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ABSTRACT

Background: Pattern recognition receptors (PRRs) are the receptors of the innate immune system that play a vital role in
initiating innate immune response. PRRs recognize pathogen associated molecular patterns (PAMPs) and activate immune cells
through a signaling cascade. Due to this remarkable ability to recognize pathogenic microbes and elucidation of an immune
response in a well-organized manner, PRR agonizts are likely to have great potential as vaccine adjuvants. Recent advancements
in vaccine development raised concerns regarding the reduced immunogenicity of various vaccines, questioning the vaccine
efficacy. In such cases, the use of an adjuvant becomes crucial. Understanding the structure and downstream signaling of PRRs
will provide the possibility of developing a novel therapeutic approach.

Method: The rapidly evolving field of immunology and vaccinology, coupled with the increasing focus on PRRs in disease
therapy, demands a comprehensive overview. In this review, we provide all-inclusive and contemporary gist on PRRs and the
applications of their agonizts. We explored the potential of PRR agonizts as vaccine adjuvant. The current review integrates the
basic understanding of PRRs and recent findings highlighting emerging trends of the same.

Result: Our review highlights that combining multiple PRR agonizts could offer synergistic benefits. This approach might
prove advantageous and could potentially enhance vaccine efficacy and reduce the need for excessive immunogens.
Conclusion: A comprehensive understanding of PRR subset, agonizts of PRR and their application in vaccine adjuvant. This

knowledge will be significant in formulating vaccine approaches.

1 | Introduction

A review article resolves definitional ambiguities and outlines
the scope of the topic. A current comprehensive review of
pattern recognition receptor (PRR) agonizts in vaccine devel-
opment is crucial for several reasons: it consolidates existing
knowledge, identifies research gaps, and explores practical ap-
plications, thereby enhancing vaccine effectiveness. Such re-
views guide research directions, influence funding, and serve as
valuable educational resources. They also have significant

implications for public health policy and clinical practices,
helping to optimize vaccine strategies and improve immuniza-
tion outcomes.

Vaccination is a protective route of mirroring infection in the
body resulting in the activation of the immune system to gen-
erate an effective immune response. A vaccine is made up of an
antigen, a protein or a carbohydrate derived from a pathogen.
These antigens initiate the immune response inside the host.
Adjuvants are added to the vaccine to enhance the immune
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Summary

« This mini-review summarizes different classes of Pat-
tern Recognition Receptors (PRRs) and the role of their
agonizts that have been identified.

« The mini-review has elaborated on the role of PRRs in
the development of therapeutic vaccine adjuvants.

response. Live attenuated vaccines, inactivated vaccines, mRNA
vaccines, DNA vaccines, recombinant vaccines, multivalent
subunit vaccines, polysaccharides, conjugate vaccines, toxoid
vaccines and viral vector vaccines are different types of vaccines
[1]. Live attenuated vaccines comprise weakened versions of the
pathogen, which can replicate inside the host, ensuring long-
lasting immunity. These vaccines are considered highly effec-
tive but are associated with a concern of reversion of the
pathogen to its virulent form. Measles, mumps, and rubella
(MMR) vaccine, varicella (chickenpox) vaccine are widely used
live attenuated vaccines [2]. Inactivated vaccines contain in-
activated virulent pathogens. These vaccines generally offer a
weaker immune response than live attenuated vaccines. To get
the expected immune response with inactivated vaccines, sev-
eral booster doses may be required. Inactivated vaccines are
utilized to provide protection against influenza, poliovirus,
rabies and hepatitis A virus [3]. The whole virus-killed vaccines
are incompetent of replication due to the viral inactivation
steps, including crosslinking or viral splitting. Although, these
types of vaccines lack reversion to their virulent form, safety
concerns remain [4]. The inactivated toxoid is considered a
traditional vaccine which are highly potent. Still, there are
safety concerns and issues with the manufacturing process and
this conventional approach does not work in some non-
cultivable microorganisms [5]. These limitations led to the
introduction of subunit and recombinant protein vaccines,
which are highly purified antigens that require only a part of
the pathogen to generate a protective immune response. These
antigens are safe, cannot revert to a virulent form, and are ea-
sier to manufacture, leading to vaccine development improve-
ments. However, several vaccines cannot generate the expected
immune responses required to induce the desired immunoge-
nicity against the target antigen. In such cases, the importance
of adjuvants become evident. Thus, introducing adjuvants in
vaccines is considered helpful in enhancing the immunoge-
nicity of these weaker antigens and improving the overall
potency and efficacy of poorly immunogenic subunit vaccines.

