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ABSTRACT
Innate immune receptors, particularly Toll-like receptors (TLRs) and NOD-
like receptors (NLRs), serve as critical sensors in the host defense against
infectious diseases. By recognizing conserved pathogen-associated molecular
patterns (PAMPs) and damage-associated molecular patterns (DAMPs), these
receptors initiate signaling cascades that orchestrate innate and adaptive
immune responses. This paper reviews the structural and functional aspects of
TLRs and NLRs, their signaling pathways, and the roles they play in bacterial,
viral, and parasitic infections. The mechanisms by which these receptors
contribute to pathogen recognition, inflammation, and immune modulation
are discussed. Additionally, dysregulation of TLR and NLR signaling in
infectious and inflammatory disorders is examined. The review highlights
emerging therapeutic strategies targeting these receptors, including agonists
and antagonists, to modulate immune responses and improve clinical
outcomes. Understanding the role of innate immune receptors is crucial for

the development of novel diagnostics, vaccines, and immunotherapies.
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INTRODUCTION

The innate immune system provides the first line of defense against invading pathogens
through rapid recognition and response mechanisms. Innate immune receptors, such as Toll-
like receptors (TLRs) and NOD-like receptors (NLRs), are pattern recognition receptors
(PRRs) that detect pathogen-associated molecular patterns (PAMPs) and damage-associated
molecular patterns (DAMPs). TLRs are primarily membrane-bound receptors that recognize
extracellular or endosomal microbial components, whereas NLRs are cytosolic receptors that
detect intracellular pathogens and danger signals. Activation of these receptors triggers
complex signaling cascades leading to inflammatory cytokine production, chemokine release,
and the activation of adaptive immunity. Dysregulation of TLR and NLR pathways can result
in immunopathology or chronic inflammation, making them critical targets for therapeutic
intervention. This paper reviews the current understanding of TLR and NLR function in

infectious diseases, their signaling mechanisms, and their potential as clinical targets.

TOLL-LIKE RECEPTORS (TLRs)

Structure and Ligand Recognition

TLRs are type I transmembrane proteins characterized by extracellular leucine-rich repeats
(LRRs) for ligand recognition and a cytoplasmic Toll/interleukin-1 receptor (TIR) domain for
signaling. Each TLR recognizes distinct PAMPs, including lipopolysaccharides (TLR4),
bacterial flagellin (TLRS), viral RNA (TLR3), and unmethylated CpG DNA (TLRY).
Endosomal TLRs detect nucleic acids from viruses and bacteria, while surface TLRs detect

bacterial cell wall components.

Signaling Pathways

TLR activation initiates MyD88-dependent or TRIF-dependent signaling pathways. MyD88
recruits IRAKs and TRAF®6, leading to NF-xB activation and production of pro-inflammatory
cytokines. TRIF-dependent pathways primarily activate interferon regulatory factors (IRFs)

to induce type I interferon responses, essential for antiviral immunity.
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Role in Infectious Diseases

TLRs are crucial for the recognition and clearance of pathogens. TLR4 detects Gram-
negative bacterial infections, triggering cytokine release and neutrophil recruitment. TLR3
and TLR7 mediate antiviral responses by inducing interferon production. Dysregulation of
TLR signaling can lead to exaggerated inflammation, contributing to sepsis, chronic

infections, or autoimmune conditions.

NOD-LIKE RECEPTORS (NLRs)

Structure and Classification

NLRs are cytosolic receptors comprising a central nucleotide-binding oligomerization
domain (NOD), N-terminal effector domains (CARD or PYD), and C-terminal LRRs for
ligand sensing. NLRs are classified into several families, including NOD1, NOD2, and NLRP

subfamilies, based on domain architecture and function.

Signaling and Inflammasome Formation

NOD1 and NOD?2 detect bacterial peptidoglycans, activating NF-xB and MAPK pathways to
produce pro-inflammatory cytokines. Certain NLRs, such as NLRP3, form inflammasomes
that activate caspase-1, leading to maturation of IL-1p and IL-18 and induction of pyroptotic
cell death. These pathways are pivotal for pathogen clearance and shaping adaptive

immunity.

Role in Infectious Diseases

NLRs are critical for detecting intracellular pathogens. NOD2 mutations are associated with
susceptibility to bacterial infections and inflammatory bowel disease. Inflammasome
activation by NLRP3 responds to viruses, bacteria, and parasites, mediating protective or
pathogenic inflammation depending on the context. NLR dysregulation can contribute to

chronic inflammation, autoimmunity, or impaired pathogen clearance.

