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Abstract

Background: Immunostimulants are natural or synthetic agents that enhance host immune responses through the
activation of innate and adaptive immune mechanisms. They are widely utilized in human and veterinary medicine as
vaccine adjuvants, immunotherapeutic agents, and prophylactic interventions against infectious diseases. Their
immunomodulatory effects are primarily mediated through cytokine networks, among which interferon-gamma (IFN-
v) and interleukin-6 (IL-6) play pivotal roles in regulating inflammation, pathogen clearance, and immune homeostasis.

Objective: This review aims to comprehensively examine the molecular mechanisms by which immunostimulants
regulate IFN-y and IL-6 production and to discuss the implications of these cytokine responses in inflammation, immune
modulation, vaccine development, and emerging therapeutic applications.

Methods: A narrative literature review was conducted by synthesizing current evidence from experimental, clinical,
and translational studies investigating the interactions between immunostimulants and cytokine signaling pathways.
Particular emphasis was placed on studies examining Toll-like receptor (TLR), NOD-like receptor (NLR), and cytosolic
nucleic acid sensing pathways involved in IFN-y and IL-6 regulation.

Results: The available evidence indicates that immunostimulants modulate IFN-y and IL-6 production through multiple
innate immune signaling pathways, including TLR-, NLR-, and cGAS-STING-mediated mechanisms. Activation of these
pathways promotes antigen presentation, dendritic cell maturation, leukocyte recruitment, and adaptive immune
priming. IFN-y predominantly enhances cellular immunity through macrophage activation, Th1 polarization, and
intracellular pathogen elimination, whereas IL-6 regulates acute-phase responses, B-cell maturation, T-cell
differentiation, and tissue repair. The interplay between IFN-y and IL-6 is highly context-dependent, exhibiting both
synergistic and antagonistic effects that influence immune protection and inflammatory outcomes. Therapeutically,
controlled induction of these cytokines has demonstrated significant potential for improving vaccine efficacy, enhancing
cancer immunotherapy, and strengthening resistance against infectious diseases.

Conclusion: Immunostimulants exert their biological effects through complex interactions with innate immune
receptors and downstream cytokine networks. The coordinated regulation of IFN-y and IL-6 is a critical determinant of
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effective immune activation and inflammatory control. A deeper understanding of the molecular pathways governing
these cytokines will facilitate the development of next-generation immunostimulants, precision vaccine adjuvants, and
innovative immunotherapeutic strategies for both human and veterinary medicine.

Keywords: Adaptive Immunity; Cytokines; Health; Inflammation; Innate Immunity; Vaccine Adjuvants.

1. Introduction

Immunostimulants are natural or synthetic substances capable of enhancing host immune responses through the
activation of innate and adaptive immune mechanisms®. They are widely used in human and veterinary medicine as
vaccine adjuvants, immunotherapeutic agents, and prophylactic interventions against infectious diseases2. Their
primary function is to increase immune surveillance and improve resistance against pathogens, tumors, and other
immunological challenges3*.

The immunomodulatory effects of immunostimulants are largely mediated through cytokine networks>. Among these
cytokines, interferon-gamma (IFN-y) and interleukin-6 (IL-6) play central roles in coordinating inflammatory and
immune responses. IFN-y is considered the hallmark cytokine of type 1 immunity and is essential for macrophage
activation, antigen presentation, and intracellular pathogen elimination®. Conversely, IL-6 functions as a pleiotropic
cytokine that regulates acute-phase responses, B-cell differentiation, T-cell polarization, and tissue repair’. Depending
on the biological context, IL-6 may exhibit either pro-inflammatory or anti-inflammatory activitiess.

Recent advances in immunology have demonstrated that immunostimulants influence IFN-y and IL-6 production
through multiple signaling pathways, including Toll-like receptors (TLRs), NOD-like receptors (NLRs), and cytosolic
nucleic acid sensing pathways®. These interactions are particularly relevant for vaccine development and
immunotherapy, where controlled cytokine induction is necessary to achieve effective immune protection while
minimizing immunopathology.

This review aims to summarize the molecular mechanisms by which immunostimulants regulate IFN-y and IL-6
production and to discuss their implications in inflammation, immune modulation, and next-generation therapeutic
strategies.

2. Classification of Inmunostimulants

Immunostimulants comprise a diverse group of biological and synthetic agents capable of enhancing host immune
responses through the activation of innate and adaptive immune pathways!%. Based on their origin and molecular
characteristics, immunostimulants can be broadly classified into natural and synthetic categories. Although both groups
ultimately promote immune activation, they differ in their composition, mechanisms of recognition, signaling pathways,
and immunological outcomes. Natural immunostimulants are generally derived from biological sources and often mimic
pathogen-associated molecular patterns (PAMPs), whereas synthetic immunostimulants are rationally engineered to
target specific immune receptors and signaling cascades!l. Understanding the distinct properties of these
immunostimulant classes is essential for elucidating their effects on cytokine regulation, particularly IFN-y and IL-6
production, which are central to inflammatory and immune responses.

2.1. Natural Imnmunostimulants

Natural immunostimulants are bioactive compounds derived from microorganisms, plants, fungi, algae, or animal
sources that enhance immune function by interacting with pattern recognition receptors (PRRs) expressed on innate
immune cells'2. These compounds have gained considerable attention due to their favorable safety profiles, broad
immunomodulatory activities, and potential applications in disease prevention, immunotherapy, and vaccine
development.

Among the most extensively studied natural immunostimulants are 3-glucans, which are polysaccharides found in the
cell walls of fungi, yeast, and certain cereals. 3-glucans are primarily recognized by Dectin-1 and complement receptor
3 (CR3), leading to the activation of spleen tyrosine kinase (Syk), nuclear factor-kappa B (NF-kB), and mitogen-activated
protein kinase (MAPK) signaling pathways!314, These events stimulate macrophages, dendritic cells, and neutrophils to
produce pro-inflammatory cytokines, including IL-6, TNF-a, and IL-12, thereby promoting downstream IFN-y
production by natural killer (NK) cells and T lymphocytes?>.
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Another important natural immunostimulant is chitosan, a deacetylated derivative of chitin obtained from crustacean
shells, insects, and fungal cell walls. Chitosan exhibits potent immunostimulatory properties by activating macrophages
and dendritic cells through TLR2-, TLR4-, and NLRP3 inflammasome-dependent pathways617. In addition to inducing
cytokine secretion, chitosan enhances antigen uptake and presentation, making it a valuable component in mucosal
vaccine delivery systems and adjuvant formulations.

Plant-derived polysaccharides constitute a diverse class of immunomodulatory molecules extracted from medicinal
herbs and edible plants. Polysaccharides from species such as Astragalus membranaceus, Panax ginseng, Ganoderma
lucidum, and Echinacea purpurea have been shown to activate macrophages and dendritic cells through TLR-mediated
signaling pathways¢. These compounds stimulate the production of IL-6, IL-1f8, IL-12, and type I interferons,
contributing to enhanced adaptive immune responses and improved resistance to infectious diseases?8.

Probiotics and postbiotics have emerged as important modulators of host immunity through their interactions with the
gut-associated lymphoid tissue (GALT). Probiotic microorganisms, particularly species belonging to Lactobacillus,
Bifidobacterium, and Enterococcus, can influence immune homeostasis by engaging TLR2, TLR4, and nucleotide-binding
oligomerization domain (NOD) receptors?®. Their metabolic products, collectively termed postbiotics, including short-
chain fatty acids, peptidoglycans, and microbial metabolites, further contribute to immune regulation by modulating
cytokine production and maintaining epithelial barrier integrity?°.