1.1 | Adjuvants

Adjuvants are essential for vaccines to augment the immune
response by improving antigen presentation, activating innate
immunity, and inducing a more robust and long-lasting adaptive
immune response. Although vaccines have been successfully de-
veloped for several human diseases, the process of development of
adjuvants has been categorized as the “slowest process.” The word
adjuvant is derived from the Latin word “adjuvant,” meaning “to
help” [6]. Gaston Ramon, a French veterinarian working at the
Pasteur Institute, composed the term “adjuvant® in 1920. He
observed that post vaccination against diphtheria, the horses who
developed inflammatory blisters at the site of injection had stronger

antibody titers. He later explored the link between these inflam-
matory abscesses and immune response in terms of antibody titers.
He injected breadcrumbs, starch or tapioca, and inactivated toxin,
leading to increased anti-sera production. This confirmed that
substances other than antigens of interest can induce antibody
production [7]. In 1926, Alexander T. Glenny discovered that pre-
cipitated antigen on aluminum potassium sulfate produced better
antibody response than soluble antigen alone. This marked the
initial clue of aluminum salts as adjuvants. Aluminum adjuvants
have been utilized in vaccination since 1932 [8]. Alum was prom-
inently used in tetanus and diphtheria vaccine formulation. Fol-
lowing this, MF59/Fluad, an oil-in-water emulsion adjuvant, was
used for the influenza vaccine, and AS04 was used for hepatitis B
virus (HBV) and human papilomavirus (HPV). AS01 was incorpo-
rated in the shingles vaccine Shingrix and the malaria vaccine
Mosquirix. AS03 adjuvant was used for the pandemic influenza
vaccines Pandemrix and Arepanrix. cytosine phosphoguanosine
(CpG) 1018 was utilized in the hepatitis B vaccine Heplisav-B
vaccine [6]. Despite the universal use of adjuvants, the complete
mechanism of adjuvant in eliciting immune response is not fully
known.

1.2 | Pattern Recognition Receptor

Receptors of the innate immune system recognize conserved
molecular structures, such as pathogen-associated molecular
patterns (PAMPs), which are present in the foreign pathogenic
microorganisms and are absent in the host system. These
receptors are pattern recognition receptors (PRRs) [9]. PRRs are
categorized as soluble extracellular, membrane-associated and
intracellular receptors depending upon their localization, ligand
specificity, and their functions. They are classified into five
families, including toll like receptors (TLR), retinoic acid
inducible gene 1 (RIG-I)-like Receptors (RLRs), nucleotide-
binding and oligomerization domain (NOD)-like receptors
(NLRs), C-type Lectin Receptors and DNA sensors. PRRs are
mainly expressed on immune cells such as dendritic cells,
macrophages, and B cells [10]. Activating PRRs on host cells
promote the production of pro inflammatory factors, chemo-
kines and interferons (INFs). The adjuvant mechanism is
incompletely understood and has remained mostly unexplored,
however, the way the innate immune system identifies the
microbes has been widely studied. This proposes a vast area for
exploring the features related to adjuvant design and develop-
ment. It is believed that PRRs recognize vaccine adjuvants as
PAMPs and hence trigger the innate immune response. Owing
to the immunostimulatory effect of PRRs, research has shifted
towards using PRR agonizts as vaccine adjuvants. Table 1
summarizes the subsets of PRRs in terms of their agonists and
commercially available potential adjuvants.

