3.
This inhibition of the NLRP3 inflammasome downregulates inflammatory cytokine secretion,
such as IL-13 and IL-18, reducing IFN-y production from CD8" T cells and inhibiting antifungal
immunity [41].

AIM2 inflammasome formation in DCs can also regulate CD4* and CD8" T cell responses and
either prevent or promote disease progression in a context-dependent manner. During
Epstein—Barr virus and hepatitis B virus infections, the AIM2 inflammasome is formed in
CD137L DCs, enhancing IL-1[3 secretion that polarizes CD8" T cells into metabolically active
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Tc1 cells producing IFN-y and tumor necrosis factor-a with lower levels of exhaustion markers,
thereby enhancing their antiviral immunity [29]. Conversely, in melanoma, AIM2 inflammasome
formation in tumor-infiltrating DCs suppresses Stimulator of Interferon Genes-mediated type |
IFN production and promotes IL-1(3- and IL-18-driven FOXP3" Treg differentiation, creating an
immunosuppressive tumor microenvironment and accelerating melanoma progression [42].
Thus, AIM2 inflammasome activation in DCs exerts context-dependent effects, amplifying
antiviral T cell immunity during infections while driving immune tolerance in tumors.

Inflammasomes in APCs regulate B cell activity

Inflammasomes also indirectly regulate B cell responses and promote metabolic dysregulation. In
aging visceral adipose tissue, NLRP3 inflammasome activation in resident macrophages
promotes the expansion of adipose-resident B cells within fat-associated lymphoid clusters
through IL-1[3 signaling. This B cell accumulation impairs lipolysis, reduces thermogenesis, and
contributes to insulin resistance, linking inflammasome activity to age-associated metabolic
dysfunction via modulation of B cell responses [43].

Collectively, these findings demonstrate the context-dependent roles of inflammasome signaling
in lymphocyte regulation. By orchestrating cytokine release, antigen presentation, and tissue
microenvironments, inflammasomes in APCs can regulate T and B lymphocyte responses,
which can either drive or prevent diverse disease pathogenesis, such as IMDs, infections, and
cancer. Moreover, inflammasomes can also interact with each other in modulating the lympho-
cyte response. Together, these multifaceted roles position inflammasomes as critical innate
checkpoints and promising therapeutic targets across a broad spectrum of diseases.

Lymphocyte activity regulates inflammasome formation in APCs
Lymphocytes and inflammasomes engage in a bidirectional regulatory loop, in which T and B cell
activity shapes inflammasome activation in APCs, including DCs and macrophages (Figure 2).

Upregulation of inflammasome activity in APCs by T cells

T lymphocytes can enhance inflammasome activation, thereby strengthening antitumor immu-
nity but also contributing to alloimmune disease (Figure 2A). For example, CTLs activated
through MHC-I-restricted antigen presentation promote NLRP3 activation in APCs in an
antigen- and perforin-dependent manner, amplifying IL-1[3 secretion. This creates a feed-
forward circuit that reinforces CTL effector function while also contributing to the development
of GvHD [25].

Downregulation of inflammasome activity in APCs by T cells

On the other hand, multiple T cell subsets can suppress inflammasome activation to prevent
excessive inflammation while maintaining baseline host defense (Figure 2A). For example, in
antigen-stimulated effector and memory CD4* T cells, NLRP3 and NLRP1 infammasome
assembly is inhibited in macrophages, thereby limiting overactivation [44]. Similarly, IFN-{3-primed
CD4" CD45RO* memory T cells suppress ATP-P2X7R-driven NLRP3 inflammasome formation
in monocytes via a partially FasL-dependent mechanism. P2X7R-independent inflammasomes
remain intact, highlighting the preventive role of CD4™ T cells in overactivation. This regulatory
function is impaired in memory T cells from MS patients, underscoring the role of T cell-
mediated restraint of inflammasomes in preventing autoimmune pathology [24]. Regulatory T
cells also contribute to inflammasome suppression in autoinflammatory diseases. For example,
B cell-induced Treg cells can help alleviate gout inflammation by inhibiting the MyD88-NF-«B
signaling axis in macrophages, reducing NLRP3 inflammasome-derived cytokine secretion [45].
In addition, type 1 regulatory T cells (Tr1) help prevent oversecretion of inflammatory cytokines
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in cryopyrin-associated periodic syndromes as they inhibit the NLRP3 inflammasome via negative
regulation of both //7b mRNA transcription and caspase-1 activation in macrophages [46].

