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TÜRKÇE ÖZET ve ANAHTAR KELİMELER 
 

 

Aydın, E (2025). Maximin S1’in Memeli Makrofajları Üzerindeki 

İmmünomodülatör Etkilerinin İncelenmesi. Yüksek Lisans Tezi, Biruni Üniversitesi 

Lisansüstü Eğitim Enstitüsü. 

 

Bu çalışma, antimikrobiyal bir peptit olan Maximin S1’in memeli makrofajlarında 

gösterdiği immünomodülatör etkileri araştırmak amacıyla gerçekleştirilmiştir. 

Özellikle lipopolisakkarit (LPS) ile birlikte uygulandığında, Maximin S1’in pro-

inflamatuar sitokin üretimini anlamlı ölçüde artırdığı gösterilmiştir. Yapılan ELISA 

analizlerinde, Maximin S1’in GM-CSF ve IL-12p40 sitokin düzeylerini istatistiksel 

olarak anlamlı şekilde yükselttiği, TNF-α ve IL-6 üretimini ise artan bir eğilimle 

desteklediği gözlemlenmiştir. Hücre canlılığı analizleri, bu etkilerin sitotoksisiteye 

bağlı olmadığını, doğrudan bağışıklık sistemi üzerindeki düzenleyici aktiviteden 

kaynaklandığını ortaya koymuştur. Moleküler düzeyde yapılan akış sitometrisi 

analizleri, Maximin S1’in PI3K sinyal yolunu belirgin şekilde aktive ettiğini, buna 

karşın NF-κB sinyal yoluna anlamlı bir etkide bulunmadığını göstermiştir. Bu 

durum, Maximin S1’in bağışıklık sistemini PI3K-bağımlı ve NF-κB-bağımsız bir 

mekanizma aracılığıyla aktive ettiğini göstermektedir. Ayrıca, Maximin S1’in LPS 

olmadan da PI3K aktivitesini artırabilmesi, onun immün hücreleri “önceden 

hazırlayan” (priming) bir etkisi olabileceğini düşündürmektedir. Sonuç olarak, 

Maximin S1 seçici ve güçlü bir immünostimülatör profil sergilemektedir. Bu 

özellikleriyle, kontrollü bağışıklık aktivasyonu gerektiren aşı adjuvanları ya da 

immünoterapötik stratejilerde kullanılabilecek potansiyel bir aday olarak 

değerlendirilmektedir. 

 

Anahtar kelimeler: Aşı Adjuvanı; Immünomodülasyon; Makrofajlar; Maximin S1; 

NF-κB; PI3K; Sitokinler.



 

 

 

 

 

ENGLISH ABSTRACT and KEYWORDS 

Aydin, E (2025). Investigation of Immunomodulatory Effects of Maximin S1 on 

Mammalian Macrophages. Master Thesis, Biruni University Graduate Education 

Institute, Istanbul. 

 

It provides compelling evidence that Maximin S1 possesses strong pro-inflammatory 

immunomodulatory activity in mammalian macrophages, particularly when co-

administered with lipopolysaccharide (LPS). Maximin S1 significantly enhanced the 

production of key pro-inflammatory cytokines—namely GM-CSF, IL-12p40, TNF-α, 

and IL-6—following LPS stimulation. Maximin S1’s potent capacity to amplify 

immune activation was seen. These effects occurred without cytotoxicity, confirming 

that the immunomodulatory actions were not due to cellular stress or damage. 

Mechanistic analyses revealed that Maximin S1 selectively activated the PI3K 

signaling pathway, while having negligible impact on NF-κB activation. Flow 

cytometry results showed a notable increase in PI3K-positive cell populations in 

Maximin + LPS-treated macrophages, whereas NF-κB-positive cell percentages 

remained unchanged across treatment conditions. It suggests that Maximin’s 

immunostimulatory effects are mediated specifically through PI3K-dependent 

intracellular signaling, independent of the canonical NF-κB pathway. Importantly, 

Maximin S1 alone also moderately increased PI3K activity, suggesting a potential 

priming effect on immune cells even in the absence of LPS. The specificity of action 

through PI3K, without engaging NF-κB, indicates a novel immunological mechanism 

that may be exploited in adjuvant development or in immunotherapies that require 

heightened but controlled immune activation. So, Maximin S1 demonstrates a 

promising immunomodulatory profile, making it a candidate for further exploration as 

an adjuvant in vaccine formulations or as an immune potentiator in therapies targeting 

infectious diseases, cancer, or immune dysfunction. 

 

Key words: Cytokines; Immune Activation; Immunomodulation; Macrophages; 

Maximin S1; NF-κB; PI3K; Vaccine Adjuvant 
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1. INTRODUCTION and PURPOSE 

 

Macrophages play crucial functions in the immune system, functioning as essential 

components of both innate and adaptive immunity. A distinctive property of 

macrophages is their capacity to polarize into diverse phenotypes in response to 

various environmental stimuli. The primary categories of macrophage polarization are 

M1 and M2. M1 macrophages are typically active and linked to pro-inflammatory 

responses, whereas M2 macrophages are alternatively activated, facilitating anti-

inflammatory responses and tissue healing (Zhao et al., 2021; Miao et al., 2017; Lv et 

al., 2022).  They also affect other physiological processes beyond inflammation, 

including tissue remodeling, metabolism, and hematopoiesis. Their plasticity enables 

adaptation to various signaling contexts, which may impact disorders like cancer, 

where tumor-associated macrophages frequently assume an M2-like phenotype, 

promoting tumor growth (Miao et al., 2017; Ford et al., 2012). In contrast, M1 

macrophages play a crucial role in anti-tumor immunity, indicating a potential 

therapeutic avenue for altering macrophage morphologies in cancer therapy (Robbe et 

al., 2015). Consequently, altering macrophage functions using pharmacological agents 

may provide novel therapeutic strategies for the treatment of immune-mediated 

disorders.  

Maximin S1, the subject of the experiment, is an antimicrobial peptide derived 

from the skin secretions of the Chinese red-bellied frog (Bombina maxima). (Lai et al., 

2002) This 14-amino acid peptide is effective against germs and is a crucial component 

of the immune system (Wang et al., 2005). Nonetheless, the immunomodulatory 

effects of Maximin S1 on macrophages have not been thoroughly examined. 

Antimicrobial peptides are widely recognized for their ability to alter macrophage 

activation and activities. Strive to create innovative therapeutic strategies by 

investigating the potential impacts of Maximin S1 on macrophage differentiation, 

activation, and functionality.  This research posits that immunomodulatory 

medications can substantially modify macrophage activities, hence influencing their 

ability to respond effectively to infections, tumor cells, and inflammatory stimuli. 

Research by Mantovani et al. (2002) and Gordon and Taylor (2005) has shown that 

macrophages possess significant phenotypic plasticity, enabling them to specialize in 
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reaction to environmental cues. This distinction is essential, especially in the resolution 

of inflammatory processes and the mechanisms of tissue healing. Nonetheless, it has 

been underscored that disruptions in the regulatory mechanisms overseeing these 

phenotypic changes may have a role in the development of pathological disorders, 

including chronic inflammation and autoimmune illnesses (Mantovani et al., 2002; 

Gordon & Taylor, 2005). The scientific foundation of the study is to comprehend the 

effects of Maximin S1 on the immune system and its regulation of macrophage 

function. This study will specifically investigate signaling pathways, including NF-

κB, STAT, and PI3K/Akt, that govern the activation and polarization of macrophages. 

The nodes in these pathways that are targetable may present prospects for the creation 

of disease-specific therapeutics. 

The main aim of this project is to comprehensively examine the genetic and 

phenotypic impacts of the antimicrobial peptide Maximin S1 on macrophage cell lines, 

with the intent of clarifying how this peptide influences macrophage behavior and its 

immunomodulatory capacity within the immune system. Macrophages are essential 

immune cells, significantly involved in pathogen response, inflammation regulation, 

and tissue repair mechanisms. Excessive or dysregulated macrophage activity can 

significantly contribute to the etiology of numerous diseases, including chronic 

inflammation, autoimmune disorders, and cancer. This study will specifically 

investigate the effects of Maximin S1 on macrophage activation, differentiation, and 

polarization. Special emphasis will be placed on comprehending the regulation of 

transitions between the pro-inflammatory (M1) and anti-inflammatory (M2) 

macrophage phenotypes. The study also aims to assess gene expression profiles by 

molecular techniques, including DNA and RNA isolation, to examine alterations in 

critical signaling pathways, such as NF-κB, STAT, and PI3K/Akt, which govern 

macrophage activation and polarization. These analyses will elucidate the molecular 

processes by which Maximin S1 influences macrophages, thereby establishing a basis 

for assessing the therapeutic potential of this peptide in immune-related disorders. 

This research constitutes a preliminary step in elucidating the essential function of 

the immune system in illness management and the influence of Maximin S1 on 

macrophages. The acquired data may enable the formulation of innovative treatment 

approaches for addressing immune-mediated illnesses, chronic inflammation, 

autoimmune diseases, and cancer. This study seeks to improve our comprehension of 
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immune system dynamics and the immunomodulatory properties of antimicrobial 

peptides. 
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2. GENERAL INFORMATION 

 
2.1.  Macrophages and Immune System 

  
Macrophages are substantial phagocytic cells originating from monocytes, a 

category of leukocytes. They are strategically located in many tissues throughout the 

body and are essential for both innate and adaptive immunity. Macrophages act as the 

initial defense against infections by identifying and phagocytizing pathogens, necrotic 

cells, and foreign substances, while also playing a role in the modulation of immune 

responses (Chen & Zhang, 2017; Yin et al., 2017). Macrophages demonstrate 

significant flexibility, enabling them to assume several functional phenotypes in 

reaction to environmental cues. They can be categorized principally into two 

categories according to their activation states: 

 

2.1.1. M1 Macrophages (Classically Activated Macrophages)  

Macrophages are activated by pro-inflammatory cytokines, including interferon-

gamma (IFN-γ), and microbial products such as lipopolysaccharides (LPS). M1 

macrophages are distinguished by their secretion of pro-inflammatory cytokines, 

including IL-1β and TNF-α, and are mostly engaged in fighting infections and 

triggering inflammatory responses (Stout & Suttles, 2005; Moghaddam et al., 2018). 

Their function in phagocytosis aids in the elimination of pathogens and necrotic tissue 

while concurrently enhancing immunological activation (Moghaddam et al., 2018). 

 

2.1.2. M2 Macrophages (Alternatively Activated Macrophages) 

M2 macrophages develop in response to anti-inflammatory signals, including IL-4 

and IL-13. They are essential in tissue repair, remodeling, and inflammation 

resolution by secreting anti-inflammatory cytokines such as IL-10 and TGF-β (Shen 

et al., 2022; Peña‐Martínez et al., 2021). M2 macrophages are crucial for proper 

wound healing and can enhance angiogenesis, hence aiding tissue regeneration 

(Safari et al., 2021). 
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M2 macrophages are predominant in tissue repair, remodeling, and chronic 

inflammation, releasing anti-inflammatory and growth factors crucial for 

resolving inflammation and facilitating tissue regeneration. Disturbance of this 

fragile equilibrium may result in prolonged inflammation, compromised tissue 

repair, or advancement of chronic illnesses, underscoring the significance of 

meticulously regulated macrophage polarization as a therapeutic objective 

(Moghaddam et al., 2018). Macrophages execute numerous biological roles 

essential for the immune response and the preservation of tissue homeostasis. 

