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Abstract  
The immune system orchestrates a delicate balance between robust defense against pathogens and restraint to 
prevent tissue damage, with T cells serving as central mediators of adaptive immunity. The canonical pathway for 
T-cell activation hinges on the precise recognition of peptide antigens presented by major histocompatibility 
complex (MHC) molecules via the T-cell receptor (TCR), which is complemented by essential co-stimulatory signals. 
However, this model alone cannot fully explain the nuanced contextualization of immune responses, particularly 
how T cells integrate signals related to the nature of the threat. Pattern recognition receptors (PRRs), which are 
traditionally studied in innate immune cells, are recognized as critical regulators of T cell function, challenging the 
conventional dichotomy between innate and adaptive immunity. T cell-intrinsic PRR signaling integrates en
dogenous danger signals and microbes to modulate critical processes, including cytokine production, proliferation, 
and polarization, thereby shaping immune responses and disease outcomes in contexts ranging from viral infec
tions to chronic inflammation and cancer. However, the molecular mechanisms underlying PRR-mediated T cell 
regulation and their contributions to immune homeostasis or pathology remain incompletely understood. This 
study investigates the role of T cell-intrinsic PRR signaling in shaping immune responses and its implications for 
disease. By elucidating key signaling pathways and their impact on T cell function, we aim to offer novel insights 
into the complex regulation of T cell-mediated immunity and uncover an underappreciated paradigm for immune- 
related disorders, providing new insights into the pathogenesis of inflammatory and neoplastic diseases. 
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Introduction 
Pattern recognition receptors (PRRs), a class of evolutionarily 
conserved biomolecules, are understood to be expressed across all 
cell types. However, their initial discovery and research focused on 
innate immunity, which is considered an important line of defense 
against infection [1,2]. The body’s initial perception of pathogen- 
associated molecular patterns (PAMPs) and damage-associated 
molecular patterns (DAMPs) is mediated by PRRs, which include 
families such as Toll-like receptors (TLRs), NOD-like receptors 
(NLRs), RIG-I-like receptors (RLRs), C-type lectin receptors (CLRs), 
and AIM2-like receptors (ALRs) [3–8]. 

Recently, accumulating evidence has revealed significant limita
tions in this traditional, innate-centric understanding of PRR biology 
[9–11]. First, the cellular distribution of PRRs has historically been 
underestimated. However, a long-standing dogma holds that PRR 

expression is largely confined to innate immune cells, such as 
macrophages, dendritic cells, and neutrophils [3–5]. Importantly, 
the advent of sophisticated high-throughput technologies has 
unequivocally demonstrated functional PRR expression within 
human and mouse T lymphocytes [12,13]. Consequently, the direct 
function of PRRs, particularly their intrinsic functions within T 
lymphocytes, has emerged as a major focus of contemporary 
research [14–16]. Despite this growing interest, our understanding 
of how PRRs directly influence T-cell development, differentiation, 
and effector functions remains remarkably limited, with funda
mental mechanistic insights still lacking. Second, the downstream 
signalosomes of PRR engagement were oversimplified. The 
canonical view emphasized the activation of the NF-κB, MAPK, 
and interferon pathways, which primarily drive pro-inflammatory 
cytokine production [17,18]. However, recent discoveries highlight 
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a far broader functional repertoire, revealing that PRRs are potent 
regulators of immunometabolism and influence diverse cellular 
processes beyond classical inflammation [12,14–16,19]. The full 
scope of biological activities governed by PRR signaling is still being 
actively explored. Third, the pathological implications of PRR 
signaling have often been viewed through an overly simplistic lens. 
Although essential for host defense, PRR activation is not invariably 
beneficial. Emerging data underscore its dual effects: dysregulated 
signaling through specific PRRs is increasingly implicated in the 
pathogenesis of autoimmune diseases, whereas in other contexts, 
such as chronic infections or cancer, aberrant PRR activity can 
paradoxically impair protective immunity or promote immune 
evasion [20–22]. Finally, the fundamental immunological principles 
governing PRR actions, particularly within adaptive immune cells 
such as T cells, remain incompletely defined. A deeper under
standing of the core rules dictating context-dependent outcomes, 
signal integration with antigen receptors, and cell type-specific 
effects is crucial. 

The functional significance of PRRs in adaptive immunity, 
particularly in T lymphocytes, has attracted widespread attention. 
This paradigm fundamentally challenges the classical dichotomy 
segregating innate immune sensing from adaptive effector func
tions. It reveals an intrinsic “context-sensing” capacity within T 
cells, allowing them to directly interpret the immunological changes 
in their surroundings. A central, unresolved question now 
dominates the field: Through what precise molecular mechanisms 
does T cell-intrinsic PRR signaling confer this sophisticated 
environmental perception? How do these pathways integrate with 
TCR signals and cytokine cues to decode the presence of infection, 
malignancy, or autoantigens, thereby instructing context-appro
priate T cell behavior and fate decisions? Elucidating these 

mechanisms is important for understanding immune regulation in 
health and disease. 