Bacterial lysates represent another category of natural immunostimulants composed of inactivated bacterial
components obtained through mechanical or chemical disruption. These preparations contain multiple PAMPs,
including lipopolysaccharides, peptidoglycans, and bacterial DNA, which stimulate innate immune receptors and induce
broad-spectrum immune activation8. Clinically, bacterial lysates have been used to reduce the incidence and severity
of recurrent respiratory infections by enhancing both mucosal and systemic immune responses.

Medicinal mushroom extracts, particularly those derived from Ganoderma lucidum, Lentinula edodes, Grifola frondosa,
and Trametes versicolor, contain biologically active polysaccharides and glycoproteins that stimulate innate immune
cells. Through interactions with Dectin-1, TLR2, and TLR4, these compounds induce cytokine production, enhance
antigen presentation, and promote T helper 1 (Thl)-biased immune responses characterized by increased IFN-y
secretion1314,

Collectively, natural immunostimulants exert their effects through the coordinated activation of PRRs such as Toll-like
receptors (TLRs), C-type lectin receptors (CLRs), NOD-like receptors (NLRs), and RIG-I-like receptors (RLRs). Activation
of these receptors triggers intracellular signaling pathways involving NF-kB, MAPKs, and interferon regulatory factors
(IRFs), ultimately leading to the secretion of IL-6, IL-12, TNF-q, and other cytokines that bridge innate and adaptive
immunity216, The resulting cytokine milieu plays a crucial role in shaping IFN-y-mediated cellular immunity and
determining the magnitude of inflammatory responses.

2.2. Synthetic Inmunostimulants

Synthetic immunostimulants are artificially engineered molecules designed to selectively activate specific immune
receptors and signaling pathways. Unlike natural immunostimulants, which often contain heterogeneous mixtures of
bioactive compounds, synthetic immunostimulants provide greater molecular precision, reproducibility, and
controllability??. These characteristics have made them attractive candidates for use as vaccine adjuvants, cancer
immunotherapies, and immunomodulatory agents.

One of the most widely studied synthetic immunostimulants is CpG oligodeoxynucleotide (CpG ODN), a synthetic DNA
sequence containing unmethylated cytosine-phosphate-guanine motifs that mimic bacterial DNA. CpG ODNs are
recognized by Toll-like receptor 9 (TLR9) within endosomal compartments of dendritic cells, macrophages, and B
lymphocytes?t. TLR9 activation triggers MyD88-dependent signaling pathways?2, leading to NF-kB and IRF7 activation
and subsequent production of IL-6, IL-12, and type I interferons. The elevated IL-12 levels strongly promote IFN-y
production and Thl polarization!523, making CpG ODNs valuable adjuvants for vaccines targeting intracellular
pathogens.

Polyinosinic-polycytidylic acid [Poly(1:C)] is a synthetic analog of viral double-stranded RNA that acts as a potent agonist
of TLR3 and melanoma differentiation-associated protein 5 (MDA5)%4. Recognition of Poly(I:C) activates the TRIF-
dependent signaling pathway?5, resulting in robust production of type I interferons and inflammatory cytokines.
Poly(I:C)-induced activation of dendritic cells enhances antigen cross-presentation and stimulates IFN-y-producing
cytotoxic T lymphocyte responses?26, which are critical for antiviral and antitumor immunity.
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Imiquimod and related imidazoquinoline compounds function as agonists of TLR7 and TLR827. These molecules
stimulate plasmacytoid dendritic cells and monocytes to produce large quantities of type I interferons, IL-6, and TNF-a.
Through the activation of innate immune mechanisms, imiquimod promotes cellular immunity and has been
successfully utilized in the treatment of viral skin infections and certain malignancies.

More recently, considerable attention has been directed toward stimulator of interferon genes (STING) agonists. The
cGAS-STING pathway serves as a critical cytosolic DNA-sensing mechanism that initiates innate immune responses
against viral infections and cancer?829, Synthetic STING agonists activate TANK-binding kinase 1 (TBK1) and IRF39,
leading to the production of type I interferons and pro-inflammatory cytokines. Enhanced dendritic cell activation and
cross-priming of CD8+ T cells subsequently contribute to increased IFN-y production and durable antitumor
immunity3132,

In addition to receptor-specific agonists, modern vaccine platforms increasingly employ synthetic adjuvant
formulations that combine multiple immunostimulatory molecules to achieve synergisticimmune activation. Examples
include liposomal adjuvants, saponin-based nanoparticles, emulsions, and combination adjuvants incorporating TLR
agonists2032, These advanced formulations are specifically designed to optimize antigen presentation, cytokine
induction, and memory immune responses while minimizing adverse inflammatory effects.

Overall, synthetic immunostimulants offer a highly targeted approach to immune modulation by engaging defined
molecular pathways that regulate cytokine production and immune cell activation. Through precise control of signaling
networks involving TLRs, STING, NF-kB, IRFs, and JAK-STAT pathways3334, these agents can selectively enhance IFN-y-
mediated cellular immunity and IL-6-dependent inflammatory responses. Their capacity to fine-tune immune activation
has positioned synthetic immunostimulants at the forefront of next-generation vaccine development and
immunotherapeutic innovation.

3. Biology of IFN-y and IL-6

Interferon-gamma (IFN-y) and interleukin-6 (IL-6) are among the most influential cytokines involved in the regulation
of innate and adaptive immunity3¢37. Although both cytokines participate in host defense and inflammatory processes,
they exert distinct and sometimes opposing immunological functions. IFN-y is predominantly associated with type 1
cellular immune responses and antimicrobial defense, whereas IL-6 functions as a pleiotropic cytokine that coordinates
inflammation, tissue repair, and adaptive immune differentiation. The dynamic interplay between these cytokines
determines the magnitude, duration, and outcome of immune responses during infection, vaccination, cancer, and
inflammatory diseases.

3.1. Interferon-Gamma (IFN-y)

Interferon-gamma (IFN-y) is a type Il interferon and a central regulator of cellular immunity36. Unlike type I interferons,
which are produced by a wide range of cell types in response to viral infections, IFN-y is primarily secreted by immune
cells and serves as a critical mediator linking innate and adaptive immune responses. It plays a pivotal role in
orchestrating host defense against intracellular pathogens, promoting antigen presentation, and shaping T-cell
differentiation.

The principal cellular sources of IFN-y include natural killer (NK) cells, CD4+ T helper 1 (Th1) lymphocytes, CD8+
cytotoxic T lymphocytes (CTLs), and natural killer T (NKT) cells38. During the early stages of infection, NK cells represent
the primary source of IFN-y following stimulation by cytokines such as interleukin-12 (IL-12), interleukin-18 (IL-18),
and type I interferons?539. As adaptive immunity develops, antigen-specific Th1 cells and cytotoxic T cells become the
dominant producers of IFN-y, thereby sustaining cell-mediated immune responses and immunological memory.

The biological effects of IFN-y are mediated through its interaction with the heterodimeric interferon-gamma receptor
(IFNGR), which consists of two IFNGR1 and two IFNGR2 subunits expressed on nearly all nucleated cells. Binding of
IFN-y to its receptor induces receptor oligomerization and activation of the receptor-associated Janus kinases JAK1 and
JAK240, These kinases subsequently phosphorylate signal transducer and activator of transcription 1 (STAT1), leading
to STAT1 homodimerization and nuclear translocation34. Within the nucleus, activated STAT1 binds to gamma-activated
sequence (GAS) elements in promoter regions, initiating the transcription of numerous interferon-stimulated genes
(ISGs) involved in antimicrobial defense, antigen presentation, and immune regulation3é.

Beyond the canonical JAK1/JAK2-STAT1 pathway, IFN-y signaling can also engage additional molecular networks,
including MAPK, PI3K-Akt, and NF-kB pathways, thereby amplifying inflammatory and immunoregulatory responses3¢.
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These signaling cascades collectively enhance the functional capacity of innate and adaptive immune cells to recognize
and eliminate pathogens.