Macrophages primarily function by engulfing and digesting microorganisms, 

cellular debris, and apoptotic cells via phagocytosis (Li et al., 2023; Yang et al., 

2023). The process commences when macrophages identify pathogens through 

surface receptors, including pattern recognition receptors (PRRs) like Toll-like 

receptors (TLRs) (Sinha, 2022). Upon activation, macrophages release several 

cytokines that coordinate immunological responses. These cytokines not only 

facilitate the inflammatory response but also affect the activity of other immune 

cells, including T cells and neutrophils (Stout & Suttles, 2005; Moghaddam et 

al., 2018). The release of cytokines such as IL-1, IL-6, and IL-12 by M1 

macrophages is crucial for enhancing inflammation and attracting more 

immune cells to areas of infection (Stout & Suttles, 2005). Macrophages are 

essential in connecting the innate and adaptive immune systems by processing 

and presenting antigens to T cells through major histocompatibility complex 

(MHC) molecules (Li et al., 2023; DeRosa & Leftin, 2021). This procedure 

augments the adaptive immune response and facilitates the formation of 

immunological memory. In addition to their functions in inflammation and 

immunological defense, macrophages play a crucial part in tissue repair and 

regeneration. They facilitate the removal of necrotic cells and detritus, release 

growth factors, and promote tissue regeneration. Raggatt et al. emphasized their 

importance to fracture healing, noting that macrophage activity is crucial for 

the beginning and advancement of ossification during bone regeneration 

(Raggatt et al., 2014). Moreover, macrophages can govern immunological 

responses via their secretions, engaging with diverse cell populations and 

modifying their activity. The equilibrium between M1 and M2 macrophages is 

essential for facilitating proper immune responses and averting chronic 

inflammation and autoimmunity (Stout & Suttles, 2005; Moghaddam et al., 



6 

 

 

 

 

2018).  

 Macrophages are crucial in adaptive immunological responses, 

especially through their interactions with T cells and B cells. Macrophages play 

a crucial role in activating CD4+ and CD8+ T cells by secreting cytokines that 

facilitate their development into specific subsets, including Th1, Th2, and Th17 

cells. M1 macrophages secrete IL-12, an essential cytokine that facilitates the 

development of naïve T cells into Th1 cells, hence augmenting cell-mediated 

immunity. This process is crucial in addressing viral infections and intracellular 

pathogens (Zhang et al., 2019; Ortiz et al., 2015). Moreover, macrophages 

exhibit regulatory roles in adaptive immune responses. They engage directly 

with T cells via costimulatory and inhibitory molecules, including CD40-

CD40L, thereby influencing T cell activation and proliferation. This 

relationship is crucial for sustaining immunological homeostasis and averting 

autoimmunity by facilitating self-tolerance (Yu et al., 2018). They also play a 

crucial role in immunological memory. Subsequent to an adaptive immune 

response, they maintain a reservoir of memory T cells, facilitating swift and 

effective immune responses upon re-exposure to previously encountered 

pathogens. The active interplay between macrophages and memory T cells 

enables a rapid response and efficient defense (Xie et al., 2019). Additionally, 

macrophages affect B cell activation and differentiation, facilitating class 

switching and affinity development in humoral immune responses. 

Macrophages facilitate efficient and controlled B cell responses through 

cytokine release and antigen presentation, hence enhancing the efficacy and 

specificity of antibody-mediated immunity (Yu et al., 2018; Lin et al., 2022). 

The various and essential roles of macrophages highlight their multifunctional 

capacity within adaptive immunity, emphasizing their significance in immune 

regulation, memory, and effector responses. Comprehending these pathways 

offers critical insights for formulating treatment methods aimed at modulating 

macrophage activities in diverse immune-related illnesses. 

 Macrophages play a crucial part in chronic inflammation, which is 

marked by extended inflammatory reactions that do not resolve, frequently 

resulting in tissue damage and the advancement of numerous chronic illnesses. 

In chronic inflammatory situations, macrophages frequently assume a pro-
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inflammatory M1 phenotype, leading to the release of cytokines such as TNF-

α and IL-1β (Jha & Moore, 2021). This continuous activation results in the 

enlistment of supplementary immune cells, sustaining the inflammatory cycle. 

Jha and Moore established that certain collagen-derived peptides can influence 

macrophage polarization, directing the immune response towards regeneration 

instead of chronic inflammation (Jha & Moore, 2021). Extended macrophage 

activation leads to the persistent secretion of inflammatory mediators that 

exacerbate tissue injury. TGF-β1 is significant in directing macrophages to a 

phenotype that worsens chronic inflammation, as demonstrated by Lei et al., 

who found that TGF-β1 increases PD-1 expression, facilitating immunological 

exhaustion in chronic inflammatory microenvironments (Lei et al., 2024). The 

failure of macrophages to effectively shift from an inflammatory to a reparative 

phenotype may result in clinical diseases, including fibrosis and organ 

dysfunction. Macrophages facilitate the development of fibrotic tissue by 

continuously synthesizing extracellular matrix components and pro-fibrotic 

cytokines, potentially impairing organ function over time (Chung et al., 2020). 

In autoimmune disorders, when the immune system erroneously targets healthy 

tissues, macrophages play essential roles in both facilitating and modulating 

inflammation. The distinction between M1 and M2 macrophages is especially 

pertinent in autoimmune disorders. Chronic inflammation in conditions like 

rheumatoid arthritis can be exacerbated by an overabundance of M1 

macrophages, which intensify joint inflammation and damage. M2 

macrophages, conversely, facilitate healing and tissue regeneration (Kuo et al., 

2019). Shibaguchi et al. elucidated that macrophages polarized to the M1 

phenotype may aggravate autoimmune disorders by cytokine secretion and 

direct interactions with other immune cells (Jha & Moore, 2021). Macrophages 

can initiate autoimmunity by functioning as antigen-presenting cells that 

stimulate autoreactive T cells. Furthermore, they secrete inflammatory 

cytokines that enhance the survival and proliferation of these T cells, 

establishing a feedback loop that sustains the autoimmune response (London et 

al., 2013). Comprehending the pathways via which macrophages facilitate 

autoimmune responses has prompted the investigation of targeting these cells 

in therapeutic techniques. Modulating macrophage activities using biological 

agents or small chemicals is a viable strategy for the more effective 
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management of autoimmune illnesses (Brady & Thamm, 2023). In the realm of 

cancer, macrophages demonstrate a multifaceted role that can either inhibit or 

facilitate tumor advancement. In numerous malignancies, macrophages 

develop into tumor-associated macrophages (TAMs), frequently assuming an 

M2-like phenotype that facilitates tumor proliferation and immune evasion. 

Tumor-associated macrophages (TAMs) release many growth factors and 

immunosuppressive cytokines that promote tumor proliferation, angiogenesis, 

and metastasis (Sós et al., 2022; Zhou et al., 2018). Research has demonstrated 

that tumor-associated macrophages (TAMs) might foster a pro-tumor milieu 

via their interactions with tumor cells, hence facilitating progressive 

malignancies (Chung et al., 2020). Chronic inflammation, driven by 

macrophages, is becoming acknowledged as a pivotal role in cancer 

progression. Chronic exposure to inflammatory stimuli can induce genetic 

changes in adjacent cells, creating an environment favorable for neoplastic 

transformation (Stewart et al., 2024). Due to their multiple functions, targeting 

tumor-associated macrophages (TAMs) is a viable therapeutic approach in 

cancer treatment. Strategies seek to reprogram macrophages from a pro-tumor 

phenotype to an anti-tumor phenotype or to eliminate them from the tumor 

microenvironment altogether (Sós et al., 2022; Wang et al., 2021). Recent 

research suggests that therapeutic strategies aimed at altering TAM polarization 

may augment the effectiveness of current cancer therapies, hence enhancing 

patient outcomes (Lei et al., 2024). 

 

2.2  Antimicrobial Peptides and Their Immunomodulatory Potential 

      Antimicrobial peptides (AMPs) generally consist of 12 to 50 amino acids 

and have a net positive charge owing to a high concentration of basic residues 

like lysine and arginine, enhancing their interaction with negatively charged 

microbial membranes. Antimicrobial peptides (AMPs) can be categorized into 

several types, including cationic peptides, which are further subdivided into 

subclasses such as linear peptides that adopt helical conformations, cysteine-

rich peptides featuring disulfide bonds, and peptides abundant in specific 

amino acids like proline or tryptophan, as well as non-cationic peptides that 

operate through different mechanisms (Dziuba & Dziuba, 2014). The structural 
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variety and classification of antimicrobial peptides are comprehensively 

depicted in (Fig.1) (Zhang & Gallo, 2016).  

 

 

 

Figure 2.2.1 Biological function of antimicrobial peptides. AMPs exhibit 

diverse biological functions, including direct antimicrobial activity through disruption 

of microbial membranes, modulation of immune cell activities (e.g., macrophage 

activation and polarization), enhancement of wound healing, and influence on 

inflammatory processes. These multifaceted roles position AMPs as potential 

therapeutic candidates for infections, chronic inflammatory conditions, autoimmune 

diseases, and cancer. 

 

The efficacy of AMPs principally resides in their capacity to break 

microbial membranes, resulting in cell lysis and mortality. Antimicrobial 

peptides (AMPs) engage with and disrupt the membranes of bacteria, fungi, and 

viruses, resulting in compromised membrane integrity and eventual cell death. 

Research demonstrates that the cationic antimicrobial peptide LL-37 

compromises bacterial membranes, hence improving bacterial elimination 

during infections (Kim et al., 2016). Moreover, AMPs can regulate cellular 

pathways associated with immune responses by interacting with immune cells 

like macrophages, therefore affecting cytokine release and polarization states 

(Mohanty et al., 2021; Capparelli et al., 2012). The immunomodulatory 
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capability of AMPs enables them to either amplify or inhibit inflammatory 

responses based on the setting. In addition to their antibacterial function, AMPs 

exhibit significant immunomodulatory effects. Peptides such as LL-37 are 

essential in regulating inflammation by promoting anti-inflammatory cytokines 

and inhibiting pro-inflammatory responses (Mohanty et al., 2021). This dual 

functionality places AMPs as prospective therapeutic agents for the treatment 

of inflammatory disorders, such as psoriasis and rheumatoid arthritis. 

Moreover, AMPs play a crucial role in wound healing and tissue repair by 

facilitating cell migration, proliferation, and the production of new tissue. LL-

37 specifically promotes keratinocyte proliferation and migration, which are 

essential for skin regeneration after injury (Kim et al., 2016). 