Classification and Functions of PRRs 
The initial recognition of PAMPs and DAMPs is mediated by PRRs. 
These diverse receptors are located primarily on cell membranes 
and organelle membranes and in the cytoplasm. They detect 
invading pathogens and sterile damage, activate downstream 
signaling pathways, and mobilize cells to respond to these signals 
[1,2] (Figure 1). 

The human TLR family comprises ten distinct members (mice 
comprise 12 members: TLR1-TLR9, and TLR11-TLR13), each of 
which specializes in the recognition of discrete PAMPs and danger- 
related DAMPs [6,23]. These receptors exhibit strategic subcellular 
compartmentalization that dictates ligand accessibility: cell surface- 
localized TLRs (TLR1, TLR2, TLR4, TLR5, TLR6, TLR7, TLR9, and 
TLR10) surveil the extracellular milieu, detecting components of 
bacteria, fungi, and enveloped viruses. Endolysosome-localized 
TLRs (TLR3, TLR7, TLR8, and TLR9) monitor intracellular 
compartments, primarily those that sense microbial nucleic acids 
(e.g., viral double-stranded RNA (dsRNA), single-stranded RNA 
(ssRNA), and CpG-DNA). All of these receptors ultimately activate 
transcription factors such as NF-κB, interferon regulatory factors 
(IRFs), and the AP-1 family, which indicates that despite differing 
ligand specificities and locations, NLR family proteins are localized 
primarily within cells and are activated by PAMPs and DAMPs. The 
NLRP1, NLRP3, and NLRC4 proteins within the NLR family have 
been confirmed to promote inflammasome assembly by activating 
the adaptor protein ASC, thereby recruiting caspase-1. Activated 
caspase-1 undergoes self-cleavage to process interleukin-1β (IL-1β) 
and interleukin-18 (IL-18) or cleaves and activates Gasdermin D to 

Figure 1. Mechanism of PRR-mediated immune responses This figure illustrates the signaling cascades initiated by pattern recognition 
receptors (PRRs), including RIG-I-like receptors (RLRs), AIM2-like receptors (ALRs), Toll-like receptors (TLRs), NOD-like receptors (NLRs), and 
C-type lectin receptors (CLRs), in response to viral and bacterial components.  

40                                                                                                                     PRRs signaling orchestrates T cell function  

Shi et al. Acta Biochim Biophys Sin 2026 



mediate pyroptosis [24,25]. The RLR family comprises retinoic acid- 
inducible gene I (RIG-I), melanoma differentiation-associated gene 
5 (MDA5), and laboratory of genetics and physiology 2 (LGP2), 
which function as essential cytosolic sensors of viral RNA across 
mammalian cell types [7,26,27]. These receptors recognize ssRNA/ 
dsRNA, orchestrating antiviral immunity through the induction of 
type I interferons (IFNs) and pro-inflammatory cytokines during 
viral or bacterial RNA exposure [7,26,27]. CLRs are transmembrane 
or endosomally localized sensors analogous to TLRs that detect 
extracellularly and endocytose PAMPs through carbohydrate 
recognition domains [3,5]. In fact, CLR engagement critically 
contributes to antimicrobial defense through specialized effector 
mechanisms. The ALR family, including the prototypical member 
AIM2 and its homologs (e.g., IFI16, p204), functions as specialized 
cytosolic DNA sensors that trigger inflammasome assembly or 
interferon responses to preserve cellular integrity [28,29]. 

Mechanisms Regulating PRRs Expression 
Precise regulation of innate inflammatory responses by balancing 
activation with restraint is essential for effective pathogen clearance 
while maintaining self-tolerance. Emerging evidence positions 
epigenetic modifications as master regulators of this equilibrium, 
dynamically controlling PRR expression and downstream signaling 
[30]. It has been reported that DNA methylation directly upregulates 
TLR9 expression and amplifies its signaling cascade (NF-κB 
activation, IRAK2 induction, and IL-8 production) during immune 
challenges [31]. Furthermore, histone methylation mediated by the 
methyltransferase SETDB1 suppresses endogenous retroviral ele
ments (ERVs), and SETDB1 deficiency triggers ERV activation, 
potentially activating cytosolic RNA sensors through aberrant 
nucleic acid exposure [32]. Moreover, cellular state transitions 
and cytokine milieus (e.g., IL-12 signaling) provide additional 
layers of PRR regulation, enabling context-dependent tuning of the 

innate immune response. 

