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SYNOPSIS 

Introduction:  

Colorectal cancer (CRC) is one of the deadliest cancer types and arises 

at the inner lining of the colon or rectum, typically starting as a non-

cancerous polyp. In the early stages, initiation occurs in normal colonic 

mucosa due to mutations in the adenomatous polyposis coli (APC) gene, 

leading to early tumor formation (stage I) [1]. At the same time, 

subsequent progression involves mutations in the RAS oncogene, which 

promotes tumor growth and local invasion (stage II) [2]. additional 

genetic mutation, especially in tumor protein 53 (TP53), allows the 

cancer to reach lymph nodes in (stage III) and ultimately facilitates 

distant metastasis (stage IV) [3]. Regardless of ongoing significant 

advancements in diagnosis and treatment, the survival rate of advanced 

CRC patients remains poor due to metastasis, recurrence, and immune 

evasion [4].  

 

Figure 1: Schematic representation of CRC progression from Stage I to 

Stage IV. Stage I-II CRC remains localized to the colon or rectal wall without 

lymph node involvement, whereas Stage III-IV involves lymph node spread 

and distant metastasis to organs such as the liver or lungs. Figure prepared 

using Microsoft PowerPoint with icons obtained from Servier Medical Art.  
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 Globally, the incidence rate of CRC varies widely across different 

regions of the world, with a higher rate typically observed in developed 

countries compared to developing countries [5]. A high incidence rate 

was observed in North America, Australia, New Zealand, and Europe, 

while countries in Africa and South Asia have the lowest incidence rate 

[6,7]. However, these trends are now shifting towards low-risk regions 

because of the adaptation of a westernized lifestyle, changes in dietary 

patterns, as well as a lack of advancement in screening patterns and 

treatment. 

According to the Global Cancer Observatory data in India, the annual 

incidence rates (AARs) for CRC were 40,430 cases in males and 24,433 

cases in females in 2022 [8]. An alarming rise in early-onset CRC has 

been observed, underscoring the need to deepen understanding of its 

underlying mechanisms and to improve strategies for early diagnosis. 

Traditionally, it was believed that CRC progression was primarily 

driven by genetic alteration within epithelial cells of the colon or rectum; 

however, growing evidence suggests that tumor progression is not 

determined only by the genetic alterations within cancer cells. 

Importantly, the surrounding tumor microenvironment (TME) plays a 

crucial role in shaping disease progression and therapeutic response.  

Role of TME in Macrophage Reprogramming During CRC 

Progression:  

The TME contains a complex network of stromal cells and immune cells 

that continuously interact with tumor cells through the release of soluble 

factors as well as extracellular vesicles. Among the immune cells 

present within the TME, macrophages are particularly abundant and 

functionally diverse and can adopt different activation states depending 

on the signals they receive from their surroundings. In the TME, 

macrophages undergo reprogramming and adopt a pro- or anti-tumor 

phenotype see Figure 2 [9]. The signaling molecules include soluble 

cytokines, growth factors, and extracellular vesicles as important 

mediators of intercellular communication during cancer progression. 
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Figure 2: Overview of tumor-associated macrophage reprogramming 

within the tumor microenvironment in CRC. Macrophages within TME 

adopt either an antitumor M1 like TAMs or protumor phenotype M2 like 

TAMs. A predominance of M1 like TAMs suppresses tumor growth, whereas 

M2 like TAMs supports cancer progression and metastasis. Figure prepared 

using Microsoft PowerPoint with icons obtained from BioRender.  

CRC Exosomes in Immune Modulation and Tumor Progression:  

The EVs are a broad class of membrane vesicles important for 

intercellular communication and can serve as disease biomarkers, 

including cancer. Based on their size and place of origin, they can be 

divided into several categories, such as apoptotic bodies (1,000 to 5,000 

nm), microvesicles (100 to 1,000 nm), and the smallest exosomes (40 to 

120 nm) size [10]. Among these vesicles, exosomes have received 

particular attention due to their ability to transfer biologically active 

molecules from donor to recipient cells and emerge as a key regulator of 

tumor progression and immunomodulation. However, most studies have 

focused on exosome-containing nucleic acid and protein cargo see 

Figure 3, while determinants of immune recognition and signaling 

remain largely unexplored.  
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Figure 3: The structure and composition of exosomes. Exosomes are 

composed of biomolecules such as proteins, tetraspanins (CD9, CD63, CD81), 

membrane transport and fusion protein, integrin, heat shock protein 

(HSP70/90), endosomal sorting complex proteins (Alix, TSG101. 

Additionally, nucleic acids, including DNA, coding and non-coding RNAs, 

and lipid components                           

Although few recent studies have demonstrated that exosomal miRNAs 

and proteins secreted by CRC cells control macrophage polarization and 

regulate tumor growth, targeting these miRNAs and proteins has yielded 

promising results. Many other miRNAs and proteins involved in CRC 

progression remain unidentified. The ongoing investigation is focused 

on understanding their role and how they contribute to tumor 

progression and metastasis. Given the growing recognition of exosome-

mediated communication in cancer and the critical role of macrophages 

in the TME, investigating the composition and role of CRC-derived 

exosomes represents an important research opportunity.  
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Mechanistic Insights into CRC-Derived Exosome Function:  

Considering the understanding of TME, macrophage reprogramming, 

and exosome biology. It is equally important to explore the mechanistic 

role of CRC-derived exosomes in intracellular communication within 

TME. The exosomal cargo is known to regulate several oncogenic 

signaling pathways. These pathways mainly include PI3K-AKT, JAK-

STAT, TGF-β, MAPK, and Wnt/β-catenin signalling. Exosome-

mediated activation of these pathways alters the functional behaviour of 

the recipient cells within TME and contributes to immune suppression, 

angiogenesis, epithelial-mesenchymal transition, invasion, and 

metastasis. In the present study, we selected colorectal cancer as a 

disease model to investigate exosome-induced macrophage 

reprogramming because macrophages are among the most abundant 

populations in the CRC microenvironment.  Collectively, this study 

aims to provide mechanistic insight into exosome-mediated immune 

regulation. Furthermore, targeting exosome-mediated macrophage 

interaction may offer a new opportunity in CRC for therapeutic 

intervention. 

Hypothesis and Objectives of the Study:  

This work focuses on identifying exosome-mediated molecular 

mechanisms that drive macrophage phenotypic switching during CRC 

progression. Here, we hypothesize that CRC-derived exosomes play a 

critical role in reprogramming macrophages toward an M2-like, tumor-

supportive phenotype. Accordingly, we propose a disease model 

illustrating CRC cell- macrophage interactions; see Figure 4. To gain a 

more detailed understanding of this mechanism, we propose the 

following objectives. 
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Figure 4: A) Disease model illustrating CRC cell-derived exosome-mediated 

macrophage reprogramming. B) Kinetics study of macrophages gene 

expression in CRC microenvironment 

Objectives of the study 

1. Investigating macrophage morphological changes in response to 

CRC cells co-culture conditions.   

2. Dissecting the signaling mechanism of macrophage polarization 

in response to CRC cells-derived exosomes.  

3. Designing therapeutic interventions (anti-miRNAs, small 

molecules, or peptides) targeting the identified signaling 

molecules. 

 

Thesis Organization 

The thesis is systematically organized into the following chapters to 

provide in-depth and mechanistic insights into CRC progression. Each 

chapter addresses a specific aspect of the study and collectively 

contributes to a comprehensive understanding of the overall study. 

Chapter 1: Introduction  

This chapter provides an idea of the research area, focusing on CRC and 

what are underlying molecular mechanisms. It also highlights the role 

of exosome-mediated communication between CRC cells and tumor-
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associated macrophages within TME. Additionally, it outlines the 

fundamental concept of CRC, emphasizing the global burden, molecular 

pathogenesis, significance, research gap, hypothesis, and objectives of 

the study.    

Chapter 2: Literature Review 

 This chapter sheds light on the review of existing literature relevant to 

the composition of exosomes released from cancer cells and their role in 

TAMs polarization. Here, we discuss how exosomal cargo, including 

proteins, glycoproteins, and miRNAs, influences key signaling 

pathways involved in macrophage polarization within TME. 

Furthermore, it highlights the current understanding of exosomes' 

composition, function, and therapeutic approaches. It also points out 

gaps in existing studies that need further investigation in this area. 

Chapter 3: CRC Exosome-Induced Macrophage Reprogramming  

This chapter presents the key findings of the study, focusing on the 

interaction between CRC-derived exosomes and macrophages. It further 

investigates the molecular mechanisms involved in this interaction, with 

particular emphasis on the NF-κB signaling pathway, and how it 

ultimately promotes the aggressive behaviour and metastatic 

progression of CRC cells. Using in vitro and in vivo immune-relevant 

models, we demonstrate that CRC-derived exosomes are internalized by 

macrophages and initially activate inflammatory signaling. However, 

prolonged exposure induces macrophage reprogramming toward an 

anti-inflammatory, tumor-supportive phenotype. Mechanistically, in an 

in vitro study, we proved that exosome-mediated signaling activates the 

NF-κB pathway, resulting in upregulation of PD-L1 expression in 

macrophages and suppression of anti-tumor immune responses. 

 



  

XIV 
 

  

Figure 5: Cross-Talk Between CRC Cells and Macrophages in the 

Colorectal Cancer Microenvironment. Exosome-mediated early-stage 

macrophage activation and exosomal miRNAs mediated late-stage M2 

reprogramming of macrophages in TME 

Chapter 4: Therapeutic Targeting of Tumor-Supportive 

Macrophages in CRC  

This chapter mainly discusses the importance of PD-L1 as a potential 

therapeutic target in CRC, focusing on how it helps tumor cells escape 

immune surveillance and how its expression is regulated within the 

TME.  In our study, we observed, in response to CRC exosomes, 

upregulation of PD-L1 expression in macrophages. These activated 

macrophages further enhance PD-L1 expression in CRC cells, resulting 

in T cell apoptosis. To counter PD-L1-mediated immune evasion, we 

identified a marine-derived natural inhibitor targeting PD-L1 through in 

silico screening, with molecular dynamics simulations supporting stable 

interactions at the PD-L1 interface. This suggests its potential to 

modulate PD-L1–dependent regulatory signaling in T cells.  
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Figure 6: PD-1/PD-L1-mediated immune suppression and therapeutic 

intervention in CRC. PD-L1 is expressed on TAMs and CRC cells, where it 

binds to PD-1 expressed on T cells, resulting in T cell exhaustion and 

immunosuppression. Small-molecule inhibitors of the PD-1/PD-L1 interaction 

block this immune checkpoint, restoring T cell proliferation and cytotoxic 

activity, thereby enhancing anti-tumor immune responses. Figure prepared 

using Microsoft PowerPoint with icons obtained from BioRender.  

Chapter 5: In silico Targeting of Glycoproteins Fucosylation for 

Therapeutic Intervention in CRC   

In this chapter, we focused on glycoprotein which influence tumor 

development; while targeting the carcinoembryonic antigen (CEA), we 

identified fucosyltransferase 8 (FUT8) as a promising therapeutic target 

in CRC. In silico screening of marine natural compounds reveals 

promising FUT8 inhibitors with favorable binding affinity, stability, and 

pharmacokinetic properties. This finding suggests that targeting FUT8 

could mitigate CEA function and may represent a potential therapeutic 

intervention for CRC treatment. 
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Figure 7: Targeting FUT8-mediated core fucosylation of CEA in CRC. 

Proposed mechanism illustrating FUT8-mediated core fucosylation of CEA 

and identification of marine-derived FUT8 inhibitor through an in-silico 

approach to suppress colorectal cancer progression. 

Chapter 6: Summary  

This chapter summarizes the key findings of the study, focusing on how 

CRC cell-derived exosomes contribute to macrophage reprogramming 

through NF-κB-mediated signaling. It also discusses the importance of 

targeting PD-L1 and FUT8-mediated core fucosylation of CEA to 

counter immune evasion by tumor cells, thereby highlighting its 

potential in improving cancer immunotherapy strategies. 

Chapter 7: Future Prospects 

 It outlines possible future directions for further research based on the 

findings of this study. It focuses on gaining deeper insight into exosome-

mediated communication and understanding the detailed mechanism of 

macrophage polarization within the TME condition. Exploring the key 

components of this TME, especially exosomes, glycoproteins, and 

immune checkpoints, which may serve as a therapeutic intervention for 

CRC treatment. 
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Chapter 1: Introduction  

1.1 OVERVIEW OF COLORECTAL CANCER 

Colorectal cancer (CRC) is one of the deadliest, commonly diagnosed 

cancer types worldwide, and one of the key contributors to cancer-related 

mortality [1]. It develops at the site of the epithelial lining of the colon and 

rectum, part of the large intestine, and becomes prominent through a 

gradual, multistep process involving the accumulation of multiple 

mutations [2]. In the earlier stages, it arises in normal colonic mucosa due 

to a mutation in the adenomatous polyposis coli (APC) gene, leading to 

initial tumor formation (Stage I) [3]. Subsequently, progression involves 

mutation in the RAS oncogene, which further promotes growth and local 

invasion (stage II) [4]. In addition, genetic mutations, especially in tumor 

protein 53 (TP53), allow tumor cells to reach lymph nodes in stage III and 

ultimately facilitate distant metastasis in stage IV [5,6] See Figure 1.1. The 

development of CRC is not a rapid process; it generally takes 10-15 years 

from initial polyp formation to malignancy, which allows opportunity for 

prevention through initial screening and treatment [7]. An alarming rise in 

the early onset of CRC is observed, underscoring the need for a better 

understanding of its underlying mechanisms and improved strategies for 

early diagnosis. 
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Figure 1.1: Schematic representation of CRC progression from Stage I to 

Stage IV. Stage I-II CRC remains localized to the colon or rectal wall without 

lymph node involvement, whereas Stage III-IV involves lymph node spread and 

distant metastasis to organs such as the liver. Figure prepared using Microsoft 

PowerPoint with icons obtained from Servier Medical Art.  

 

1.2 EPIDEMIOLOGY AND RISK FACTORS OF CRC: 

1.2.1 Epidemiology: Globally, CRC remains a significant health challenge 

and is ranked as the third most commonly diagnosed cancer [8]. The 

incidence rate of CRC varies widely across different regions of the world, 

with a higher rate typically observed in developed countries compared to 

developing countries [9]. A high incidence rate was observed in North 

America, Australia, New Zealand, and Europe, while countries in Africa 

and South Asia have the lowest incidence rate [10,11]. However, these 

trends are now shifting towards low-risk regions because of the adaptation 

of westernized lifestyle, changes in dietary patterns, as well as a lack of 

advancement in screening patterns and treatment [12]. This is further 

supported by data from the International Agency for Research on Cancer 

(GLOBCAN) indicate the CRC incidence is expected to increase 

substantially from approximately 1.8 million to over 3 million cases in the 

coming decade, with the fastest growth observed in low and middle-income 

regions undergoing rapid epidemiological transition See Figure 1.2. 

Despite advances in detection and treatment, CRC continues to be the 

second leading cause of cancer-related deaths only in the United States, with 

~153,000 cases and ~52,000 deaths expected in 2025 [13].  As global 

disease patterns change, India is also reflecting these global shifts, where 

the burden of CRC is gradually emerging as a significant health concern. 

Traditionally, India has been considered a low-incidence region for cancer 

compared to western countries [14]. 

According to the Global Cancer Observatory data in India, the annual 

incidence rates (AARs) for CRC were 40,430 cases in males and 24,433 

cases in females in 2022 [15,16]. The ratio of CRC incidence in males (AAR 
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5.7) is greater than in females (AAR 3.4) and contributes to more than 4% 

of India's cancer incidence and mortality [16]. Based on histological 

evaluations, approximately 93% cases of CRC patients observed in India 

are adenocarcinomas. In addition, 45% of colon and 55% of rectal cancer 

patients are detected at the locoregional stage 

https://ncdirindia.org/All_Reports/HBCR_2021/Default.aspx. Since a 

significant proportion of CRC cases are linked to preventable risk factors, 

highlighting the urgent need for comprehensive population-based 

prevention and early detection strategies. Addressing these risk factors 

through targeted interventions will offer a practical approach to mitigate the 

rising incidence of CRC in India.   