One of the most important functions of IFN-y is the enhancement of antigen presentation. IFN-y markedly upregulates
the expression of major histocompatibility complex class I (MHC-I) and class II (MHC-II) molecules, as well as antigen-
processing components such as TAP1, TAP2, and immunoproteasome subunits#l. This increased antigen-presenting
capacity facilitates the activation of CD8+ and CD4+ T cells, thereby strengthening adaptive immune responses.

Another hallmark function of IFN-y is macrophage activation. Activated macrophages exhibit enhanced phagocytic
activity, increased production of reactive oxygen species (ROS) and reactive nitrogen intermediates (RNI), and
improved intracellular killing of pathogens#243. IFN-y-induced macrophage activation is particularly important for
controlling intracellular microorganisms such as Mycobacterium tuberculosis, Listeria monocytogenes, and various
protozoan parasites*2.

IFN-y also plays a crucial role in shaping T-cell differentiation by promoting Th1 polarization while simultaneously
suppressing Th2 and, under certain conditions, Th17 responses*+4>. Through this mechanism, IFN-y directs immune
responses toward cellular immunity, which is essential for combating intracellular pathogens and malignant cells.

In addition to its antimicrobial functions, IFN-y contributes significantly to antitumor immunity. It enhances tumor
antigen presentation, increases the cytotoxic activity of NK cells and CTLs, promotes tumor cell apoptosis, and
modulates the tumor microenvironment to favor immune-mediated tumor elimination*647. Consequently, IFN-y is
considered a key effector molecule in cancer immunosurveillance and immunotherapy.

Despite its protective functions, excessive or prolonged IFN-y production can contribute to immunopathology.
Persistent IFN-y signaling has been implicated in chronic inflammatory disorders, autoimmune diseases, and tissue
damage resulting from uncontrolled immune activation2. Therefore, tight regulation of IFN-y production is essential to
maintain immune homeostasis and prevent excessive inflammation.

3.2. Interleukin-6 (IL-6)

Interleukin-6 (IL-6) is a multifunctional cytokine that occupies a central position at the intersection of inflammation,
immunity, metabolism, and tissue regeneration3748. Initially identified as a B-cell stimulatory factor, IL-6 is now
recognized as one of the most pleiotropic cytokines in the immune system, exerting both pro-inflammatory and anti-
inflammatory effects depending on the biological context and signaling pathway involved.

IL-6 is produced by a wide variety of immune and non-immune cells. Major sources include macrophages, dendritic
cells, neutrophils, fibroblasts, endothelial cells, epithelial cells, adipocytes, and activated T lymphocytes3’. During
infection or tissue injury, pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPs) stimulate PRRs such as Toll-like receptors (TLRs), resulting in rapid IL-6 synthesis through NF-kB-dependent
transcriptional activation?é.

The biological activities of IL-6 are mediated through a receptor complex composed of the IL-6 receptor alpha chain (IL-
6Ra) and the signal-transducing glycoprotein 130 (gp130)+4°. Unlike many cytokines that signal through a single
pathway, IL-6 can initiate cellular responses through three distinct signaling mechanisms: classical signaling, trans-
signaling, and cluster signaling 5°

Classical signaling occurs when IL-6 binds to membrane-bound IL-6Ra expressed on a limited range of cells, including
hepatocytes, neutrophils, monocytes, and certain lymphocyte populations. The resulting IL-6/IL-6Ra complex
associates with gp130, leading to intracellular signal transduction. Classical signaling is generally associated with
protective and regenerative functions, including host defense and tissue repair.

Trans-signaling involves the binding of IL-6 to a soluble form of IL-6Ra (sIL-6R). The IL-6/sIL-6R complex can then
interact with gp130 on virtually all cell types because gp130 is ubiquitously expressed. This mechanism substantially
broadens the spectrum of IL-6-responsive cells and is primarily associated with chronic inflammation, leukocyte
recruitment, and inflammatory disease progression.

More recently, cluster signaling (also known as trans-presentation) has been identified as an additional mode of IL-6
signaling. In this process, IL-6 bound to membrane-associated IL-6Ra on dendritic cells is directly presented to gp130-
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expressing T cells during cell-to-cell interactions. Cluster signaling is particularly important in regulating T-cell
differentiation and adaptive immune responses.

Regardless of the signaling mechanism involved, activation of the IL-6 receptor complex results in gp130 dimerization
and subsequent activation of intracellular signaling pathways, predominantly the JAK/STAT3 pathway. Activated
STATS3 translocates to the nucleus and regulates genes involved in inflammation, cell survival, proliferation, and
differentiation. In parallel, IL-6 signaling also activates MAPK/ERK and PI3K/Akt pathways, which further contribute
to cellular growth, metabolism, and immune regulation34.

One of the best-characterized functions of IL-6 is the induction of acute-phase responses. During infection and
inflammation, IL-6 stimulates hepatocytes to synthesize acute-phase proteins, including C-reactive protein (CRP),
serum amyloid A (SAA), fibrinogen, and hepcidin. These proteins contribute to pathogen containment, tissue protection,
and systemic inflammatory responses.

IL-6 also exerts profound effects on humoral immunity. It promotes the survival, proliferation, and differentiation of
activated B cells into antibody-secreting plasma cells, thereby enhancing antigen-specific antibody production. Through
this mechanism, IL-6 contributes significantly to vaccine-induced immunity and long-term immune protection.

In the context of T-cell biology, IL-6 plays a pivotal role in determining CD4+ T-cell fate. Together with transforming
growth factor-beta (TGF-f), IL-6 promotes the differentiation of naive CD4+ T cells into T helper 17 (Th17) cells while
inhibiting regulatory T-cell (Treg) development. This shift toward Th17 immunity is essential for protection against
extracellular pathogens but may also contribute to autoimmune and chronic inflammatory diseases when dysregulated.

Beyond its immunological functions, IL-6 participates in tissue regeneration, wound healing, angiogenesis, and
metabolic regulation. The cytokine supports epithelial repair, stimulates stem cell survival, and facilitates tissue
remodeling following injury. These regenerative functions highlight the dual nature of IL-6 as both an inflammatory
mediator and a critical factor in restoring tissue homeostasis.

However, sustained or excessive IL-6 production is associated with numerous pathological conditions, including
rheumatoid arthritis, inflammatory bowel disease, cardiovascular disease, cytokine release syndrome, and several
malignancies. Chronic activation of IL-6 /STAT3 signaling can promote persistent inflammation, immune dysregulation,
and tumor progression. Consequently, therapeutic targeting of IL-6 signaling has become an important strategy for
treating inflammatory and autoimmune disorders.

Taken together, IFN-y and IL-6 represent two fundamental cytokines that orchestrate immune responses through
distinct yet interconnected mechanisms. While IFN-y primarily drives cellular immunity and antimicrobial defense3¢,
IL-6 integrates inflammatory, humoral, and regenerative pathways37. The balance between these cytokines is critical
for achieving effective immune protection while preventing excessive inflammation and tissue damage. This cytokine
interplay forms the basis for understanding how immunostimulants modulate immune responses and influence disease
outcomes.

4. Molecular Mechanisms of Inmunostimulant-Induced IFN-y and IL-6 Production

The immunomodulatory effects of immunostimulants are primarily mediated through the activation of innate immune
sensing systems that recognize pathogen-associated molecular patterns (PAMPs), damage-associated molecular
patterns (DAMPs), and synthetic molecular mimics. Upon recognition, these sensors initiate intracellular signaling
cascades that culminate in the production of cytokines, chemokines, and co-stimulatory molecules required for the
development of effective immune responses. Among the cytokines induced by immunostimulant exposure, IFN-y and
IL-6 occupy central positions because they bridge innate and adaptive immunity and regulate the balance between
protective immunity and inflammatory pathology.