PRRs Expression and Regulation in T Cells 
Under various pathophysiological conditions, from steady-state 
homeostasis to infection, inflammation, or malignancy, the 
molecular signatures and cellular composition of tissue microenvir
onments undergo substantial remodeling across different anatomi
cal sites. This dynamic heterogeneity extends fundamentally to the 
spatiotemporal regulation of PRRs expression, resulting in cell-type- 
and context-dependent variations in innate sensing capabilities. A 
growing body of evidence underscores their indispensable role in 
preserving tissue homeostasis by integrating danger signals, 
regulating cell survival, and fine-tuning immune activation thresh
olds [16,33,34]. Emerging evidence reveals that PRRs expressed 
intrinsically by T cells (including TLRs, NLRs, RLRs, CLRs, and 
ALRs) can directly sense diverse molecular patterns within the 
disease microenvironment, ranging from microbial components 
and tumor neoantigens to self-antigens [35–38]. The expression 
pattern of T cell -intrinsic PRRs ensures that T cell subsets receive 
contextual signals, as illustrated in Figures 2 and 3. How the precise 
spatial, temporal, and subset-specific expression patterns of these 
PRRs orchestrate immune responses and determine the balance 
between protection and pathology remains unclear. 

TLRs 
Expression profiling revealed substantial heterogeneity in the TLR 
repertoire across mouse and human T lymphocyte subsets, 
suggesting subset-specific roles in modulating adaptive immune 
responses (Figures 2 and 3). Caramalho et al. [39] systematically 
profiled TLR expression in resting Treg and conventional T (Tconv) 
cells from C57BL/6 mice, revealing subset-specific compartmenta
lization of innate sensors. While both subsets express TLR2 and 
TLR6, TLR4 and TLR5 are selectively enriched in Tregs. Notably, 

Figure 2. Relative levels of mouse and human PRR transcripts in T cells Heatmap showing the log10-transformed fold change (FC) in transcript 
abundance for representative PRR genes across mouse (upper panel) and human (lower panel) T-cell subsets. Data sources: Mouse data were 
obtained from the ImmGen database (https://www.immgen.org/), and human data were obtained from the Expression Atlas at EMBL-EBI (https:// 
www.ebi.ac.uk). For the normalization of each gene, the TPM values in the indicated subsets were divided by the median TPM in naïve CD4⁺ T cells 
of the same species to obtain the FC; the FC values were then log10-transformed. TPM: transcripts per million.  
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TLR3 and TLR9 transcripts are undetectable across CD4⁺ T cell 
subsets under steady-state conditions. Upon activation, however, 
CD4⁺ T cells dynamically upregulate TLR3, TLR5, and TLR9, while 
downregulating TLR2 and TLR4 [40]. This state-dependent repro
gramming highlights the plasticity of TLR expression during 
immune engagement. Functionally, TLR2 serves as a key regulator 
of Treg biology. Its constitutively high expression in murine Tregs 
enables microenvironmental sensing, where ligand engagement 
triggers metabolic reprogramming (enhanced glycolysis) and 
proliferation but paradoxically impairs their immunosuppressive 
capacity [41]. Mechanistically, Lal et al. [42] demonstrated that 
peptidoglycan-induced TLR2 activation engages the MyD88-IRF1 
axis. Nuclear IRF1 then binds to conserved response elements 
within Foxp3 regulatory regions (promoters, introns, and enhan
cers), directly repressing Foxp3 transcription and destabilizing Treg 
function. Collectively, these studies establish that TLR expression is 
dynamically regulated across T cell subsets and activation states, 
with profound functional consequences for adaptive immunity. 

NLRs 
In addition to TLRs, NLRs have emerged as critical regulators of T 
cell function. As predominantly intracellular sensors, NLRs detect 
cytosolic PAMPs and DAMPs generated during cellular stress. NLR 
family members exhibit remarkable functional specialization in T 
lymphocytes, governing diverse immunological processes beyond 
classical inflammasome activation. For example, NLRC5 enhances 
CD8⁺ T cell recognition by upregulating MHC-I expression in 
antigen-presenting cells [43,44]. NLRX1 (NOD5) localizes to 
mitochondrial matrices and regulates immunometabolism. During 
HIV-1 infection, NLRX1 promotes OXPHOS and glycolysis in CD4⁺ T 
cells, facilitating viral replication [45,46]. Moreover, NLRX1 
deficiency exacerbates DSS-induced colitis with enhanced Th1/ 
Th17 responses. Importantly, NLRC3/NLRP11 also attenuate Th1/ 

Th17 differentiation, with NLRC3 deficiency resulting in context- 
dependent outcomes: improved viral control but worsened EAE and 
tuberculosis pathology [47,48]. Notably, in CD4⁺ T cells, NLRP3 
promotes Th2/Treg differentiation and reprograms tumor-infiltrating 
Th17 cells via AMPK suppression-enhanced glycolysis and Foxp3 
demethylation [49,48]. Critically, the inflammasome-independent 
functions of most NLRs in T cell biology remain poorly characterized 
—a significant knowledge gap with therapeutic implications. 