 

 

Figure 1.2 Epidemiological burden of colorectal cancer. (A) Global distribution 

of major cancer types in the human population, highlighting the prominence of 

breast, lung, and colorectal cancers. (B) Global incidence of colorectal cancer 

(CRC) with a ten-year forecast (2017–2027), illustrating the projected increase in 

https://ncdirindia.org/All_Reports/HBCR_2021/Default.aspx
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CRC cases worldwide. (C) Regional growth forecast of CRC incidence, showing 

differential trends across geographic regions. 

1.2.2 Risk Factors Associated with CRC: The incidence rate of CRC 

varies worldwide due to differences in the distribution of risk factors. 

Among all the risk factors, increasing age is the primary driver of tumor 

progression, and the most pronounced increase in susceptibility begins after 

the age of 50 years [17]. The key risk factors include lifestyle-associated 

factors, medical, genetic, and surrounding environmental factors, which 

contribute significantly to tumor development [18].  

1.2.2.1 Lifestyle Associated Risk Factors: Unhealthy diet and lifestyle 

habits contribute significantly to CRC development. Frequent consumption 

of red and processed meat, insufficient intake of fibre, fruits, vegetables, 

excessive alcohol consumption, and tobacco smoking are all well-

established risk factors for CRC [19]. In addition, sedentary behaviour, such 

as prolonged sitting or sleeping, promotes metabolic dysfunction and 

increases the risk of obesity and diabetes, which favours CRC development 

[20].  

1.2.2.2 Clinical and biological Risk Factors: Besides lifestyle, host-

related biological factors and pre-existing medical history also plays a 

crucial role, such as chronic inflammatory bowel disease (IBD), ulcerative 

colitis, or Crohn’s disease plays equally important roles in CRC progression 

[21]. Furthermore, obesity, diabetes, and personal history of colorectal 

polyps or related disorders may enhance the chances of CRC diagnosis. 

Recent studies also highlight the role of gut microbiota dysbiosis and 

environmental exposure in the development of CRC progression [22]. 

1.2.2.3 Genetic and Environmental Risk Factors: Genetic predisposition 

contributes to 5-10% of cases with conditions such as familial adenomatous 

polyposis and Lynch syndrome, which markedly increase the risk of CRC 

https://doi.org/10.3390/cancers15164154.%20Furthermore


  

7 
 

[23].  Additionally, environmental exposure to harmful chemicals, 

pollutants, and other carcinogenic reagents further promotes tumorigenesis. 

Collectively, CRC arises from a combination of factors and needs to focus 

on reducing the disease burden, although many of the risk factors 

contributing to tumor development are within our control and can be 

reduced through simple and effective lifestyle changes. 

1.3 MOLECULAR PATHOGENESIS OF CRC:  

The major cause of CRC development includes primarily chromosomal 

instability (CSI), which involves mutations in oncogene KRAS and tumor 

suppressor genes (APC, TP53, SMAD) [24]. Another mechanism involves 

a defect in the DNA repair system, resulting in errors accumulating during 

DNA replication [25]. Similarly, abnormal DNA hypermethylation silences 

genes that normally help regulate cell function and prevent tumor 

development [26].  

1.3.1 Chromosomal instability (CSI): Among these mechanisms, the CSI 

pathway is most well characterized and represents the classical route of 

CRC development [27]. This process begins with a mutation in the APC 

gene, which interferes with the normal regulation of β-catenin in the Wnt-

β-catenin signalling, leading to its accumulation in the nucleus and 

activating genes that promote cell growth [28]. Additionally, a mutation in 

TP53, observed in about 70% of cases, allows these abnormal cells to 

survive and continue dividing infinitely [29]. 

1.3.2 Defective DNA repair mechanism: Another major reason for CRC 

development is a defect in the DNA repair gene, particularly the mismatch 

repair (MMP) proteins [30]. When these proteins are mutated, they fail to 

correct errors that occur during DNA replication, such as single base 

mismatches, short insertions or deletions, even in 1-6 base pair long 

repeating microsatellite sequences [31].  

https://doi.org/10.3892/ol.2018.8679
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1.3.3 Abnormal DNA hypermethylation: An additional mechanism 

involves hypermethylation of tumor suppressor genes' promoters, or proto-

oncogenes such as BRAF mutation, where DNA methyltransferase enzyme 

adds a methyl group to the CPG site, leading to gene silencing and 

contributing to CRC progression [32].  

Besides this important molecular alteration, other molecular-level signaling 

mechanisms also play an equally important role during CRC progression. 

However, these alterations are central to the initiation and progression, but 

they do not fully explain the heterogeneity in tumor behaviour, disease 

progression, and therapeutic response among CRC patients. This 

knowledge gap highlights the need to investigate additional regulatory 

mechanisms beyond the tumor cell intrinsic processes. Nowadays, this 

traditional view has been changed, and CRC progression is considered a 

complex and dynamic disease influenced not only by genetic alteration 

within tumor cells but also by the interaction with the surrounding TME 

[33]. Therefore, the TME emerged as a crucial contributor to shaping tumor 

progression through complex cellular interactions.     

    

1.4 TUMOR MICROENVIRONMENT IN CRC:  

The advancement of CRC relies on the multifaceted dynamics of the TME 

[34]. The TME is a composite and dynamic network comprising cancer cells 

and a variety of immune cells, including tumor-associated macrophages, T-

cells, B-cells, natural killer cells, along with various other tissue-resident 

cell types [33]. Among them, cancer cells and immune cells crosstalk with 

each other and contribute to the overall behaviour of cancer. The TME is 

responsible for the more aggressive proliferation of tumor cells by 

recruiting immunosuppressive cells, rejuvenating the extracellular matrix, 

and promoting angiogenesis, ultimately promoting tumor proliferation and 

metastasis [35]. The communication between immune cells and cancer cells 

occurs through the secretion of soluble factors, such as cytokines, 
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chemokines, metalloproteins, and growth factors, as well as the release of 

extracellular vesicles within TME [36]; see Figure 1.3A. TME-containing 

cytokines, chemokines, and extracellular vesicles activate different 

signalling pathways and promote or inhibit cancer progression [37]. These 

inflammatory mediators, such as TNF-α, IL-1β, IL-6, and reactive oxygen 

species (ROS), contribute to DNA damage, genomic instability, and 

aberrant cell proliferation [38]. Similarly, matrix metalloproteinases 

facilitate remodelling of the extracellular matrix and enable tumor invasion 

and metastasis [39].  Pro-angiogenic factors, such as vascular endothelial 

growth factor (VEGF), increase new blood vessels required for tumor 

growth and dissemination [40]. TME-containing factors also activate 

oncogenic signalling, such as Wnt-β-catenin, NF-κB, which further enhance 

tumor cell proliferation, survival, and resistance to apoptosis [41,42]. 

Furthermore, an inflammatory TME helps cancer cells to avoid the immune 

attack and bypass immune surveillance, which leads to persistent tumor 

growth and therapy resistance.  These processes collectively contribute to 

aggressive tumor development and metastasis. Overall, understanding and 

targeting TME in CRC is a promising approach for improving therapeutic 

outcomes. 

1.4.1 TUMOR-ASSOCIATED MACROPHAGES IN CRC 

Cancer progression is strongly influenced by complex interactions between 

cancer cells and the surrounding immune microenvironment, where tumor-

associated macrophages (TAMs) represent one of the most abundant and 

functionally adaptable immune cell populations [43]. In general, 

macrophages are present in distinct populations defined by both phenotypic 

markers and developmental origin.  Monocyte-derived macrophages 

express high levels of CD11b, MHC class II, and CCR2 and originate from 

adult hematopoietic stem cells (HSC) via circulating monocytes [44]. On 

the other hand, tissue-resident macrophages are marked by elevated F4/80 

and CX3CR1 expression and arise from embryonic progenitors, 
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maintaining their populations predominantly through self-renewal within 

tissues [44]. Macrophages can switch into distinct phenotypes depending on 

stimuli. They have the potential to polarize into classically activated, pro-

inflammatory, known as antitumorigenic M1 phenotype, and inhibit cancer 

progression, while on the other hand can also be polarized into alternatively 

activated anti-inflammatory tumor-promoting M2 like phenotype, 

suppressing the immune response and making cancer more aggressive by 

secreting growth factors [45]. Macrophages exhibit considerable plasticity 

that cannot be fully explained by the M1/M2 framework [46]. Advances in 

single-cell technologies, including single-cell RNA sequencing and mass 

cytometry, have transformed our understanding of macrophage 

heterogeneity [47]. This concept is reinforced by single-cell RNA-seq 

analysis from Xue et al., which uncovered 49 transcriptionally distinct 

macrophage states across 28 different activation stimuli [48]. Instead of a 

fixed polarization state, TAMs display adoptable functional behaviors and 

are continuously reshaped by tumor-derived clues, including soluble 

factors, extracellular vesicles (EVs), and damage-associated molecular 

patterns secreted by cancer cells [49,50]. In the tumor microenvironment 

(TME), macrophages undergo reprogramming and adopt a pro- or anti-

tumor phenotype [51] See in figure 1.3B. Anti-tumoral type of 

macrophages can destroy tumor cells and prevent malignancy, whereas pro-

tumoral type of macrophages support tumor growth by suppressing the 

immune response and facilitating angiogenesis and metastasis [52]. 

Macrophage responses to stimuli within TME are governed by intracellular 

signaling networks that link receptor activation to coordinated 

transcriptional regulation [53].  
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Figure 1.3. Overview of tumor-associated macrophage reprogramming 

within the tumor microenvironment in CRC. A) The macrophage polarization 

into TAM1 (anti-tumor) and TAM2 (pro-tumor) phenotypes within TME. B) The 

imbalance between these populations determines disease outcome, where TAM1 

dominance promotes anti-tumor immune responses, while TAM2 enrichment 

supports tumor growth, immune suppression, and progression. Figure prepared 

using Microsoft PowerPoint with icons obtained from BioRender. 

 

Notably, both pro- and anti-tumor types of TAMs can reprogram into each 

other in response to changes within the TME, and this switching is 

controlled by cytokines, chemokines, and other factors released by CRC 

cells [54].  For example, CCL2 chemokine, overexpressed by cancer cells, 

plays a crucial role in the recruitment of immune cells, particularly TAMs, 

via CCL2/CCR2 signaling [55]. Studies have already reported that 

CCL2/CCR2 interaction recruits TAMs and switches them into a pro-

tumoral type and contributes to liver metastasis of CRC in a mouse model 

[56]. Colony-stimulating factor (CSF-1) and IL-34 share a common 

receptor CSF-1R, which is known for recruiting and converting them into 

tumor supportive type [57]. In contrast, the COX-2 inhibitor celecoxib 

reprograms macrophages from tumor supportive M2 to anti -tumor M1 type 

in an IFN-γ-dependent mechanism and helps to reduce intestinal tumor 
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growth [58]. Similarly, miR-148a and lncRNA-NBR2 polarize 

macrophages from tumor-promoting to anti-tumor type and suppress CRC 

progression [59,60]. The STAT-3 transcription factor is a key regulator of 

TAMs polarization, and inhibition of the JAK-STAT3 signaling reduces the 

tumor-supporting nature of macrophages, ultimately inhibiting metastasis 

of CRC cells [61,62]. Collectively, evidence suggests that signals generated 

within TME activate key pathways such as JAK-STAT, PI3K-AKT, NF-

κB, along with various cytokines and chemokines, which together regulate 

macrophage polarization. The ability of TAMs to switch between different 

phenotypes reflects their adaptability and their role in controlling disease 

severity. The ability of TAMs to interchange between M1-like and M2-like 

phenotypes underscores their functional plasticity and their role in 

controlling disease outcome. Regardless of considerable progress, the 

molecular mechanism governing macrophage polarization in CRC remains 

incompletely understood. The identification of molecular mechanisms 

underlying macrophage phenotypic change during CRC progression is 

essential for advancing our understanding of disease progression and 

developing more effective therapeutic interventions. 

1.4.2 ROLE OF CRC-DERIVED EXOSOMES 

To advance our understanding of how CRC arises and spreads across the 

body, it is necessary to look beyond cancer cells. The cross-talk between 

CRC cells and surrounding immune and normal growing cells plays a 

crucial role in driving tumor growth and metastasis. This communication is 

achieved through the release of soluble factors, as discussed in the earlier 

section, such as cytokines, chemokines, and extracellular vesicles (EVs), 

including exosomes. The exosomes collectively facilitate the transfer of 

regulatory signaling molecules as well as bioactive molecular cargo to 

recipient cells [63]. In this regard, we specifically focus on the role of 

tumor-derived exosomes in macrophage polarization during CRC 
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progression. To highlight how CRC cell-derived exosomes contribute to 

macrophage reprogramming and support tumor progression. 

 

Figure 1.4: The structure and composition of exosomes. Exosomes consist of 

various biomolecules such as proteins, tetraspanins (CD9, CD63, CD81), 

membrane transport and fusion protein, integrin, heat shock protein (HSP70/90), 

endosomal sorting complex proteins (Alix, TSG101. Additionally, nucleic acids, 

including DNA, coding and non-coding RNAs, and lipid components 

Exosomes are nanosized (40-150 nm) small vesicles, made up of lipid 

bilayers and enriched with bioactive cargos such as nucleic acids, proteins 

that reflect their cellular origin and can influence recipient cells and disease 

status [64,65]. CRC-derived exosomes are now recognized as key mediators 

of intracellular communication and are capable of transferring functional 

molecules that alter gene expression in recipient cells and contribute to 

tumor progression. Although few recent literatures demonstrated that CRC 

cells released exosomal miR-203a-3p regulate PTEN and activate PI3K/Akt 
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signaling axis, and switch macrophages towards a tumor-promoting type 

[66]. Similarly, CRC- exosome-containing proteins also control 

macrophage polarization and regulate tumor growth  [67] Another 

interesting study reported that CRC cells derive exosomes containing 

miRNAs miR-21-5p and miR-200a synergistically switch macrophages 

towards tumor supportive phenotype and enhances the PD-L1 expression in 

macrophages [68]. Although the field of exosome research is still relatively 

new and underlying molecular mechanisms remains largely unexplored in 

cancer progression.  Limited number of literatures is available regarding the 

specific role CRC derived exosomal miRNAs and proteins in macrophage 

polarization and functional reprogramming. Therefore, investigations in 

these directions offer substantial scope for further research. 

1.5 DIAGNOSIS: CURRENT SCENARIO AND RECENT 

ADVANCEMENT 

Currently, the diagnosis of CRC has evolved significantly, combining 

conventional clinical approaches with advanced molecular and imaging 

techniques. The conventional diagnostic approach includes colonoscopy, 

which remains the gold standard for early detection and permits direct 

visualization and removal of precancerous lesions. The other commonly 

used test for population-based screening includes non-invasive fecal-based 

tests like fecal occult blood test (FOBT) and fecal immunochemical test 

(FIT) [69]. Currently, cancer cells secrete circulating DNA, proteins, and 

exosomes that also hold the potential to improve early detection, prognosis, 

and therapeutic monitoring [70]. However, these methods work fine but still 

have some limitations in terms of sensitivity, patient comfort, and early-

stage detection.  

To get rid of these challenges, modern-day techniques have increasingly 

focused on the development of less invasive and highly sensitive diagnostic 

tools.  These techniques, including liquid biopsy, offer the advantages of 

real-time disease monitoring and improved patient comfort during disease 
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assessment. Similarly, advancements in therapeutic approaches, including 

next-generation sequencing and proteomics, enable researchers to achieve 

more accurate molecular characterization of CRC cells. This helps early 

detection as well as personalized therapies in CRC. Collectively, we can say 

these advancements represent a major shift from traditional invasive and 

diagnostic methods to more precise, sensitive, non-invasive, and real-time 

strategies for diagnosis and CRC management. 