Antimicrobial peptides significantly influence immune cell functions by 

augmenting the ability of neutrophils, macrophages, and dendritic cells to 

combat infections and regulate their activities. Antimicrobial peptides promote 

the resolution of inflammation by facilitating the change of macrophages from 

pro-inflammatory (M1) to anti-inflammatory (M2) phenotypes, hence assisting 

tissue healing (Mohanty et al., 2021; Capparelli et al., 2012). Their importance 

is further emphasized in disease scenarios like as diabetes, where the expression 

of antimicrobial peptides like LL-37 is frequently modified. Studies 

demonstrate that hypoxia-inducible factors can enhance LL-37 expression in 

diabetic individuals, highlighting its essential function in antimicrobial defense 

(Mohanty et al., 2021). Due of their medicinal potential, much research is being 

conducted to create synthetic antimicrobial peptides or improve the 

effectiveness of existing peptides by structural alterations. The objective is to 

create peptides that function as antimicrobial medicines while minimizing 

toxicity to human cells (Ptaszyńska et al., 2019). Research on synthetic 

modifications encompasses the creation of innovative hybrid compounds based 

on natural antimicrobial peptides, designed to improve antimicrobial 

effectiveness while reducing hemolytic effects (Wei et al., 2016; Berkowitz et 

al., 2019). Antimicrobial peptides (AMPs) offer a promising approach for novel 

antimicrobial therapies, especially in light of increasing antibiotic resistance in 

pathogens. Their broad-spectrum efficacy and immunomodulatory properties 

may effectively target illnesses that are difficult to treat with traditional 
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antibiotics (Lira et al., 2013). Numerous AMPs are presently under clinical 

trials, underscoring their potential for addressing infections, especially in 

immunocompromised individuals or chronic illnesses unresponsive to 

conventional therapy (Wang et al., 2015; Rodina et al., 2013). 

 

2.2.1 Antimicrobial Peptides: Magainins, Dermaseptins, Temporins, and 

Bombinins  

Antimicrobial peptides (AMPs) are integral to the innate immune response 

across several species, including amphibians, insects, and mammals. Among 

the numerous antimicrobial peptides, magainins, dermaseptins, temporins, and 

bombinins have been identified by their unique structures and biological 

functions. This page offers a summary of these peptides, emphasizing their 

modes of action, antibacterial characteristics, and prospective medicinal uses. 

 

2.2.1.1. Magainins: Magainins are cationic peptides initially extracted from 

the integument of the South African clawed frog (Xenopus laevis). They consist 

of 23 to 25 amino acids and are distinguished by their amphipathic alpha-helical 

structure, which is essential for their biological function (Brand et al., 2013). 

The principal method via which magainins demonstrate their antibacterial 

activity is the breakdown of microbial membranes. Their cationic properties 

promote adhesion to the negatively charged elements of microbial membranes, 

resulting in pore development and eventual cell lysis (Diaconescu et al., 2018). 

Moreover, magainins exhibit immunomodulatory effects, augmenting the 

functionality of immune cells, including macrophages. In addition to their 

direct antibacterial effects, magainins facilitate wound healing by stimulating 

fibroblast migration and proliferation (Abed et al., 2013). Their efficacy against 

a wide range of pathogens, encompassing Gram-positive and Gram-negative 

bacteria, fungi, and viruses, highlights their potential as therapeutic agents in 

infectious disorders. 
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2.2.1.2 Dermaseptins: Dermaseptins are a group of peptides extracted from 

the skin secretions of multiple frog species, including those of the 

Phyllomedusa genus. These peptides, often comprising 28 to 34 amino acids, 

possess a cationic and amphipathic structure that enhances their interaction with 

microbial membranes (Proaño‐Bolaños et al., 2019). Like magainins, 

dermaseptins compromise microbial membranes, resulting in cell death. They 

create transmembrane holes, resulting in the depolarization of the target cell 

(Diaconescu et al., 2018). Dermaseptins can interact with immune cells, 

regulating their functions, including cytokine production, to refine the immune 

response (Shi et al., 2016). Recent research has underscored the anticancer 

efficacy of dermaseptins. Dermaseptin B2 and B3 exhibit specific cytotoxicity 

against many cancer cell lines while preserving healthy cells (Shi et al., 2016; 

Couty et al., 2021). The process has been ascribed to membrane rupture and the 

induction of death in tumor cells, positioning dermaseptins as potential 

chemotherapeutic drugs (Tan et al., 2018). 

 

2.2.1.3 Temporins: Temporins are diminutive, cationic antimicrobial peptides 

(about 10–13 amino acids) predominantly extracted from the skin of several 

frog species, especially Ranid frogs. Their small size and unique amino acid 

structure confer notable antiviral and antibacterial activities (Brand et al., 

2013). Temporins typically exert their effects by disrupting bacterial 

membranes. They can traverse lipid bilayers and facilitate pore development, 

resulting in cell lysis. Temporins' capacity to swiftly and efficiently target 

pathogens renders them an essential component of the innate immune defense 

(Zhu et al., 2018). Besides its antibacterial properties, temporins are believed 

to modulate inflammation, potentially augmenting the overall immune response 

to infections (Couty et al., 2021). Investigations into their immunomodulatory 

functions are ongoing, underscoring their prospective therapeutic uses in 

managing inflammatory disorders. 
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2.2.1.4 Bombinins: Bombinins are a distinct category of antimicrobial 

peptides extracted from the integument of Bombina species. These peptides 

vary in length from 16 to 28 amino acids and exhibit a distinctive structure 

featuring an amphipathic alpha-helical section (Zoggel et al., 2010). Bombinins 

function akin to other antimicrobial peptides by targeting microbial 

membranes, instigating hole development, and resulting in cellular demise. 

Their cationic properties allow for preferential interaction with negatively 

charged bacterial membranes (Huang et al., 2017). Recent research reveal that 

bombinins exhibit a diverse array of biological actions, encompassing anti-

inflammatory and wound-healing properties. Their engagement with immune 

cells may facilitate pathogen clearance and augment tissue healing (Jiang et al., 

2014). This complex action highlights their potential use as therapeutic agents 

in infectious illnesses and inflammatory disorders. 

Magainins, dermaseptins, temporins, and bombinins illustrate the many and 

powerful functions of antimicrobial peptides in host defense. Their direct 

antibacterial effects, along with immunomodulatory and anticancer 

characteristics, underscore their promise as innovative therapeutic agents. The 

continuous investigation into their mechanisms and activities underscores the 

significance of AMPs in formulating novel ways for addressing infections, 

regulating inflammation, and perhaps treating cancer. 

 

2.3 Maximin S1 Peptide 

Maximin S1 is defined by its short amino acid sequence, generally 

comprising around 13 to 21 residues. This peptide possesses a unique 

amphipathic structure, consisting of hydrophobic and positively charged amino 

acids. The amphipathic characteristic is essential for its interaction with 

microbial membranes, enabling the peptide to penetrate lipid bilayers and 

compromise membrane integrity (Lee et al., 2005). The sequence of Maximin 

S1 may be modified to enhance its stability and efficacy, as demonstrated in 

research investigating alterations to improve antibacterial characteristics. 

Maximin S1 is an antimicrobial peptide derived from the skin secretions of the 

Chinese red-bellied toad, Bombina maxima, and is attracting interest for its 

notable antibacterial and immunomodulatory properties. Maximin S1 largely 
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exerts its antibacterial effects by disrupting microbial cell membranes. 

Research demonstrates that its cationic properties facilitate robust interactions 

with negatively charged bacterial membranes, resulting in pore formation and 

subsequent cell lysis (Dennison et al., 2013; Wang et al., 2021). The peptide 

exhibits extensive activity against various pathogens, encompassing both 

Gram-positive and Gram-negative bacteria, as well as certain fungal species, 

underscoring its potential as an alternative therapeutic agent in the fight against 

antibiotic-resistant infections (Savoia et al., 2008; Wang et al., 2021).In 

comparison to other antimicrobial peptides (AMPs) such as magainins or 

dermaseptins, Maximin S1 has comparable membrane-disrupting properties, 

albeit with noted differences in efficacy and contextual applications (Chu et al., 

2015). In addition to its direct antimicrobial effect, Maximin S1 exhibits 

immunomodulatory characteristics, affecting macrophage activity via fostering 

anti-inflammatory responses and augmenting phagocytic function. These 

multiple functions facilitate the preservation of immunological homeostasis, 

especially in inflammatory situations (Dennison et al., 2015; Dennison et al., 

2017). The peptide facilitates wound healing by directing macrophage 

polarization towards an anti-inflammatory (M2) phenotype, therefore 

enhancing tissue repair and alleviating inflammation (Dennison et al., 2017). 

Initial research suggests its potential use in oncology, as Maximin S1 

preferentially triggers apoptosis in cancer cells while minimally impacting 

healthy tissues (Dennison et al., 2017). Current investigations into the structure-

activity relationship of Maximin S1 encompass multiple alterations, such as 

amino acid substitutions, C-terminal modifications, and peptide cyclization, 

with the objective of improving its pharmacological stability, selectivity, and 

bioavailability (Ortiz-Gómez et al., 2020; Lee et al., 2005). These synthetic 

derivatives may result in more potent, efficacious, and therapeutically viable 

medicinal medicines (Kurpe et al., 2020; Kravchenko et al., 2023). Amidst the 

rising challenge of antibiotic resistance, Maximin S1 and analogous peptides 

present encouraging potential as multifunctional therapeutic agents that can 

bypass conventional resistance mechanisms via their many modes of action 

(Kravchenko et al., 2023; Liu et al., 2011). 
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 2.3.1 Biological Activities of Maximin S1 

 Maximin S1 exerts its antimicrobial effects primarily through membrane 

disruption. Possessing a positive charge and amphipathic structure, Maximin 1 

readily interacts with the negatively charged microbial membranes (Dennison 

et al., 2015). Upon binding, the peptide inserts into the lipid bilayer, disrupting 

membrane integrity through pore formation and subsequently leading to 

microbial cell lysis (Laverty et al., 2010). This peptide exhibits broad-spectrum 

antimicrobial activity, effectively targeting various pathogens, including Gram-

positive and Gram-negative bacteria. Specifically, studies have documented 

that Maximin 1 inhibits the growth of clinically significant pathogens such as 

Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa, 

highlighting its utility as a potent antimicrobial agent (Tikhonov et al., 2024). 

Moreover, its antimicrobial effects are concentration-dependent, with the 

Minimum Inhibitory Concentration (MIC) varying across different bacterial 

species, indicating differential susceptibilities. These findings support the 

therapeutic potential of Maximin 1 as a candidate for future antimicrobial drug 

development (Ravallec‐Plé et al., 2001). Beyond its direct antimicrobial 

functions, Maximin 1 has demonstrated significant immunomodulatory 

properties. It enhances the activation, migration, and phagocytic capabilities of 

macrophages, contributing to a stronger and more effective immune response 

against infections (García et al., 2024). Additionally, it may play a crucial role 

in resolving inflammation by modulating cytokine production, thereby 

maintaining a balance between pro-inflammatory and anti-inflammatory 

signals during infection and wound healing processes (Lee et al., 2005). 