RLRs 
Emerging evidence reveals complex RLR expression patterns and 
functions specifically within T lymphocytes. Comparative analyses 
revealed species- and subset-specific heterogeneity in RLR expres
sion between murine and human T cells (Figures 2, 3). Function
ally, LGP2 enhances antiviral CD8⁺ T cell responses by promoting 
antigen-specific expansion and effector differentiation [50]. Strik
ingly, however, RIG-I exhibits context-dependent duality: while it is 
canonically antiviral, it paradoxically functions as an intrinsic 
checkpoint in tumor-infiltrating CD8⁺ T cells, suppressing effector 
functions and limiting antitumor immunity [51,52]. This functional 
antagonism underscores the nuanced regulation of T cell responses 
by cytosolic RNA sensors. 

CLRs 
In T cell biology, CLRs primarily exert indirect regulatory functions. 
By recognizing pathogen glycans, CLRs on antigen-presenting cells 
augment antigen processing and presentation, orchestrate tailored 
helper T cell differentiation and collaboratively shape pathogen- 
specific adaptive immunity [53]. This modulation is amplified 
through crosstalk with other PRRs and cytokine receptors (e.g., 
IFNAR), enhancing Th cell response diversity against evolving 
pathogens. Importantly, the CLR member Dectin-1 exemplifies 
functional specialization: upon fungal β-glucan recognition, it 

Figure 3. Expressions of mouse and human PRRs in T cells Heatmap showing the log2-transformed TPM expression levels of PRR genes in 
T-cell subsets from mice (upper panel) and humans (lower panel). Data sources: Mouse data were obtained from the ImmGen database (https:// 
www.immgen.org/), and human data were obtained from the Expression Atlas at EMBL-EBI (https://www.ebi.ac.uk). Data processing: For each 
gene, the TPM values were log2-transformed prior to visualization. TPM: transcripts per million.  
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triggers synergistic signaling cascades that polarize potent Th1/ 
Th17 responses essential for antifungal immunity [54–57]. 

ALRs 
Emerging evidence reveals that T lymphocytes intrinsically express 
functional ALRs, enabling direct perception of DNA threats 
independent of professional antigen-presenting cells [58], which 
has been traditionally studied in innate immune cells. Their context- 
dependent outcomes hinge on T cell subset specificity, microenvir
onmental cues, or cross-talk with TCR/co-inhibitory signals. 

How PRRs Regulate T Cell Function 
This intrinsic sensing capacity of PRRs endows T cells with the 
remarkable ability to detect nuanced shifts within complex milieus, 
such as inflammation, autoimmunity and the tumor microenviron
ment. The engagement of these receptors profoundly influences 
critical T cell processes, such as activation thresholds, tissue 
infiltration, clonal expansion, differentiation, and effector function 
execution. Ultimately, these intrinsic PRR signals act as pivotal 
regulators, shaping the spectrum of anti-tumor immune responses, 
from potent effector activity that drives tumor clearance to 
dysfunctional states that facilitate immune evasion. 

αβ T cells 
Conventional αβ T cells, Th1, Th2, Th17, Tfh, Treg and CD8⁺ T cells, 
require antigen-presenting cells (APCs), such as dendritic cells (DCs), 
for MHC-dependent activation. Within this paradigm, PRRs serve as 
critical molecular interpreters, detecting microbial threats to license 
DC maturation and instruct T cell differentiation. However, emerging 
evidence reveals that PRRs directly regulate T cell function through 
non-canonical, APC-independent pathways, a paradigm shift in 
adaptive immunity. PRRs regulate CD8⁺ T-cell fitness. Abigail et al. 
[59] revealed that TCR signaling upregulates MAVS expression, 
enhancing mitochondrial biogenesis to increase metabolic flexibility, 
activate proliferation, and enhance effector function. PRRs not only 
provide co-stimulatory signals at the early stage of T-cell activation 
but also play a central role in subsequent fate determination and 
functional maintenance. cGAS-STING activation preserves stem-like 
properties, amplifying anti-tumor/infectious immunity [36,60]. More
over, PRRs dynamically reshape T cell metabolism, resulting in 
pathological consequences. A study by Clinical Rheumatology in 
2024 revealed that TLR2 activation in CD4⁺ T cells increases 
glycolysis and TNF-α/ROS overproduction, thereby promoting the 
disease development of rheumatoid arthritis in patients [56]. NLRP3 
activation in tumoral Th17 cells promotes Treg differentiation in an 
inflammasome-independent manner [48]. Specifically, NLRP3 sup
presses AMPK to increase glycolysis, resulting in Foxp3 demethyla
tion and Treg-mediated immune evasion. Similarly, Aim2 activation 
promotes Treg metabolic rewiring and enhances immunosuppressive 
function in an inflammasome-independent manner, thereby inhibit
ing the autoimmune response [16]. 