 

1.6 RATIONALE AND OBJECTIVE OF THE STUDY 

1.6.1 Rationale: Given the growing recognition of exosome-mediated 

communication in cancer and the critical role of macrophages in the TME, 

investigating the composition and role of CRC-derived exosomes represents 

an important research opportunity. This work focuses on identifying 

exosome-mediated molecular mechanisms that drive macrophage 

phenotypic switching during colorectal cancer progression. Here, we 

hypothesize that CRC-derived exosomes play a critical role in 

reprogramming macrophages toward an M2-like, tumor-supportive 

phenotype. Accordingly, we propose a disease model illustrating CRC-

macrophage interactions see Figure 1.5. 
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Figure 1.5 A) Disease model illustrating CRC cell-derived exosome-mediated 

macrophage reprogramming. B) Kinetics study of macrophages gene expression 

in CRC microenvironment 

1.6.2 Objective: To gain a more detailed understanding of this mechanism, 

we propose the following objectives. 

4. Investigating macrophage morphological changes in response to 

CRC cells co-culture conditions    

5. Dissecting the signaling mechanism of macrophage polarization 

in response to CRC cells-derived exosomes  

6. Designing therapeutic interventions (Anti-miRNA/ small 

molecules/ peptide) against the identified target molecule 

 

1.7 NOVEL FINDINGS AND LIMITATIONS OF THIS STUDY 

1.7.1 Novelty: This study establishes for the first time, the temporal kinetics 

of macrophage gene expression and functional reprogramming after CRC-

exosome treatment. To the best of our knowledge, this concept was lacking 

in existing studies. We further uncovered a previously unexplored 

mechanism by which exosomes activate NF-κB signalling in CRC. In 

addition, we explored the response of macrophages to CRC-derived 

exosomes and observed a significant upregulation of PD-L1 expression. 

Notably, our findings reveal for the first time that exosome-educated 

macrophages enhance PD-L1 expression in CRC cells, contributing to 

suppression of T-cell-mediated response. To address this, we proposed a 

potential PD-L1 inhibitor, which shows encouraging results in our in-silico 

studies compared to existing small-molecule inhibitors in clinical trials.  

1.7.2 Limitation: The limitations of this study include the lack of in vivo 

validation of NF-κB involvement and PD-L1-mediated 

immunosuppression. Further mechanistic and experimental validation of 

the proposed PD-L1 inhibitor is needed for clinical translation.  
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1.8 THESIS ORGANIZATION 

The thesis is systematically organized into the following chapters to provide 

in-depth and mechanistic insights into CRC progression. Each chapter 

addresses a specific aspect of the study and collectively contributes to a 

comprehensive understanding of the overall study. 

Chapter 1: It provides an overview of the research area, focusing on CRC 

and its underlying molecular mechanism. It also highlights the role of 

exosome-mediated communication between CRC cells and tumor-

associated macrophages within TME. Additionally, it outlines the 

fundamental concept of CRC, emphasizing the global burden, molecular 

pathogenesis, significance, research gap, hypothesis, and objectives of the 

study.    

Chapter 2: This chapter sheds light on the review of existing literature 

relevant to the composition of exosomes released from cancer cells and their 

role in TAMs polarization. Here, we discuss how exosomal cargo, including 

proteins, glycoproteins, and miRNAs, influences key signalling pathways 

involved in macrophage polarization within TME. Furthermore, it 

highlights the current understanding of exosomes' composition, function, 

and therapeutic approaches. It also points out gaps in existing studies that 

need further investigation in this area. 

Chapter 3: This chapter includes the key findings from the research work, 

highlighting the interaction between CRC-exosomes and macrophages. It 

also explores the underlying molecular mechanism involved, especially 

through NF-κB signalling pathways, which further supports the more 

aggressive growth and metastasis of CRC cells.   

Chapter 4: This chapter focuses on PD-L1 as a therapeutic target, 

describing its role in immune evasion in CRC and its regulation within 

TME. It further explores targeting PD-1/PD-L1 axis in an in-silico 

approach, particularly molecular docking and computational screening to 
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identify potential inhibitors. This approach included the utilization of a 

marine natural product database to screen for compounds that can target 

PD-L1, and to develop new strategies for cancer immunotherapy. 

Chapter 5: In this chapter, we focused on glycoprotein which influence 

tumor development. While targeting the carcinoembryonic antigen (CEA), 

we identified Fucosyltransferase 8 (FUT8) as a promising therapeutic target 

in CRC. In silico screening of marine natural compounds reveals promising 

FUT8 inhibitors with favorable binding affinity, stability, and 

pharmacokinetic properties. This finding suggested that targeting FUT8 

could mitigate CEA function and may represent a potential therapeutic 

intervention for CRC treatment. 

 

Chapter 6: This chapter concludes the thesis with the key findings of the 

study, highlighting the role of CRC cells-derived exosomes in macrophage 

reprogramming and NF-κB mediated signalling. In addition, it discusses the 

importance of targeting PD-L1 and FUT8-mediated core fucosylation of 

CEA to overcome the problem of immune evasion. 

Chapter 7: This chapter discusses possible new future directions for further 

research based on the findings of this study. We also explore the key 

components of this TME, especially exosomes, which may serve as a 

therapeutic intervention for CRC treatment. It also provides inputs about 

what are possible ways to inhibit cancer progression by targeting 

macrophage polarization, immune checkpoints, glycoproteins within TME, 

and reprogramming of pro-tumoral macrophages towards an anti-tumor 

phenotype. 
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Chapter 2: Literature Review 

 

As discussed in Chapter 1, the TME is a highly dynamic milieu in which 

continuous crosstalk occurs between tumor cells and immune cells via the 

release of soluble factors and extracellular vesicles (EVs). Among the 

different types of EVs, exosomes have emerged as key cargo transporters 

from donor cells to recipient cells.  Considering their crucial role in cellular 

response regulation within TME, our research study mainly focuses on 

exosome-mediated communication between CRC cells and TAMs. This 

chapter provides a comprehensive review of the existing literature related 

to exosome contents and their role in macrophage polarization and cancer 

progression-associated signaling. In this context, we initially summarized 

the role of exosomal proteins in the regulation of macrophage polarization 

within TME. 

2.1 Tumor-derived exosomal protein role in macrophage polarization 

Exosomal protein overexpression in various cancer cells leads to the 

polarization of Macrophages [1]. The effect of different exosomal 

proteins on recipient macrophages in the TME leads to multiple 

downstream signaling pathways that determine the fate of the macrophages 

(M1 or M2) [2]. Therefore, identifying the role of different exosomal 

proteins in various types of cancer and understanding their effect on 

macrophage polarization is vital for comprehending the molecular basis of 

cancer progression. This knowledge can aid in developing novel therapeutic 

strategies against different types of cancer. 
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Figure 2.1: Schematic diagram of macrophage polarization in response to 

exosomal protein content. Created using Bio Render software 

(https://biorender.com).  

2.1.1 Exosomal proteins driving M2 macrophage polarization- 

Exosomal proteins are pivotal in the intricate communication between 

cancer cells and macrophages. These proteins exert their influence through 

diverse signaling pathways, including the JAK (Janus Kinase)-STAT 

(Signal Transducer and Activator of Transcription), and 

PI3K(Phosphoinositide 3-Kinase)-AKT (Protein Kinase) signaling 

pathway. The activation of the JAK/STAT signaling occurs when a ligand 

binds to surface receptors, which leads to JAK phosphorylation and STAT 

activation  [3]. Upon phosphorylation, STAT proteins migrate to the 

nucleus, where they specifically bind to DNA, and modulate gene 

expression [4]. Similarly, the PI3K-AKT signaling pathway is activated 

through receptors like TLR and IL-R, triggering PI3K activation that 

generates PIP3 which leads to AKT recruitment and phosphorylation, which 

initiates downstream signaling, including transcription factor NF-κB 

inhibition or STAT activation [5–7]. Their collective impact typically 

induces the polarization of macrophages towards the alternatively activated 

M2 phenotype, characterized by anti-inflammatory properties and pro-

https://biorender.com/
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tumorigenic effects. This shift in macrophages further facilitates the 

progression of cancer. 

Leptin- Leptin, encoded by the lep gene, is a crucial adipokine involved in 

signal transduction pathways (AMPK, PI3K/AKT, ERK1/2, STAT3) 

influencing energy balance, metabolism, immune response, tumorigenesis, 

and cancer metastasis. It plays an essential role in macrophage polarization 

and is associated with the invasion as well as migration of gallbladder 

cancer (GBC) cells. Zhao et al. reported that leptin is abundantly present in 

exosomes derived from GBC cells, where it can be transferred to 

macrophages, promoting M2 polarization [8]. When leptin binds to the 

leptin receptor (tyrosine kinase-associated receptor) on the plasma 

membrane, it forms complexes of ligand-receptor and immediately triggers 

the phosphorylation of the JAK. The phosphorylated tyrosine site on JAK 

help to recruit STAT3 with the SH2 structural domain for phosphorylation 

modification [9]. Upon phosphorylation, STAT3 (p-STAT) undergoes 

dimerization and enters inside the nucleus. Subsequently, it interacts with 

specific genes and regulates expression, and promotes macrophage 

polarization into the M2 phenotype, enhancing cancer cell invasion and 

migration [8,10].                                                                                             is 

known as an anti-inflammatory cytokine and involved in the regulation of 

inflammatory response  [11]  and is also responsible for skewing 

macrophages into a pro-tumorigenic phenotype [12]. IL-10 is detected in 

exosomes of non-small cell lung cancer (NSCLC) and small cell lung cancer 

(SCLC) [13]. Studies revealed that it is also upregulated in breast cancer 

[14]. The Binding of IL-10 dimerizes the receptor, i.e., JAK1 dimerizes with 

TYK 2 [12], and then the JAKs are activated by interactive tyrosine 

phosphorylation. Subsequently, the activated JAKs catalyze the 

phosphorylation of tyrosine residues on the dimerized receptors, facilitating 

the recruitment of STAT3. These recruited STAT3 then bind to the 

receptors and undergo phosphorylation by the activated JAKs. Then, the 

phosphorylated STAT3 detaches from the receptor, forming dimers within 
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the cytoplasm, and subsequently translocates inside the nucleus. These 

dimers bind with the promoter of the specific gene, leading to the expression 

of M2-related genes (Arg-1, CD 206, IL-6) [15], and contribute to the 

advancement of cancer.                 

Glucose-regulated protein-78 (GRP78)- GRP78, a 78KDa protein, also 

known as BiP and HSP5a, exhibits multifunctional properties that extend 

beyond its established involvement in the unfolded protein response (UPR) 

activated during endoplasmic reticulum (ER) stress. GRP78 plays a 

significant role in tumor cells' survival, proliferation, and chemoresistance 

development. GRP78 influences how cancer cells survive, proliferate, and 

develop chemoresistance [16]. The expression of GRP78 is elevated in lung 

cancer [17]. Additionally, GRP78 is identified as a protein found in 

exosomes derived from gastric cancer cells[18]. Upon stimulation with 

IGF-1, GRP78 binds to IGF-1R, activating the JAK/STAT pathway in 

macrophages. This interaction likely induces the phosphorylation of JAK1 

and JAK2, subsequently leading to the recruitment and phosphorylation of 

STAT3 and STAT6. Phosphorylated STAT3 and STAT6 then form 

homodimers, migrate toward the nucleus, and attach to specific promoters, 

inducing the expression of M2-associated genes. Notably, the knockdown 

of GRP78 or PERK in breast cancer promotes M1 polarization. 

Furthermore, GRP78 may regulate macrophage polarization through 

downstream PERK (Protein Kinase RNA-Like ER Kinase) or IRE1 

(Inositol-requiring enzyme type 1) signaling, independently of the IGF-

1/IGF-1R pathway [19],  and thus fostering the progression of cancer. 

 

Plasminogen activator inhibitor-1 (PAI-1)- PAI-1 or SERPINE1, a 

multiple myeloma cell-derived exosomal protein [20],  has a tumor-

supportive role via its pro-angiogenic and anti-apoptotic activities further; 

it is also reported that PAI-1 supports M2 polarization [21]. It is also 

overexpressed in pancreatic cancer, glioma, and melanoma [22]. Kubala et 



  

37 
 

al. reported that PAI-1 polarizes macrophages through the uPA domain that 

interacts with uPAR, a GPI-anchored protein in the surface of macrophages, 

that leads to the phosphorylation of p38MAPK followed by 

phosphorylation (Ser536) of the p65 subunit of NF-kB which is responsible 

for the transcriptional activation of IL-6. This IL-6 acts in an autocrine 

manner and binds its receptor present on the surface of the macrophage; this 

binding leads to the phosphorylation of STAT3, which further forms dimer 

and enters the nucleus. Then, it binds to the specific promoter and induces 

the expression of M2-associated markers, [21] thus leading to the 

advancement of cancer. 

S100 calcium-binding protienA9 (S100A9)- S100A9 is a protein that binds 

calcium and zinc, significantly influencing the regulation of inflammatory 

processes and immune responses [23]. Overexpressed in chronic 

lymphocytic leukemia [24], colon, lung, melanoma, gastric, prostate, 

ovarian, breast, head and neck cancers [25]. S100A9 switches macrophages 

into a tumor-promoting phenotype via activation of the PI3K/Akt signaling  

[26]. The activation of the PI3K/Akt pathway plays a crucial role in 

dampening proinflammatory responses. Upon activation of PI3K by 

S100A9, it phosphorylates phosphatidylinositol 4, 5-bisphosphate (PIP2) - 

generating phosphatidylinositol 3, 4, 5-triphosphate (PIP3) at the plasma 

membrane. PIP3 recruits Akt and the mTORC 2 - facilitating Akt activation 

by mTORC2 [27]. This activation in turn inhibits NF-kB activation, 

resulting in a significant upregulation of IL-10, transforming growth factor-

beta (TGF-β), and other markers associated with the M2 anti-inflammatory 

phenotype[26,27], this supports the development of cancer. 

Growth and differentiation factor15 (GDF15)- GDF15(Growth and 

differentiation factor 15) is a unique member of the TGF-β superfamily, and 

crucial in various physiological processes and cellular activities. Numerous 

studies have linked GDF15 to various health conditions such as cancer, 

inflammation, cardiovascular diseases, and dyserythropoietic diseases [28]. 

GDF15 is a protein found in exosomes released from colon cancer cells 
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[29]. It also shows overexpression in cervical cancer [30], breast cancer, 

CRC [31], prostate cancer, endometrial cancer, and osteosarcoma 

[32]. GDF15 can activate the PI3K/Akt signaling, leading to the 

polarization of macrophages into the M2 phenotype. GDF15 binding to the 

GDF15 receptor leads to the phosphorylation of PI3K, which in turn leads 

to phosphorylation of Akt which activates various transcription factors. This 

results in elevated expression of the M2 phenotype gene (Arg1 and IL-4) 

expression [33]  leading to metastasis and advancement of cancer. 

Hepatocyte Growth Factor (HGF)- Hepatocyte Growth Factor  is a protein 

that interacts with the hepatocyte growth factor receptor, influencing 

growth, motility, as well as morphogenesis across various cell and tissue 

types [34].  Multiple myeloma cell-derived exosomes contain Hepatocyte 

Growth Factor (HGF)[20]. Recent studies have reported that HGF binds 

with tyrosine-protein kinase Met (c-MET), which leads to M2 polarization 

by the downstream signaling process. Binding HGF to MET leads to the 

activation of PI3K, activating AKT in its downstream. This activated AKT 

phosphorylates and then activates GSK3β.  which phosphorylate and 

activate cAMP-responsive element-binding protein (CREB). Further, this 

activated CREB in the nucleus activates CCAAT/enhancer-binding protein 

beta (C/EBPβ), which acts as a transcription factor that specifically binds to 

promoters and leads to the expression of M2 phenotype-associated genes. 