B cell-mediated regulation of inflammasome activity in APCs

B cells can also induce inflammasome formation in DCs through antibody production and immune
complex formation (Figure 2B). For example, immune-complexed adenoviral DNA (IC-HAdV) brid-
ges humoral and innate immunity by activating the AIM2 inflammasome in DCs, thereby driving DC
maturation and IL-1[3 secretion [47]. Likewise, anti-dsDNA antibodies can exacerbate systemic
lupus erythematosus (SLE) by activating the NLRP3 inflammasome in monocytes and macro-
phages via TLR4 signaling and reactive oxygen species production, releasing IL-1f3 and IL-17A
and skewing the Th17/Treg balance [48]. Collectively, B cell-derived humoral signals can reshape
APC inflammasomes, thereby amplifying or restraining the downstream T cell response. The direct
B cell control of inflammasomes is still underexplored, and further research is needed to define its
role across diverse disease contexts—IMDs, infection, and cancer.

Overall, ymphocytes exert dual roles in inflammation regulation by modulating inflammasome
activity in APCs. They can either suppress overactivation to maintain immune tolerance or amplify
the inflammasome response to facilitate pathogen and tumor clearance. This balance ultimately
determines disease progression across IMDs, infectious, and tumor contexts. While T cell-
mediated regulation is increasingly understood, the direct role of B cells in inflammasome
modulation remains less explored, warranting further investigation into this bidirectional network
for therapeutic development.

Lymphocytes are regulated via intrinsic inflammasome activity

Inflammasomes can also function intrinsically within lymphocytes, shaping T and B cell differenti-
ation, cytokine production, and survival, and thereby contributing to both protective immunity and
disease pathogenesis (Figure 3).

Intrinsic canonical inflamlmasome activity regulates T cell activity

In CD4™ T cells, NLRP3 inflammasomes can exert both protective and pathogenic outcomes via
the caspase-1-dependent canonical inflammasome pathway (Figure 3A). For example,
complement C5a-induced NLRP3 activation drives autocrine IL-1(3 signaling, reinforcing Th1
differentiation and IFN-y production. This mechanism helps balance Th1/Th17 immunity and
prevents uncontrolled inflammation [22]. However, the same NLRP3-derived pathway can also
expand T follicular helper (Tfh) cells, amplify humoral responses, and exacerbate SLE, while
reducing NLRP3* Tfh population correlates with disease alleviation [49]. Similarly, intrinsic
NLRP3-derived IL-13 promotes Th17 differentiation in rheumatoid arthritis patients [50]. Beyond
autoimmunity, intrinsic NLRP3 inflammasomes contribute to CD4* T cell depletion in HIV infection
via a caspase-1- and Gasdermin D (GSDMD)-dependent pyroptotic pathway [23,51]. Together,
these findings show that canonical NLRP3 inflammasomes can drive divergent outcomes
depending on the immune context.