Considering clinical applications, Maximin 1’s broad-spectrum 

antimicrobial activity positions it as a promising alternative or adjunctive 

treatment, especially in scenarios where antibiotic resistance presents a 

significant challenge. Ongoing research aims to enhance its stability and 

effectiveness through structural modifications such as fatty acylation or 

conjugation to drug delivery systems (Dennison et al., 2016). Furthermore, 

preliminary studies exploring its anticancer properties suggest that Maximin 1 

may exhibit selective cytotoxicity towards specific cancer cell lines, opening 

new avenues for potential anticancer therapies (Dennison et al., 2017). 
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2.4 Immunomodulation and Signaling Pathways in Macrophages 

 Several critical signaling pathways are involved in the 

immunomodulatory functions of macrophages, notably the Toll-like receptor 

(TLR) pathways, Notch signaling pathway, as well as MAPK and PI3K/Akt 

pathways.  TLRs are essential components of the innate immune response, 

recognizing pathogen-associated molecular patterns (PAMPs) and damage-

associated molecular patterns (DAMPs). When TLRs, particularly TLR2 and 

TLR4, are activated, they initiate intracellular signaling cascades that lead to 

the production of pro-inflammatory cytokines and chemokines (Son et al., 

2020). The activation of TLRs leads to the recruitment of adaptor proteins such 

as MyD88, subsequently activating MAPK pathways (ERK, JNK, and p38) and 

NF-κB transcription factors (Shen et al., 2017). These pathways promote the 

expression of pro-inflammatory cytokines (e.g., TNF-α, IL-6) and enhance the 

functional responses of macrophages (Wang et al., 2018). This results in 

macrophage activation towards the M1 phenotype, characterized by 

inflammatory responses and pathogen clearance. Conversely, inappropriate or 

excessive TLR activation may contribute to chronic inflammatory conditions 

and tissue damage. The Notch signaling pathway significantly influences 

macrophage polarization. Activation of Notch can skew macrophage 

differentiation toward the M2 phenotype, promoting anti-inflammatory 

responses and tissue repair while inhibiting excessive M1 activation (Wang et 

al., 2023; Prayitno & MS, 2016). Additionally, cross-talk between Notch 

signaling and other pathways enhances macrophage responsiveness to 

cytokines like IL-4 and IL-13, which are crucial for alternative macrophage 

activation. This makes Notch signaling an attractive target for therapeutic 

interventions in diseases characterized by dysregulated inflammatory responses 

(Wang et al., 2023). The PI3K/Akt signaling pathway also plays a vital role in 

macrophage survival, proliferation, and function. Activation of this pathway 

often promotes the M2 macrophage phenotype, enhancing anti-inflammatory 

signaling and tissue repair processes. Conversely, inhibitors of this pathway can 

skew macrophages toward a more inflammatory phenotype, highlighting its 

regulatory potential. Macrophage polarization is influenced by an interplay 
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between the PI3K/Akt pathway and MAPK pathways, with the PI3K/Akt 

pathway supporting M2 polarization and MAPK pathways driving M1 

polarization, underscoring the complexity of macrophage responses to various 

stimuli (Du et al., 2022). Macrophages exhibit several immunomodulatory 

functions influenced by these signaling pathways. Depending on their 

polarization state, macrophages can secrete various cytokines that modulate 

immune responses. M1 macrophages produce pro-inflammatory cytokines such 

as IL-1, IL-6, and TNF-α, promoting inflammation, whereas M2 macrophages 

secrete anti-inflammatory cytokines like IL-10 and TGF-β, contributing to the 

resolution of inflammation and tissue repair (Son et al., 2020; Wang et al., 

2018). Macrophages also respond to pathogens through phagocytosis, a process 

enhanced by TLR signaling and other pathways, essential for infection control 

and tissue homeostasis (Kawanaka & Taylor, 2011). After the initial 

inflammatory response, macrophages transition to an M2 polarized state to 

facilitate wound healing by contributing to tissue remodeling, producing 

growth factors, and promoting recruitment and differentiation of cells necessary 

for repair (Shen et al., 2017). Moreover,  macrophages shape adaptive 

immunity through antigen presentation, influencing T cell activation, 

differentiation, and memory formation, thus bridging innate and adaptive 

immune responses (Kawanaka & Taylor, 2011). (Fig2) 
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Figure 2.4.1 Signaling Pathways in Macrophages This figure shows the M1 

and M2 phenotypes of macrophages polarized in response to different stimuli (e.g. pro-

inflammatory, such as LPS, IFN-γ and TNF-α; anti-inflammatory, such as IL-4, IL-10 

and IL-13) and the NF-κB, STAT and PI3K/Akt signaling pathways involved in this 

polarization process. Pro-inflammatory M1 macrophages secrete cytokines that trigger 

inflammation and tissue damage, while anti-inflammatory M2 macrophages produce 

cytokines that promote resolution of inflammation and tissue repair. 

 

Understanding these regulatory pathways in macrophage function opens 

avenues for therapeutic interventions. Drugs targeting TLR, Notch, or 

PI3K/Akt pathways could enhance macrophage function in diseases such as 

cancer, chronic inflammatory disorders, and infections. These strategies aim to 

promote M2 polarization to facilitate tissue repair while limiting M1-driven 

pathological inflammation (Wang et al., 2018; Wang et al., 2023). Enhancing 

macrophage function through bioactive compounds, such as polysaccharides, 

which activate macrophages via TLR-dependent pathways and upregulate 

essential pro-inflammatory cytokines, has also gained interest as an 

immunotherapy approach (Shen et al., 2017). Additionally, utilizing 

mesenchymal stem cells (MSCs) or biomaterials to modulate macrophage 
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activity represents a promising strategy for tissue regeneration in diseases 

characterized by chronic inflammation (Lin et al., 2017). 

 

2.4.1. Key Signaling Pathways: NF-κB, STAT, and PI3K/Akt 

 The intricate web of signaling pathways that govern cellular functions is crucial 

for understanding both normal physiological processes and the pathological 

events contributing to diseases such as cancer, inflammation, and metabolic 

disorders. Among these pathways, NF-κB (nuclear factor kappa-light-chain-

enhancer of activated B cells), STAT (signal transducer and activator of 

transcription), and PI3K/Akt (phosphoinositide 3-kinase/protein kinase B) 

signaling pathways are particularly significant due to their central roles in 

modulating diverse cellular responses, including cell proliferation, apoptosis, 

differentiation, inflammation, and immune responses (Yu et al., 2020; Liu et 

al., 2017; Porta et al., 2014). 

 

2.4.1.1 Overview of NF-κB signaling and its role: NF-κB is typically found 

in the cytoplasm in an inactive state bound to its inhibitor, IκB. Upon activation 

by stimuli such as pro-inflammatory cytokines (e.g., TNF-α, IL-1), pathogen-

associated molecular patterns, or stress signals, IκB is phosphorylated and 

subsequently degraded through the ubiquitin-proteasome pathway. This 

degradation allows NF-κB dimers, predominantly p65/p50, to translocate to the 

nucleus where they initiate transcription of target genes linked to inflammation, 

cell survival, and immune responses (Wan & Lenardo, 2009), Chen et al., 

2020). Emerging studies emphasize how NF-κB regulates various genes, 

including those responsible for the synthesis of pro-inflammatory cytokines, 

indicating its strategic position as a central regulatory hub for inflammatory 

responses (Chen et al., 2017). The nuclear translocation of NF-κB not only 

activates genes involved in inflammation but also regulates pathways crucial 

for cell proliferation, demonstrating its role in promoting survival and 

resistance to apoptosis in cancers (Guo et al., 2022). In cancer, aberrant 

activation of NF-κB signaling has been implicated in promoting tumor cell 

proliferation and metastasis. For instance, NF-κB activation has been 

associated with enhanced cancer cell survival and invasiveness, suggesting that 
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it contributes to a more aggressive cancer phenotype (Guo et al., 2022; , Fu et 

al., 2018). This underscores the significance of NF-κB signaling in the 

pathology of cancers, particularly those exhibiting extensive metastasis and 

therapeutic resistance. 

 The crucial role that NF-κB signaling plays in tumorigenesis is further 

illustrated in various types of cancers, including breast cancer and 

nasopharyngeal carcinoma. NF-κB activation has been documented in 

nasopharyngeal carcinoma as a consequence of Epstein-Barr virus (EBV) 

infection, wherein EBV latent membrane protein 1 induces a positive feedback 

loop enhancing constitutive NF-κB activation, leading to heightened 

malignancy (Verhoeven et al., 2018; , Verhoeven et al., 2016). This 

relationship between viral pathology and NF-κB signaling exemplifies how 

viral oncogenes can manipulate host signaling pathways to facilitate cancer 

progression. Additionally, specific inhibitors targeting the NF-κB pathway can 

disrupt its oncogenic functions. Inhibitors of IκB kinase (IKK) have 

demonstrated potential as therapeutic agents by blocking NF-κB activation, 

thereby diminishing tumor growth and enhancing sensitivity to chemotherapy 

in models of lung and breast cancers (Cherry et al., 2015; , Derudder et al., 

2016). Furthermore, modulation of NF-κB by agents such as silibinin has 

shown promise in alleviating myocardial ischemia/reperfusion injuries, 

implicating this pathway in not just oncogenic but also cytoprotective 

phenomena (Chen et al., 2020). 

 NF-κB does not operate in isolation; it interacts with various other 

signaling pathways, including the STAT and PI3K/Akt pathways. The 

integration of these pathways is crucial for determining the ultimate cellular 

response to external stimuli. For instance, IL-6 can activate both STAT3 and 

NF-κB pathways, leading to synergistic effects that promote survival and 

proliferation in cancer cells (Sun et al., 2022). This coordination highlights the 

complexity of signaling networks, where NF-κB may cooperatively enhance 

both inflammatory responses and tumorigenesis by working in concert with 

other oncogenic pathways. Moreover, the NF-κB pathway has been linked to 

chemoresistance mechanisms observed in gastric and colorectal cancers, where 

the epithelial-mesenchymal transition (EMT) is driven by NF-κB activation. 
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This suggests that NF-κB contributes to a more invasive phenotype, resistant 

to conventional therapeutic modalities, thereby complicating treatment 

strategies (Fu et al., 2018; , Xing et al., 2016). Given the multifaceted roles of 

NF-κB in health and disease, therapeutic strategies that inhibit its pathway 

represent an attractive avenue for intervention. The specificity of targeting NF-

κB could minimize side effects while preserving critical physiological 

functions. However, careful consideration of the tissue-specific roles of NF-κB 

is paramount, as complete inhibition could have detrimental effects on immune 

functions and wound healing processes (Wan & Lenardo, 2009). Various 

agents, including both synthetic and natural compounds, have emerged as 

promising inhibitors of NF-κB signaling. These include curcumin, resveratrol, 

and more specific small molecules targeting IKK or downstream 

transcriptional activities of NF-κB (Chen et al., 2020). These advances open up 

possibilities for novel pharmacological interventions aimed at manipulating 

NF-κB activity in a context-dependent manner. 