This leads to a shift in the phenotype of macrophages towards M2-type [34–

36] that drives cancer progression. 

Annexin-A1 (ANXA1)- ANXA1 is a 37 kDa phospholipid-binding protein, 

is abundantly expressed in different tissues. Initially identified for 

mediating the anti-inflammatory effects of glucocorticoids, it plays diverse 

roles in health and disease [37]. Elevated levels of ANXA1 are observed in 

various cancers, including breast, melanoma, hepatocellular carcinoma, 

colorectal, glioma, lung adenocarcinoma, and prostate cancer [38]. 

Additionally, pancreatic cancer cells release ANXA1 via exosomes [39]. 

ANXA1, through its interaction with the FPR2 receptor, likely facilitates 
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macrophage polarization. The FPR2-ERK signaling axis downstream of 

ANXA1 is likely to play a key role in the process of macrophage 

polarization [40], which contributes further to the progression of cancer. 

CKLF-like MARVEL transmembrane domain-containing 6 (CMTM6)- 

CKLF-like MARVEL transmembrane domain-containing 6 (CMTM6), a 

protein located at the plasma membrane, has emerged as a potential player 

in cancer progression. Across various cancer types, CMTM6 is consistently 

overexpressed, including in cervical squamous cell carcinoma, esophageal 

cancer, lung squamous cell carcinoma, and head and neck squamous cell 

carcinoma (HNSCC) [41]. CTMN6 is expressed in exosomes derived from 

OSCC (Oral squamous cell carcinoma) [41]. As reported by Pang and 

colleagues, CMTM6 within oral squamous cell carcinoma (OSCC) cells 

regulates the polarization of anti-inflammatory-type macrophages in the 

TME. This modulation occurs through the activation of ERK1/2, 

contributing to signaling pathways associated with cancer progression. 

However, the precise signaling pathway remains undisclosed [41]. 

Transforming growth factor beta (TGF-β)-  TGF-β is a family of secreted 

signaling proteins which are participate in cellular differentiation, 

proliferation, and apoptosis [42], which is found in exosomes of NSCLC 

and SCLC[43]. Further upregulated expression of TGF-β reported in 

different cancers such as colon, breast, liver,  esophagus, stomach, pancreas, 

prostate, lung, kidney, brain, and malignant melanoma, as well as certain 

hematological malignancies[44]. Zhang et al. experimentally showed that 

TGF-β enhances the expression of Transcription factor SNAIL and 

facilitates M2 polarization. It upregulates SNAIL's mRNA and protein 

levels by SMAD2/3 and PI3K/Akt pathway [45]. The interaction of TGF-β 

with the TGF-β receptor induces phosphorylation of R-Smads leading to 

binding with SMAD2/3 in cytoplasm. Further, Phosphorylated Smads form 

a complex with SMAD4 that moves into the nucleus and interacts with 

various transcription factors. [46] and promotes the transcription of SNAIL 

mRNA. In the case of the PI3K/Akt signaling mechanism, the binding of 
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TGF-β to the receptor causes the activation of PI3K. Activated PI3K leads 

to the conversion of PIP2 to PIP3, which phosphorylates Akt, further 

activated Akt activates mTORC1, and then mTORC1 activates p70s6k, 

which gets translocated into the nucleus and initiates the expression of 

SNAIL [47]. SNAIL acts as a transcription factor, increasing anti-

inflammatory cytokine IL-10 and CD-206 expression and metastatic 

progression of cancer [48]. 

Intercellular Adhesion Molecule 1 (ICAM-1)-ICAM-1 promotes various 

immune responses that rely on close cell-to-cell interactions and 

cooperation[49]. Recent studies have shown that it is overexpressed in 

breast, prostate cancer, and myeloma, and it is also found in many human 

cancer cell-derived exosomes [50] as well as in melanoma cell-derived 

exosomes[51].  This protein is also involved in skewing macrophages via 

the ICAM-1/miR-124/MCP-1 pathway. ICAM-1 increases the expression 

of SP1 (specificity protein 1), which acts as a transcription factor and binds 

to the promoter of miR-124, increasing its expression. Further, miR-124 

directly binds to the 3’UTR of MCP-1, inhibiting the monocyte chemotactic 

protein 1 (MCP-1) mRNA and protein expression. That leads to increased 

expression of M2 markers such as ym-1, (Mannose receptor C-type 1) Mrc-

1, and IL-10 [52] and contributes to cancer progression. 

Fibroblast-specific protein 1 (Fsp1)- Fsp1 also  known as S100A4, a 

member of the S100 family, significantly contributes to tumor cell 

metastasis by controlling adhesion, extracellular matrix remodeling as well 

as cellular motility [53].  Further, it is overexpressed in the lungs [54] and 

pancreatic cancer [55]. It is also reported that exosomes derived from 

hepatocellular carcinoma cells carry S100A4 [56]. Mechanistically, 

S100A4 activates peroxisome proliferator-activated receptor γ (PPAR-γ), 

required for fatty acid oxidation (FAO) induction during tumor-associated 

macrophage (TAM) into pro-tumorigenic M2 polarization. Moreover, 

experimental observations reveal that TAMs expressing S100A4 exhibit 

elevated levels of PD-L1, arginase 1, and TGF-β. This observation indicates 



  

41 
 

that it has a role in immune suppression and promotion of cancer 

progression [57].  

Nod -Like Receptor Pyrin domain-containing protein 6 (NLRP6)- The 

NLRP6 is an exosomal protein known to be highly expressed in gastric 

cancer [58] and small-cell lung cancer [59]. It is a member of the nod-like 

receptor family of pattern recognition receptors (PRRs) that consists of a 

PYD (N-terminal pyrin domain), a central NOD domain, and a C-terminal 

leucine-rich repeats (LRPs) [58].The exosomes derived from SCLC 

containing NLRP6 protein polarize macrophages into M2 phenotype by 

negatively regulating the NF-kB signaling pathway. In the presence of 

NLRP6, the levels of phosphorylated P65 and phosphorylated IkB decrease 

significantly [59]. As a result, NF-kB (heterodimer) remains bound to IkB 

and inactive in the cytoplasm. This ultimately results in a significantly 

increased expression of M2 markers, arginase-1 (Arg-1), CD206, and IL-

10, leading to the progression of cancer [59].  

Integrin αvβ6- Integrin αvβ6 has a tripeptide RGD (Arg-Gly-Asp) motif, 

which is highly specialized for adhesion to extracellular ligands; both the 

subunits act collectively and recognize ligands at the interface between their 

extracellular domains. These proteins are essential in regulating biological 

signaling paths that control multiple processes, such as cell survival, 

migration, proliferation, differentiation, metastasis, and tumor invasion 

[60]. αvβ6 is known to be upregulated in breast, prostate, cervical, and 

CRC, which significantly influences the microenvironment. Specifically, 

prostate cancer cell-derived αvβ6-positive exosomes are transferred to 

monocytes, promoting the M2 phenotype by inhibiting the activation of the 

STAT1/MX1/2(Myxovirus 1/2) signaling pathway. Uptake of αvβ6 causes 

inhibition of STAT1. The impact of αvβ6 is crucial, given STAT1's pivotal 

role in tumorigenesis, regulating diverse cellular activities. Additionally, 

αvβ6 significantly influences MX1/2 as MX 1 expression depends on 

STAT1 signaling, and MX2, a member of the dynamin-like GTPase family, 

is interferon-inducible, highlighting its role in the immune response. Hence, 
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inhibition of STAT1 by αvβ6 leads to the inhibition of the STAT1/MX1/2 

pathway; thus, promoting polarization of macrophage into the M2 

phenotype and cancer progression [61]. 

T-cell immunoglobulin and mucin domain-containing protein 3(TIM-3)- 

TIM-3 is an immune checkpoint receptor found on various immune cells. 

Its differential expression in diverse cancers has made it a prognostic 

indicator [62]. TIM-3 displays increased expression in various cancers, 

including CRC (CRC), gastric cancer (GC), hepatocellular carcinoma 

(HCC), non-small cell lung cancer (NSCLC), clear cell renal cell 

carcinomas (RCC), bladder urothelial carcinoma (BUC), prostate cancer, 

and leukemic stem cells [63]. Furthermore, it is identified to be upregulated 

in human melanoma cells [64]. Jiang et al. reported TIM-3 leads to M2 

macrophage polarization by interacting with STAT1, which leads to the 

inhibition of the STAT1-miR-155-SOCS1 signaling axis. Tim-3 interacts 

with STAT1, specifically binding to residues Y256 and Y263, inhibiting 

STAT1 phosphorylation and nuclear translocation. STAT1, functioning as 

an adaptor, mediates Tim-3-induced suppression of miR-155 expression. 

Consequently, this leads to increased SOCS1 activity and elevated 

expression of Arg-1 and IL-10 [65], resulting in the promotion of cancer 

advancement. 

Phosphoribosyl-pyrophosphate synthetase 2 (PRPS2)- PRPS2 a member 

of the phosphoribosyl pyrophosphate synthetase (PRS) family, is crucial for 

synthesizing purine and pyrimidine nucleotides [66].  Recent studies have 

identified the expression of PRPS2 in prostate cancer, CRC, and 

neuroblastoma [67]. Furthermore, it was seen that exosomes derived from 

NSCLC contain PRPS2 which significantly increases the expression of both 

mRNA and protein of IL-10, Arg-1, CD163, and CD206 in macrophages. 

These findings indicate that exosomes derived from NSCLC containing 

PRPS2 promote the M2 polarization of macrophages, contributing to the 

progression of cancer [41,67]. 
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Lysyl oxidase-like 4 (LOXL4)-  LOXL4 is a crucial member of the LOX 

family [68] that is extensively involved in tumor proliferation, metastasis, 

angiogenesis, and immunity [69]. LOXL4 is a hepatocellular carcinoma 

cell-derived exosomal protein [70] which is also upregulated in head and 

neck squamous cell carcinoma and [71] breast cancer [72]. Exosome-

derived LOXL4 promotes immunosuppressive M2 phenotype in 

macrophages, leading to immune evasion and tumor growth [73].  

Cathepsin B- Cathepsin B belongs to the cysteine protease family, initially 

synthesized as a pre-proenzyme with an estimated molecular weight is 

around 38 kDa. The presence and function of cathepsin B have been 

associated with various pathological conditions, like cancer, pancreatitis, 

arthritis, cardiovascular disease, and Alzheimer's disease. In cancer 

conditions, cathepsin B has been observed to be overexpressed in a range 

of malignancies such as prostate,  breast, brain, lung, esophageal, gastric, 

ovarian, thyroid, colon, and skin cancers  [74]. Cathepsin B is upregulated 

in melanoma-derived exosomes [75]. The precise intracellular role of these 

cathepsins in TAM polarization, particularly in the development or 

maintenance of the M2-like phenotype, remains largely unclear. Further, it 

is seen that cathepsin inhibition leads to a switch towards a pro-

inflammatory  phenotype of macrophage [76]. 

Insulin-like growth factor 1 receptor (IGF-1R)- IGF-1R exhibits a strong 

affinity for insulin-like growth factor and possesses tyrosine kinase activity. 

Its expression is notably elevated in most malignant tissues, where it acts as 

an anti-apoptotic agent promoting cell survival [77].  Recent studies have 

shown that cancer cell-derived exosomes contain IGF-IR [78] as well as its 

overexpression is observed in several malignant tumors that include lung 

cancer, breast cancer, prostate cancer, glioma, and gastrointestinal cancers 

[79]. According to Spadaro et al., IGF-1R is responsible for directing 

macrophages towards the M2 phenotype. Additionally, the elimination of 

IGF-1R decreased in the transcription associated with the activation of M2-

like macrophages [19,80].  
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Collagen type V alpha 2 (COL5A2)- COL5A2, a member of the collagen 

family, has diverse roles in modulating the immune system, promoting 

angiogenesis, and facilitating tumor metastasis[81], which is found to be 

overexpressed in Colorectal [82], breast [83] and gastric cancer[81]. Recent 

studies have also shown that Collagen type V alpha 2 is observed in ovarian 

cancer-derived exosomes [84].  Upon further exploration, it was found that 

the expression levels of the M2 macrophage markers, CD163 and Mannose 

receptor C-type 1 (MRC-1 or CD206), exhibit a positive correlation with 

COL5A2 expression. Consequently, these findings suggest that COL5A2 

may contribute to the differentiation of M2 macrophages [84].  

Cytoskeleton-Centric Protein- Cytoskeleton centric proteins are a group 

of proteins which is known to take part in the progression of various 

cancers. Further studies have revealed that these proteins are overexpressed 

in various cancer types such as liver cancer, melanoma, and myeloma [85] 

and also found to be transported through exosomes which are derived from 

CRC. Chen et al. experimentally showed that these cytoskeleton centric 

proteins are involved in skewing macrophages into pro tumorigenic M2 

phenotype. It is also found that the exosome could significantly promote 

the NFκB expression, but the exact mechanism is  unclear yet [86].  

Vascular endothelial growth factor (VEGF)- VEGF is a critical regulator 

in diverse physiological processes, and is involved in angiogenesis 

conditions such as tumors and intraocular neovascular disorders. Multiple 

studies have evaluated the efficacy of different VEGF inhibitors across 

several malignancies [87]. Its overexpression is also associated with several 

cancers, such as colorectal carcinoma, gastric carcinoma, pancreatic 

carcinoma, breast cancer, lung cancer, prostate cancer, and melanoma. 

Further, it is reported that many cancer cell-derived exosomes contain 

VEGF [88].VEGF treatment alters macrophage polarization by suppressing 

M1 markers and inducing M2 markers, as evidenced by higher VEGFR1 

expression in M1 cells. Recent Studies have revealed that VEGF induces a 
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significant shift from M1 to M2 phenotype, indicating a potential regulatory 

role of VEGF in macrophage phenotype [89,90].  

 

Cyclooxygenase-2 (COX-2)- COX-2 a pivotal enzyme in prostaglandin 

synthesis, plays a significant role in tumor invasiveness, angiogenesis, and 

progression. Additionally, COX-2 contributes to immune evasion and 

resistance to cancer immunotherapy, impacting both type innate as well as 

adaptive immune responses [91,92]. COX-2 exhibits overexpression in 

lung, breast, and cervical cancers [93] and is also upregulated in exosomes 

derived from lung cancer [94]. It is reported that a positive correlation has 

been reported between COX-2 and M2 macrophage polarization [95]. 

CD63- Exosomes derived from triple-negative breast cancer cells (TNBC), 

gastric cancer cells [96]  and hepatocellular carcinoma cells contain CD63 

protein. In co-culture experiments, macrophages activated by TNBC 

exosomes exhibited elevated expression of CD206, a marker associated 

with the M2 macrophage phenotype, decreasing the expression of NOS2, 

an M1-associated marker. These results indicate that exosomal CD63 can 

potentially polarize macrophages toward the M2 phenotype (54,110) 

 

Table 2.1.1. List of cancer cells derived exosomes containing protein 

involved in M2 type of macrophage polarization. 

 

Sr. 

no. 