1.3 | PRRs and Ligand-Recognition Mechanisms

1.3.1 | Toll-Like Receptors (TLRs)

The TLR family was the first group of PRRs to be characterized.
The Toll gene was first discovered in Drosophila. Due to the
similarity of the cell surface receptors to the toll protein they are
named as Toll Like Receptors. So far, 222 TLRs have been

20f9

Immunity, Inflammation and Disease, 2025



(senunuo))
spunoduiod
l6z] powmbipIen spunoduod surjoutnbozeprui
[82] VZSS-LITL surjournbozeprug SUOI}ORJUT [eIIA SAZITUS009y Jo uonugooay sowosopuy LITL 31
UBSOWAZ surejordodry QuBIqUIOW
‘surajoxdodiy TerI)0Rg TITL YIIM S3)BIOQRI[0D [B11910Bq JO UOnIU30day rwIse[d OYTL e
SUONJJUI [RUNSIIUIONISES pUB
SUOT}09JUI Joe1) A10)eaidsal
asned Jey) SWSIUB3I00IdTUI suBIqUISW
[2] EINA-IN ‘T0SdTdD urfaderq JO UOISeAUT SAZ[U009Y ur[[adey jo uonrugooay ewseld SYIL o1
(ALIN) shia
[o2] er-J10 Iown) ATRWweut
[sz] YOSV asnow woJj surejoid
’ adoaaus ‘ASY woij surajoid
el 45V (VIL7) proe uoisnj ‘ewrosoued£1], woj (Sd1)
[€z] Se[nod[ow d4 sroyorody {(SdT) spidijoydsoydourturesod£[s apureyooesKjododiy ouBIqUISUI
[z2] VIdIN apureyooesAiododr $9zZ1uS009Yy Jo uoniugooay BUWSE[J AL PI
[te] XVNIV
(ADWH) snaia
(nz1dDAjod snipreoofworeydoous
[oz] (OT12DAI0d (VN¥SP) ‘ASY ‘SIIIA JIN 1S9M (VN¥SP) VNY papuens
[61] (D:DAj0d VNY pepuels-o[qnod "XHSUOIIOdJUI [eIIA SIZIUS00aY -9[qnop jo uonugoday sowosopuyg SITL o1
sIso[noIaqn) ‘N ‘119yI0pding
‘g ‘1100 g woyy surajoxdodyy
pue ‘sapnidodooA]3 ‘spidijooA]3
‘snuaiA xod[rews woiy
surunn3geway ‘(BIUISIO
[81] (428t ueok[Sopndad woj usdnue-A “g9) surajoxdodr ouRIqUIAW
[L1] SOT-dINS ‘surojordodi] [er1910eg surajoid Ter1o1oeq ‘sozrugoday [e119108q Jo uonIu30d9y rUISR[] I1L q1
-dds ewse[dooAy
woij sapndadodr] pajejfoerp
pue ®BLIR)OBq 2AnEIAU
-wern woij sopndadodry sopndadody QuUBIqUIOW
[91] PISOcWed sopndadodiy [eeoeg pare[AoeLn) saziudooay [B11930Bq JO UOnIU30dy rUISE[d TI1L el
(s41L)
s103dadax
SNIT-TIOL 1
90UdI3JOY So[no3[ow syzruoSy uondridsaqg uonounyg uoredo0] wad *ON IS
PAZI[RIdId 0D
'SYYd Jo Arewung | T ATIVL