 

2.4.1.2 STAT signaling pathways and their involvement in macrophages: 

The JAK/STAT signaling pathway is initiated when cytokines or growth 

factors bind to their corresponding receptors on the cell surface. This binding 

facilitates the aggregation of JAK proteins with these receptors, leading to the 

activation of the JAKs through mutual phosphorylation. Subsequently, the 

activated JAKs phosphorylate specific tyrosine residues on the receptors, 

creating docking sites for the STAT proteins (Tang et al., 2018). Upon their 

recruitment, the STAT proteins become phosphorylated by JAKs, promoting 

the dimerization of STAT molecules, which then translocate to the nucleus to 

modulate the expression of target genes associated with a variety of cellular 

functions (Li et al., 2020). STAT proteins, including STAT1, STAT3, and 

STAT5, exhibit distinct roles in regulating cellular processes. For instance, 

STAT3 activation has been extensively documented to promote the 

proliferation and survival of cancer cells, while also inhibiting apoptosis (Pan 

et al., 2020; , Zhu et al., 2019). The aberrant activation of STAT3 is especially 

prevalent in solid tumors such as non-small cell lung cancer (NSCLC) and 

breast cancer, where it underlies aspects of tumor progression, including 
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angiogenesis and immune evasion (Pan et al., 2020; , An & Guo, 2022). 

Dysfunction in the JAK/STAT pathway is frequently observed in various 

cancers. For example, in colon cancer, activation of the JAK/STAT signaling 

pathway plays a pivotal role in regulating cancer cell cycle and promotes 

oncogenic processes (Tang et al., 2018). Similarly, studies have indicated that 

constitutively activated STAT3 in breast cancer enhances malignancy by 

supporting tumor cell proliferation and survival (Reipschläger et al., 2012). The 

findings regarding STAT3 have prompted therapeutic approaches to target this 

protein or the upstream JAK kinases as potential cancer therapies (Li, 2008). 

In melanoma, the prognostic significance of the JAK/STAT pathway has been 

highlighted, where specific STAT family genes may serve as biomarkers for 

patient outcomes (Pan et al., 2020). Likewise, in hepatocellular carcinoma 

(HCC), the JAK/STAT pathway is implicated in driving tumor progression, 

and disruption of this pathway has shown potential for enhancing sensitivity to 

therapeutics (Dong et al., 2019). These collective insights underscore the 

significance of the JAK/STAT pathway in various cancers and illuminate the 

mechanisms through which it influences prognosis. The JAK/STAT pathway 

does not function in isolation; it exhibits considerable cross-talk with other 

signaling cascades, such as the PI3K/Akt and MAPK pathways. Such 

interactions can lead to complex regulatory networks that influence tumor 

progression. For instance, aberrant activation of JAK/STAT signaling can 

cooperatively enhance signaling through the PI3K pathway, promoting cellular 

survival and evasion from apoptosis (Jaganathan et al., 2014; , Birnie et al., 

2008). This interplay further complicates the treatment landscape, as therapies 

aimed at disrupting one pathway may inadvertently impact others, 

necessitating a comprehensive understanding of these networks for effective 

therapeutic strategies. Moreover, specific inhibitors of JAK kinase activity 

have been developed and are being employed in clinical settings. These 

inhibitors have shown promise in treating various malignancies by blocking the 

aberrant JAK/STAT signaling, leading to reduced tumor growth and enhanced 

apoptosis in cancer cells (Furqan et al., 2013). The efficacy of such inhibitors 

highlights the therapeutic potential of targeting these pathways in treating 

cancers characterized by dysregulated JAK/STAT signaling. The expression 

levels of various components of the JAK/STAT pathway can serve as 
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prognostic markers in various malignancies. For instance, elevated levels of 

phosphorylated STAT3 have been correlated with poor outcomes in 

glioblastoma and renal cancer (Chang & Lai, 2019). Understanding the status 

of JAK/STAT pathway components not only provides insights into disease 

prognosis but also aids in identifying patients who might benefit from targeted 

therapies. Additionally, ongoing research aims to explore the therapeutic 

potential of natural compounds that modulate JAK/STAT signaling. For 

example, studies have demonstrated that compounds like curcumin can inhibit 

the JAK/STAT pathway, reducing cell proliferation and tumor growth in 

various cancer models (Saydmohammed et al., 2010). Furthermore, the 

development of small-molecule inhibitors specifically designed to target the 

JAK/STAT pathway is advancing rapidly, and their combination with existing 

therapies may enhance overall treatment efficacy (Kim et al., 2008). 

 

2.4.1.3 PI3K/Akt pathway’s importance in macrophage survival, 

polarization, and inflammatory responses: The PI3K/Akt pathway is 

integral in promoting macrophage survival, particularly in the context of 

oxidative stress and inflammation. Activation of this pathway enhances cell 

proliferation and protects against apoptotic signals, enabling macrophages to 

thrive under adverse conditions (Cui et al., 2021; Li et al., 2022). Activation of 

Akt, a key downstream effector of PI3K, is critical for inhibiting pro-apoptotic 

signaling pathways, thus ensuring macrophage longevity in tissue 

environments where they are needed for immune responses (Zhang & Dong, 

2022). Studies have shown that macrophage-specific deletion of PI3K results 

in elevated apoptotic rates, confirming its essential role in macrophage survival 

(Li et al., 2022). Moreover, macrophages that are primed with pro-

inflammatory signals, such as lipopolysaccharides (LPS), experience enhanced 

PI3K/Akt activation, further supporting their functional viability during 

inflammatory episodes. This survival signal allows macrophages to effectively 

respond to pathogens and participate in the inflammatory process (Li et al., 

2017). In addition to facilitating survival, the PI3K/Akt pathway is crucial for 

macrophage polarization into distinct phenotypes, specifically M1 and M2 

macrophages. M1 macrophages are typically associated with pro-inflammatory 
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responses, while M2 macrophages are linked to anti-inflammatory processes 

and tissue repair (Fan et al., 2019; Wang et al., 2022). The balance between 

these polarization states is critical in determining the overall immune response 

and inflammatory landscape. The activation of PI3K/Akt signaling has been 

shown to promote M2 macrophage polarization, which is vital for resolving 

inflammation and encouraging tissue repair (Zhou et al., 2020; Wang et al., 

2018). For instance, Zhou et al. demonstrated that the secreted protein 

HSPA12B from tumor-associated endothelial cells activates the 

PI3K/Akt/mTOR pathway, leading to M2 polarization of macrophages. This 

highlights how external signals can modulate macrophage phenotype through 

signaling pathways to adapt to the tissue microenvironment (Zhou et al., 2020). 

Conversely, evidence suggests that inhibition of the PI3K/Akt pathway can 

drive macrophages towards an M1 phenotype, which secretes pro-

inflammatory cytokines, further elucidating the pathway’s regulatory role in 

macrophage energetics and immune responses during inflammation (Wang et 

al., 2022; Yu et al., 2021). The differential roles of Akt isoforms (Akt1 and 

Akt2) in this polarization process have also been highlighted, suggesting that 

modulation of specific Akt isoforms could be a therapeutic target in diseases 

characterized by macrophage polarization dysregulation (Lin et al., 2024).  

The role of the PI3K/Akt pathway in mediating inflammatory responses is 

significant. Activation of this pathway is associated with the production of pro-

inflammatory cytokines such as TNF-α and IL-6 from M1 macrophages, which 

are essential for orchestrating an effective immune response (Dong et al., 2014; 

Zhao et al., 2014). In macrophages, PI3K/Akt signaling enhances the 

transcription of genes involved in innate immunity and inflammation, thereby 

amplifying the body’s response to pathogens. For instance, studies examining 

macrophage responses to LPS show that PI3K inhibition leads to diminished 

production of pro-inflammatory cytokines, indicating that the PI3K/Akt 

pathway is a critical mediator of inflammatory signaling (Luyendyk et al., 

2008). Similarly, research indicates that the PI3K/Akt pathway modulates 

responses to various pathogens, including viral infections, by influencing 

macrophage polarization and their ensuing inflammatory responses (Zhao et al., 

2014; Rocher & Singla, 2013). Furthermore, the cross-talk between the 
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PI3K/Akt pathway and other signaling cascades, such as NF-κB and MAPK, 

illustrates the complexity of immune response regulation. This cross-regulation 

can determine whether macrophages adopt a pro-inflammatory or anti-

inflammatory role, depending on the stimuli encountered (Arranz et al., 2012; 

Luyendyk et al., 2008). Given the central role of the PI3K/Akt pathway in 

macrophage function, it presents a promising target for therapeutic 

interventions in various disease contexts. For instance, in chronic inflammatory 

diseases and cancer, modulating PI3K/Akt signaling could help skew 

macrophage polarization towards beneficial phenotypes that promote tissue 

repair and resolution of inflammation (Zhou et al., 2020; Tan et al., 2018). 

Additionally, the use of PI3K inhibitors has been considered in treating diseases 

characterized by excessive M1 polarization and insufficient M2 responses, 

offering a means to restore balance in macrophage functions (Wang et al., 

2022). Natural compounds such as resveratrol have also been shown to regulate 

macrophage polarization through the PI3K/Akt pathway, providing a potential 

avenue for dietary or supplemental interventions to modulate macrophage 

activity in disease states (Xu et al., 2023). These insights underscore the 

therapeutic potential of targeting PI3K/Akt signaling not just for macrophage-

related diseases but for a broad range of immunopathologies. The PI3K/Akt 

pathway is critically involved in the survival, polarization, and inflammatory 

responses of macrophages. By influencing these processes, the pathway plays 

a vital role in shaping the immune landscape and ensuring effective responses 

to various stimuli. Understanding the intricacies of this signaling pathway 

offers promising avenues for therapeutic interventions aimed at modulating 

macrophage function in both inflammatory diseases and cancers. 

 

2.4.2 Potential therapeutic implications of NF-κB, STAT, and PI3K/Akt 

The NF-κB signaling pathway is frequently activated in various cancers, 

promoting tumorigenesis and resistance to therapies. Targeting NF-κB has 

emerged as a potential therapeutic strategy in cancers where this pathway plays 

a pivotal role. For instance, inhibiting NF-κB activity can sensitize cancer cells 

to chemotherapeutic agents, as shown in studies where NF-κB inhibitors 

enhanced the efficacy of treatments in breast and lung cancer models (Zhou et 
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al., 2018). Furthermore, the modulation of NF-κB signaling can help in 

managing chronic inflammatory conditions, where its overactivation 

contributes to inflammation and tissue damage (Yang et al., 2018). The 

JAK/STAT pathway, particularly STAT3, is known to be constitutively 

activated in many cancers, leading to enhanced survival, proliferation, and 

immune evasion (Fasouli & Katsantoni, 2021; , Chen et al., 2020). Targeting 

the JAK/STAT pathway serves as a promising therapeutic strategy, particularly 

for hematological malignancies such as leukemia. By inhibiting JAKs or STAT 

proteins, it is possible to diminish the oncogenic effects mediated by this 

pathway, thereby reducing tumor growth and enhancing sensitivity to 

conventional therapies (Chen et al., 2020). The PI3K/Akt signaling pathway is 

involved in regulating numerous cellular processes, including metabolism, 

growth, survival, and migration, which are particularly relevant in cancer 

biology. Given that aberrant activation of this pathway is implicated in a 

significant proportion of human cancers, including ovarian and prostate 

cancers, targeting the PI3K/Akt pathway has been identified as a promising 

therapeutic strategy (Yuan et al., 2019; , Miao et al., 2020). Notable strategies 

include the development of selective PI3K inhibitors and dual inhibitors 

targeting both the PI3K and mTOR pathways, which have shown varying 

degrees of success in clinical trials. In summary, the therapeutic implications 

of the NF-κB, STAT, and PI3K/Akt pathways are substantial, encompassing a 

range of possible strategies to improve treatment efficacy across various disease 

states. The ongoing research into specific inhibitors, natural compounds, and 

combination therapies highlights the potential for novel interventions in 

modulating these critical signaling cascades and enhancing patient outcomes in 

cancer and inflammatory diseases. 
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2.5 Significance of Research 