Protein 

Name 

Source of Exosomes Mechanism/pathwa

y 

Reference 

1 Leptin Gallbladder cancer  JAK/STAT3  [8] 

2 IL-10 Lung cancer  JAK/STAT3  [13] 

3 GRP78 Lung, Gastric Cancer  JAK/STAT3  [18] 

4 PA-1 Multiple myeloma  p38MAPK/NF-kB/ 

IL-6/STAT3  

[20] 

5 S100A9 Chronic lymphocytic 

leukemia  

PI3K/AKT  [24] 

6 GDF15 Colon cancer  PI3K/Akt  [29] 

7 HGF Multiple myeloma  By PI3K/AKT/ 

GSK3β/ CREB 

[20] 

8 Annexin-A1 Pancreatic cancer  FPR2-ERK  [39,40] 

9 CMTM6 OSCC ERK1/2 [41] 

10 TGF-β Lung cancer  SNAIL via SMAD2/3 

and PI3K/Akt  

[45,48] 
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11 ICAM-1 Melanoma  ICAM-1/ SP1/miR-

124/MCP-1 

[52] 

12 S100A4 Hepatocellular 

carcinoma  

PPAR-γ [56] 

13 NLRP6 Gastric cancer  negatively regulate  

NF-kB  

[58] 

14 Integrin 

α β6 

Prostate cancer STAT1/MX1/2  [61] 

15 TIM-3 Human melanoma STAT1-miR-155-

SOCS1  

[64,65] 

16 PRPS2 prostate, colorectal, 

and neuroblastoma  

 

- 

[41,67] 

17 LOXL4 Hepatocellular 

carcinoma  

- [70] 

18 IGF-1R Lung, breast, 

prostate, glioma 

- 

 

[79] 

19 COL5A2 Ovarian cancer  - [83] 

20 Cytoskeleton 

centric protein 

Colorectal cancer - 

 

[86] 

21 VEGF 

 

colorectal, gastric, pancreatic, breast, 

lung, prostate, and melanoma 

- 

 

[88] 

22 COX-2 Lung cancer cells - [93,94] 

23 CD63 

 

Triple-negative breast, Gastric, 

Hepatocellular carcinoma 

- 

 

[96,98] 
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Figure 2.1.1: Represent various cancer cell-derived exosomes containing proteins 

that significantly contribute to macrophage polarization towards an anti-

inflammatory phenotype during cancer progression. 

2.1.2 Tumor-derived Exosomal proteins driving M1 macrophage 

polarization - Exosomal proteins are critical messengers during intricate 

communication networks between macrophages and cancer cells within the 

TME. Once released, exosomes can traverse to neighboring or distant cells, 

influencing their behavior and functions. In the cancer context, these 

exosomal proteins actively contribute to the cross-talk between 

macrophages and cancer cells, significantly shaping the immune response, 

tumor development, and metastasis. These proteins can modulate 

macrophage polarization, steering them toward the tumor-promoting M2 

phenotype. Interestingly, numerous proteins have been identified with the 

capacity to polarize macrophages into the M1 phenotype by activating or 

inhibiting various signaling pathways that lead to the inhibition of cancer 

progression. 

Cyclase-associated protein 1 (CAP 1)- CAP 1 is the predominantly 

expressed isoform of a conserved actin-regulating protein, CAP (adenylyl 

cyclase-associated protein), involved in cancer cell migration and 

invasiveness [99]. It is an exosomal protein that is overexpressed in breast 

cancer, lung cancer, esophageal squamous cell carcinoma, pancreatic 

cancer [100], and hepatocellular carcinoma [101], which is involved in 

polarizing macrophages into M1 phenotype [102]. Upon being taken up by 

macrophages, CAP1 on the membrane of macrophages binds to its ligand 

molecule (e.g., resistin), which activates adenylyl cyclase (AC). Further, the 

AC, in turn, converts ATP into cAMP, which acts as a secondary messenger 

and activates PKA [103].  Then likely the catalytic sub-unit of PKA gets 
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bound to IKB and p65 inactive complex. After the phosphorylation and 

degradation of IKB by the IKK complex, PKA phosphorylates p65 which 

triggers a conformational change in p65 and increases its transcriptional 

activity [104]. This results into the increased expression of pro-

inflammatory cytokines such as IL -6, TNF-α, IL-1β and which switch 

macrophages towards the M1 type and inhibit cancer progression [103]. 

Cluster of differentiation 147 (CD147)- CD147 part of the 

immunoglobulin super-family, performs diverse functions, particularly in 

heart disease, Alzheimer’s, stroke, and cancer[105]. CD147 exhibits 

elevated expression in several cancer types, including lung, breast, prostate, 

stomach, and genitourinary cancers [106]. Furthermore, CD147 is present 

in exosomes derived from epithelial ovarian cancer cells [107]. The CD147-

mediated impact on macrophage polarization operates through the TRAF6-

IKK-IRF5 signaling pathway. CD147 binding directly activates TRAF6, 

initiating a phosphorylation cascade that activates IKK and subsequently 

triggering the activation of IRF5 in its downstream. This activation results 

in an enhanced expression of pro-inflammatory M1-associated markers, 

contributing to cancer progression. Furthermore, Lv et al. also showed that 

CD147 knockout exhibited a phenotype shift from pro-inflammatory to 

anti-inflammatory macrophage [108].   

Pigment epithelium-derived factor (PEDF)- PEDF a 50-kDa glycoprotein 

encoded by the SERPINF1 gene, a member of the serpin super-family that 

regulates vital biological processes like coagulation of blood, inflammation, 

angiogenesis, and protein folding. literature suggested that PEDF may 

hinder cancer progression [109] and also plays a pivotal role in skewing 

macrophages towards pro-inflammatory M1 phenotype [110,111]. Recent 

findings suggest that specific tumor cells release exosomes with PEDF into 

the pre-metastatic niche, promoting immunosuppression and aiding the 

spread of cancer. It is demonstrated that breast cancer cell-derived 

exosomes are rich in PEDF [111] as well as PDEF mRNAs are also found 

in osteosarcoma cell-derived exosomes [109] Marin et al. experimentally 
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showed that PEDF-mediated signaling promotes M1 polarization by 

upregulating PNPLA2 in macrophages [112]. Finally PEDF enhanced the 

expression of iNOS, IL-12, and TNF-α while suppressing IL-10 and 

arginase-1 in both mouse and human macrophages, confirming M1-type 

polarization [113].  Further, Moradi-Chaleshtori and colleagues 

experimentally demonstrated that treating M2 macrophages with exosomes 

containing PEDF from transfected cells resulted in significant 

reprogramming towards an M1 phenotype. This process was evidenced by 

increased expression of M1-associated genes, including CD80, IRF5, and 

MCP1, and decreased levels of M2-associated genes, such as CD206, Arg, 

and TGM2 [111].   

Protein tyrosine phosphatase receptor type O  (PTPRO)- PTPRO is part of 

the family of receptor-type protein tyrosine phosphatases [114] that is found 

to be expressed in lung [115] and CRC [116].  Furthermore, PTPRO is 

found in breast cancer cell-derived exosomes [114].  Dong et al. 

experimentally illustrated that exosomes expressing PTPRO derived from 

tumors lead to the differentiation of macrophages into the M1 phenotype, 

shown by a notable increase in the count of M1-phenotype expressing 

iNOS. In contrast, the proportion of M2-phenotype expressing CD206 was 

comparatively reduced in macrophages. PTPRO within tumor cell-derived 

exosomes plays an important role in promoting the polarization of 

macrophages into an M1-like phenotype, likely by deactivating STAT 

signaling through its dephosphorylation function. The phosphatase activity 

of PTPRO is crucial to control STAT3/STAT6 signaling in 

macrophages. Moreover, studies have also shown that exosomes 

originating from PTPRO knockout cells were found to 

enhance STAT3/STAT6 signaling in macrophages[114].  

Heat shock protein 70 (HSP70)- HSP70 is a unique protein that helps cells 

deal with stress. It has essential roles in folding proteins, moving them 

around the cell, forming complexes, and breaking them down. HSP70 is 

involved in various diseases, including cancer, neurodegeneration, rejection 
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of transplanted organs, and infections [117]. Interestingly, HSP70 is found 

in exosomes originating from cancer cells [118]. It has a significant impact 

on promoting M1 polarization[119]. Zhu et al. experimentally showed that 

the introduction of an antibody against HSP70 reduces the levels of certain 

substances like TNF-α, CD206, and CCL2 while increasing the levels of 

molecules (such as Arg-1, iNOS, and IL-10) that suppress the immune 

response. Similarly, there was a notable increase in the levels of cytokines 

like CXCL10 and IL-12 in macrophages. At the same time, the expression 

of molecules that suppress the immune response in macrophages, such as 

Arg-1, iNOS, and IL-10, showed a significant decrease[119] that indicates 

a shift towards a pro-inflammatory M1 phenotype. 

Crystallin- Alpha B  (CRYAB)- The human αB-crystallin (CRYAB) is a 

20.2 kDa protein containing 175 amino acids [120]. Recent research 

findings indicate that elevated levels of CRYAB expression correlate with 

increased invasiveness in various solid tumor cells, highlighting its potential 

role in fostering metastasis [121]. It is also reported that expression of 

CRYAB is observed in various cancers such as renal cell carcinoma, 

osteosarcoma, colorectal, hepatocellular carcinoma, gastric, ovarian, 

NSCLC [122],  and laryngeal squamous cell carcinoma (LSCC) 

[123]. Additionally, exosomes derived from Glioma cells exhibit 

upregulated levels of CRYAB [124]. Furthermore, Lim et al. 

experimentally showed that the expression of CRYAB is responsible for 

activating pro-inflammatory(M1) macrophages [125], which leads to the 

inhibition of cancer progression. 

Programmed-death ligand 1 (PDL-1)- PD-L1 or CD279/B7-H1) is a 

transmembrane protein that is commonly present in macrophages, specific 

T and B cells, dendritic cells (DCs), and certain epithelial cells, especially 

during inflammatory conditions. It plays a critical role in immune regulation 

and is a key player in tumor cells' evasion strategies [126]. Furthermore, 

elevated PD-L1 expression is observed in various cancers, including 

hepatocellular, gastric, esophageal, pancreatic, ovarian, bladder cancer and 
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renal cell carcinoma [127]. Elevated levels of PD-L1 are also found in 

exosomes derived from Head and neck squamous cell carcinomas 

(HNSCC) cancer cell [128] and lung cancer cells [129]. It is experimentally 

shown by Liu and colleagues that there is a positive feedback mechanism 

wherein PD-L1 exosomes released by tumor cells enhance the expression 

of PD-L1 in macrophages, promoting the M2 polarization of tumor-

associated macrophages (TAMs) that leads to cancer progression [130]. 

Caveolin 1 (CAV 1) - Caveolin-1 serves as a primary structural element of 

caveolae and functions as a binding protein for fatty acids and cholesterol. 

It is involved in diverse biological processes including endocytosis, 

transcytosis, signal transduction, and lipid metabolism [131].  Cav-1 which 

is closely associated with liver cancer [132], and  found to be upregulated 

in pancreatic, colon, lung, breast, and prostate cancer [133]. Recent studies 

have demonstrated that Cav1 regulates macrophage polarization toward the 

M1 phenotype [134].  It is also reported that deletion of cav1 skews 

macrophages towards the M2 phenotype by regulating TGF-β signaling 

[135], which suggests the role of Cav1 in the suppression of cancer. 

2.1.3 Exosomal proteins driving macrophage polarization towards both 

M1 and M2-  

There are some proteins from exosomes that are capable of switching 

macrophages towards M1 or M2 phenotypes during their presence in 

specific pathophysiological conditions. The ability of exosomal proteins to 

modulate macrophage polarization in specific pathophysiological 

conditions highlights the important role of these extracellular vesicles in 

regulating immune responses and tissue homeostasis and could have 

implications for the development of targeted therapeutic strategies. 

High Mobility Group Box1 (HMGB1)- HMGB1 is a non-histone 

chromatin-associated protein upregulated in exosomes derived from gastric 

cancer cell [136]. HMGB1 is highly conserved and present in all cell types, 

functioning intracellularly and extracellularly. Its diverse roles contribute to 

its significance in diverse cellular processes[137], and is evident through its 
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overexpression observed in various tumor cells, including gastrointestinal 

stromal tumors, colon cancer, and cervical carcinomas. Increased HMGB1 

mRNA expression is also noted in prostate cancer [138]. Recent studies 

have shown the dual role of HMBG1 in skewing macrophages into M1 

phenotype as well as M2 phenotype by different signaling pathways. 

HMGB1 binds to RAGE (receptor for advanced glycation end products), 

leading to NF-kB pathway activation [139]. Upon binding of HMGB1, 

RAGE phosphorylates and activates its downstream p38 MAPK protein, 

which phosphorylates IkB [140] and P65 [141]  leading to its dissociation 

from NF-kB. The free-activated NF-kB then enters the nucleus and 

regulates the transcriptional expression of various factors such as TNF-

ALPHA and IL-1beta [142], which leads to a change in the phenotype of 

macrophages towards the M1 phenotype. HMGB1 containing exosomes 

derived from gastric cancer cells drives M2-like macrophage polarization 

suppressing the NF-κB signaling pathway[143].  

CD44- CD44 is recognized as a type I transmembrane protein that plays a 

significant role as a cell surface receptor. Several ligands have been 

recognized for CD44, with hyaluronan, an extracellular matrix constituent, 

as a primary binding partner [144].  CD44 is identified in ovarian [145], 

gastric [146], and breast [147] cancer cell-derived exosomes, exhibiting 

overexpression across diverse cancer types such as prostate, triple-negative 

breast, lung, and pancreatic cancers [148]. Recent research indicates that 

CD44 plays a dual role in influencing macrophage polarization, promoting 

both M1-type [149] and M2 phenotypes [150] through distinct signaling 

pathways. Whenever CD44 interacts with hyaluronic acid mediates M2 

polarization of macrophages via STAT3 signaling otherwise STAT1 

signaling remains active and switches macrophages into M1 type during 

glioblastoma progression [151]. 

 

Table 2.1.2. List of cancer cell-derived exosomes containing protein 

involved in M1 type of macrophage polarization. 
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Sr. 

no. 

Protein 

Name 

Source of 

Exosomes 

Mechanism Reference 

1 CAP 1 Hepatocellular 

carcinoma 

cAMP/PKA/NF-kB 

 

[100,101,104] 

2 CD147 Epithelial 

ovarian cancer  

CD147/ 

TRAF6/IKK/IRF5  

[106,107] 

3 PEDF Breast cancer PNPLA2 up-

regulation 

[109,111,112] 

4 PTPRO Breast cancer Deactivating STAT 

signaling 

[114–116] 

5 HSP70 Solid tumor                    - [118] 

6 CRYAB Glioma - [122–125] 

7 PD-L1 HNSC and Lung 

cancer  

- [127–130] 

8 Caveolin 1 Liver cancer   - [132–134] 

Exosomal proteins perform a dual role in macrophage polarization (M1 or M2 ) 

9 HMBG1 

 

Gastric cancer  HMBG1/RAGE/p38 

MAPK/NF-kB  

[138,139,141-143] 

10 CD44 Breast,ovarian, 

pancreatic, Gastric 

STAT1/STAT3 [146-148,150,151] 

 

                                   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.2: Depicts cancer cell-derived exosomes containing proteins that play 

a crucial role in inducing macrophages to switch to a pro-inflammatory phenotype 

during cancer. 
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Collectively, existing evidence suggests that tumor-derived exosomal 

proteins have an influence on macrophage polarization. Exploring 

exosomal proteins from various cancer cells represents an ongoing field that 

is rapidly advancing our knowledge of their role in gene expression 

regulation. For Example, Connexin 43 (Cx43) is a gap junction protein,  

widely expressed in most of the cancer cells derived exosomes and has 

various regulatory functions in the transfer of bioactive material from 

exosomes to the recipient cell[152] and recent studies demonstrate CX43 

might be potential target to regulate M1 and M2 phenotype of 

macrophages[153]. These insights can potentially guide the development of 

innovative therapeutic strategies against diverse cancer types. Recent 

studies demonstrate that FAP-activated liposomes target pancreatic stellate 

cells to reverse desmoplasia and siATG5-loaded membrane-fused 

liposomes suppress autophagy and enhance chemotherapeutic uptake and 

efficacy in pancreatic cancer treatment[154,155]. Numerous approaches 

can be considered to impede the polarization of macrophages into the pro-

tumorigenic M2 phenotype, thereby inhibiting cancer progression. 