30f9



sasuodsar aunuwrwr dueIqUIW (91ouIN)
[eSunjnue ur paA[oAUT spuedi] e3unj jo uonugooay ewIse[d unoad 2dK-p srqonpur-ageydoIdey o
sageydoioewr pue suedk[3 sueIqUIdW
S[[90 JNLIpPUSp UO passardxyg ssouurwW-y3Iy Jo uonudoddy rwse[d (602ad) NOIS-DA %%
uonejussaid uagnue suedA[3 JueIqUIdW
pue SIS0JA00pUS UI PIA[OAU] UOLI-9soutewW JO UonIugoday BUWISE[J (90zaD) 103daoa1 asouuey o
syusuodurod JueIqUIdW
rem 1199 1eduny sazruSooay SUBUUBW-0 JO UONTUI003Y ewIse[d 7-unog qv
syusuodurod JueIqUIoW
SeUoyaqIp e 19 reSuny sazruSooay sueon(3-g jo uoniusooay BWISE[ T-unoag 3%
[6v ‘s¥] asoreyo1], (S91D) s103dadax unodf 2dKy-H v
¢doT1 o€
SVAN q¢
[9£] SUON}OJJUI [BIIA S9ZTUF003Y VN Tel1A JOo uontudooay wiserdolf) I-O1d 13
(S9'TY) s103da2ax 31|
-(I-91¥) 1-9u3s J[qroNpul-proe dSI0UNIY ¢
sueoA[3opndad (dan) opndadip
[s¥ “1¥] dan [e119308q S9ZIUZ009Y [Awreinuw jo uoniugooay wserdolf) ZAON qe
9STd suedA[Sopnidad (dva-darn) proe osrpwidourwerp
[s¥] SOSI [e119108q S9zTUS009Y -osow-[Aurein[3-a-A jo uonugoosy wise[doif) TIAON [:74
(SA'IN) s103dad3x 1-(AON) urewop
uonezEdwWoSsI[o SurpuIq-apIodPINN 4
ERLEREIEN | IsTuoSy uondrLrdsaqg uonounyg uo1ed0 | Tad ‘ON “IS
€OLINDOIN
DdD-JSH
101-AsS
8101 HdD SOSNIIA
9z81-5d> pue euaoeq U YNG 94D VNa 9dD
[¥€ “c€] 606 HdD VvNd od) pare[AyIowun $azZIudodoy Jo uonru3oday sawosopuyg 61l T
k43 88y
spunoduwod
[1€] EOVT-XIA aurjourmnbozeprur (VNYSS) VNY papuens
[og] POWI[OION “‘VNUSS SUONOJJUI [BIIA SIZTUZ003Y -9[3urs jo uonudoday sswosopuyg SY'TL qr
ERLEREIEN | so[nod[ow $3ZTuoSy uondridsaqg uonjounyg uored0] Tad ‘ON IS
PAZI[RIdIdUIIIO)
(penupuod) | THATAVL

Immunity, Inflammation and Disease, 2025

4 0of 9



characterized in invertebrates and 28 TLRs in vertebrates.
Among these, 13 TLRs are found in mammals and humans
possess only 10 [11]. All innate immune cells, i.e. dendritic cells
(DCs), natural killer (NK) cells, macrophages, neutrophils, mast
cells, eosinophils and basophils, express TLRs [12]. TLRs are
classified based on their location into membrane-bound or
intracellular endosome TLRs. TLR1, 2, 4, 5, 6, and 10 are cell
membrane TLRs, while TLR3, 7, 8, and 9 are intracellular TLRs
[13]. TLRs have three structural domains, that is, the N terminal
domain located on the surface of the membrane for recognition
of PAMPs and ligand binding. A transmembrane domain and C
terminal cytoplasmic intracellular domain for downstream sig-
naling [14]. TLRs activate two pathways depending upon
stimulation with a particular microbial ligand. One is the
MyD88-dependent pathway leading to the production of
inflammatory cytokines. Apart from TLR3, all TLRs utilize this
pathway. The second pathway is TRIF-dependent, associated
with the stimulation of interferon type-1 and is used by TLR3
and 4 [15]. The signaling cascade depends upon the ligand in-
teracting TLR type, that carries a leucine-rich repeat (LRR)
segment. It recognizes PAMP/DAMP and downstream signal-
ing molecules leading to an inflammatory response. This makes
TLRs an excellent target for adjuvants to induce immune
response effectively.