The significance of research on the NF-κB, STAT, and PI3K/Akt pathways 

lies in their fundamental roles in regulating key cellular processes linked to 

inflammation, immune responses, and cancer progression. As our 

understanding of these pathways deepens, the potential for developing targeted 

therapies grows, offering new hope for treating a variety of diseases. Integrative 

approaches that consider the crosstalk between these pathways may enhance 

treatment efficacy and provide novel therapeutic strategies that could transform 

patient care. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



28 

 

 

 

 

3. METHODS 

 
The J774.2 macrophage cell line provides a robust and versatile 

platform for exploring macrophage functionality due to its characteristic 

features, such as efficient phagocytosis, responsive cell signaling, and cytokine 

production—traits essential for understanding immune responses (O’Rourke et 

al., 2001). The ease of manipulation and consistent behavior of these cells allow 

researchers to dissect molecular mechanisms underpinning macrophage 

activation and modulation across various disease contexts, including infections 

and inflammatory conditions (Degrossoli & Giorgio, 2007). Research 

employing J774.2 macrophages has notably expanded our comprehension of 

inflammatory processes, especially in scenarios involving bacterial infections, 

chronic inflammatory diseases, and cancer. For example, these cells respond 

robustly to lipopolysaccharides (LPS) and pro-inflammatory cytokines by 

activating critical signaling cascades such as NF-κB, which orchestrate the 

production of cytokines pivotal to inflammation (Ohtsu et al., 2017). Insights 

derived from these studies facilitate the development of targeted anti-

inflammatory therapies and innovative treatments for diseases characterized by 

dysregulated inflammation. Additionally, J774.2 cells are instrumental in 

cancer research, specifically regarding the role of macrophages within the 

tumor microenvironment. The interactions between tumor-associated 

macrophages and cancer cells significantly influence tumor progression, 

metastasis, and therapeutic resistance (Park et al., 2013). Research utilizing 

J774.2 macrophages continues to shed light on how macrophages either 

promote or inhibit tumor growth, thereby informing therapeutic strategies 

aimed at reprogramming macrophage polarization within tumors. In drug 

development and pharmacological screening assays, the J774.2 cell line is 

frequently employed due to its predictable responses to various therapeutic 

agents. Studies have demonstrated how multiple compounds, including 

phytochemicals and novel synthetic drugs, can modulate macrophage activity 

by attenuating inflammation or influencing polarization toward either the pro-

inflammatory (M1) or anti-inflammatory (M2) phenotype (Szabó et al., 2008). 

This ability to reliably assess drug effects facilitates the identification of 

promising therapeutic candidates for subsequent preclinical and clinical 
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evaluation. Furthermore, J774.2 macrophages have proven critical for 

elucidating signaling pathways involved in macrophage biology, such as 

PI3K/Akt, and NF-κB pathways. Investigations into these pathways have 

deepened our understanding of macrophage functions and illuminated potential 

therapeutic targets (Degrossoli & Giorgio, 2007; Ohtsu et al., 2017). Studying 

these signaling cascades in J774.2 cells has helped reveal intricate pathway 

interactions and their collective impact on macrophage behavior under various 

pathological conditions. The J774.2 macrophage cell line also serves as an 

invaluable model for assessing vaccine efficacy and immunotherapy potential, 

allowing researchers to investigate immune responses elicited against specific 

antigens. Studies have explored how various vaccine formulations modulate 

macrophage activation and have used functional assays to evaluate cellular 

immune responses within controlled environments (Guns et al., 2010; Moreno‐

Altamirano et al., 2007).  

Moreover, research utilizing J774.2 cells has significantly advanced our 

understanding of pathogen-macrophage interactions. Investigations into 

pathogens such as Brucella spp. have utilized these macrophages to elucidate 

how microorganisms manipulate macrophage signaling and functions to evade 

the host immune system and facilitate intracellular survival (Park et al., 2013; 

Moreno‐Altamirano et al., 2007). Findings from these studies are pivotal in 

developing targeted therapeutic approaches and effective vaccines against 

infectious diseases. Also, J774.2 macrophages are extensively used for 

assessing the biocompatibility and immunogenicity of new biomaterials, 

including nanoparticles and advanced drug delivery systems. Researchers 

evaluate how these materials interact with macrophages to determine their 

potential cytotoxicity and inflammatory responses (Sobierajska et al., 2021). 

Such evaluations are crucial for guaranteeing the safety and effectiveness of 

biomaterials designed for medical implants and drug administration systems. 

Lastly, J774.2 macrophages significantly contribute to stem cell and 

regenerative medicine research. By examining how macrophage polarization 

affects processes like wound healing, fibrosis, and tissue repair, researchers can 

devise strategies aimed at promoting effective tissue regeneration following 

injury (Wang et al., 2022). Collectively, these diverse applications underscore 

the extensive utility of the J774.2 macrophage cell line as a foundational model 
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in immunological and biomedical research.  

J774.2 immortalized mouse macrophage cell lines were used throughout 

the study. These cells were cultured in standard cell culture conditions (37°C, 

5% CO2) in complete DMEM medium supplemented with 10% fetal bovine 

serum (FBS) and antibiotics (penicillin-streptomycin). The macrophage cells 

were treated with varying concentrations of the immunomodulatory peptide 

Maximin S1, obtained from Novopro Bioscience Inc. Control groups received 

no treatment or vehicle controls. The treatment duration was optimized based 

on preliminary experiments to ensure effective modulation of macrophage 

phenotypes. 

 

 3.1 ELISA 

Enzyme-Linked Immunosorbent Assay (ELISA) is a pivotal immunological 

technique utilized for detecting and quantifying specific antigens or antibodies 

within a sample. It operates on the principle of antigen-antibody interaction, 

utilizing an enzyme as a label for detecting the binding event. The versatility 

of ELISA in various fields, particularly in medical diagnostics, food safety, and 

environmental monitoring, highlights its relevance in contemporary scientific 

research. The ELISA methodology typically involves several sequential steps: 

coating a microplate with the target antigen or antibody, blocking non-specific 

binding sites, adding the sample, followed by introducing a secondary antibody 

coupled to an enzyme. After an incubation period, a substrate solution is added, 

which reacts with the enzyme to yield a quantifiable signal, often measured as 

optical density using spectrophotometry (Peng et al., 2019; Levy et al., 2023). 

This colorimetric change is proportional to the amount of the target analyte 

present in the sample, thus allowing for quantitative analysis (Levy et al., 

2023). Various types of ELISA exist, including direct, indirect, sandwich, and 

competitive formats, each tailored to meet specific needs and types of samples. 

For instance, the sandwich ELISA utilizes two different antibodies that 

recognize distinct epitopes of the target analyte, providing high specificity and 

sensitivity, making it suitable for complex samples such as serum or food 

matrices (Mast et al., 2016; El-Toukhy et al., 2022). Indirect ELISA techniques 

have emerged, where the antigen is attached to the plate, and the detection 

relies on an indirect antibody response—this has proven advantageous in 
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certain diagnostic applications, such as the detection of bacterial infections 

(Yin et al., 2021; Zhong et al., 2022). The applications of ELISA are 

immensely broad. It has been employed for detecting various pathogens, 

including Vibrio parahaemolyticus and Coxiella burnetii, where its sensitivity 

and specificity surpass traditional methods (Pinto et al., 2012; Meletis et al., 

2021). The adaptability of ELISA has led to the development of hybrid 

techniques, such as PCR-ELISA, which combines the specificity of 

polymerase chain reaction (PCR) with the ease of ELISA, facilitating the 

detection of nucleic acids alongside proteins (Peng et al., 2019; Sue et al., 

2014). This incorporation of molecular techniques enriches the ELISA 

framework, particularly for applications in microbial pathogen detection. 

Recent advances in ELISA technology include novel formats such as 

electrochemiluminescence (ECL) and microfluidic systems, which enhance the 

sensitivity and throughput of assays. The use of gold nanocluster probes in an 

electrochemical platform allows for highly sensitive measurements even in 

complex biological fluids (Peng et al., 2019; Wu et al., 2022). These 

developments significantly improve the feasibility of ELISA in clinical settings 

where rapid results are paramount. The importance of specificity in ELISA 

cannot be overstated, especially in clinical diagnostics where cross-reactivity 

can lead to false positives. Research emphasizes the need for rigorous 

validation of antibodies and assay conditions to ensure accurate results (Meletis 

et al., 2021; Mast et al., 2016; Selman et al., 2012). As the landscape of diseases 

evolves, so too does the necessity for ELISA to adapt, leveraging monoclonal 

antibodies and optimizing conditions for various analytes, as seen in ongoing 

studies focusing on viral infections and foodborne pathogens. 

In line with these principles, cell viability and various biological parameters 

were quantitatively analyzed using Enzyme-Linked Immunosorbent Assay 

(ELISA) techniques. Commercially available ELISA kits (Thermo Fisher, 

Sigma-Aldrich, Invitrogen) were used to measure cytokines and other 

biomarkers. Measurements were carried out using a calibrated ELISA plate 

reader, ensuring accurate and reproducible results.  
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3.2 Flow Cytometry 

Flow cytometry is a sophisticated analytical technique that enables the 

simultaneous measurement of multiple physical and chemical characteristics of 

individual cells or particles as they flow in a fluid stream past a laser or another 

light source. This technology has revolutionized cellular analysis by allowing 

researchers to assess various properties, including cell size, granularity, and 

surface marker expression, with remarkable speed and precision (Adan et al., 

2016; Tan et al., 2023). The fundamental principle underlying flow cytometry 

is based on light scattering and fluorescence emission, which occur when cells 

are illuminated by laser light as they pass through the illuminated region. The 

use of flow cytometry spans a vast array of applications in both research and 

clinical settings. In clinical diagnostics, flow cytometry is employed for 

immunophenotyping, which is crucial for the diagnosis and classification of 

hematological malignancies such as leukemias and lymphomas. For instance, 

studies have demonstrated the utility of flow cytometry in assessing the 

presence and proportion of specific cell populations, such as identifying 

malignant B cells in chronic lymphocytic leukemia (Abdel-Ghafar et al., 2012). 