The induction of IFN-y and IL-6 is not typically a direct consequence of a single signaling event but rather the result of
coordinated interactions among multiple immune pathways. These include Toll-like receptor (TLR)-mediated signaling,
dendritic cell activation, NOD-like receptor (NLR) signaling, and cytosolic nucleic acid sensing pathways such as cyclic
GMP-AMP synthase-stimulator of interferon genes (cGAS-STING). Collectively, these mechanisms determine the
magnitude, quality, and duration of cytokine responses elicited by immunostimulatory agents.
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4.1. Toll-Like Receptor-Mediated Activation

Toll-like receptors (TLRs) represent one of the most extensively characterized families of pattern recognition receptors
and constitute a primary mechanism through which immunostimulants initiate immune activation. TLRs are expressed
on various innate immune cells, including macrophages, dendritic cells, neutrophils, monocytes, and certain epithelial
cells. Different TLRs recognize distinct molecular patterns associated with microbial pathogens or synthetic
immunostimulatory compounds. For example, lipopolysaccharide (LPS) is recognized by TLR4, bacterial lipoproteins
by TLR2, double-stranded RNA analogs such as poly(I:C) by TLR3, and unmethylated CpG DNA motifs by TLR9.

Upon ligand binding, TLRs undergo conformational changes that facilitate the recruitment of intracellular adaptor
molecules. Most TLRs signal through the myeloid differentiation primary response protein 88 (MyD88)-dependent
pathway, whereas TLR3 signals exclusively through TIR-domain-containing adapter-inducing interferon- (TRIF), and
TLR4 utilizes both MyD88-dependent and TRIF-dependent signaling mechanisms*84°. These adaptor proteins serve as
molecular platforms for the assembly of downstream signaling complexes that initiate inflammatory and antiviral
responses.

Activation of MyD88-dependent pathways leads to the recruitment of interleukin-1 receptor-associated kinases (IRAKs)
and tumor necrosis factor receptor-associated factor 6 (TRAF6), resulting in the activation of nuclear factor-kappa B
(NF-xB) and activator protein-1 (AP-1). These transcription factors translocate to the nucleus and induce the expression
of pro-inflammatory cytokines, including IL-6, TNF-a, IL-1$, and IL-12. Simultaneously, TRIF-dependent signaling
activates TANK-binding kinase 1 (TBK1) and IkB kinase & (IKKe), which phosphorylate interferon regulatory factors 3
and 7 (IRF3 and IRF7), leading to the production of type I interferons.

The generation of IL-12 following TLR activation is particularly important for IFN-y induction. IL-12 acts on NK cells
and T lymphocytes through the IL-12 receptor, activating STAT4 signaling and promoting robust IFN-y production5°.
Consequently, TLR activation establishes a cytokine environment that not only stimulates innate immune responses but
also drives the development of Th1-biased adaptive immunity characterized by elevated IFN-y secretion. Meanwhile,
direct activation of NF-kB-dependent pathways simultaneously promotes IL-6 production, linking pathogen recognition
to inflammatory responses.

Thus, TLR-mediated signaling serves as a fundamental mechanism through which immunostimulants coordinate the
production of IL-6 and IFN-y, thereby integrating inflammatory activation with cellular immune defense.

4.2. Dendritic Cell Activation and Cytokine-Orchestrated IFN-y Production

Dendritic cells (DCs) are specialized antigen-presenting cells that function as critical intermediaries between innate and
adaptive immunity. One of the primary immunological consequences of immunostimulant administration is the
activation and maturation of dendritic cells. Through the engagement of PRRs such as TLRs, NOD-like receptors, and C-
type lectin receptors, immunostimulants initiate profound phenotypic and functional changes within these cells.

During maturation, dendritic cells increase the expression of major histocompatibility complex (MHC) molecules and
co-stimulatory molecules such as CD80, CD86, and CD40. These molecular changes significantly enhance their capacity
to process and present antigens to naive T lymphocytes within secondary lymphoid organs. Simultaneously, activated
dendritic cells undergo metabolic and transcriptional reprogramming that promotes the secretion of key
immunoregulatory cytokines.

Among these cytokines, IL-12 and IL-18 are particularly important for IFN-y induction. IL-12 activates STAT4 signaling
pathways in NK cells and T lymphocytes, while IL-18 enhances IFN-y gene transcription through activation of NF-kB
and AP-1. The synergistic action of IL-12 and IL-18 generates a potent stimulus for IFN-y production®?, especially during
the early stages of infection or vaccination.

In addition to stimulating NK-cell-derived IFN-y, activated dendritic cells direct the differentiation of naive CD4+ T cells
toward the Th1 phenotype. Th1l cells subsequently become major producers of IFN-y, thereby amplifying cellular
immune responses and enhancing macrophage-mediated pathogen elimination. This process is essential for protection
against intracellular bacteria, viruses, and malignant cells.

Importantly, dendritic cells also contribute to IL-6 production following immunostimulant exposure. Activation of NF-
kB and MAPK signaling pathways promotes IL-6 secretion, which influences T-cell differentiation, B-cell maturation,
and acute-phase responses52. Therefore, dendritic cells act as central regulators of both IFN-y and IL-6 production,
integrating innate immune recognition with adaptive immune activation.
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4.3. NOD-Like Receptor Signaling

NOD-like receptors (NLRs) are intracellular pattern recognition receptors that detect microbial components and
endogenous danger signals within the cytoplasm. Unlike TLRs, which primarily recognize extracellular or endosomal
ligands, NLRs provide an additional layer of immune surveillance by monitoring intracellular compartments for signs
of infection or cellular stress.

Among the NLR family, nucleotide-binding oligomerization domain-containing protein 1 (NOD1) and nucleotide-
binding oligomerization domain-containing protein 2 (NOD2) are particularly important in immunostimulant-induced
cytokine responses. NOD1 recognizes y-D-glutamyl-meso-diaminopimelic acid derived predominantly from Gram-
negative bacteria, whereas NOD2 detects muramyl dipeptide, a conserved component of bacterial peptidoglycan
present in both Gram-positive and Gram-negative organisms.

Upon ligand recognition, NOD1 and NOD2 recruit receptor-interacting serine/threonine-protein kinase 2 (RIPK2),
leading to activation of NF-kB and MAPK signaling pathways. These events induce transcription of inflammatory
cytokines, including IL-6, TNF-a, IL-1f3, and various chemokines that promote leukocyte recruitment and activation.

The induction of IL-6 through NOD signaling contributes significantly to the amplification of innate immune responses.
Elevated IL-6 levels stimulate acute-phase protein production, enhance B-cell differentiation, and influence T-cell
polarization. Moreover, NOD-mediated cytokine production facilitates the activation and maturation of dendritic cells,
thereby strengthening antigen presentation and adaptive immune priming.

NOD signaling also exhibits extensive cross-talk with TLR pathways. Simultaneous activation of NOD and TLR receptors
often results in synergistic cytokine production, leading to stronger inflammatory responses than those generated by
either pathway alone. Through these interactions, NOD1 and NOD2 contribute indirectly to IFN-y production by
enhancing IL-12 secretion and promoting Th1 differentiation.

Consequently, NLR signaling functions as a crucial intracellular mechanism through which immunostimulants reinforce
both innate immune activation and adaptive immune development.

4.4. cGAS-STING-Mediated Cytosolic Nucleic Acid Sensing

The cyclic GMP-AMP synthase-stimulator of interferon genes (cGAS-STING) pathway represents one of the most
important cytosolic nucleic acid sensing systems involved in antiviral immunity and immunostimulant-induced immune
activation. This pathway detects the presence of aberrant DNA within the cytoplasm, a condition commonly associated
with viral infection, bacterial invasion, cellular damage, or tumorigenesis>3.