Innate-like T cells 
Innate-like T cells, including γδ T cells, NKT cells, and mucosa- 
associated lymphoid tissue (MAIT) cells, constitute a functionally 
specialized frontier in immune surveillance and rapid pathogen 
response. These cells express evolutionarily conserved receptors 
enabling immediate reactivity at barrier sites and inflamed tissues. 
For NKT and MAIT cells, DCs serve as essential intermediaries. NKT 

activation requires DC-presented lipid antigens via CD1d molecules 
upon PRR engagement [61]. Moreover, MAIT activation depends on 
DC-mediated bacterial metabolite presentation through MR1 [61]. 
DCs further amplify γδ T cell responses through cytokine secretion 
(e.g., type I IFNs) and co-stimulatory signals, enhancing prolifera
tion and IFN-γ production [62–64]. In contrast to NKT/MAIT cells, 
γδ T cells exhibit DC-independent antigen recognition, directly 
recognizing antigenic ligands such as phosphate antigens, stress 
molecules, lipids, or metabolites without the assistance of MHCs. 
There is sufficient evidence that the co-stimulation of receptors such 
as TLR2/6, TLR5 and TLR3 expressed by γδ T cells and TCR can 
promote the expression of CD69, the production of cytokines/ 
chemokines or granzyme B, and the degranulation and proliferation 
of γδ T cell surface activation markers [63,65,66]. Therefore, PRRs 
are important for the activation of intrinsic T cells. The direct 
activation of γδ T cells by TLRs may provide new ideas for 
immunotherapy targeting γδ T cells. 

PRRs in T Cells Regulate Disease Outcome 
PRRs, as important components of innate immune receptors, are 
encoded by a limited number of germline genes whose expression 
has passed through generations, indicating significant evolutionary 
conservation and indicating that such receptors are extremely 
important for the host. This conserved evolutionary mechanism 
endows PRRs with the ability to rapidly non-specifically recognize 
pathogens. However, in response to the diversity of ligands, PRRs 
have also shown a tendency toward adaptive evolution. This 
positive evolution enhances the ability of PRRs to recognize ligands 
or drives the diversity of PRR alleles (such as the 248S>N 
polymorphism in human TLR1). This positive evolution enhances 
the breadth of pathogen resistance at the population level. In recent 
years, research on PRRs in T cells has significantly improved our 
understanding of innate and adaptive immune responses (Figure 4) 
and has provided new therapeutic strategies to combat tumors, 
autoimmune diseases, infections, and transplant immunity [67–69]. 

Tumors 
Within the tumoral complex milieu, PRRs emerge as master 
regulators whose context-dependent signaling cascades critically 
shape anti-tumor immunity. PRRs (including TLRs, NLRs, RLRs, 
and cGAS-STING) exhibit broad expression across diverse malig

Figure 4. T cell intrinsic PRRs signaling The number of articles 
retrieved from Google Scholar with the key words “T-cell-intrinsic 
PRRs signaling”.  
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nancies, from colorectal and lung carcinomas to breast cancer, 
gastric adenocarcinoma, and melanoma. Tumor cell-intrinsic PRR 
activation drives a pathogenic feed-forward loop including massive 
secretion of pro-inflammatory cytokines, chemokine networks 
recruiting immunosuppressive cells, angiogenic factors promoting 
vascularization and metabolite reprogramming agents [70]. Tumor- 
associated RIG-I was reported to physically sequester STAT5, 
blocking its phosphorylation/nuclear translocation and suppressing 
cytotoxic gene programs in CD8⁺ T cells [51]. Critically, chronic PRR 
stimulation orchestrates T-cell exhaustion through multi-layered 
mechanisms. TLR4-MyD88 signaling in T cell induces the nuclear 
translocation of NF-κB, mitochondrial dysfunction and ROS 
accumulation [71]. ROS-dependent upregulation of PD-1, TOX, 
and other inhibitory receptors on tumor-infiltrating lymphocytes 
(TILs) has been reported [71]. While cytosolic DNA sensing 
typically promotes anti-tumor immunity, chronic activation induces 
CD8⁺ T cell apoptosis [72]. NLRP3 inflammasome activation in 
Th17 cells suppresses AMPK, skewing differentiation toward 
immunosuppressive Tregs [48]. 