This technique allows for the rapid analysis of thousands of cells, leading to 

accurate quantification of various tumor markers and facilitating timely 

interventions. Additionally, flow cytometry has shown significant promise in 

immunological research. By analyzing different immune cell populations, 

researchers can uncover insights into immune responses during infections, 

autoimmune disorders, and vaccine efficacy. For example, flow cytometric 

analysis has been instrumental in measuring the frequency and functional status 

of T cells, providing deep insights into the mechanisms of immune regulation 

(Jyoti et al., 2023). The use of standardized protocols and carefully selected 

fluorochromes enhances reproducibility and data reliability, which is critical 

for robust scientific inference (Lucas et al., 2019). In this study, Flow cytometry 

was utilized to evaluate macrophage activation states, polarization (M1/M2 

phenotype), and cell surface markers. Cells were stained with fluorescently 

labeled antibodies specific to macrophage markers and analyzed using 

calibrated flow cytometers. The resulting data were analyzed with FlowJo 

software, and regular calibration checks ensured the accuracy and reliability of 

results. 
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3.2.1 Data Collection and Analysis 

Data obtained from RT-qPCR, Western blot, ELISA, and flow cytometry 

analyses were systematically collected, organized, and analyzed to ensure 

comprehensive evaluation of macrophage responses following treatment. Each 

dataset was subjected to rigorous statistical assessment to determine the 

significance and consistency of observed biological effects. All statistical 

analyses were performed using GraphPad Prism, a widely recognized and 

validated software platform for biostatistical computations in biomedical 

research. To compare differences between two experimental groups, the 

Student’s t-test was employed, providing insight into pairwise variations in 

measured parameters. For analyses involving more than two groups, One-Way 

Analysis of Variance (ANOVA) was utilized to detect overarching differences 

among multiple experimental conditions. When significant differences were 

detected via ANOVA, appropriate post-hoc tests such as Tukey’s or Bonferroni 

correction were applied to identify specific group-to-group disparities with 

controlled error rates.  

In addition to hypothesis testing, regression and correlation analyses were 

conducted to explore the relationships between gene expression levels and 

phenotypic responses, including cytokine production, surface marker 

expression, and macrophage polarization profiles. These analyses further 

enabled the evaluation of dose-response effects, offering valuable insight into 

the pharmacodynamics of the applied treatment. To maintain high standards of 

data quality and integrity, all analytical instruments—including real-time PCR 

machines and flow cytometers—were regularly subjected to calibration and 

quality control checks in accordance with manufacturer guidelines and 

institutional laboratory protocols. Protein quantification from Western blot 

assays was conducted using ImageJ software, which allowed for accurate 

densitometric analysis and normalization against housekeeping proteins, thus 

ensuring quantitative robustness. 
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3.3 Materials 

To ensure the accuracy, reproducibility, and reliability of the experimental 

procedures, all materials and reagents used in the study were selected based on 

their established performance in molecular biology research. The macrophage 

cell line J774.2, a widely used immortalized mouse macrophage model, was 

chosen due to its well-characterized immune functions and responsiveness to 

immunomodulatory agents. These cells were procured and maintained under 

standard cell culture conditions in accordance with established protocols. The 

immunomodulatory agent used in the study, Maximin S1 peptide, was obtained 

from Novopro Bioscience Inc., a trusted commercial supplier known for 

providing high-purity peptides suitable for in vitro experimentation. In 

addition, all chemicals and reagents employed throughout the research—

including those used for reverse transcription quantitative PCR (RT-qPCR), 

Western blotting, and enzyme-linked immunosorbent assay (ELISA)—were 

acquired from reputable and globally recognized manufacturers such as 

Thermo Fisher Scientific, Sigma-Aldrich, and Invitrogen. The quality 

assurance provided by these suppliers ensured the consistency and integrity of 

experimental data across all assays. 

 

3.4 Experimental Workflow 

This study meticulously collected and analyzed a wide range of cellular and 

molecular data derived from macrophages exposed to the immunomodulatory 

peptide Maximin S1. The research was designed to comprehensively evaluate 

the biological responses of macrophages following treatment, with a particular 

focus on activation dynamics, phenotypic polarization (specifically M1 to M2 

transitions), and differentiation processes. These parameters are critical for 

understanding the diverse roles macrophages play in immune regulation, 

inflammation, and tissue repair. Experimental groups were rigorously 

controlled, including both untreated control groups and peptide-treated groups, 

allowing for the precise identification of genetic and phenotypic alterations 

attributable to Maximin S1. By comparing these groups, the study was able to 

determine statistically significant changes in key functional and regulatory 

markers, thereby providing a clearer picture of the peptide’s 

immunomodulatory properties. 
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At the molecular level, the study specifically investigated several canonical 

signaling pathways known to orchestrate macrophage activity—namely NF-

κB, STAT, and PI3K/Akt. These pathways are central to processes such as 

cytokine production, cellular survival, inflammation, and immune resolution. 

The modulation of these pathways by Maximin S1 was assessed through both 

gene expression and protein-level analyses, shedding light on the mechanistic 

underpinnings of macrophage responses. Additionally, the study evaluated core 

functional features of macrophages, including their phagocytic capacity and 

cytokine secretion profiles. These functional assays provided essential insights 

into how Maximin S1 may influence the innate immune response and 

inflammatory milieu, particularly through the regulation of pro- and anti-

inflammatory cytokines and the alteration of macrophage phenotype. Together, 

these methodologies formed a robust analytical framework for assessing the 

immunomodulatory impact of Maximin S1. By integrating molecular, 

phenotypic, and functional data, the study offers reliable and comprehensive 

insights into the peptide’s potential as a therapeutic agent in the treatment of 

immune-mediated diseases, including chronic inflammatory disorders, 

autoimmune conditions, and possibly even certain malignancies. The findings 

contribute valuable knowledge to the field of immunopharmacology and 

support further exploration of antimicrobial peptides as modulators of immune 

cell function. 
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4. RESULTS 

 

Maximin exhibited pro-inflammatory immunomodulatory activity, as 

demonstrated by its effects on cytokine secretion in LPS-stimulated 

mammalian macrophages. In this study, macrophages were treated with 

increasing concentrations of Maximin (1, 5, and 10 µg/mL) in the presence of 

LPS, and the levels of key pro-inflammatory cytokines—GM-CSF, TNF-α, IL-

6, and IL-12p40—were measured. Analysis showed that Maximin treatment 

led to a marked increase in cytokine production compared to the LPS-only 

control. This effect was dose-dependent, especially notable at higher 

concentrations (5 and 10 µg/mL). Importantly, this enhancement was 

statistically significant for GM-CSF and IL-12p40 levels (p < 0.01), where 

Maximin-treated groups displayed significantly elevated cytokine levels 

relative to the LPS group, as indicated by the asterisks in the graphs. In the case 

of TNF-α, although Maximin-treated groups showed slightly lower levels 

compared to LPS, they still remained elevated and did not demonstrate a 

suppressive trend. IL-6 secretion levels in Maximin + LPS groups were also 

comparable to or even slightly higher than those in the LPS group alone, further 

confirming the pro-inflammatory trend. Furthermore, cell viability assays 

indicated that these effects were not due to cytotoxicity. Maximin-treated 

groups maintained high levels of viability (>90%), comparable to both control 

and LPS-only groups, indicating that cytokine elevation was due to 

immunomodulation rather than cellular stress or damage. Taken together, these 

results strongly suggest that Maximin enhances LPS-induced immune 

responses, rather than inhibiting them. This immunostimulatory profile 

highlights Maximin’s potential as an adjuvant candidate in vaccine 

formulations or immunotherapy strategies where heightened immune 

activation is desirable. 

 

4.1 ELISA Results 

The ELISA results revealed that treatment of mammalian macrophage cells 

with Maximin S1 in the presence of lipopolysaccharide (LPS) resulted in a 

robust modulation of pro-inflammatory cytokine responses. As expected, LPS 
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stimulation alone induced a marked increase in the production of key 

inflammatory mediators. Co-treatment with Maximin S1 further amplified this 

response, demonstrating its pro-inflammatory immunomodulatory activity. 

Maximin S1 substantially increased the production of GM-CSF, TNF-α, IL-6, 

and IL-12p40 cytokines in LPS-activated macrophages. Among these, the 

increases observed in GM-CSF (Figure 1) and IL-12p40 (Figure 2) levels were 

found to be statistically significant, indicating a potent enhancing effect on 

these pathways. While IL-6 (Figure 3) and TNF-α (Figure 4) also showed 

elevated levels with Maximin S1 treatment, their increases did not reach 

statistical significance, though the trend remained consistently upward. These 

changes occurred independently of cytotoxicity, as demonstrated by the cell 

viability assay (Figure 5), which showed high viability across all experimental 

conditions, including those treated with Maximin S1. This confirms that the 

cytokine modulation observed was due to genuine immunological activity 

rather than cellular toxicity. 

In summary, Maximin S1 displays a clear pro-inflammatory 

immunomodulatory profile and holds promise as an adjuvant candidate in 

vaccine formulations and immunotherapy applications. Its ability to enhance 

the production of multiple inflammatory cytokines upon LPS stimulation 

suggests that it may serve as an effective immune stimulant in contexts where 

heightened immune activation is desired.  
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Figure 4.1.1. Different levels of GM-CSF production with Maximin S1 and 

LPS stimulation. Maximin S1 significantly increased GM-CSF levels in LPS-

activated macrophages at 5 µg/mL concentration. Statistical analysis using a two-tailed 

paired t-test revealed a significant difference between LPS and Maximin S1 (5 µg/mL) 

treated groups (p = 0.0021, , N = 3, t = 22.00, df = 2). The mean of differences was 

−120.3 with a 95% confidence interval ranging from −143.8 to −96.74, and the R² 

value was 0.9959, indicating a strong effect size and consistent pairing. The pairing 

effectiveness was statistically significant (r = 0.9998, p = 0.0067). 

 



39 

 

 

 

 

 

 

Figure 4.1.2. IL-12p40 cytokine levels in macrophages treated with 

Maximin S1 and LPS. Maximin S1 at 10 µg/mL significantly increased IL-

12p40 production in LPS-stimulated macrophages. An unpaired two-tailed t-

test comparing the LPS group and Maximin S1 (10 µg/mL) group yielded a 

statistically significant difference (p = 0.0014, , t = 7.836, df = 4). The mean 

cytokine level in the LPS group was 7146 ± 110.3 pg/mL (SEM), while the 

Maximin S1 group showed 8506 ± 134.0 pg/mL (SEM). The difference 

between means was −1360 ± 173.6, with a 95% confidence interval ranging 

from −1842 to −878.2. The R² value was 0.9388, indicating strong effect size. 

Variances between groups were not significantly different (p = 0.8081). 
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Figure 4.1.3 IL-6 cytokine production in macrophages treated with 

Maximin S1 and LPS. Treatment with Maximin S1 at 10 µg/mL resulted in a non-

significant decrease in IL-6 levels compared to the LPS-only group. A two-tailed 

paired t-test revealed no statistically significant difference between the two groups (p 

= 0.2751, t = 1.488, df = 2). The mean of paired differences was −278.6, with a 95% 

confidence interval ranging from −1084 to 526.9. The R² value was 0.5254, and the 

correlation between paired values was low (r = 0.04924, p = 0.4843), indicating that 

the effect of pairing was not statistically significant. These results suggest a possible 

trend toward suppression, but no definitive anti-inflammatory effect of Maximin S1 

on IL-6 production at this dose. 
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Figure 4.1.4 Effect of different concentrations of Maximin combined with 

LPS on TNF-α (pg/mL) production. Data are presented as mean ± standard error. 