The pathway is initiated when cytosolic double-stranded DNA binds to cGAS, triggering the synthesis of cyclic GMP-
AMP (cGAMP), a cyclic dinucleotide that functions as a second messenger. cGAMP subsequently binds to and activates
STING, an adaptor protein located on the endoplasmic reticulum membrane. Activated STING undergoes
conformational changes and translocates to the Golgi apparatus, where it recruits and activates TBK1.

TBK1-mediated phosphorylation of IRF3 promotes its nuclear translocation and subsequent induction of type I
interferons and interferon-stimulated genes. In parallel, STING signaling can activate NF-kB pathways, resulting in the
production of inflammatory cytokines, including IL-6 and TNF-a. Thus, cGAS-STING activation simultaneously promotes
antiviral defense and inflammatory responsess*.

Although IFN-y is not directly produced through cGAS-STING signaling, activation of this pathway profoundly influences
IFN-y-mediated immunity. Type I interferons generated downstream of STING enhance dendritic cell maturation,
antigen presentation, and cross-priming of CD8+ T cells. These processes ultimately promote the activation of NK cells
and Th1 lymphocytes, which become major sources of IFN-y.

Furthermore, increasing evidence indicates that STING activation enhances antitumor immunity by stimulating tumor-
specific cytotoxic T-cell responses and promoting sustained IFN-y production within the tumor microenvironment. For
this reason, synthetic STING agonists are currently being investigated as promising vaccine adjuvants and cancer
immunotherapeutic agents.

Taken together, the cGAS-STING pathway represents a critical molecular bridge linking cytosolic nucleic acid sensing to
the induction of inflammatory cytokines, type I interferons, and downstream IFN-y-mediated cellular immunity>>.
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4.4.1. Integrative Perspective

Although TLRs, dendritic cell activation, NOD-like receptors, and cGAS-STING pathways are often discussed separately,
they function as highly interconnected signaling networks. Activation of these pathways converges on common
transcriptional regulators—including NF-kB, AP-1, STATs, and IRFs—that coordinate the production of IL-6, IL-12, type
I interferons, and ultimately IFN-y. The integrated activity of these signaling cascades determines whether
immunostimulant exposure results in effective immune protection, enhanced vaccine responsiveness, or excessive
inflammatory pathology. Understanding these molecular mechanisms is therefore fundamental for the rational design
of next-generation immunostimulants capable of optimizing IFN-y and IL-6 responses while maintaining immune
homeostasis.

Collectively, immunostimulants activate multiple innate immune sensing pathways that converge on common
transcriptional regulators, including NF-«kB, AP-1, STATSs, and interferon regulatory factors. These signaling networks
coordinate the production of IL-6, IL-12, type I interferons, and IFN-y, thereby linking innate immune recognition to
adaptive immune activation. The integrated mechanisms underlying immunostimulant-mediated regulation of IFN-y
and IL-6 are summarized in Figure 1.
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Figure 1 Molecular mechanisms of immunostimulant-induced regulation of IFN-y and IL-6 and their roles in
inflammation and immunity.

5. Interplay Between IFN-y and IL-6 During Inflammation

The immune response is governed not by the action of individual cytokines in isolation but by a highly interconnected
cytokine network in which multiple signaling molecules interact to determine the magnitude, quality, and duration of
inflammation. Among these cytokines, interferon-gamma (IFN-y) and interleukin-6 (IL-6) represent two pivotal
mediators that coordinate innate and adaptive immune responses. Although traditionally associated with distinct
immunological functions—IFN-y with cellular immunity and IL-6 with inflammation and humoral responses—their
biological activities are closely intertwined. The interaction between IFN-y and IL-6 is highly context-dependent and
may be either synergistic or antagonistic depending on the nature of the stimulus, tissue microenvironment, disease
stage, and duration of cytokine exposureS®é.
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During acute infections and vaccination, IFN-y and IL-6 often cooperate to enhance host defense mechanisms. However,
under conditions of persistent immune activation, dysregulated production of either cytokine can disrupt immune
homeostasis and contribute to chronic inflammation, autoimmune pathology, and tissue injury. Therefore,
understanding the dynamic interplay between IFN-y and IL-6 is essential for elucidating the mechanisms through which
immunostimulants regulate inflammation and immunity.

5.1. Synergistic Interactions Between IFN-y and IL-6

In the early phases of infection, IFN-y and IL-6 frequently act in a complementary manner to promote rapid pathogen
recognition and effective immune activation. Following the detection of pathogen-associated molecular patterns
(PAMPs) by innate immune receptors, activated macrophages and dendritic cells produce IL-6 alongside IL-12, TNF-q,
and other inflammatory mediators. Simultaneously, NK cells and activated T lymphocytes begin secreting IFN-y in
response to IL-12 and IL-18 stimulation.

One of the most important synergistic effects of [FN-y and IL-6 is the enhancement of leukocyte recruitment to sites of
infection. IL-6 induces the production of chemokines and adhesion molecules by endothelial cells, facilitating the
migration of neutrophils, monocytes, and lymphocytes into inflamed tissues. Concurrently, IFN-y activates recruited
macrophages and enhances their antimicrobial functions, ensuring that infiltrating immune cells can effectively
eliminate invading pathogens5e.

The two cytokines also cooperate in optimizing antigen presentation and adaptive immune activation. [FN-y markedly
increases the expression of major histocompatibility complex (MHC) class [ and class II molecules, thereby improving
antigen processing and presentation by macrophages, dendritic cells, and other antigen-presenting cells. Meanwhile,
IL-6 supports the maturation and survival of activated immune cells, creating an environment conducive to efficient T-
cell priming and expansion. Together, these processes enhance communication between innate and adaptive immunity
and promote the generation of pathogen-specific immune responses.

Another important area of synergy involves antimicrobial defense. [FN-y activates macrophages to produce reactive
oxygen species (ROS), reactive nitrogen intermediates (RNI), and antimicrobial enzymes that facilitate intracellular
pathogen killing. At the same time, IL-6 contributes to host protection by stimulating acute-phase protein synthesis,
promoting neutrophil mobilization, and supporting B-cell differentiation and antibody production. Through these
complementary mechanisms, both cytokines contribute to a comprehensive immune response capable of targeting
pathogens through cellular and humoral pathways.

The cooperative activity of IFN-y and IL-6 is particularly evident during acute bacterial and viral infections, where a
coordinated inflammatory response is necessary to contain pathogen replication before extensive tissue damage occurs.
In such settings, transient induction of both cytokines generally correlates with effective immune protection and
favorable clinical outcomes.

5.2. Antagonistic Interactions and Immune Dysregulation

Despite their beneficial roles in acute immunity, prolonged or excessive production of IFN-y and IL-6 can alter their
functional relationship and contribute to immune dysregulation. Under chronic inflammatory conditions, the
interaction between these cytokines often shifts from cooperation to antagonism, reflecting the need to prevent
excessive immune-mediated tissue damage.

Persistent elevation of IL-6 is a hallmark of many chronic inflammatory and autoimmune disorders. Sustained IL-6
signaling, particularly through the trans-signaling pathway, promotes continuous activation of STAT3, resulting in
prolonged inflammatory gene expression and leukocyte recruitment. Chronic IL-6 production favors the differentiation
and expansion of T helper 17 (Th17) cells while simultaneously inhibiting regulatory T-cell (Treg) development. This
imbalance contributes to persistent inflammation and has been implicated in diseases such as rheumatoid arthritis,
inflammatory bowel disease, systemic lupus erythematosus, and psoriasis.