TLR1/2 forms a heterodimer recognizing various bacterial lipid
structures and cell wall components like triacylated lipopro-
teins, lipoteichoic acid, and @-glucans. Pam3CSK4 (Pam3-Cys-
Ser-Lys4) is a synthetic bacterial lipopeptide and is a well-
characterized potential activator of TLR1/2. It is proved that
Pam3CSK4 enhances the binding of respiratory syncytial virus.
to its target cell, eventually initiating a robust immune response
[16]. SMP105 is a TLR2 agonist isolated from M. bovis BCG
Tokyo. It is proven to enhance the immune response by acti-
vating the nuclear factor-kB promoter and eventually enhan-
cing several interferon-y producing cells and CTLs [17].
CBLB612, ISA201 and OPN305 are synthetic ligands for TLR2.
These agonizts are in the phase 2 clinical trial for cancer ther-
apy [18]. Poly (I:C), the TLR3 agonist not only activates the
immune system but also offers apoptosis of cancer cells. Studies
have shown that the combination of IFN- o along with poly
(I:C) is the most effective strategy for apoptosis of cancerous
cells [19]. Studies focusing on the use of poly(IC:LC), a syn-
thetic derivative of poly(I:C), showed that poly(IC:LC), along
with antigen-pulsed DCs, could boost antitumour immunity, i.e.
expand tumor-reactive T cells in patients with pancreatic can-
cer. Modified version of poly(I:C)- poly(IC,,U), induces the
production of 2’,5’-OAS, which serves as an antiviral effector
[20]. ARNAX, another TLR3 agonist enhances memory CDS8 +
T cells and rejects tumor re implantation [21]. TLR4 agonist
3-O-desacyl-4’-monophosphoryl lipid A (MPLA) effectively
cleared bacterial infection with the help of myeloid cells with
effective phagocytic functions [22]. FP molecules, synthetic
monosaccharide-based TLR4 agonizts, bind to the TLR4/MD-2
dimer with high affinity, stabilize its active conformation. This
binding activate MyD88- and TRIF-dependent signaling path-
ways and the NLRP3 inflaimmasome. This exhibits adjuvant
activity with antibody response with potency comparable to
MPLA, while showing no in vivo toxicity [23]. Research on
improved tuberculosis vaccines used GLA-SE adjuvant and
TLR4 agonist, which proved to induce robust T-helper cellular

immune response [24]. Adjuvant System 04 (AS04) is a well-
known TLR4 agonist-based adjuvant licensed for use in human
vaccines. It incorporates MPLA and aluminum salt [25]. OK-
432 is yet another synthetic TLR4 agonist which is proven to
have immunostimulatory effects [26]. A derivative of flagellin,
CBLB502 is a TLR5 stimulant being developed for anticancer
applications [27]. Mobilan-VM3 is a secreted version of TLR5
ligand is demonstrated to be useful not only as a therapy, but
also as a prophylactic anticancer vaccine [27]. 852A, the TLR7
agonist prevents in vitro proliferation of some tumor cells
(Hs294T and 769-P) and delays tumor growth in vivo in a DCs
and interferon-a-dependent manner [28]. Another TLR7
immune system modifier, gardiquimod, serves as a reverse
transcriptase inhibitor, offering a promising path for thera-
peutic development against HIV-1 [29]. Motolimod, also known
as VTX-2337, is a TLRS8 activator. It initiates the immune
response with the help of effectors immune cells such as NK
cells, DCs, and monocytes [30]. Another TLR 8 agonist VTX-
1463, an intranasal formulation, is in Phase I clinical evaluation
for allergic rhinitis. VTX-763, a member of the VTX family, is in
preclinical studies for its potential to decrease the severity of
autoimmune inflammation. It is also demonstrated to activate
both neonatal and adult leukocytes [31]. R848, one more TLRS8
agonist provides antitumor properties in experimental models
of breast cancer [32]. It has been demonstrated that CpG oli-
godeoxynucleotides stimulate TLR9. This causes B cells to
secret interleukin-6. Research proved that a low dose of radia-
tion along with CpG-C ODN leads to reduced T regulatory cell
counts and induction of tumor-specific CD8+ and CD4+
effector T-cells [33]. In preclinical studies on a DNA-based
TLR9 agonist, MGN1703 shown promise in anticancer
therapy [34].