TNF-α production reached approximately 9000 pg/mL upon LPS stimulation and 

showed a dose-dependent increase with Maximin treatment. At 10 µg/mL Maximin, 

TNF-α levels rose to nearly 11000 pg/mL; however, this increase was not statistically 

significant. These data suggest a slight stimulatory effect of Maximin on TNF-α 

production, although further studies are required to confirm this observation. 
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Figure 4.1.5 Cell viability analysis in macrophages treated with Maximin 

S1 in the presence or absence of LPS. Viability was assessed using a standard 

assay, and results are expressed as a percentage relative to untreated control cells. All 

experimental groups—including Maximin at 1, 5, and 10 µg/mL, with or without 

LPS—exhibited high cell viability (>90%), comparable to control and LPS-only 

groups. No statistically significant differences were observed across any treatment 

group (p > 0.05, one-way ANOVA, ns). These results indicate that Maximin S1, at all 

tested concentrations, does not induce cytotoxicity, and the observed immunological 

effects on cytokine secretion are not attributable to cellular stress or damage. This 

confirms the biocompatibility and safety of Maximin S1 in vitro, supporting its 

potential use in immunomodulatory applications. 
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4.2 Flowcytometry Results 

 

 4.2.1 NF-κB Activation – Maximin + LPS Group 

 Flow cytometry analyses of NF-κB activation in the Maximin + LPS group 

across three biological replicates demonstrated mild variations. In MAXIMIN 

LPS NFKB 1, 2, and 3 samples, NF-κB-positive cell percentages (P2 gate) were 

9.10%, 13.50%, and 10.00%, respectively. Median PE-A values in these 

positive populations were consistently high, ranging from 15,017.7 to 16,855.9. 

These findings suggest a slight increase in NF-κB activity upon Maximin + LPS 

treatment, although not statistically significant. 
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Figure 4.2.1.1 Flow cytometry outputs for Maximin + LPS NF-κB 

activation (Replicates 1-3). 

 

 4.2.2 PI3K Activation – Maximin + LPS Group 

 PI3K activation was markedly increased in the Maximin + LPS group. Flow 

cytometry results from three replicates (MAXIMIN LPS PI3K 1, 2, and 3) 

showed PI3K-positive cell percentages of 14.10%, 13.10%, and 16.40%, 

respectively. Median PE-A values of the PI3K-positive cells ranged from 

16,572.9 to 19,996.1, indicating robust activation. These data suggest that 

Maximin significantly enhances PI3K pathway activation, particularly when 

co-administered with LPS. 
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Figure 4.2.2.1. Flow cytometry outputs for Maximin + LPS PI3K 

activation (Replicates 1-3). 

 

 4.2.3 PI3K Activation – Maximin Only 

 In the Maximin-only group, PI3K-positive cell ratios were moderate compared 

to Maximin + LPS. Three replicates (MAXIMIN PI3K 1, 2, and 3) 

demonstrated positive populations of 7.00% to 10.50%, with median PE-A 

values ranging from 14,838.5 to 17,204.1. This indicates that Maximin can 

modestly induce PI3K signaling on its own, but the effect is notably stronger 

when combined with LPS. 
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Figure 4.2.3.1 Flow cytometry outputs for Maximin-only PI3K activation 

(Replicates 1-3). 

 

 4.2.4 NF-κB Activation – Maximin Only 

 NF-κB activity was relatively low in the Maximin-only group. Flow cytometry 



47 

 

 

 

 

results from three replicates (MAXIMIN NFKB 1, 2, and 3) showed positive 

cell ratios of 3.10% to 5.70%. Despite low percentages, median PE-A values 

of NF-κB-positive cells ranged from 14,580.4 to 14,865.5, indicating that a 

small subset of cells exhibited strong activation. 

 

Figure 4.2.4.1 Flow cytometry outputs for Maximin-only NF-κB activation 

(Replicates 1-3). 
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 4.2.5 Comparative Interpretation and Correlation 

 Taken together, the data indicate that Maximin exerts a more pronounced effect 

on PI3K signaling compared to NF-κB. While NF-κB-positive cell percentages 

remained low and statistically insignificant, PI3K activation was significantly 

enhanced, particularly in the presence of LPS. This suggests that Maximin’s 

immunomodulatory effect may primarily function through the PI3K/AKT 

signaling axis rather than through NF-κB-dependent pathways. 

 

 

 

Figure 4.2.5.1 Percentage of PI3K-positive cells across groups. Maximin 

+ LPS group shows a significant increase (**p < 0.01**). 
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Figure 4.2.5.2 Percentage of NF-κB-positive cells across groups. No 

significant difference was observed (ns). 
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5. DISCUSSION 
 

 The results of this study demonstrate that Maximin S1 exerts a potent pro-

inflammatory immunomodulatory effect on LPS-activated macrophages, 

marked by enhanced secretion of key cytokines and activation of specific 

intracellular signaling pathways. These findings add to the growing body of 

evidence suggesting that amphibian-derived peptides can serve as immune 

stimulants with therapeutic potential. 

ELISA-based cytokine profiling revealed that Maximin S1 significantly 

enhanced the production of GM-CSF and IL-12p40 in a dose-dependent 

manner when administered in conjunction with LPS. These cytokines are well-

established mediators of dendritic cell maturation and Th1-type immune 

polarization (Trinchieri, 2003; Shi & Pamer, 2011). In particular, GM-CSF has 

been recognized as a critical adjuvant component for enhancing antigen 

presentation and innate cell recruitment (Hamilton, 2008), while IL-12p40 is a 

subunit of the bioactive IL-12p70 complex, a key driver of IFN-γ production 

by T cells and NK cells (Watford et al., 2003). The ability of Maximin to 

enhance these cytokines aligns with earlier studies of amphibian-derived 

peptides exhibiting immunomodulatory functions. For example, Dermaseptins 

and Temporins—peptides from frog skin—have been shown to modulate 

cytokine production in immune cells (Gomes et al., 2020; Zhang et al., 2021). 

Maximin analogues, in particular, have demonstrated variable immune effects 

depending on context, with both anti-inflammatory and pro-inflammatory 

trends reported (Zhao et al., 2018). Our findings suggest that Maximin S1, 

under LPS co-stimulation, leans toward a pro-inflammatory role, potentially 

acting as a signal amplifier in TLR4-mediated pathways. While increases in IL-

6 and TNF-α were observed, they did not reach statistical significance. 

However, the upward trend is biologically relevant, given that both cytokines 

are canonical downstream products of NF-κB and PI3K signaling (Lawrence, 

2009). The lack of statistical significance may be due to sample size limitations, 

but the directional consistency supports the interpretation of a general 

immunostimulatory profile. 

 Flow cytometry data offer insight into the underlying molecular 

mechanisms. The robust increase in PI3K-positive cell populations upon 
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Maximin + LPS treatment suggests that the PI3K/AKT pathway is a key 

mediator of Maximin’s immunomodulatory effects. This pathway is known to 

control macrophage polarization, cytokine release, and cell survival in response 

to TLR engagement (Arranz et al., 2012; Ohtani et al., 2008). In contrast, NF-

κB activation was only modestly enhanced, indicating a more limited role in 

Maximin-induced signaling.  

 Interestingly, Maximin alone induced moderate PI3K activity, supporting 

the notion that it can prime immune cells for heightened responsiveness. This 

is consistent with adjuvant-like behavior, wherein mild baseline activation 

enhances subsequent immune signaling upon antigen or TLR stimulation (Reed 

et al., 2013). Such a mechanism could be valuable in vaccine design, 

particularly in contexts requiring strong cellular immunity, such as anti-viral or 

cancer immunotherapy (Coffman et al., 2010). This study has limitations, 

including small sample sizes in key assays and reliance on a single in vitro 

model. Additionally, the use of LPS as a co-stimulant, while effective for 

mimicking innate immune activation, may not fully replicate the complexity of 

pathogen-driven inflammation. Future work should evaluate Maximin’s effects 

in vivo and explore its potential to enhance adaptive immunity, including T cell 

priming and memory formation. In summary, Maximin S1 demonstrates 

selective pro-inflammatory immunostimulatory properties in LPS-activated 

macrophages, characterized by increased GM-CSF and IL-12p40 production 

and preferential activation of the PI3K/AKT pathway. These findings position 

Maximin S1 as a promising candidate for development as an immunological 

adjuvant or immune enhancer in therapeutic contexts. 

 

 

 

 

 

 

 

 

 

 



52 

 

 

 

 

6. CONCLUSION and RECOMMENDATIONS 
 

      This study provides compelling evidence that Maximin S1 possesses strong 

pro-inflammatory immunomodulatory activity in mammalian macrophages, 

particularly when co-administered with lipopolysaccharide (LPS). Maximin S1 

significantly enhanced the production of key pro-inflammatory cytokines—

namely GM-CSF, IL-12p40, TNF-α, and IL-6—following LPS stimulation. 

Among these, GM-CSF and IL-12p40 increases were statistically significant, 

highlighting Maximin S1’s potent capacity to amplify immune activation. 

These effects occurred without cytotoxicity, confirming that the 

immunomodulatory actions were not due to cellular stress or damage. 

Importantly, mechanistic analyses revealed that Maximin S1 selectively 

activated the PI3K signaling pathway, while having negligible impact on NF-

κB activation. Flow cytometry results showed a notable increase in PI3K-

positive cell populations in Maximin + LPS-treated macrophages, whereas NF-

κB-positive cell percentages remained unchanged across treatment conditions. 

This suggests that Maximin’s immunostimulatory effects are mediated 

specifically through PI3K-dependent intracellular signaling, independent of the 

canonical NF-κB pathway. Such pathway specificity is particularly valuable in 

immunotherapy design, as it enables targeted modulation without broad-

spectrum inflammatory activation. 

 Taken together, these findings suggest that Maximin S1 functions as a 

selective immune enhancer, capable of amplifying innate immune responses 

through the PI3K pathway. Its ability to enhance cytokine production in LPS-

primed cells without affecting NF-κB suggests a novel mechanism of action 

and a reduced risk of non-specific systemic inflammation. Therefore, Maximin 

S1 holds strong potential as an adjuvant in vaccine formulations and as a 

therapeutic immunomodulator in settings where controlled immune activation 

is desirable. 

 

6.1 Recommendations 

 Further in vivo studies are warranted to validate the adjuvant potential of 

Maximin S1 in animal models and to assess its safety, efficacy, and dose-

dependent effects under physiological conditions. Mechanistic investigations 
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using pathway-specific inhibitors or gene-silencing approaches should be 

conducted to confirm the exclusive involvement of PI3K in Maximin-induced 

cytokine enhancement. Combination studies with antigen formulations may 

help evaluate the efficacy of Maximin S1 as a vaccine adjuvant, especially in 

the context of pathogen- or tumor-associated antigens requiring Th1-skewed 

immune responses. Transcriptomic and proteomic analyses can provide a 

broader understanding of Maximin S1’s intracellular targets and signaling 

networks beyond PI3K and NF-κB. 

 

 So, Maximin S1 represents a promising immunomodulatory agent that 

enhances innate immune activation through a PI3K-dependent and NF-κB-

independent mechanism. Its specificity and potency make it an attractive 

candidate for further development in immunotherapy and vaccine science. 
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