Thymosin α1 reverses oncolytic adenovirus-induced M2 polarization of 

macrophages, shifting them to an M1 phenotype to enhance antitumor 

immunity and improve the efficacy of cancer therapy[156]. Specific 

targeting of exosomal proteins responsible for M2 polarization using drugs 

or small molecules is one avenue. Studies suggest, cobalt nanoparticles 

induce cytotoxicity in THP-1 macrophages by stabilizing hypoxia-inducible 

factor 1α, promoting oxidative stress, inflammation, and metabolic 

dysregulation[157]. Alternatively, targeting the mRNAs of these proteins 

through miRNA or siRNA can be explored, or delivering factors/proteins 

responsible for M1 polarization to counteract cancer progression. Studies 

have highlighted the role of exosomal membrane proteins in macrophage 

polarization towards the M2 phenotype, suggesting the potential for novel 

therapies targeting these surface proteins. 
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2.2 Tumor-Derived Exosomal Glycoproteins in Macrophage 

Phenotypic Change: 

Following the literature survey on the functional significance of exosomal 

proteins in tumor progression and macrophage polarization. Then we focus 

towards exosome containg glycoproteins. Recently, exosome-derived 

proteins, including glycoproteins, are gaining attention in TAM switching 

towards tumor supportive types in TME [158]. Therefore, in this section we 

will discuss the emerging role of cancer cells-derived exosome containg 

glycoproteins in macrophage polarization and tumor promotion. The 

glycoproteins are the proteins which undergo glycosylation by the addition 

of carbohydrate moiety at the post-translational level. Several types of 

glycosylation occur on the amino acids of protein. For example, (i) N-

glycosylation links complex glycans to asparagine, (ii) O-glycosylation 

appends single sugars or glycans to tyrosine, serine, and threonine. C-

glycosylation and S-glycosylation that modify tryptophan and cysteine 

respectively are rarely found. P-glycosylation, identified in lower 

eukaryotes, utilizes a phospho-sugar to link with serine or threonine [159–

163]. The majority of protein glycosylation in eukaryotes occurs within the 

Golgi apparatus and starts inside the endoplasmic reticulum (ER) along the 

secretory pathway [161]. Several glycosylation-associated enzymes 

including fucosyltransferases (FUTs), sialyltransferases (STs), N-

acetylglucosaminyltransferases (MGATs), etc and contributes to aberrant 

glycosylation of proteins in cancer. During cancer transformation, aberrant 

glycosylation occurs thus generating novel glycoforms that are tumor-

associated and do impacting the immunogenicity of cancer cells as well as 

interaction with immune cells [15–17], and the tumor glycoproteins are 

cargo components of EVs.[164,165]. Exosomal glycoproteins undergo 

various post-translational modifications (PTMs) that are crucial for their 

sorting, stability, and functional roles in intercellular communication, 

ultimately influencing disease progression [166–168]. Understanding the 

mechanisms of cargo loading and sorting in exosomes is essential for 

https://doi.org/10.1016/j.cub.2019.01.003
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elucidating their physiological and pathological functions, as well as for 

advancing their clinical applications in diagnostics and therapeutics[169]. 

Exosome biogenesis and trafficking of proteins to exosomes involve both 

ESCRT-dependent and ESCRT-independent pathways, although the 

detailed mechanisms remain incompletely understood [170].  In particular, 

macrophages do express lectin receptors specialized in the recognition of 

altered carbohydrate structures and glycan-lectin interactions trigger 

macrophage reprogramming.[163,171,172] As per our knowledge, for the 

first time, we are summarized the function of cancer cell-derived exosomes 

contained glycoproteins on TAM polarization. Glycoprotein-mediated 

switching of macrophages plays a crucial role in cancer progression or 

inhibition. Targeting this glycoprotein-mediated reprogramming of 

macrophages towards tumor-supportive phenotype may be a promising 

anti-cancer strategy. 

2.2.1 Cancer-Derived Exosomal Glycoproteins as Drivers of 

Macrophage Polarization within TME: 

Glycoproteins influence macrophage polarization via activation of JAK-

STAT, PI3K-AKT, ERK, and NF-kB, etc signaling[173–176]. Cancer cells 

derived exosomal glycoproteins upon reaching the TAMs start 

reprogramming them towards proinflammatory M1 or anti-inflammatory 

M2 phenotype. M1 macrophages release pro-inflammatory cytokines and 

cancer-suppressive molecules that inhibit cancer cell proliferation and 

metastasis, while M2 types of macrophages release anti-inflammatory 

cytokines and growth factors that make cancer more aggressive [177,178]. 

The following exosomal glycoproteins, illustrated in a schematic figure 

(Figure 2.2.1), play pivotal roles in driving macrophage polarization within 

the TME. These glycoproteins on the surface or within exosomes interact 

with macrophage receptors and trigger signaling pathways that drive 

polarization 
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Figure 2.2.1 Cancer cell–derived exosomal glycoprotein-mediated signaling 

pathways regulating macrophage polarization: This schematic illustrates the 

molecular mechanisms underlying macrophage polarization. M2 polarization is 

driven by CD44–GP130 and IL-10–mediated STAT3 activation, NID1-induced 

ERK signaling, GPC3-induced β-catenin signaling, and ICAM-1–dependent 

PI3K/AKT signaling. In contrast, M1 polarization is promoted by FetA–

MyD88/TRIF–mediated NF-κB activation and THBS1-induced MAPK/AP-1 

activation. Image prepared in Microsoft powerPoint. 

 Glypican-3- Glypican-3 (GPC-3) is an exosomal glycoprotein having 

heparan sulphate glycosaminoglycan chains covalently attached to core 

protein [179,180].  High expression of GPC-3 is found in hepatocellular 

carcinoma (HCC) as well as other cancers, types like lung squamous cell 

cancer, gastric cancer, ovarian cancer, melanomas, and pediatric embryonal 

cancer [175,181–186]. Experimentally, it has been proved that GPC-3 is 

involved in M2 macrophage polarisation and promotes cancer [187].  GPC-

3 undergoes a Wnt/β-catenin axis which is inappropriately activated in 

cancers [188]. In the absence of Wnt signals, a complex of proteins, 

including APC, AXIN, CK1, and GSK3 forms a degradation complex that 

phosphorylates β-catenin to undergo degradation. When the Wnt signal is 

available, the destruction complex is recruited to the cell membrane, 
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preventing β-catenin degradation. Additionally, GPC3 form a complex with 

Wnt in the presence of an enzyme called SULF-2 and avoid β-catenin 

degradation. This stabilizes β-catenin and allows it to translocate into the 

nucleus and activate gene transcription, directing the growth of liver cancer 

cells[175]. Moreover, GPC3 helps in the expression of the fibroblast growth 

factor 2 (FGF2) which promotes cancer growth [189]. GPC-3 anchors the 

surface of cells with the help of a GPI (glycosylphosphatidylinositol), and 

serves as a diagnostic marker as well as a therapeutic target, particularly in 

hepatocellular carcinoma, where it is highly expressed in over 70% of cases. 

Reports reveal that the activation of Wnt/β-catenin pathway helps in the 

proliferation, metastasis, and angiogenesis of cancer cells [190] See figure 

2.2.2. This increased expression of GPC-3 serves as a promising target for 

cancer treatment [187]. Recently, Chimeric antigen receptor (CAR) 

modified macrophage targeting GPC-3 have been proposed has possible 

anti-cancer therapeutic strategy see (table 2.2.1).  

 

Figure 2.2.2: Cancer cell-derived exosomal glycoproteins in macrophage M1/M2 

polarization through the modulation of distinct signaling pathways 
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Nidogen- 1-Nidogen-1 (NID), also called entactin, is a 150 KD 

glycoprotein and belongs to the Nidogen family [191]. In HCC 

(hepatocellular carcinoma), a high level of Nidogen-1 is expressed in cancer 

cell-derived exosomes, and promote metastatic niche formation in the lung 

thus increasing extrahepatic metastatization.[192] Nidogen-1 directs 

macrophages to adopt the M2 phenotype during polarization [193,194]. 

NID1 triggers the ERK/MAPK signaling axis, and enhances epithelial-

mesenchymal transition (EMT) in cells of ovarian cancer which is activated 

by the protein kinase ERK+ [195]. When the amount of NID1 is increased 

in cells, the activated form of ERK1/2 which is a part of the MAPK 

(Mitogen-Activated Protein Kinase) signaling rises. ERK1/2 gets 

phosphorylated and enters into the nucleus and helps in the transcription of 

genes that are essential  in cell growth and proliferation which leads to 

cancer progression [196]. When the amount of NID1 is decreased, the 

activated ERK1/2 slightly decreases. NID1 influences the MAPK pathway, 

specifically ERK1/2, to make cancer cells change shape. Increasing NID1 

levels activates this pathway while reducing NID1 levels has the opposite 

effect. Understanding these changes based on NIS1 levels could provide 

insights into how to control cancer growth [195].  

Glycoprotein 130 (GP130)- Glycoprotein 130, (GP130) is a crucial signal-

transducing-membrane-associated receptor [197]. GP-130 is involved in 

breast cancer, where it serves as an exosomal glycoprotein. It leads to the 

release of interleukin-6 (IL-6) by Bone Marrow-Derived Macrophages 

(BMDM) via the JAK-STAT-3 signaling mechanism which skews 

macrophage polarization into an alternative type (M2). This process can be 

reversed by targeting GP130, which offers a potential therapeutic approach 

[198]. Indeed, GP130 is a crucial molecule in the amplification of IL-6 

signalling resulting in the triggering of the signalling cascade. Recently, it 

has been shown that GP130 can be transferred via EVs to acceptor cells that 

do not express the receptor, making them sensitive to the IL-6 effects [199]. 

This is particularly relevant for the moulding of TME for several cancer 
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contexts: regulated expression of GP130 is several cancers besides breast 

cancers as such as bladder cancer [200], pancreatic cancer [201], 

cholangiocarcinoma [44]. Exploring how GP130 and JAK-STAT-3 

pathways work together helps us understand the working principle of 

diseases, especially inflammation and cancer. To dig more in this direction 

will help to find effective treatments [44,45] 

 Fetuin-A - Fetuin-A (Fet-A) is a tumor-derived exosomal glycoprotein 

made up of two parts: an A-chain containing 282 amino acid residues and a 

B-chain consisting of 27 amino acid residues. These two chains are 

connected by a single inter-disulfide bond [202]. Fet-A is overexpressed in 

metastatic prostate cancer[203]. When free fatty acids (FFA) activate a 

pathway known as NF-κB, it interacts with the part of the DNA that 

manages the production of Fet-A. This interaction enhances the activity of 

the Fet-A gene and upregulates expression. The rise in Fet-A release from 

adipocytes results in an increase in markers related to pro-inflammatory 

M1-type macrophages, including TNFα, IL-6, and MCP-1. Simultaneously, 

there was a significant decrease in markers associated with the M2 

phenotype of macrophages, specifically PPARγ as well as IL-10. Fet-A 

induced macrophage polarization  from M2 to M1 type can be a useful 

strategy to improve the activity of TAM  against tumor and inhibit tumor 

progression [204].  

Intercellular cell adhesion molecule-1 (ICAM-1)- ICAM-1 (Intercellular 

cell adhesion molecule-1) is a transmembrane glycoprotein [51]. It is a part 

of the immunoglobulin supergene family and the ligand for β2 integrin 

molecules expressed on leukocytes [205]. ICAM-1 is expressed in 

numerous cancer cells, such as melanoma, CRC, and lymphoma [206]. 

Cells with ICAM-1 on their surface are easily destroyed by immune cells as 

ICAM-1 sensitizes cancer cells to cytotoxic T lymphocytes (CTLs), which 

are a type of immune cell capable of killing cancer cells [207]. Other cells 

with low surface ICAM-1 can easily escape the immune system. [208]. The 
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absence of ICAM-1 changes macrophage behaviour, pushing them toward 

the pro-tumor M2 phenotype that facilitates tumor spread[209]. When the 

concentration of ICAM-1 is less, PTEN becomes free and gets 

phosphorylated, and activates PTEN/PI3K/AKT signaling axis which 

results in cancer progression via PTEN/PI3K/AKT pathway [210]. It has 

recently been reported that the Pancreatic Ductal Adenocarcinoma (PDAC) 

derived EVs containing ICAM-1 and arachidonic acid can trigger 

macrophages switching towards M2 phenotype resulting in secretion of 

tumor supportive cytokine and growth factor[211]. Interfering with such 

biological mechanism might be envisaged as efficient strategy to block this 

signaling to prevent the cancer cells from spreading.  

Interleukin-10 (IL-10)- Interleukin-10 (IL-10) acts as an anti-inflammatory 

to resolve inflammation and was originally characterized as a cytokine 

derived from T helper 2 (Th2) cells. However, it is generally acknowledged 

IL-10 is not only limited to specific T cell subsets but also produced by 

nearly all leukocytes [212,213]. IL-10 is a cancer-derived exosomal 

glycoprotein (18 KDa) plays an important role in macrophage-mediated 

signaling [43,214]. Cancer cells secrete IL-10 that binds the IL-10 receptor 

of macrophage leading to the phosphorylation of STAT3 through JAK-

STAT signaling [215,216]. Phosphorylated STAT3 become dimerised and 

translocate into the nucleus where its drives expression of anti-

inflammatory marker as well as growth factors which helps cancer 

progression [217]. Targeting IL-10 mediated signaling could be a potential 

therapeutic strategy that may restore macrophages into M0 or M1 type for 

therapeutic potential. 

Cluster of differentiation-44 (CD44)- Cluster of differentiation-44 (CD44) 

is a transmembrane glycoprotein having a molecular weight of 80-85 KDa, 

encoded by the CD44 gene located on the short arm of chromosome 11p13, 

initially known as Hermes antigen [218,219]. The expression of CD44 has 

been reported in the exosomes released from breast, ovarian, and pancreatic 

https://doi.org/10.1038/cddis.2015.144
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cancer cells [220]. CD44 plays a crucial role in M2 macrophage polarization 

[221]. The JAK-STAT3 pathway has been identified as a key mechanism 

through which CD44 promotes the expression of M2 phenotype in TME. 

Upon signaling, Janus kinase (JAK) phosphorylates the receptor, leading to 

subsequent STAT3 phosphorylation. The phosphorylated STAT3  forms a 

dimer and translocates inside nucleus, initiating the genes expression 

associated with the M2 phenotype [222]. Yan et al. al (2022) reported that 

the suppression of hyaluronic acid (HA) signaling by interrupting 

glioblastoma hyaluronic acid synthesis or hindering the binding of 

hyaluronic acid to its receptor CD44 on macrophages has a role in 

polarization towards M1 phenotype. This occurs through the upregulation 

of signal regulatory protein α (SIRPα) on macrophages. SIRPα is a receptor 

found on monocytes, macrophages, neutrophils, dendritic cells, and 

microglia [223]. Upregulation of SIRPα leads to enhanced phosphorylation 

of STAT 1 and suppressed phosphorylation of STAT3 in the macrophages 

[222]. The modulation of this pathway is potentially an anti-cancer 

therapeutic strategy.  

CD147(Cluster of differentiation-147)- Basigin, also called as 

CD147(Cluster of differentiation-147) or EMMPRIN, is a glycoprotein 

found on cell surfaces, and it belongs to the immunoglobulin superfamily. 

It has different forms, with one having two immunoglobulin domains 

(basigin-2) and another having three (basigin-1) domains (basigin-1) [224]. 

CD147 has been identified as a glycoprotein present in exosomes [225]. The 

number of studies made it evident that CD147 plays a role in resistance to 

drugs, especially during cancer. The CD147/CD98hc complex, found in 

many tumor cells, is often overexpressed in cancers that are resistant to the 

drug cisplatin [226]. Overall, CD147 appears to have diverse roles, 

including potential implications in drug resistance and immune responses. 