Intrinsic noncanonical inflasmasome activity regulates T cell activity

Noncanonical inflammasome pathways, specifically the caspase-1-independent pathway in
T cells, also contribute to disease modulation (Figure 3A). In human Th17 cells, fungal sensing (e.
g., Candida albicans) activates a caspase-8—caspase-3-GSDME axis, inducing IL-1a secretion
that may reinforce antifungal immunity via autocrine signaling [52]. Similarly, in EAE, ASC-
NLRP3-caspase-8-dependent IL-13 release reinforces Th17 responses and worsens disease
progression [53]. These studies highlight that noncanonical inflammasomes in T cells can either
strengthen host defense or amplify immunopathology.
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Figure 2. Lymphocyte control of inflammasomes in antigen presenting cells (APCs). A schematic representation of
lymphocyte modulating inflammasome activation and IL-1[3/IL-18 secretion in antigen presenting cells (APCs), such as dendritic
cells and macrophages. (A) T cells can either activate or restrain inflammasome signaling and (B) B cells influence inflammasome
through humoral and cytokine signaling. These regulatory interactions are context-dependent and can be either protective or
pathogenic across immune-mediated diseases and cancer. AIM2: Absent in Melanoma 2; CAPS: cryopyrin-associated
periodic syndromes; CTL: cytotoxic T lymphocyte; GvHD: graft-versus-host disease; IFN-: interferon-f3; IL-13: interleukin-1[3;
IL-18: interleukin-18; MS: multiple sclerosis; NF-kB: nuclear factor kappa B; NLRP3: NOD-, LRR-, and pyrin domain-
containing protein 3; ROS: reactive oxygen species; SLE: systemic lupus erythematosus.
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Intrinsic inflammasome activity regulates B cell activity

B cell activity is also regulated by intrinsic inflansnmasome activation in a context-dependent manner
(Figure 3B). In homeostasis, BAFF-primed NLRP3 inflammasomes promote caspase-1-
dependent IL-1[3 production and pyroptotic deletion of naive B cells, while B cell receptor signaling
counteracts this pathway to preserve survival [54]. During HIV infection, circulating B lymphocytes
exhibit hyperactive NLRP3 inflammasomes, producing elevated IL-13 and polyclonal IgM, which
correlate with enhanced humoral vaccine responses, including anti-HIV antibodies [55]. Pathogen
sensing further drives distinct inflammasome responses: 3-glucan activates a dectin-1-Syk—NF-
KB-NLRP3 axis, whereas CpG motifs induce NLRP3—-caspase-1 activation via an mTOR (mecha-
nistic target of rapamycin)-dependent pathway to enhance IgM production [56]. Conversely,
pathogens can exploit these pathways. During Salmonella enterica infection, a secreted protein
suppresses NLRC4 inflammasome activity in B cells through Yap-Hck-mediated transcriptional
repression, promoting B cell survival and providing a permissive niche for bacterial persistence [57].

Intrinsic inflammasome activity shapes both T and B cell activity in cancer

The intrinsic inflammasome activity of lymphocytes is also relevant in cancer via B and T cell
regulation. In diffuse large B cell ymphoma patients, NLRP3 inflammasome activation within
malignant B cells drives IL-18 secretion, which induces PD-L1 expression and suppresses cyto-
toxic T cell responses. This illustrates the context-dependent nature of inflammasome-derived
cytokines: while IL-18 is classically proinflammatory, in this tumor microenvironment, it promotes
immune evasion—a mechanism that is still under investigation [58]. These findings highlight the
dual role of intrinsic inflammasome activation in B cells as a context-dependent regulator of
immune homeostasis, infection, and tumor progression.

Collectively, these findings establish lymphocyte-intrinsic inflammasome activity as a critical
determinant of adaptive immune regulation. By regulating T cell differentiation, cytokine secretion,
and the survival of both T and B cells, inflammasomes exert context-dependent protective or
pathogenic effects, acting as regulators of immune homeostasis as well as drivers of pathology.
These findings highlight that inflammasomes in lymphocytes function as autonomous signaling
platforms rather than passive recipients of innate signals, positioning them as a central node
linking innate sensing to adaptive effector function. This dualistic role of intrinsic inflammasomes
in lymphocytes across IMDs, infection, and cancer highlights their potential as precision thera-
peutic targets to modulate lymphocyte function in disease.

Inflammasome-independent roles of NLRP3 and AIM2 in lymphocytes

Beyond their canonical roles in inflammasome formation and caspase-1-mediated cytokine
release, NLRP3 and AIM2 also exert critical inflammasome-independent functions that directly
regulate lymphocyte activity. These noncanonical roles primarily involve transcriptional regulation
and signaling modulation, allowing NLRP3 and AIM2 to act as intracellular modulators of T and B
cell differentiation in a context-dependent manner.