Despite their pro-tumor roles, compelling evidence reveals 
context-dependent anti-tumor functions of PRR pathways. pDC 
TLR9 ligation triggers CXCL10 release, thereby recruiting 
CXCR3⁺CD8⁺ T cells to tumors [73]. In T cell-intrinsic mechanisms, 
cGAMP-STING activation induces IRF-3 phosphorylation and IFN-I 
secretion, promoting Th1 differentiation. cGAMP also induces 
mTOR activation, which promotes Th9 commitment (IL-9⁺) and 
tumor suppression. In CD8+ T cells, STING activation has been 
reported to be important for maintaining T cell stemness [36]. 

Collectively, this duality positions PRRs as central arbiters of 
tumor immunity. Their effects depend on the tissue context, 
activation duration, spatial localization, ligand source or metabolic 
constraints (e.g., hypoxia/nutrient stress). 

Autoimmune diseases 
Autoimmune diseases represent a spectrum of debilitating condi
tions characterized by the breakdown of self-tolerance, wherein the 
immune system erroneously targets host tissues [71]. This 
pathological self-reactivity arises from complex interactions be
tween genetic susceptibility, environmental triggers, and dysregu
lated immune pathways. Central to this dysregulation is the 
paradoxical role of PRRs, which typically orchestrate protective 
immune responses, and their inappropriate or sustained activation 
generates pathogenic inflammation that disrupts peripheral toler
ance mechanisms. The inflammatory milieu promotes the matura
tion of autoreactive lymphocytes and alters the balance between 
effector and regulatory immune cells. Notably, engagement of 
endosomal TLR7/TLR9 by self-nucleic acids triggers massive 
production of IFNs, particularly IFN-α-autoreactive T cells, which 
are then activated through the JAK-STAT signaling upon binding to 
the IFNAR receptor, establishing a pivotal feedback loop in systemic 
lupus erythematosus (SLE) pathogenesis [74–77]. TLR2 expression 
on CD4⁺ T cells serves as a potent co-stimulatory signal that 
bypasses conventional activation checkpoints. In rheumatoid 
arthritis (RA), TLR2 ligation drives pathogenic T-cell hyperactiva
tion, enhances TNF-α secretion, and stimulates ROS production, 
collectively exacerbating synovial inflammation and joint destruc
tion [78]. This T cell-intrinsic PRR functionality blurs traditional 
boundaries between innate and adaptive immunity, positioning 
PRRs as direct modulators of autoreactive responses. 

Infection 
As pivotal executors of adaptive immunity, CD8⁺ T cells provide 
critical protection against intracellular pathogens, including viruses, 
bacteria, and fungi, through direct cytolytic activity and cytokine- 
mediated pathogen containment. Their efficacy hinges on precise 
activation by innate immune signals, particularly those initiated by 
PRRs that bridge early pathogen detection to T-cell functional 
specialization [79]. RIG-I activation promotes cross-presentation of 
viral antigens by DCs to naïve CD8⁺ T cells, clonal expansion and 
effector differentiation of virus-specific CD8⁺ T cells, as well as 
transcriptional reprogramming favoring granzyme B and perforin 
upregulation [80–82]. While positive selection of PRR variants (e.g., 
TLR1 S248N) broadens antimicrobial recognition at the population 
level, certain polymorphisms can tilt the balance toward patholo
gical inflammation. The TLR4 D299G polymorphism, which is 
associated with increased susceptibility to sepsis, highlights this risk: 
altered LPS responsiveness may simultaneously impair microbial 
clearance and promote sterile inflammation through DAMP sensing 
[83]. Such genetic variations resulting in hyperresponsive PRR 
alleles may compromise tolerance mechanisms. 

Transplant immunity 
Graft-versus-host disease (GvHD) is one of the unmet challenges in 
allogeneic transplantation. Allogeneic hematopoietic stem cell 
transplantation (allo-HSCT) remains a cornerstone therapy for 
hematologic malignancies, yet GvHD persists as a life-threatening 
complication affecting 30-50% of recipients. This condition arises 
when donor T cells recognize host tissues as foreign, triggering 
inflammatory cascades that damage the skin, gut, and liver. While 
traditional models focus on TCR-MHC mismatches, emerging 
evidence implicates innate immune pathways, particularly T cell- 
intrinsic PRRs, as critical amplifiers of alloreactivity. Importantly, 
PRR-driven inflammasome assembly in alloreactive T cells signifi
cantly contributes to GvHD pathogenesis [84]. RNA sequencing of 
GvHD T cells demonstrated significant upregulation of NLR sensors, 
including NLRP1, NLRP3, and NLRP12, as well as the DNA-sensing 
adaptors Pyrin and IFI204. This finding suggests transcriptional 
priming for inflammasome assembly. Furthermore, detection of ASC 
specks in FLICA⁺ T cells confirmed functional inflammasome 
oligomerization, the definitive hallmark of inflammasome activa
tion. Moreover, a prominent ~33 kDa protein band corresponding 
to active caspase-1 within inflammasome complexes of donor T cells 
was detected, indicating that proteolytic maturation is critical for IL- 
1β/IL-18 processing. The discovery of functional inflammasomes in 
T cells challenges the basic view of transplant immunology, 
establishing T cell-intrinsic inflammasomes as fundamental drivers 
of transplant immunopathology. More questions await further 
study, including the specific DAMPs (e.g., mtDNA, ATP) that trigger 
T cell inflammasomes in GvHD target organs, the possibility of the 
application of NLRP3 polymorphisms for personalized GvHD risk 
stratification, and the potential immunosuppressants (calcineurin 
inhibitors) that intersect with this pathway. 