Jian et.al (2024) reported that in atherosclerosis, macrophages sequestered 

from myeloid-specific CD147 knockout mice showed a phenotypic shift 

toward the anti-inflammatory (M2) type in response to LPS/ IFN-γ [227]. 
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Kim et al reported that CD147 stimulation increases MMP-9 expression in 

macrophages through the ERK and NF-κB pathways, contributing to 

atherosclerosis[228]. Another study reported that CD147 was highly 

expressed in all breast cancer cell lines and activates MAPK/ERK 

phosphorylation, contributing to epithelial-mesenchymal transition and 

regulating the expression of E-cadherin, Vimentin, Snail1, and MMP-

9[229]. To investigate the CD147-mediated mechanism during cancer 

progression could be of interest for formulating novel therapeutic strategies. 

Cluster of differentiation-63 (CD63)- Cluster of differentiation-63 (CD63)  

is an exosomal, transmembrane glycoprotein, also present on cancer cell-

derived exosomes [230]. CD63 is highly expressed in breast cancer [230], 

CRC [231], gastric cancer [232] and gastrointestinal stromal tumor [233]. 

It is interesting to note that the modulation of glycosylation of CD63 

impacts breast cancer cell malignancy [230]. Triple-negative breast cancer 

(TNBC) cells release CD63-containing extracellular vesicles, causing 

macrophage polarization toward alternatively activated macrophages (M2 

phenotype) [211]. This polarization contributes to metastasis in breast 

cancer [211]. Nonetheless, the signaling pathway responsible for switching 

of macrophage towards M2 type is still unknown. 

Thrombospondin-1 (THBS1)- THBS1 belongs to a family of glycoproteins 

having molecular mass ranging from 150 to 180 kilodaltons (kDa). The 

structure consists of N-linked glycans (nearly 12 asparagine-linked), a 

variable number of C-mannosylated tryptophan residues in the type 1 

repeats, and O-fucosylated residues [234]. Thrombospondin-1 is a 

multifaceted protein that plays various roles in the TME such as inhibition 

of angiogenesis, regulation of antitumor immunity, enhanced migration of 

tumor cells, and regulate extracellular proteases and growth factors activity 

[234]. The studies reported in mice lacking glycoprotein thrombospondin-

1 or its receptors have highlighted its importance as an immune response 

regulator in infection, autoimmune diseases, as well as in antitumor 
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immunity [235]. In oral squamous cell carcinoma (OSCC), the glycoprotein 

thrombospondin-1 (THBS1) is transferred to macrophages through tumor 

Extracellular Vesicles, upon which they cause induction towards the M1 

phenotype[211]. Further, in a Xiao et al. (2018) study, exosomes packed 

with THBS1 derived from OSCC were shown to hike in the transcription 

and successively the protein secretion of M1-associated markers, IL-6, IL-

1β, and TNF-α [211]. The intake of exosomes by macrophages in OSCC 

leads to their activation via p38, Akt, and SAPK/JNK signaling pathways 

in the early phase[236]. In the study, the condition media-derived exosomes 

induced M1-like TAMs and significantly promoted the migration of OSCC  

cells[211]. Therefore, targeting M1-like Tumor-Associated Macrophages 

(TAMs) polarized by exosomes holds potential as a therapeutic approach 

for controlling cancer cells migration in OSCC. 

Table 2.2.1 List of cancer-derived exosomes containing glycoproteins 

involved in macrophage polarization  

Glycoprotein 
Pathway/ 

Mechanism  

TAMs 

Type 
Cancers References 

Glypican 3 Wnt/ β-catenin  M2 
HCC, squamous, gastric, 

ovarian, and melanomas  
[181–189] 

Nidogen 1 ERK/ MAPK  M2 HCC, ovarian cancer [193,195,237] 

GP 130 JAK/ STAT 3 p M2 Breast cancer [198,200,201] 

Fetuin A NF-κB M1 
Metastatic prostate 

cancer 
[202–204] 

ICAM 
PTEN/ P13K/ 

AKT 
M2 

Melanoma, colorectal 

cancer and lymphoma 
[51,206,209–211] 

IL 10 JAK1-STAT 3  M2 
Negative breast 

carcinoma 
[43,215–217] 

CD 44 JAK –STAT 3  
M2/ 

M1 

Breast, ovarian, and 

pancreatic cancer, 

glioblastoma 

[220–223] 

CD 147 - M1 - [224–227] 

CD 63 - M2 HCC, breast cancer [211,230] 
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Thrombospo

ndin-1 

p38MAPK, Akt, 

SAPK/JNK  
M1 

Oral squamous 

carcinoma 
[211,234,236] 

In this section, we summarize various cancer cell-derived exosomal 

glycoproteins and their role in the polarization of the macrophages in the 

TME. The cancer cell-derived exosomes containing glycoproteins play a 

key role in switching of macrophages into alternatively M2 (anti-

inflammatory) or classically M1 (pro-inflammatory) activated states, thus 

promoting or inhibiting cancer, respectively. Glycoproteins' involvement in 

M2 polarization has been more widely studied, but there is evidence 

suggesting that they can also influence M1 polarization, which requires 

further research. Researchers have already started to target glycoproteins in 

cancer therapy[238,239]. A therapeutic strategy targeting cancer cell-

derived exosomal glycoproteins, such as CD147, CD44, and CD63, to 

modulate macrophage polarization to enhance anti-tumor response will be 

effective in inhibiting tumor progression. Direct targeting of glycoproteins 

is not feasible in most of the cases because its heavly glycosylated nature. 

Instead of this can be target its biosynthesis maschinary of glycoproteins 

such as fucosyltransferase 8 (FUT8). Currently, no ongoing clinical trials 

have been reported in this direction. Further studies are necessary to identify 

specific glycoprotein roles in macrophage switching and its impact on TME 

to prevent cancer. Future studies need to concentrate on the response of 

macrophage to exosomal glycoproteins in vivo models for 

immunotherapeutic approaches. Altogether, this review enhances our 

understanding of how exosomal glycoproteins influence macrophage 

phenotype changes, emphasizing their pivotal role in cancer progression. 
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2.3 Exosome-derived miRNAs regulate macrophage-CRC cell cross-

talk during aggressive tumor development: In addition to proteins and 

glycoproteins, exosomes are enriched with nucleic acid cargo, including 

microRNAs (miRNAs), and play a functional role in post-transcriptional 

regulation of gene expression. These miRNAs gained significant attention 

due to their capability to control different signaling pathways that are 

closely associated with tumor progression, metastasis, and macrophage 

polarization. Continuation of the previous section on exosomal proteins and 

glycoproteins, now in this section we focus on exosomal miRNAs mediated 

macrophage polarization and tumor progression. Furthermore, this section 

narrows the discussion towards CRC-derived exosomes containing 

miRNAs and their functions in macrophage polarization. 

 2.3.1 General Overview of MicroRNAs: MicroRNAs are a type of non-

coding RNA with a short length made up of 18-25 nucleotides [240]. They 

are involved in post-transcriptional alterations, which play a crucial 

function in inflammatory response regulation. They interact with the 3'-end 

of untranslated regions of messenger RNA (mRNA) to regulate gene 

expression. Translational repression or mRNA breakdown occurs as a result 

of this binding. MicroRNAs are single-stranded and highly conserved 

[241]. They are transcribed by RNA polymerase II or III, and their initial 

processing is via RNAase Drosha inside the nucleus. After that, the 

precursor of miRNA is transported into the cytoplasm, where it is digested 

by RNAase III, which is assisted by DICER. The resulting mature miRNA 

is integrated into the RNA-induced Silencing Complex (RISC), which 

further regulates protein transcription and translation [242]. Many cells 

express miRNAs, which regulate both pro-and anti-inflammatory responses 

[243]. Numerous human diseases, including cancer and inflammatory 



  

67 
 

disorders, are linked to excessive miRNA expression. Controlling the 

expression of SOCS3 and HDAC11 at the post-transcriptional level 

increases miR-203 and miR-145, respectively, and promotes polarization of 

macrophages toward M2 phenotype which suppresses the immune response 

and supports metastasis of CRC [244–246]. miR-25-3p, miR-425-5p and 

miR-130-3p target common sites of PTEN and modulate macrophages 

towards an anti-inflammatory type [247].  

 

Figure 2.3.1. Representing exosome-mediated effect, the CRC cell secreted 

exosomes miR-25-3p, miR-425-5p, miR-130-3p, miR-934, miR-200a and miR-

21-5p promote M2 polarization via PI3K/AKT mediated signaling, miR-203 and 

miR-145 mediated M2 polarization via STAT3 dimerization, and miR-21-5p and 

miR-29b promote M1 polarization which further increases miR-21 and leads to 

M1 to M2 reprogramming. The M2-polarized macrophages also secrete the 

exosome miR-21-5p, miR-155-5p, and miR-183-5p, which mediate tumor growth, 

invasion, metastasis, angiogenesis, and cancer progression. 

2.3.2 CRC-derived exosomal miRNA in the regulation of macrophage 

polarization: Over the past few years, convincing evidence has emerged 

that macrophages have a tumor-promoting function in the TME. 

Consequently, the modification and migration of TAMs at the tumor site, 

for example through miRNAs, are crucial. The key miRNAs relevant to 
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miRNA-mediated crosstalk between CRC cells and TAMs in TME are 

listed in TABLE 2.3.1. Targeting major transcriptional networks that 

regulate the reprogramming of the M2 polarization state of macrophages to 

control cancer proliferation would be a novel therapeutic strategy. 

Table 2.3.1 List of CRC cell and macrophage-derived exosomal miRNA 

involved in CRC progression. 
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1. miR-203- miRNA-203 plays an essential role in the progression of CRC 

by supporting tumor growth, immune suppression, and metastasis [248]. 

miR-203 has been found to promote a M2 (alternative) macrophage 

phenotype in the pre-metastasis niche [248]. miRNA-203 targets SOCS3, 

which results in an increase in STAT3 expression and therefore promotes 

M2 macrophage polarization [244]. The intravenous transfer of miR-203-

rich CRC cells in the xenograft liver tumor model has been shown to 

promote tumour growth [248].  

CRC cell-derived miRNAs 

S.No. miRNA Target Function References 

1 miR-203 SOCS3 Monocytes to M2 

polarization, 

Immune 

suppression and 

metastasis. 

[248] 

2 miR-145 HDAC11 M2 polarization 

and tumor growth. 

[245,249] 

3 miR-934 PTEN M2 polarization 

and liver 

metastasis. 

[250] 

4 miR-1246 - Reprogramming of 

TAMs. 

[251,252] 

5 miR-25-5p, miR-

130b-3p, and 

miR-425-5p 

PTEN M2 polarization. [247,253] 

6 miR-21-5p, miR-

29b, and miR-

200a 

PTEN SOCS1/STAT1 

mediated M2 And 

TLR7/8 mediated 

M1 polarization. 

[254–256] 

7 Let-7d CCL7 M2 polarization. [257] 

Macrophage-derived 

1 miR-155-5p ZC3H1B, 

BRG1 

Cancer 

proliferation and 

antiapoptotic. 

[253,258,259] 

2 miR-21-5p BRG1 CRC metastasis. [259] 

3 miR-185-5p THEM4 Cancer 

proliferation. 

[260] 
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2. miR-145- miRNA-145, released from the CRC cells, is taken up by the 

macrophages, where it suppresses the expression level of the histone 

deacetylase HDAC11. miR-145 targets the 3’ UTR sequence of HDAC11, 

which promotes the acetylation of histone H3 and H4, followed by 

recruitment of the transcription factor sp1 and STAT3, which upregulates 

the IL-10 [249]. To confirm the M2 polarization, the CRC cell line DLD-1 

was co-cultured with the macrophage-like cell THP-1 and NOMO-1 which 

has shown an increase in the mRNAs level of IL-10 and VEGF, along with 

the increased surface markers CD11b+, CD68+ and CD206+ on the 

macrophage. In vivo miR-145 promotes tumor growth and enlargement of 

tumor volume [245,246]. It was also found that another target of miR-145 

is TLR4, which diminishes the production of pro-inflammatory cytokines 

and inhibits M1 polarization. TLR4 transduces its signal through several 

adaptor molecules, including TIRAP, which has been reported as the target 

of miR-145; by inhibiting TLR4 or TIRAP, pro-inflammatory cytokines are 

decreased, and may be necessary for the production of anti-inflammatory 

cytokines in TAMs [261]. 

3. miR-934- miR-934 has a role in tumor growth, migration, angiogenesis, 

and liver metastasis by producing various growth factors, cytokines and 

chemokines. This miRNA is encapsulated in the exosome with the help of 

hnRNPA2B1, RNA binding protein through the GGAG sequence motif 

binding. The hnRNPA2B1 guides the transportation and post-

transcriptional regulation of miRNA [262]. As exosomes are released from 

tumor-derived cells, they are transported to macrophages and release their 

content within them. Intracellular miR-934 is released from the binding 

protein and subsequently binds to the 3’UTR sequence of PTEN and 

downregulates its expression. This leads to the activation of PI3K/AKT 

signaling pathway [250], where activated PI3K initiates the conversion of 

PIP2 into PIP3, and the PIP3 which phosphorylates and activates AKT and 

polarization of the macrophage into the M2 (alternative) phenotype [263]. 

Differentiated M2 macrophages release a high amount of CXCL13 
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chemoattractant, which binds to the CXCR5 receptor present on CRC cells 

[264] and promotes the CRC liver metastasis. The CXCL13/CXCR5 axis 

promotes tumor progression by activating NF-kB/p65 signaling pathway in 

CRC cells and, thus, provokes a positive feedback loop with the TAM [250]. 

Along with this, TAMs promote the liver metastasis of CRC. It has been 

found that miR-934 targets Dickkopf-related protein 2 (DDK2) and 

negatively regulates the Wnt signaling pathway, and regulates the CRC cell 

proliferation [265]. 

4. miR-1246- Oncogenic miR-1246 was reported in CRC and involved 

proliferation, invasion, and metastasis [266]. It plays a critical role in 

reprogramming TAM towards an anti-inflammatory phenotype and 

modifies the tumor microenvironment. This miRNA action is closely 

associated with the presence of p53 mutant in colon cancer cells, which is 

the most common molecular mutation associated with cancer development 

in humans [251]. Mutation in p53 in cancer cells is responsible for 

reprogramming TAM towards tumor-supportive and anti-inflammatory 

phenotypes through increasing expression of TGF-β in CRC. This pathway 

also occurs in other cancers such as glioblastoma, wherein hypoxic glioma-

derived extracellular vesicle containing miR-1246 converts macrophages 

towards anti-inflammatory phenotype via activation of STAT-3 signaling 

pathway and prohibiting the NF-kB signaling [252]. Huang et al. found that 

increased expression of miR-1246 was associated with higher risk and 

lower survival rate in CRC patients mainly associated with KRAS and PI3K 

signaling cascade [267]. CRC secreted mir-1246 is taken up by endothelial 

cells where it activates Smad 1/5/8 signaling via directly targeting 

promyelocytic leukaemia (PML) mRNA which results in boosting of 

angiogenesis [268]. As miR-1246 plays a pivotal role in TME modification 

by targeting macrophage polarization, it may be a target for antitumor 

immunotherapy. 
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5. miR-25-5-p, miR-130b-3p and miR-425-5p- These cluster of miRNAs 

regulates macrophage polarization transferred from CRC to TAM. miR-25-

3p, miR-130b-3p and miR-425-5p are upregulated in CRC, and mainly 

responsible for the skewing of macrophages towards an anti-inflammatory 

phenotype via the PTEN/PI3K/Akt mediated signaling [253]. Exosomal 

miR-25-3p, miR-130b-3p, and miR-425-5p facilitated the M2 polarization. 

PTEN controls the phosphorylation of AKT by inhibiting PI3K, which 

results in the reprogramming of TAM to M2 type [269]. This M2 type 

enhances CRC cell-secreted VEGF and EMT, ultimately resulting in 

angiogenesis and metastasis. These in vivo studies also reported 

macrophages (THP-1 or Raw264.7) transfected with miR-25-3p, miR-

130b-3p, and miR-425-5p mimic mixed with CRC (HCT116 and MC38) 

injected into the flanks of nude mice. The tumor size rapidly increased in 

mice transfected with macrophages which excessively express these 

miRNAs upon stimulation with IL-4 [247]. Targeting miR-25-3p, miR-

130b-3p, and miR-425-5p will be a novel approach to designing drugs to 

inhibit the interaction with their specific receptor molecule, which favour a 

more proinflammatory macrophage phenotype in CRC. 