Importantly, excessive IL-6 signaling may interfere with certain IFN-y-mediated immune functions. Activation of the IL-
6/STAT3 axis can suppress STAT1-dependent pathways that are essential for optimal [FN-y signaling. Because STAT1
serves as the principal transcription factor downstream of the IFN-y receptor, excessive STAT3 activity may create a
competitive signaling environment that attenuates IFN-y responsiveness. As a result, chronic IL-6 elevation can reduce
macrophage activation, impair intracellular pathogen clearance, and weaken Th1-mediated cellular immunity.
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Conversely, excessive IFN-y production may also have detrimental consequences. Although IFN-y is indispensable for
antimicrobial defense and tumor surveillance, sustained activation of IFN-y-dependent pathways can promote chronic
tissue inflammation and immunopathology. Persistent macrophage activation leads to prolonged production of reactive
oxygen and nitrogen species, which may damage host tissues in addition to eliminating pathogens. Elevated IFN-y levels
have been associated with granulomatous inflammation, autoimmune disorders, and chronic inflammatory diseases
characterized by excessive cellular immune activation.

Moreover, prolonged IFN-y exposure can amplify antigen presentation and immune cell recruitment to a degree that
perpetuates inflammatory cycles. In autoimmune diseases, enhanced presentation of self-antigens may facilitate
autoreactive T-cell activation and contribute to tissue destruction. Thus, while IFN-y is essential for protective
immunity, its dysregulated expression can transform beneficial inflammation into pathological immune responses.

5.3. The Role of IFN-y and IL-6 Balance in Immune Homeostasis

The biological outcome of inflammation is therefore largely determined by the balance between IFN-y- and IL-6-
mediated signaling pathways. Effective immune responses require sufficient IL-6 production to initiate inflammation
and mobilize immune cells, coupled with adequate IFN-y production to activate cellular defense mechanisms and
eliminate pathogens. However, the persistence of either cytokine beyond the period required for pathogen clearance
may shift the immune response toward pathological inflammation.

From an immunological perspective, IL-6 and IFN-y can be viewed as complementary regulators of distinct yet
interconnected aspects of host defense. IL-6 primarily coordinates the initiation and amplification of inflammatory
responses, promotes acute-phase reactions, and supports humoral immunity. In contrast, IFN-y serves as the principal
driver of cellular immunity, macrophage activation, and intracellular pathogen control. The optimal integration of these
functions ensures efficient pathogen elimination while minimizing collateral tissue damage.

This balance is particularly relevant in the context of immunostimulant administration. Effective immunostimulants
should ideally induce a transient and controlled increase in IL-6 sufficient to activate innate immunity and facilitate
immune cell recruitment, while simultaneously promoting IFN-y production to strengthen cellular immune responses.
Excessive induction of IL-6 may predispose to chronic inflammation and Th17-mediated pathology, whereas excessive
IFN-y production may increase the risk of tissue injury and autoimmune complications.

Recent advances in immunotherapy and vaccine adjuvant development increasingly emphasize the importance of
achieving this cytokine equilibrium. Rather than maximizing cytokine production indiscriminately, next-generation
immunostimulants are being designed to selectively modulate IFN-y and IL-6 signaling pathways to enhance protective
immunity while preserving immune homeostasis.

5.4. Implications for Inmunostimulant-Based Therapies

The dual and context-dependent relationship between IFN-y and IL-6 has significant implications for the design of
immunomodulatory interventions. Therapeutic strategies aimed at enhancing immune responses against infectious
diseases and cancer often seek to promote IFN-y production while maintaining controlled IL-6 expression. Conversely,
interventions targeting chronic inflammatory disorders frequently focus on limiting excessive IL-6 signaling without
completely suppressing protective IFN-y-mediated immunity.

Understanding how immunostimulants influence the balance between these cytokines may facilitate the development
of more precise immunotherapeutic approaches. By selectively engaging specific innate immune pathways, it may be
possible to optimize IFN-y-dependent antimicrobial and antitumor responses while preventing IL-6-driven chronic
inflammation and immune-mediated tissue damage.

In summary, the interaction between IFN-y and IL-6 represents a dynamic regulatory axis that determines the outcome
of inflammatory and immune responses. Their synergistic activities contribute to effective pathogen clearance and
immune activation during acute inflammation, whereas dysregulated or persistent production can lead to chronic
inflammation, autoimmunity, and immunopathology. Consequently, maintaining an appropriate balance between IFN-
Y and IL-6 is a fundamental requirement for achieving effective immunity while preserving tissue integrity and immune
homeostasis.
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6. Therapeutic Applications of Inmunostimulant-Mediated IFN-y and IL-6 Regulation

The ability of immunostimulants to modulate [FN-y and IL-6 production has generated considerable interest in their
therapeutic application across a wide spectrum of diseases. Given the central roles of these cytokines in coordinating
innate and adaptive immunity, controlled manipulation of their expression offers significant opportunities for
enhancing vaccine performance, improving cancer immunotherapy, and strengthening host defenses against infectious
diseases. However, the therapeutic utility of immunostimulants depends not only on their capacity to induce immune
activation but also on their ability to maintain an appropriate balance between protective immunity and excessive
inflammation.

Recent advances in molecular immunology have demonstrated that selective regulation of IFN-y and IL-6 can
substantially influence clinical outcomes. While IFN-y is generally associated with enhanced cellular immunity and
pathogen elimination, IL-6 contributes to immune cell recruitment, acute-phase responses, and immune system
coordination. Together, these cytokines form a critical immunological axis that can be strategically targeted for
therapeutic benefit.

6.1. Vaccine Adjuvants

One of the most successful applications of immunostimulants is their use as vaccine adjuvants. Adjuvants are
compounds incorporated into vaccine formulations to enhance the magnitude, quality, and durability of antigen-specific
immune responses. Their primary function is to activate innate immune pathways that facilitate antigen presentation
and promote the development of long-lasting adaptive immunity.

The induction of a balanced cytokine response characterized by moderate IL-6 production and robust IFN-y secretion
is particularly advantageous for vaccine efficacy. Following vaccination, transient IL-6 production contributes to local
immune activation, recruitment of antigen-presenting cells, and initiation of germinal center reactions. Simultaneously,
IFN-y promotes the differentiation of T helper 1 (Th1) cells, enhances cytotoxic T lymphocyte (CTL) responses, and
supports macrophage activation. These combined effects strengthen both cellular and humoral immunity.

Robust IFN-y production is especially important for vaccines targeting intracellular pathogens such as viruses,
mycobacteria, and intracellular parasites. IFN-y-driven Th1 responses facilitate the activation of macrophages and
cytotoxic T cells, which are essential for eliminating infected host cells and controlling intracellular pathogen
replication. Consequently, many next-generation vaccine platforms aim to preferentially induce IFN-y-associated
immune responses while maintaining controlled inflammatory signaling.

In addition to enhancing primary immune responses, immunostimulants contribute to the establishment of long-term
immunological memory. Activation of dendritic cells and sustained antigen presentation promote the generation of
memory T cells and long-lived plasma cells, thereby extending the duration of vaccine-induced protection. Emerging
adjuvant technologies, including Toll-like receptor agonists, STING agonists, nanoparticle-based delivery systems, and
combination adjuvant formulations, are specifically designed to optimize these processes.

The increasing emphasis on precision adjuvant design reflects a growing recognition that cytokine quality is often more
important than cytokine quantity. Excessive IL-6 production may contribute to local or systemic reactogenicity, whereas
inadequate IFN-y induction may result in suboptimal cellular immunity. Therefore, modern vaccine development seeks
to achieve a carefully regulated cytokine profile that maximizes protective efficacy while minimizing adverse
inflammatory effects.

6.2. Cancer Immunotherapy

Cancer development is frequently associated with immune evasion mechanisms that allow malignant cells to escape
immune surveillance. Consequently, restoring or enhancing antitumor immunity has become a major objective of
contemporary cancer therapy. Among the cytokines involved in antitumor immune responses, IFN-y occupies a
particularly important position because of its multifaceted effects on tumor recognition and elimination.