Inflammasome-independent roles of NLRP3 in lymphocytes

NLRP3 can modulate CD4" T cell responses through direct nuclear and signaling interactions.
In Tregs, nuclear translocation of NLRP3 is mediated by binding to the nuclear transport protein,
where NLRP3 inhibits FOXP3™ transcription and restrains Treg polarization [59]. In contrast, in
Th17 cells, NLRP3 promotes an immunoregulatory phenotype by binding to the TGF-[3 receptor
complex and facilitating SMADS3 phosphorylation. Loss of NLRP3 in Th17 disrupts this pathway,
resulting in heightened inflammatory responses and enhanced CD8* T cell-mediated immune
efficacy [60]. NLRP3 can also directly promote Th2 differentiation through transcriptional
control, where it interacts with the IL-4 promoter and IRF4, upregulating IL-4, IL-5, and IL-13
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Figure 3. Lymphocyte—-intrinsic inflammasome. A schematic representation of intrinsic inflammasome formation
regulating lymphocyte activation. (A) In CD4* T cells, canonical (caspase-1-dependent) and noncanonical pathways regulate
IL-1B/IL-18 secretion, pyroptosis, and effector differentiation. (B) In B cells, intrinsic inflammasome signaling modulate
activation and antibody production. Across immune-mediated diseases, infection, and cancer, lymphocyte-intrinsic
inflammasomes can exert either protective or pathogenic effects depending on the context. ASC: Apoptosis-associated

(Figure legend continued at the bottom of the next page.)
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expression, which contributes to asthma development and IL-4-dependent tumor progression
[61]. Furthermore, genetic variation in NLRP3 or associated inflammasome components may
alter Th1 immunity and multiple myeloma pathogenesis, highlighting how subtle changes in
NLRP3 expression or function can shape CD4" T cell-driven immunity [62]. Collectively, these
studies demonstrate that NLRP3 functions far beyond its role as a cytosolic inflammasome
sensor; through transcriptional and signaling interactions, it actively shapes T cell fate decisions
in ways distinct from canonical inflammasome signaling.

Inflammasome-independent roles of AIM2 in lymphocytes

AIM2 likewise exerts diverse inflammasome-independent regulatory effects in lymphocytes by
modulating signaling and transcriptional pathways. In Treg cells, AIM2 stabilizes suppressive
function by attenuating the AKT-mTOR pathway, thereby reprogramming cellular metabolism
to favor Treg function. This mechanism has been demonstrated to help restrain autoimmune
disease, especially in models of MS and IBD [63]. Similarly, in psoriasis patients, AIM2 promotes
Treg differentiation through interaction with IKZF2 mRNA and upregulation of FOXP3 in CD4* T
cells, providing a compensatory counterbalance to the elevated Th17 response [64]. Conversely,
in a colitis model, AIM2 enhances Th17 effector function by interacting with nuclear RORyt and
promoting its binding to the IL17a promoter, thereby reinforcing Th17-driven inflammation [65].
Together, these findings position AIM2 as a dual modulator of T cell responses, capable of
reinforcing either regulatory or effector programs depending on the immune microenvironment.

Beyond T cells, AIM2 also performs noncanonical regulatory functions in B cells that shape tissue
immunity. In gastric B cells, AIM2 maintains mucosal homeostasis by suppressing CXCL16
production, thereby limiting the differentiation of CD8" T cells into tissue-resident memory cells
[66]. On the other hand, AIM2 expression in B cells can reinforce SLE by driving the Bcl-6-
Blimp-1 axis, exacerbating the autoantibody response [67].

Together, these studies underscore that NLRP3 and AIM2 act as multifaceted regulators of
lymphocyte responses, capable of exerting proinflammatory or immunoregulatory effects inde-
pendently of inflammasome assembly. Their ability to integrate nuclear and cytosolic signals
places them at the intersection of transcriptional control and immune signaling, positioning
them as critical nodes in immune homeostasis and as potential therapeutic targets. Future
research should define the molecular cues that dictate the balance between effector and regu-
latory outcomes, with direct implications for IMDs, chronic inflammation, and cancer.