Therapeutic Strategies and Challenges Targeting T-cell 
PRRs 
The limitations of the current research lies in the unclear 
underlying mechanisms 
Emerging evidence reveals that PRRs, which are traditionally 
confined to innate immune cells, are functionally expressed in T 
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cell subsets, enabling direct pathogen/danger-sensing and fine- 
tuning of effector functions. This paradigm shift unveils unprece
dented opportunities for cell-intrinsic immunomodulation, yet our 
understanding remains fragmented by critical knowledge barriers. 
While PRRs offer compelling targets for manipulating T cell 
responses in autoimmunity, cancer and infection, current strategies 
face three fundamental limitations. Most PRR research emphasizes 
innate cell-mediated bystander effects on T cells, neglecting cell- 
autonomous signaling. More importantly, the unknown PRR 
expression kinetics across T cell states establish dynamically 
regulated binding sites. Last but not the least, context-dependent 
signaling, including ligand availability, the tissue microenviron
ment, and metabolic states, dictates whether PRR engagement 
activates or suppresses immunity. 

Advanced cutting-edge technologies have developed rapidly in 
recent years. These technologies could be used to bridge the gap in 
knowledge concerning T cell PRR function in three critical 
dimensions: cellular heterogeneity, spatial organization, and 
regulatory network complexity. Specifically, spatial transcriptomics 
can be used to reveal the localization of T cell PRR in the tissue 
microenvironment, thereby establishing spatiotemporally control
lable PRR regulation strategies to achieve precise “programming” of 
T cell immune responses. CRISPR screening can be used to identify 
co-stimulatory/inhibitory factors that regulate T cell function 
through PRRs. The combination of these cutting-edge technologies 
with the study of PRRs in T cell regulation can provide break
through therapies for autoimmune diseases, tumors, and infectious 
diseases. 

Reimagining immunotherapy through T cell-intrinsic 
PRR signaling 
Despite transformative advances in checkpoint blockade and CAR-T 
therapies, durable remission in solid tumors remains elusive. 
Cancer vaccines represent a promising frontier, yet their efficacy 
hinges on overcoming fundamental barriers: poor antigen immu
nogenicity, immunosuppressive microenvironments, and inade
quate T cell memory formation. PRRs have emerged as master 
molecular switches capable of reprogramming antitumor immunity 
not only through classical innate immune activation but also via 
direct T cell immunomodulation, positioning them as pivotal targets 
for rational vaccine design. 

PRRs agonists function as vaccine adjuvants by mimicking 
PAMPs, thereby amplifying innate immune signaling and potentiat
ing adaptive immunity. This mechanistic foundation underpins 
their established role in modern vaccinology. Advances in under
standing PRR-mediated T cell regulation have led to the develop
ment of novel paradigms for treating T-cell-related pathologies 
through tailored immunotherapy [85,86]. The TLR9 agonist CpG- 
ODN induces Th1-polarized immunity via the IL-12/IFN-γ axis and 
enhances CD8⁺ T cell cytotoxic function in melanoma trials 
(NCT03831295). Delivering a chitin-derived C100 adjuvant directly 
to tumors can enhance the STING-IFNAR signaling pathway and 
CD8⁺ T cell-dependent anti-tumor immunity [87]. TLR7/8 nano
particles reprogram TAMs to an immunostimulatory phenotype and 
augment T-cell priming [88]. A phase I NSCLC study reported 
doubled objective response rates [89]. Clinically approved TLR 
agonists—including AS04 (HPV), RC-529 (HBV), and AF03 (influ
enza)—demonstrate translational success, while CpG-1018 signifi
cantly contributes to COVID-19 vaccine efficacy [85,90]. Similarly, 