INTERPLAY BETWEEN TLRS AND NLRS

TLRs and NLRs often cooperate to enhance host defense. TLR signaling can prime NLR
inflammasome activation, providing a two-tiered immune response. Crosstalk between these
receptors ensures efficient recognition of pathogens while modulating the magnitude of

inflammation to prevent tissue damage.
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Table 1: Key Innate Inmune Receptors and Their Roles in Infectious Diseases (Table
height: 0.9 cm). Summarizes ligands, signaling pathways, functional outcomes, and

clinical relevance.

Functional
Receptor Ligand Signaling Pathway Clinical Relevance
Outcome
Cytokine ‘ ‘
LPS (Gram- ‘ Sepsis, bacterial
TLR4 ' ‘ MyD88/NF-xB production, . ‘
negative bacteria) . . infections
inflammation
. Type I IFN Antiviral defense,
TLR3 dsRNA (viral) TRIF/IRF3 . o .
production viral infections
CpG DNA Cytokine Vaccine adjuvant
TLR9 o MyD88/NF-xB .
(bacterial/viral) production development
v-D-glutamyl-
meso- Cytokine Intracellular bacterial
NOD1 S NF-xB/MAPK . ' ‘
diaminopimelic production infections
acid
Muramy] Cytokine Crohn's disease,
NOD2 NF-kB/MAPK
dipeptide production bacterial infections
Autoinflammatory
IL-1p/IL-18
Inflammasome/caspase- diseases,
NLRP3 || DAMPs, PAMPs maturation,
1 ) viral/bacterial
pyroptosis ) ]
infections

THERAPEUTIC TARGETS AND EMERGING STRATEGIES

TLR Agonists and Antagonists

TLR agonists enhance immune responses against infections and act as vaccine adjuvants. For
example, TLR7 agonists stimulate antiviral immunity. Conversely, TLR antagonists are

explored to reduce hyperinflammation in sepsis and autoimmune diseases.
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NLR Modulators

Targeting NLRs and inflammasomes offers potential for controlling infectious and
inflammatory conditions. Small-molecule inhibitors of NLRP3 reduce excessive IL-1B
production and tissue damage. NOD2 modulators enhance bacterial clearance in

immunocompromised patients.

Vaccine Development
Harnessing TLR and NLR pathways improves vaccine efficacy. PRR agonists as adjuvants
stimulate robust innate and adaptive immune responses, providing protection against

challenging pathogens.

Table 2: Therapeutic Approaches Targeting Innate Immune Receptors. Highlights

strategies, targets, and clinical applications.

Strategy Target Mechanism Therapeutic Application
] Stimulate cytokine and || Vaccine adjuvants, antiviral
TLR Agonists|| TLR7, TLR9 )
interferon responses therapy
TLR Inhibit excessive Sepsis, autoimmune
TLR4, TLR2
Antagonists inflammation conditions
NLRP3 NLRP3 o Autoinflammatory and
o ' Block caspase-1 activation ‘ ' '
Inhibitors inflammasome infectious diseases
NOD2 Enhance NF-«kB/MAPK
NOD2 L Improve bacterial clearance
Modulators signaling

CHALLENGES AND FUTURE DIRECTIONS

Manipulating innate immune receptors requires balancing pathogen clearance with
prevention of excessive inflammation. Understanding receptor crosstalk, tissue-specific
expression, and genetic polymorphisms will enhance precision therapeutics. Future research
should focus on designing receptor-specific modulators, integrating systems immunology,
and applying computational models to predict host-pathogen interactions. Advances in TLR
and NLR biology hold promise for innovative therapies, vaccines, and diagnostics for

infectious diseases.
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CONCLUSION

Innate immune receptors, particularly TLRs and NLRs, play a pivotal role in detecting

pathogens, initiating immune responses, and orchestrating inflammation in infectious

diseases. These receptors contribute to pathogen recognition, cytokine production, and

adaptive immunity, while their dysregulation can lead to immunopathology. Therapeutic

modulation of TLR and NLR pathways presents opportunities for enhancing host defense,

controlling inflammation, and improving vaccine responses. Continued research into these

receptors is essential for developing novel immunotherapies and improving clinical outcomes

in infectious diseases.
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