Therapeutic targeting of the bidirectional inflammasome-lymphocyte axis
The bidirectional crosstalk between inflammasomes and lymphocytes is increasingly recognized
as a therapeutic target across cancer, vaccination, and IMDs.

The bidirectional inflammasome-lymphocyte crosstalk in cancer therapeutics

In cancer, several therapeutic modalities leverage inflammasome signaling to amplify adaptive
immune responses. For example, chemotherapy-induced ATP release activates P2X7R-
dependent NLRP3 inflammasome in DCs, leading to IL-1[3 secretion that drives IFN-y produc-
tion by cytotoxic CD8" T cells, amplifying antitumor immunity [21]. Radiotherapy likewise
engages AIM2 and NLRP3 inflammasomes in macrophages, enhancing DC cross-priming

Speck-like protein containing CARD (Caspase Activation and Recruitment Domain) ; BAFF: B cell activating factor; BCR: B cell
receptor; EAE: experimental autoimmune encephalomyelitis; GSDME: Gasdermin E; IFN-y: interferon-v; IL-1(3: interleukin-1f3;
IL-18: interleukin-18; NF-kB: nuclear factor kappa B; NLRP3: NOD-, LRR-, and pyrin domain-containing protein 3; SLE:
systemic lupus erythematosus.
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and CD8™ T cell activation within irradiated tumors [68]. Small molecules such as 2GBI further
illustrate this utility by directly enhancing NLRP3-dependent IL-1f3 release, promoting CD4™ T
cell infiltration, and increasing IFN-y*CD8* T cell activity—thereby overcoming immune
checkpoint blockade resistance in immunologically ‘cold’” tumors and improving tumor
clearance [69].

Inflalnmasome activation can also be harnessed indirectly through the therapeutic induction of
pyroptosis. In photodynamic therapy, a membrane photosensitizer, TBD-3C, with aggregation-
induced emission, triggers pyroptosis in tumor cells, polarizing macrophages toward an M1
phenotype, promoting DC maturation, and driving robust CD8" T cell activation with enhanced
IFN-y production, resulting in strong antitumor effects in pancreatic cancer models [70]. Similarly,
the DPP8/9 inhibitor activates the noncanonical pathway, the CARD8-CASP1-GSDMD axis,
inducing pyroptosis in myeloid leukemia cells and resting lymphocytes. Activated lymphocytes,
however, remain resistant despite expressing the inflammasome components. This selective
vulnerability suggests potential utility for targeting certain lymphocyte-derived malignancies,
although broad lymphocyte depletion and immunosuppression remain important safety
concerns [71,72].

The bidirectional inflammasome—-lymphocyte crosstalk in vaccines

Beyond cancer, inflammasome-lymphocyte interactions strongly influence vaccine efficacy. A
nanovaccine model that engages NLRP3 or incorporates AIM2-based adjuvants elicits robust
CD8* T cell responses with enhanced tumor control and protection against viral infections,
such as coxsackievirus B3 [73-75]. Similarly, combining methotrexate with tumor cell lysates
improves antigen presentation via NLRP3, boosting IFN-y-producing CD8" T cells and delaying
tumor progression [76]. Inflammasome signaling also extends beyond cytotoxic immunity to
shape the humoral response. The fungal 3-glucan curdlan activates NLRP3 in DCs and macro-
phages through Syk-dependent NF-kB and MAPK pathways, driving robust IL-1[3 secretion.
Interestingly, curdlan also acts directly on B cells, inducing CD69 upregulation and IgM produc-
tion independently of MyD88/IL-1 receptor signaling, thereby linking innate sensing with early B
cell activation [77]. However, excessive inflammasome activation may be detrimental in some
vaccine settings, as in a DC vaccination model, NLRP3 promotes the expansion of myeloid-
derived suppressor cells, dampening antitumor immunity [78].