the ability of RIG-I to enhance CD8⁺ T cell function has spurred the 
development of RIG-I-targeted vaccine platforms [91]. However, 
PRR-mediated regulation of T cells is considerably complex. The 
clinical translation of PRR-targeted therapies faces significant 
challenges, including limited cellular specificity, intricate signaling 
pleiotropy, and inter-individual variability. PRR responses demon
strate marked cell type dependence and functional divergence, as 
evidenced by differential signaling outcomes in T cells versus other 
immune populations—a phenomenon reflecting evolutionary di
versification across species. Critically, distinct PRR classes differ
entially modulate T cell activity (as detailed previously), 
necessitating precisely calibrated therapeutic interventions. There
fore, comprehensive elucidation of PRR regulatory networks in T 
cells is imperative. Future efforts must (I) validate PRR-specific 
functional consequences in T cell subsets, (II) rationally design 
context-dependent agonists/antagonists, (III) develop advanced 
delivery systems enabling tissue-specific targeting, and (IV) 
mitigate systemic hyperinflammation risks (e.g., cytokine storm 
syndromes) through engineered selectivity. 

Clinical translation challenges of T cell-targeted PRR 
therapeutics 
The therapeutic targeting of T cell-intrinsic PRRs represents a 
promising frontier in immunotherapy but faces significant safety- 
efficacy barriers impeding clinical translation [92–94]. The five core 
challenges demand resolution are as follows. First, systemic PRR 
agonism risks uncontrolled inflammation and autoimmune seque
lae due to broad receptor distribution. Second, there is limited 
efficacy in immunosuppressive microenvironments with low T cell 
infiltration or high Treg/MDSC presence. Third, PRRs exert context- 
dependent signaling duality. Therefore, identical PRR engagement 
can elicit opposing pro-inflammatory or tolerogenic outcomes on 
the basis of the cellular context. Fourth, precise temporal control is 
essential, as evidenced by TLR3 agonists requiring administration 
within 24 h post-radiation for synergistic effects. Fifth, compensa
tory immunosuppressive pathways frequently emerge during 
chronic stimulation. Successful clinical implementation hinges on 
decoding the fundamental logic governing T cell-intrinsic PRR 
signaling networks—transforming empirical approaches into ra
tionally engineered therapeutics. 

Conclusions and Outlook 
T cell regulation by PRRs bridges innate-adaptive immunity and 
uncharted mechanisms. PRRs orchestrate multidimensional control 
over T cell responses through T cell-intrinsic and antigen-presenting 
cell-mediated pathways. As important components in T cell 
activation, DCs serve as “bridge” cells between innate and adaptive 
immunity, whereas PRRs expressed on DCs act as “bridge” 
molecules between innate and adaptive immunity. Currently, most 
studies on the impact of PRRs on T cells still focus on DC-dependent 
regulatory mechanisms. The activation of PRRs on DCs provides 
three effective signals for T-cell activation, and owing to the highly 
conserved evolution of PRRs, the activation of PRRs on DCs 
resulting in T-cell activation is a key part of the immune response. 
Recently, T cell-intrinsic PRRs have been shown to constitute a 
fundamental immunological axis. The expression of PRRs on T cells 
varies between physiological and pathological states, and the 
regulation of T cells by PRRs shows tissue specificity. The discovery 
of functional TLRs, NLRs, RLRs, and ALRs across T cell subsets 
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(Figures 2 and 3) reveals an evolutionarily conserved layer of 
contextual intelligence, enabling T cells to autonomously interpret 
microenvironmental threats from microbial invasion to malignant 
transformation. Moreover, the influence of PRRs on T cells involves 
multiple processes, such as T cell metabolic reprogramming, 
differentiation and polarization, and functional shaping. Never
theless, the direct regulatory mechanisms by which PRRs affect the 
ability of T cells to adapt to local inflammatory cues without DC 
intermediation remain unclear and lack systematic description. 
Hence, future research should focus on systematically analyzing the 
direct regulatory effects of PRRs on T cells, elucidating their positive 
or negative regulatory mechanisms, and mapping the dynamic 
expression profiles of T cell PRRs. On the basis of these findings, 
novel therapeutic strategies targeting T cell PRRs could be 
developed, which could provide extensive application value for 
the future clinical treatment of autoimmune diseases, infectious 
diseases, transplants and tumors. The Specificity-safety conundrum 
of PRRs therapeutic translation consists of three barriers: cellular 
promiscuity, signaling pleiotropy and temporal paradoxes. By 
applying technology-enabled solutions of spatial transcriptomics, 
CRISPR suppressor screens, and logic-gated nanoparticles, the 
clinical translation of T Cell-Targeted PRR Therapeutics gain 
promise. T cell-intrinsic PRRs represent master interpreters of the 
immunological context, functionally integrating danger perception, 
metabolic adaptation, and effector programming. Their duality, as 
both guardians of homeostasis and drivers of pathology, stems from 
spatiotemporal dysregulation rather than inherent pathogenicity. 
Future therapeutics must embrace circuit-specific immunomodula
tion: selectively rewiring pathogenic PRR pathways while preser
ving protective functions. 
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