1.3.2 | Retinoic Acid-Inducible Gene 1 (RIG-I)-Like
Receptors (RLRs)

TLRs can recognize viruses present on the cell surface or those
which are in the endosomal compartment of the host cell.
However, viruses usually replicate inside the cell. Hence effec-
tive intracellular receptors are required for an effective antiviral
response. RIG-I recognizes viral RNA and is specific to RNA
viruses. RIG-1 does not bind to viral dsDNA except for Epstein-
Barr virus (EBV). RIG-I was first discovered in the cells of acute
promyelocytic leukemia induced by retinoic acid [35]. RIG-like
receptors (RLRs) comprises of RIG-I, melanoma differentiation-
associated gene 5 (MDAS), and laboratory of Genetics and
Physiology 2 (LGP2) [36]. The structures of all three RLRs are
similar, consisting of a C-terminal domain called the repressor
domain (RD) and a DExD/H-box helicase domain. RIG-I and
MDAS5 have caspase activation and recruitment domains
(CARDs), which carry out downstream signaling cascades.
LGP2 lacks a CARD domain. The CARDs engage with the
CARD of the protein known as the mitochondrial activator of
viral signaling (MAVS), a crucial signaling adapter protein for
RLRs. The signaling cascade leads to the transcription of vari-
ous innate immune response genes, including IFNs, direct an-
tiviral genes, and pro inflammatory genes [37]. The expression
of RLR is usually low in resting cells, but it increases after
exposure to a viral infection or IFN. RLR signaling is enhanced
by ssRNA PAMPs as observed in influenza virus, Ebola virus

50f9



and other RNA viruses by poly-uridine-rich RNA motifs [38].
RIG-I in the cell primarily recognizes influenza, vesicular
stomatitis, Sendai, and Japanese encephalitis viruses. MDAS5
mainly detects short RNA viruses like poliovirus. MDAS5 also
produces polycytidylic acid (poly I:C), the dsRNA analog [36].
Separate but overlapping groups of viruses activate RIG-I and
MDAS. Although they share similar structure and function,
they identify different RNA ligands. RIG-I strongly recognizes
ligands such as blunt-ended dsRNAs of at least 10 bp with a 5'
triphosphate group. RIG-I is also activated by long dsRNA
molecules that are more than 200 bp long, regardless of the 5'
end, as well as 30-monophosphorylated ssRNAs and poly U/
UC-rich stretches of ssSRNA. Certain sections of negative sense
viral RNAs can activate MDAS5, which can detect lengthy
dsRNA molecules, preferably with higher-order RNA struc-

tures. AU-rich ssRNAs are likewise preferred by both
RLRs [38].
1.3.3 | Nucleotide-Binding and Oligomerization

Domain NLRs

Nucleotide-binding oligomerization domain (NOD)-like recep-
tors (NLRs) are a family of intracellular PRR in the cytosol.
These receptors are essential in recognizing PAMPs associated
with bacterial origin [39]. NLRs were first discovered in plants
as resistance (R) genes. These R genes play a vital role in plant
defense against microbial and parasitic pathogens [40]. To date
23 NLR family members are discovered in human genome [40].
NLRs are predominantly expressed on phagocytes. They are
also expressed on macrophages and neutrophils. NLR proteins
have central NOD NACHT that is, NLR apoptosis inhibitory
protein (NAIP), Class II Transactivator (CIITA), heterokaryon
incompatibility protein (HET), telomerase-associated protein 2
(TP-2), N-terminal effector domain, and C-terminal LRRs.
Oligomerization and dNTPase activity are the two essential
roles of NACHT, while the C-terminal LRR domain is involved
in ligand binding and activator sensing. N-terminal domain
interacts with other proteins and performs effector functions.
Based on the N-terminal domain, the NLRs are classified into
four sub-families: the baculoviral inhibitory repeat-like domain
(NLRB), the acidic transactivation domain (NLRA), the caspase
activation and recruitment domain (CARD; NLRC) and the
pyrin domain (NLRP). Most NLRs act as PRRs and detect var-
ious ligands from the host cells (ATPs, uric acid etc.), microbial
components (peptidoglycan, flagellin), while some instead
respond to cytokines such as interferons. The activated NLRs
are also broadly divided into four functional categories: in-
flammasome assembly involved in activation of caspase-
1(results in processing and maturation of pro-inflammatory
cytokine), signaling transduction, transcription activation and
autophagy. NOD1 detects p-glutamyl-meso-diaminopimelic
acid (iE-DAP), a peptidoglycan component that is found only
in Gram-negative bacteria, and NOD2 recognizes muramyl
dipeptide (MDP) from both gram negative and gram-positive
bacteria [41]. Stimulation of specific NLRs such as NOD1 and
NOD2 triggers the activation of a signaling cascade, which ac-
tivates NF-kB and MAPKs. These pathways eventually lead to
the transcription of various genes involved in both innate and
adaptive immune responses [42]. Research demonstrates that,
genetic variations within NLR genes have been linked with