The bidirectional inflammasome-lymphocyte crosstalk in IMD therapeutics

In contrast to these activation strategies, inflammasome inhibition has shown benefits in alleviat-
ing IMDs. For example, a selective NLRP3 inhibitor, MCC950, though halted clinically due to
hepatotoxicity, suppressed Th17/Th1 responses and enhanced Tregs in murine tracheal trans-
plantation by reducing IL-1[3/IL-18, thereby alleviating rejection [79]. Likewise, the orally available
NLRP3 inhibitor OLT1177 (dapansutrile), now in Phase Il trials, alleviated EAE symptoms by
reducing IL-13/IL-18 and limitihg CD4* T cell infiltration into the CNS, though without regulating
T cell differentiation [80]. Moreover, neutralization of IL-13 with the clinically approved
canakinumab decreased circulating and activated Th17 cells in familial Mediterranean fever
patients [81]. Together, these studies highlight inflammasome-mediated control of T cell balance
as a promising therapeutic axis in IMDs.

Collectively, these studies position the inflammasome-lymphocyte axis as a versatile therapeutic
target, where activation strategies can boost antitumor and vaccine efficacy, while inhibition
rebalances dysregulated immunity in IMDs. Future therapies will require careful consideration of
the context-dependent nature of inflammasome signaling and potential immunotoxicities to
ensure safe and effective clinical translation.
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Concluding remarks and future perspectives

The bidirectional inflammasome-lymphocyte axis is emerging as a unifying principle in
immune regulation, linking early innate sensing with the specificity and memory of adaptive
immunity. Rather than functioning as isolated pathways, inflammasomes and lymphocytes
form an integrated circuit that determines whether immune responses become protective,
tolerogenic, or pathological across IMDs, cancer, and infection. This synthesis highlights
that inflammasomes do not simply regulate inflammation but also orchestrate lymphocyte
fate decisions, while lymphocytes, in turn, regulate inflammasome activity to maintain or
disrupt immune balance. This conceptual shift reframes inflammasomes as both innate
sensors and upstream regulators of adaptive immunity, underscoring their potential as ther-
apeutic targets.

Despite this growing recognition, significant gaps remain in our understanding of this
intricate crosstalk. First, the molecular mechanisms driving inflammasome-lymphocyte inter-
actions are not fully defined, and deeper mechanistic insight will be essential for developing
precise immunomodulatory therapeutics. Second, most studies have focused on T cell-
inflammasome interactions, whereas B cell interactions are comparatively underexplored
and often inferred indirectly from antibody production rather than examined through direct
molecular mechanisms. Lastly, mechanistic understanding remains largely confined to
NLRP3, leaving the contribution of other inflammasome sensors to lymphocyte regulation
insufficiently characterized.

Addressing these challenges will require multi-dimensional approaches, including single-cell
transcriptomics, spatial immune profiling, and functional in vivo studies. Defining the molecular
switches that govern context-dependent outcomes and elucidating how inflammasomes beyond
NLRP3 interact with lymphocytes in reciprocal and context-specific ways will clarify the mainte-
nance of immune homeostasis and guide the rational development of next-generation therapies
for IMDs, infection, and cancer (see Outstanding questions).
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Outstanding questions

To what extent do lymphocyte-derived
signals shape inflammasome activa-
tion in antigen-presenting cells under

physiological versus pathological
conditions?
What molecular pathways link

inflammasome activity in antigen-
presenting cells to specific T and B
cell fates?

How does intrinsic inflammasome
activity within lymphocytes regulate
their differentiation and effector
functions via both canonical (caspase-
1-dependent) and noncanonical
(caspase-1-independent) pathways?

What mechanisms underlie the
inflammasome-independent roles of
NLRP3 and AIM2 in the transcriptional
regulation of lymphocytes?

Can therapeutic targeting of the
bidirectional inflammasome-lymphocyte
axis enhance outcomes in cancer
immunotherapy,  vaccination, —and
immune-mediated disease treatment?
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