IFN-y enhances tumor antigen presentation by upregulating major histocompatibility complex (MHC) class I and class
II molecules on both tumor cells and antigen-presenting cells. Increased antigen presentation improves the recognition
of tumor-associated antigens by cytotoxic T lymphocytes, thereby facilitating immune-mediated tumor destruction.
Furthermore, IFN-y stimulates dendritic cell maturation and promotes cross-presentation of tumor antigens,
strengthening adaptive antitumor immunity.
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Another critical function of IFN-y is the activation of cytotoxic effector mechanisms. IFN-y enhances the proliferation,
survival, and cytotoxic activity of CD8+ T cells and natural killer (NK) cells, leading to increased production of perforin,
granzymes, and other molecules involved in tumor cell killing. In addition, IFN-y can directly inhibit tumor growth by
inducing cell cycle arrest, promoting apoptosis, and suppressing tumor angiogenesis>>57.58,

Because of these properties, immunostimulants capable of inducing IFN-y production have emerged as promising
adjuncts to cancer immunotherapy. Particular attention has been directed toward their use in combination with
immune checkpoint inhibitors targeting programmed cell death protein-1 (PD-1), programmed death-ligand 1 (PD-L1),
and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4). While checkpoint inhibitors release inhibitory constraints
on T-cell function, immunostimulants provide the activating signals necessary to generate robust antitumor immune
responses>5960,

Recent studies have demonstrated that activation of innate immune pathways, including TLRs, STING, and NOD-like
receptors, can convert immunologically “cold” tumors characterized by poor immune infiltration into “hot” tumors
enriched with activated T cells and inflammatory mediators. This transformation is often accompanied by increased
IFN-y production within the tumor microenvironment, resulting in enhanced responsiveness to checkpoint blockade
therapies.

Nevertheless, excessive or prolonged IFN-y signaling may also contribute to immune exhaustion and adaptive resistance
mechanisms, including increased expression of PD-L1 by tumor cells. Therefore, optimizing the timing, intensity, and
duration of IFN-y induction remains a critical challenge in cancer immunotherapy.

6.3. Infectious Diseases

The therapeutic potential of immunostimulants is particularly evident in the prevention and treatment of infectious
diseases. Effective host defense against pathogens requires coordinated activation of innate and adaptive immune
mechanisms, processes in which IFN-y and IL-6 play central regulatory roles.

Controlled induction of IFN-y significantly enhances resistance against viral infections by promoting antiviral immunity
and facilitating the elimination of infected cells. IFN-y increases antigen presentation, stimulates NK-cell activity, and
enhances the cytotoxic function of CD8+ T lymphocytes. These mechanisms are crucial for controlling viral replication
and preventing the establishment of persistent infections.

In bacterial infections, especially those caused by intracellular pathogens such as Mycobacterium tuberculosis, Listeria
monocytogenes, Salmonella spp., and Brucella spp., IFN-y-mediated macrophage activation is indispensable for pathogen
clearance®!. Activated macrophages exhibit increased production of reactive oxygen species, nitric oxide, and lysosomal
enzymes that collectively enhance intracellular killing. Consequently, immunostimulants capable of promoting IFN-y
production are increasingly being investigated as adjunctive therapies for chronic and difficult-to-treat bacterial
infections.

Similarly, IFN-y contributes to host defense against several fungal pathogens, including Candida, Histoplasma,
Cryptococcus, and Aspergillus species. Enhanced cellular immunity improves fungal clearance and reduces susceptibility
to invasive fungal disease, particularly in immunocompromised individuals®é2.

IL-6 also plays a critical role during infectious diseases. As one of the earliest cytokines produced following pathogen
recognition, IL-6 contributes to acute-phase responses, leukocyte recruitment, fever induction, and activation of
adaptive immunity. Moderate IL-6 production is essential for coordinating early inflammatory responses and
facilitating communication between innate and adaptive immune compartments. Moreover, IL-6 supports B-cell
differentiation and antibody production, thereby strengthening humoral immunity against extracellular pathogens.

The therapeutic challenge lies in achieving an optimal balance between beneficial immune activation and excessive
inflammation. While controlled induction of IFN-y and IL-6 enhances pathogen clearance, uncontrolled cytokine
production can result in severe immunopathology. Excessive release of inflammatory cytokines may contribute to
cytokine storm syndromes characterized by systemic inflammation, vascular leakage, multiorgan dysfunction, and
tissue injury. Such dysregulated responses have been implicated in severe viral infections, sepsis, and
hyperinflammatory syndromes.

Consequently, modern immunostimulatory approaches increasingly emphasize precision immune modulation rather
than indiscriminate immune activation. The goal is to enhance protective IFN-y- and IL-6-mediated responses
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sufficiently to improve pathogen clearance while avoiding the excessive cytokine production that can lead to tissue
damage and adverse clinical outcomes.

6.4. Translational Perspectives and Future Clinical Potential

The expanding understanding of IFN-y and IL-6 biology has transformed immunostimulants from simple immune
enhancers into sophisticated tools for precision immunomodulation. In vaccine development, cancer immunotherapy,
and infectious disease management, the therapeutic success of immunostimulants increasingly depends on their ability
to selectively regulate cytokine networks rather than merely amplify immune responses.

Future therapeutic strategies are expected to integrate advances in systems immunology, synthetic biology, and
nanotechnology to achieve more precise control of IFN-y and IL-6 signaling. Personalized immunostimulant
formulations tailored to specific disease contexts may further improve efficacy while minimizing the risk of
inflammatory toxicity. Such approaches will be particularly important in balancing the beneficial antimicrobial and
antitumor effects of IFN-y with the inflammatory and regenerative functions of IL-6.

Overall, the therapeutic modulation of IFN-y and IL-6 represents a promising avenue for next-generation
immunotherapy. By harnessing the protective functions of these cytokines while limiting their pathological
consequences, immunostimulants have the potential to significantly improve outcomes across a broad range of
infectious, inflammatory, and neoplastic diseases.

7. Future Perspectives

The rapid advancement of immunology, molecular biotechnology, and systems biology has transformed the
understanding of immunostimulants from simple immune-enhancing agents into highly sophisticated tools capable of
precisely shaping immune responses. While traditional immunostimulatory approaches primarily focused on
maximizing immune activation, contemporary research increasingly emphasizes the importance of achieving controlled
and context-specific immune modulation. This shift reflects a growing recognition that excessive cytokine production
can be as detrimental as insufficient immune activation. Consequently, future immunostimulatory strategies are
expected to move beyond broad immune stimulation toward the precise regulation of cytokine networks, particularly
those involving I[FN-y and IL-6.

As discussed throughout this review, IFN-y and IL-6 represent central mediators that coordinate innate and adaptive
immunity, influence inflammatory outcomes, and determine the balance between protective immunity and
immunopathology. Emerging evidence suggests that the therapeutic success of next-generation immunostimulants will
depend largely on their ability to induce optimal cytokine profiles tailored to specific diseases, host characteristics, and
therapeutic objectives.

7.1. Precision Cytokine Modulation

One of the most promising directions in immunostimulant research is the development of strategies capable of precisely
regulating cytokine production rather than indiscriminately amplifying immune responses. Conventional
immunostimulants often induce broad activation of multiple inflammatory pathways, which may result in excessive
cytokine release and undesirable adverse effects. Future approaches will likely focus on fine-tuning cytokine expression
patterns to achieve a more favorable balance between efficacy and safety.

In this context, IFN-y and IL-6 represent attractive targets for precision modulation. For infectious diseases and cancer
immunotherapy, immunostimulants may be designed to selectively enhance IFN-y production to strengthen cellular
immunity while limiting excessive IL-6-mediated inflammation. Conversely, in situations where tissue repair and
humoral immunity are required, controlled IL-6 induction may be advantageous without provoking pathological
inflammatory responses.