immune dysregulation, contributing to the development or
increased susceptibility to various inflammatory diseases [43].
NOD1 and NOD2 agonizts can synergize with ligands for TLRs.
This synergy leads to the enhanced production of pro inflam-
matory cytokines and antimicrobial molecules. Additionally,
NOD1 stimulation has been shown to drive Th2-dependent
antigen-specific adaptive immunity. This suggests that NLRs
can influence the development of different T helper cell subsets
(Thl, Th2, Th17) involved in adaptive immune responses,
potentially in cooperation with TLR signaling [44]. NOD1
agonizts FK565, FK156 and NOD2 agonist MDP mimic the
peptidoglycan layer of bacteria. These agonizts are proven to be
potent adjuvants that can trigger cell-mediated immunity.
These agonizts and TLR3, TLR4, and TLR9 immunostimulatory
molecules induce DCs to produce IL-12 and IFN-y and even-
tually promote Thl-lineage immune responses [45].

1.3.4 | C-Type Lectin Receptors (CLRs)

CLRs are a subfamily of PRRs that mainly recognize mannose,
fucose and glucan carbohydrate structures. They are expressed
in immune cells such as macrophages, DCs, monocytes, and
Langerhans cells (LCs) [46]. CLRs have one or more carbohy-
drate recognition domains (CRD) that can bind to carbohy-
drates, proteins, lipid molecules and inorganic compounds in a
Ca2 + -dependent or Ca2 + -independent manner. CLRs are
classified as type I transmembrane proteins with multiple car-
bohydrate recognition domain (CRDs) and type II transmem-
brane proteins with a single CRD [47]. Important subclasses of
CLR include Langerin, DC-SIGN, Dectin-1, Dectin-2, DCIR,
DCAR, and BDCA-2 [48]. These are present on antigen pre-
senting cells, which recognize various PAMPs and play crucial
roles in shaping immune responses. These CLRs bind to specific
sugars on antigens and trigger the signaling cascade, like up-
take, presentation to T cells, cytokine production, and immune
modulation. These processes contribute to the intricate inter-
play between the immune system and infectious agents. CLRs
trigger an immune response through two different pathways:
(a) immunoreceptor tyrosine-based activation motifs (ITAMs),
which induce the activation pathway and (b) myeloid inhibitory
C-type lectin (MICL) receptor pathway, which suppresses the
inflammatory pathways induced by the activating receptors
[48]. CLR can enhance vaccine efficacy by using synthetic
agonizts like macrophage-inducible C-type lectin (Mincle)
agonist trehalose dibehenate (tDB). Trehalose dibehenate is a
synthetic CLR ligand proven to activate new-born human DCs
in vitro [49].

1.3.5 | Stimulator of IFN Genes (STING) and Cytosolic
DNA Sensors

The STING is an intracellular PRR present in the endoplasmic
reticulum. It induces the production of cytokines such as type I
interferon [50]. The cyclic GMP-AMP synthase (cGAS-STING)
signaling pathway initiates with the entrance of pathogenic
DNA into the host cytoplasm through infection. GCS catalyzes
the synthesis of cGAMP, which binds to STING. STING even-
tually recruits IxkB Kinase (IKK) and TANK-binding Kinase 1
(TBK1). IKK and TBK1 phosphorylates Interferon Regulatory
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Factor 3 (IRF3) which along with other transcription factors
induce the expression of interferons and inflammatory cyto-
kines such as tumor necrosis factor (TNF), IL-1b and IL-6 [51].
STING agonizts are predominantly involved in tumor-targeted
therapeutics. DMXAA, a STING agonist, proven to reduce and
regress tumor growth [52]. ADU-S100, another agonist induce
the local production of antiangiogenic factors [53]. MK-2118,
SB11285, GSK3745417, BMS-986301, BI-STING (BI 1387446),
E7766, TAK-676, SNX281, SYNB1891, BMS-986301 are the
STING agonizts in clinical development against different types
of tumor and anticancer therapies [54].