Advances in systems immunology, transcriptomics, proteomics, and single-cell sequencing technologies are
increasingly enabling the identification of cytokine signatures associated with protective immunity. These insights
provide opportunities to develop immunostimulants capable of generating disease-specific cytokine profiles that
maximize therapeutic benefit while minimizing immunopathology.
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7.2. Selective Activation of Beneficial Signaling Pathways

Future immunostimulants are expected to exploit a deeper understanding of innate immune signaling pathways to
selectively activate protective mechanisms while avoiding pathways associated with excessive inflammation. Rather
than triggering broad activation of immune cells, next-generation immunostimulants may target specific pattern
recognition receptors (PRRs) or intracellular signaling molecules that preferentially induce beneficial cytokine
responses.

For example, selective engagement of TLR3, TLR7, TLR9, or STING pathways may promote antiviral and antitumor
immunity characterized by robust I[FN-y production and enhanced cytotoxic T-cell activation. In contrast, excessive
activation of pathways strongly associated with chronic inflammatory cytokine production may be avoided to reduce
the risk of adverse inflammatory reactions.

The increasing availability of synthetic agonists, receptor-specific ligands, and engineered molecular scaffolds provides
unprecedented opportunities to manipulate immune signaling with high specificity. Such targeted approaches may
allow researchers to generate tailored immune responses appropriate for distinct clinical applications, including
vaccination, immunotherapy, and infectious disease control.

7.3. Nanoparticle-Based Delivery Systems

Nanotechnology has emerged as one of the most transformative innovations in modern immunotherapy and vaccine
development. Nanoparticle-based delivery systems offer several advantages over conventional immunostimulant
formulations, including enhanced stability, controlled release, improved biodistribution, and targeted delivery to
specific immune cell populations.

Nanoparticles can be engineered to co-deliver antigens and immunostimulatory molecules directly to dendritic cells
and other antigen-presenting cells, thereby maximizing immune activation while reducing systemic toxicity. This
targeted approach allows lower doses of immunostimulants to achieve potent immunological effects, minimizing the
risk of excessive cytokine production and inflammatory complications.

Furthermore, nanoparticle platforms can be designed to control the temporal and spatial release of immunostimulants,
enabling precise regulation of IFN-y and IL-6 induction. Such technologies may facilitate the development of vaccine
adjuvants and immunotherapies that generate robust protective immunity while maintaining immune homeostasis.

Recent advances in lipid nanoparticles, polymeric nanoparticles, virus-like particles, and biomimetic nanocarriers have
demonstrated considerable potential for enhancing antigen presentation, T-cell activation, and long-term immune
memory formation. These innovations are expected to play an increasingly important role in the future design of
immunostimulatory interventions.

7.4. Combination Immunotherapy

Another important future direction involves the integration of immunostimulants into combination therapeutic
strategies. The complexity of immune regulation often limits the effectiveness of single-agent interventions, particularly
in chronic infections and cancer. Combining immunostimulants with other immunomodulatory agents may therefore
provide synergistic benefits and improve therapeutic outcomes.

In oncology, immunostimulants that induce IFN-y production are increasingly being evaluated in combination with
immune checkpoint inhibitors targeting PD-1, PD-L1, and CTLA-4. Such combinations have the potential to
simultaneously enhance immune activation and overcome mechanisms of tumor-induced immune suppression. Similar
strategies may be applied to chronic infectious diseases, where immunostimulants can complement antimicrobial
therapies by strengthening host immune defenses.

Combination approaches may also involve the simultaneous targeting of multiple innate immune pathways. For
example, dual activation of TLR and STING signaling could enhance dendritic cell maturation, antigen presentation, and
T-cell priming more effectively than activation of either pathway alone. Future studies will likely focus on identifying
optimal combinations capable of generating balanced IFN-y and IL-6 responses while minimizing inflammatory toxicity.

7.5. Species-Specific Veterinary Immunostimulants

Although substantial progress has been achieved in human immunotherapy, the development of veterinary
immunostimulants remains comparatively underexplored. Species-specific differences in immune system architecture,
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receptor expression, cytokine signaling, and pathogen susceptibility necessitate tailored immunomodulatory
approaches for veterinary applications.

Future research should prioritize the identification of immunostimulants specifically optimized for livestock,
companion animals, and wildlife species. Such interventions may improve vaccine efficacy, reduce disease burden, and
decrease reliance on antimicrobial drugs in animal populations. In veterinary medicine, precise regulation of IFN-y and
IL-6 is particularly relevant because these cytokines play crucial roles in resistance to economically important infectious
diseases, including viral, bacterial, and parasitic infections.

Advances in comparative immunology are expected to facilitate the development of species-adapted immunostimulants
capable of enhancing protective immunity without compromising animal welfare or productivity. This area represents
a particularly promising avenue for improving disease prevention strategies in both agricultural and companion animal
settings.

7.6. Artificial Intelligence-Assisted Adjuvant Discovery

Artificial intelligence (AI) and machine learning technologies are increasingly transforming biomedical research,
including the discovery and optimization of immunostimulants and vaccine adjuvants. Traditional adjuvant
development relies heavily on empirical screening approaches that are often time-consuming, expensive, and
inefficient. Al-driven methodologies offer the potential to accelerate this process by predicting molecular interactions,
identifying novel immunostimulatory compounds, and optimizing formulation designs.

Machine learning algorithms can analyze large-scale datasets derived from genomics, transcriptomics, proteomics, and
immunological studies to identify patterns associated with favorable cytokine responses. These tools may facilitate the
prediction of immunostimulants capable of selectively inducing IFN-y, modulating IL-6 production, or generating
specific immune phenotypes required for disease protection.

Moreover, Al-based models can assist in predicting adverse inflammatory responses and optimizing the balance
between efficacy and safety. By integrating biological, chemical, and clinical data, Al-driven approaches may
substantially shorten the timeline required for the development of next-generation immunostimulatory agents and
vaccine adjuvants.

7.7. Toward Personalized and Precision Immunostimulation

Perhaps the most transformative future direction is the emergence of personalized immunostimulation. Increasing
evidence indicates that immune responses vary considerably among individuals due to differences in genetics, age,
microbiome composition, environmental exposure, nutritional status, and underlying health conditions. Consequently,
a universal immunostimulatory approach may not be optimal for all patients or disease contexts.

Future precision immunostimulants may be designed based on individual immunological profiles, allowing cytokine
responses to be tailored according to specific therapeutic needs. Such personalized approaches could optimize IFN-y-
mediated cellular immunity in individuals requiring enhanced pathogen or tumor control while limiting excessive IL-6-
driven inflammation in those at risk of inflammatory complications.

The integration of biomarker-guided treatment strategies, systems immunology, and Al-assisted predictive modeling
may ultimately enable highly individualized immunomodulatory interventions capable of maximizing therapeutic
efficacy while preserving immune homeostasis.

8. Conclusion of Future Perspectives

Collectively, emerging advances in immunology, nanotechnology, computational biology, and precision medicine are
redefining the future of immunostimulant development. Future immunostimulatory strategies will likely focus on
precise regulation of cytokine networks, selective activation of beneficial immune pathways, targeted delivery systems,
combination therapies, species-specific veterinary applications, and Al-assisted discovery platforms. Central to these
developments is the recognition that optimal modulation of IFN-y and IL-6 responses represents a critical determinant
of therapeutic success.

As our understanding of cytokine biology continues to evolve, the ability to tailor IFN-y and IL-6 production according
to specific clinical objectives may significantly improve vaccine efficacy, enhance cancer immunotherapy, strengthen

resistance to infectious diseases, and reduce the risk of adverse inflammatory reactions. Consequently, precision
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immunostimulation is poised to become a cornerstone of next-generation immunotherapeutic and vaccine strategies in
both human and veterinary medicine.
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