1.3.6 | PYHIN Family

The PYHIN family consists of DNA sensors activated by path-
ogenic infections and cellular stress conditions, such as DNA
damage or breaks. These sensors play a crucial role in the
innate immune system by detecting cellular damage. In hu-
mans, key members of this family include Absent in Melanoma
2 (AIM2), Interferon Gamma Inducible Protein 16 (IF116), and
Myeloid Cell Nuclear Differentiation Antigen (MNDA). AIM2
and IFI16 are well-known for detecting viral or abnormal
dsDNA, whereas MNDA regulates immune responses in the
myeloid cells [55].

AIM2 is found to be active in assembling inflammasome in
response to pathogens such as Francisella tularensis, Listeria
monocytogenes, and Staphylococcus aureus. AIM2 is also linked
to various conditions, including lupus, psoriasis, cervical cancer
and cancers of colon and prostate. It senses dSDNA from viruses
such as HPV, HBV and EBV contributing to immune responses.
AIM2's molecular mechanism involves binding to dsDNA via its
HIN domain, triggering inflammasome assembly with
Apoptosis-Associated Speck-like Protein containing a CARD
and pro-caspase-1, leading to inflammation. Additionally, AIM2
can promote T regulatory cell stability during inflammation and
has been implicated in atherosclerosis progression [55]. IFI16 is
a protein involved in the cell cycle regulation and transcrip-
tional control. It contains two hematopoietic interferon-
inducible nuclear (HIN) domains (HINa and HIND) interacting
with transcription factors Spl and p53, and inhibits the onco-
genes such as c-MYC and RAS, eventually supressing the tumor
growth. IFI16 plays a critical role in innate immunity by sensing
dsDNA from viruses like Herpes Simplex Virus Type 1, Kaposi's
Sarcoma-Associated Herpes virus, and Human Immuno-
deficiency Virus (HIV) as well as ssDNA from the damaged
cells. Upon detecting viral DNA, IFI16 forms inflammasomes
and activates immune pathways, such as the STING/TBK1
pathway, leading to interferon production [56].

2 | Discussion

PRRs play a role in the host's innate immune system in
identifying potential pathogenic microbes. It is important to
note that the PRRs do not function in isolation but orchestrate
the overall immune response together. Most of the previous
studies were focused on the agonizts that bind to particular
PRR and the signaling cascade activated by that PRR. How-
ever, it is noteworthy that a pathogen might simultaneously

show various ligands for different types of PRRs, triggering a
complex immune mechanism. Understanding these funda-
mental host-pathogen interactions and the cross-talk mecha-
nism of PRRs might prove helpful in designing vaccine
strategies that will induce a robust immune response. In most
of the published research articles, research orients mainly
around TLRs. It is considerable that TLRs are the first class of
PRRs to be discovered and have specificity for many types
of PAMPs. The research focusing on the synergistic action of
TLR ligands and the rest of the PRR agonizts in vaccine for-
mulation might prove a practical approach to tackle patho-
gens showcasing multiple PAMPS. It seems reasonable to
believe that adjuvants used in combination targeting multiple
PRRs may prove useful tool in designing effective vaccines.
PRRs have immunostimulatory properties, by which PRR can
induce a strong and long-lasting immune response. Hence,
PRRs can be used in therapeutics. PRR agonizts are proven
to induce cell death in the tumor microenvironment. Hence,
cancer therapeutics with PRRs as vaccine adjuvants or tumor-
targeted drugs hold a promising strategy against cancer.
Advancements can be done using PRRs with other combina-
tional therapies.

3 | Conclusion

The progress in studying the interplay between PRRs and lig-
ands is considerable. PRR agonizts can stimulate potent innate
immune responses and hence are essential as adjuvant candi-
dates. The current review is an analysis of different subsets of
PRRs, their agonizts as vaccine adjuvants and has summarized
on how these molecules activate the immune system. The
review has also explored their applications in various vaccine
platforms that will broaden our understanding of PRR ad-
juvants and may pave the way for more precise therapeutic
interventions.
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