6. miR-21-5p, miR-29b and miR-200a- CRC-derived exosomal miRNAs 

have the potential to transform macrophages into M1 or M2 macrophages, 

depending upon the conditions. miR-21-5p (miR-21) has a significant role 

in CRC at the primary and secondary sites. Initially, it was known for its 

pro-inflammatory phenotype; a study by Ying Kuan Shao et al. has shown 

that miR-21-5p promotes the liver pro-inflammatory phenotype in 

macrophage and liver metastasis in CRC [254]. The investigators incubated 

miR-21 rich exosomes derived from SW480 and SW620 cell lines with 

RAW264.7 and THP-1 for 24hr and found increase in IL-6 and TNF- 

mRNA while the anti-inflammatory cytokines showed no changes. The tail 

vein exosomal transfer also confirmed miR-21-5p localization 

predominantly in the liver. miR-21-5p has a GU motif in its nucleotide 

region, which plays an important role in modulating TLR-mediated 
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signaling and activating NF-kB. Thus, in the liver, these CRC cell-derived 

miRNA phagocytosed by the exosome and mediated signaling through 

TLR7/8 leads to the M1 phenotype, which further shows the high 

expression of IL-6 [254]. IL-6 plays a major role in macrophage 

polarization and also promotes macrophages to release IL-6 and miR-21, 

which target STAT3 in CRC cells creating positive feedback [255,270]. 

Interestingly miR-21-5p with miR-29b also shows a similar effect and 

promotes tumor growth and invasion [255]. A recent study by Yuan Yin et 

al. had shown a miR-21 role in polarization towards the M2 phenotype. At 

the primary site of the tumor, the subpopulation of macrophages was found 

to be polarized into CD206+ macrophages. miR-21-5p and miR-200a 

showed the synergistic effect on specific TAM, i.e., CD206 macrophages 

where they target the PTEN/AKT axis and SOCS1/STAT1, and lead to 

polarization of macrophages towards an M2 phenotype with increased 

PDL-1. The expression of PDL-1 inhibits the CD8 T-cells and promotes 

tumor immune escape and progression [256]. 

7. miR-Let-7d- This miRNA targets the C-C motif chemokine CCL7, 

secreted by the cancer-associated macrophages (CAFs) and downregulates 

its expression. CCL7 promotes macrophage polarization toward the M2 

phenotype, which inhibits monocyte migration and other functions like 

tumor growth, progression, and metastasis [257]. 

2.3.3 Macrophage-derived exosomal miRNAs: Not only do cancer cell-

derived exosomal miRNAs support cancer proliferation but macrophage-

derived miRNAs also promote CRC proliferation and metastasis (Table 1). 

miRNAs play a crucial role in cancer development, particularly invasion, 

metastasis, and drug resistance, and hence could be used as prominent 

biomarkers in cancer treatment and detection. 

1. miR-155-5p and miR-21-5p- The miR-155-5p released from the M2 

macrophages derive exosomes to CRC cells and support colon cancer 
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proliferation and antiapoptotic ability. Recent findings suggest the miR-

155-5p target Zinc-finger-type-containing 12B (ZC3H12B) and upregulate 

the IL-6 expression, which results in CRC escape from the immune system 

[258]. ZC3H12 family proteins are mainly known for their involvement in 

inflammation, binding with IL-6 mRNA, and downregulating the IL-6 

protein expression. It can be concluded that in CRC cells, the ZC3H12B 

protein plays a crucial part in controlling the predominant role of IL-6 in 

cancer to increase tumor growth. IL-6 induces the IL-6-dependent STAT3 

activation through the phosphorylation of tyrosine residues of STAT3, 

which result in subsequent transcription of target genes that play a crucial 

role in cancer development [271]. The report also suggested that TAM-

secreted exosomal miR-21-5p and miR-155-5p suppress BRG-1 

expression, which is a key molecule for the proliferation of metastasis and 

involved in cancer progression [253]. In vitro and in vivo experiments 

showed downregulation of BRG-1 is involved in CRC metastasis through 

the activation of the Wnt/ b-catenin signaling pathway [259]. In CRC 

patients, it is feasible that exosomal miR-21-5p and miR-155-3p can be 

transferred from TAM to CRC perhaps via surrounding vessels. Preventing 

this transfer by designing therapeutic molecules may be an approach to 

inhibiting CRC metastasis and proliferation. Macrophages-derived 

exosomal miR-21-5p and miR-155-5p transfer to colon cancer cells is not a 

fully described mechanism, and more studies are needed in this direction. 

2. miR-183-5p- The level of miR-183-5p was markedly elevated in M2-

TAM and exosomes generated from M2-TAM, which enhanced colon 

cancer cell invasion and proliferation while reducing apoptosis [260]. This 

study also suggested that upregulation of miR-183-5p enhanced M2 

polarization and mediated a booster effect on cancer cells while 

downregulation of miR-183-5p reversed the M2 TAM-mediated tumor-

promoting effects on CRC. miR-183-5p targets the thioesterase superfamily 

member 4 (THEM4) and initiated Akt and NF-kB pathways to exacerbate 

colon cancer formation. THEM4 is a C-terminal regulatory protein that can 
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inhibit phosphorylation of AKT and block downstream signaling. Western 

blotting determined the inhibition of p-Akt and p-NF-kB expression 

[260,272]. THEM4 can mediate phosphatidylinositol 3-kinase (PI3K)/Akt 

reversely and shows an anti-inflammatory and anti-tumor response. 

2.3.4 miRNAs-based therapeutic approach- As previously discussed, 

various exosomal miRNAs are being transferred from one cell to another 

and promote tumor initiation, differentiation, progression and metastasis. 

Developing the exosomal miRNA-based therapy can open the possibility of 

a novel therapeutic approach in CRC which is now utilized as a new way to 

deal with cancer and clinical trials have begun where miRNA mimics or 

miRNA antagonists or tumor-suppressing miRNA delivered intra-tumor or 

systemically are being used for tumor therapy. miRNA-based therapies are 

broadly used in two ways: targeting oncogenic miRNAs or using tumor-

suppressive miRNAs. Both approaches have been showing effective results 

[273]. Meanwhile, the use of exosomal-mediated miRNA delivery is more 

efficient than a free miRNA delivery system [274]. Exosomes act like 

natural nanoparticles which have several significant features including low 

immunogenicity and cytotoxicity, stability in circulation, easily recognized 

and taken up by the specific type of cell, as well as carrying stable functional 

molecules such as miRNAs, siRNA or drug [275]. For such a strategy,  

exosomes are required to be engineered to encapsulate miRNA with suitable 

properties which promote uptake by the target cell [276] such as modifying 

the exosome membrane to differentially promote uptake by the tumor cell.    

Table 2.3.2 Table of microRNA-based clinical studies in a different 

cancer type. 

S.No. Exosomal miRNA Type Function  References  

1 Anti-miR-221 CRC Enhance anti-tumor 

effects. 

[277] 

2 Let-7a Breast cancer Inhibits tumor growth.  [278] 
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3 miR-335 hepatocellular 

carcinoma 

Help in tumor shrinkage.  [279] 

4 miR-21-sponge Glioma  Prevent malignancy. [280] 

5 miR-494 melanoma Inhibits tumor growth 

and metastasis. 

[281] 

6 miR-126 Acute myocardial 

ischemia 

Reduce cell injury and 

inflammation. 

[282] 

7 miR-92-a-3p Osteoarthritis Suppress cartilage 

degeneration.  

[283] 

 

Figure 2.3.2 Representation of exosome-mediated macrophage polarization 

into M1 phenotype and M2 phenotype. In an early-stage colorectal cancer cell, 

secreted exosome promotes M1 polarization with a proinflammatory response, and 

in the later stage, the exosomal miRNA mediates reprogramming toward an M2 

phenotype. 

   

In the case of CRC, as far as we know, there is only one study that describes 

such a therapeutic approach. Mesenchymal stem cell (MSC) derived 

exosomes were used to transport an anti-miRNA oligonucleotide (AMO) to 
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the tumor cell. Anti-miRNA is the complementary sequence which binds 

and inhibits miRNA  function [284]. Here, anti-miR-221 inhibits the 

function of the miR-221 which downregulates the expression of tumor 

suppressive genes including PTEN, p27kip1, TIMP3 and the Wnt signaling 

pathway [285]. The anti-miR-221 was incorporated into the MSCs-derived 

exosome through electroporation and the derived AMO-Exo showed an 

inhibitory effect on the NRP-1 receptor-positive tumor cell. The xenograft 

tumor model also confirmed that AMO-Exo targets the tumor cell and 

inhibits the growth. with associated decreased in expression of miR-221 

[277]. Ohno and colleagues used EXO-miRNA in breast cancer and showed  

encapsulated miRNA Let-7a is transported to the epidermal growth factor 

receptor-expressing cancerous cells and effectively inhibits tumor growth 

as confirmed in a xenograft tumor model [278]. Schmittgen et al. used a 

similar approach for neuroblastoma wherein NK-cell-derived exosomes 

were used to deliver the tumor-suppressing miR-186 to restore its level, 

inhibit tumor progression and increase the survival. Similarly, the 

restoration of tumor-suppressive miR-335 enriched exosome led to cancer 

inhibition in hepatocellular carcinoma in a xenograft tumor model [279]. 

The exosomal miR-21 sponge construct was used to target elevated miR-21 

in human glioma cells to restore the expression level of RECK and PDCD4 

genes and prevent malignant property. A similar strategy can also be used 

in  CRC as miR-21 has a major role in cancer progression and metastasis 

[280]. 
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Figure 2.3.3 Representation of THP-1 cell morphology in normal RPMI 

media and 48 h of Colo 205 CRC cells condition media isolated exosome and 

treated conditions after 24 and 72 h. The THP-1 cells were treated with PMA 

(25 ng/ml) for 48 h before the experiment for their differentiation into monocytes. 

The images were taken under a bright-field microscope at 20× magnification. 

EXO: Exosomes; PMA: Phorbol 12-myristate 13-acetate. 

Another way to deal with the exosomal miRNA is the inhibition of their 

release or uptake by the cell such cell-secreted oncogenic miRNAs are 

inhibited. Such a strategy was applied in melanoma where silencing of 

rab27a led to blockage of the Exo-miRNA cargo and regaining cellular 

levels of miR-494 which decreases  tumor growth and metastasis [281]. 

This approach can also be used in the CRC to inhibit the release of exo-

miRs from cancer cells so that the tumorigenic effect on the immune can be 

inhibited. miR-4689 has tumor suppression properties and is downregulated 

in the KRAS mutant colon cancer patients, so the incorporation of miR-

4689 into the exosome can be used to negatively regulate the MAPK and 

PI3K/AKT pathways [286]. Similarly, miR-29a is also a tumor suppressive 

type and in the presence of its mimic shows a positive anti-tumor effect and 

decreases the protein expression of PI3K, AKT and GSK3- and restricts 

the WNT/-catenin signaling pathway in colon cancer. Thus, miR-29a 
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encapsulated into the exosome can make the delivery process more effective 

[287].  

Finally, miRNA-based therapeutic approaches have been shown to advance 

not only in cancer but also in other diseases such as acute myocardial 

ischemia (AMI). miR-126-enriched exosomes derived from adipose stem 

cells were used to treat AMI and reduce cell injury and inflammatory factors 

[282]. miR-92-a-3p derived from MSCs exosomes has been shown to 

increase chondrogenesis and suppress cartilage degeneration in 

Osteoarthritis [283]. In the future, more results are expected that would 

provide evidence for the exosomal miRNA-based treatment in CRC. 

In this section, we summarized the available literature on the CRC cell and 

macrophage-derived exosomal miRNAs which play a significant role in the 

onset, progression, metastasis, angiogenesis, invasion, and formation of 

pre-metastatic niche in CRC. Exosomes are small extracellular vesicles 

containing important cargos including mRNAs, miRNAs siRNAs, 

lncRNAs, and structural and functional tetraspanins and tetraspanin-

associated proteins. Exosomes released from CRC cells and macrophages 

are the mediators of cross-talk between these cells in TME. These exosomes 

play several crucial functional roles in CRC-related mechanisms such as 

cancer growth, metastasis and drug resistance. Exosomes can influence 

macrophage polarization through RNAs or proteins, leading to 

tumorigenesis and the development of cancer.  Here, we are proposing a 

disease model of CRC and introducing the new concept of early and late 

stages of response in macrophage polarization to CRCs see Figure 2.3.2. In 

early stages, exosome-mediated macrophage activation takes place and 

TAM recognize a cancer cell as foreign and initiate a pro-inflammatory 

response; in later-stage exosomal miRNAs from CRC cells modify the 

surrounding TME, resulting in reprogramming of macrophages towards an 

alternatively activated M2 phenotype. In support of our hypothesis, a 

preliminary experiment showed THP-1 macrophages’ phenotypic changes 
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in response to COLO-205 cell-derived exosomes, where macrophages 

switch towards M2 type (elongated shape) at 72 hrs treatment see Figure 

2.3.3. Greater comprehension of the function of exosome-derived miRNAs 

and TAM may reveal previously unknown mechanisms of cancer resistance 

to current therapeutic strategies as well as lead to the development of new 

prognostic tools and targets. Investigation of the exosome-mediated 

signaling pathway and its mechanisms during CRC is an exciting research 

area.  
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Chapter 3: Role of Colorectal Cancer-Derived Exosomes in Modulating 

Macrophage Phenotypes During Tumor Development 

3.1 Graphical Abstract 

 

Figure 3.1: Interplay between CRC cells and macrophages gene expression in 

Colorectal cancer microenvironment: Exosome-mediated early-stage M1-like 

macrophage activation and Exosomal miRNAs mediated late-stage M2-like tumor 

supportive reprogramming of macrophages in TME. 

3.2 Overview: 

Colorectal cancer (CRC) is one of the deadliest cancer types and is 

characterized by a complex tumor microenvironment (TME), which 

includes cancer and immune cells engaging in intricate signaling crosstalk. 

TME is dependent on the CRC stage and contributes to cancer 

aggressiveness and therapy resistance. It has been established that tumor-

associated immune cells can support cancer progression. However, the 

underlying mechanisms are not fully elucidated. Here, we provide evidence 

that communication between CRC and immune cells, particularly tumor-

associated macrophages (TAMs), occurs through the release of soluble 

factors and extracellular vesicles (EVs), such as exosomes. Our study 

reveals that TAMs initially recognize exosomes as foreign entities, 

triggering a pro-inflammatory response. Over time, however, the contents 
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of these phagocytosed exosomes reprogram the TAMs into an anti-

inflammatory, tumor-supportive phenotype. Our data indicate that such a 

phenotypic transition in CRC TAMs is primarily triggered by the activation 

of the NF-kB transcription factor, and that inhibiting NF-kB signaling may 

significantly decrease the tumor-supportive functions of TAMs in CRC. 

Thus, pharmacologically slowing the transition of CRC TAMs from pro-

inflammatory to tumor-supportive states may be a promising strategy to 

reduce cancer aggressiveness. 

3.3 Introduction 

Colorectal cancer (CRC) is the 3rd most common cancer type, affecting both 

males and females, and is the second leading cause of cancer-related deaths 

[1]. The American Cancer Society estimated that there were 152,810 new 

cases of CRC in the United States in 2024. Several risk factors have been 

identified that may promote CRC progression. These include increasing 

age, lifestyle, family history, as well as chronic inflammatory diseases [2]. 

Additionally, epigenetic factors may influence CRC development. 

Recently, the tumor microenvironment (TME) has been shown to play an 

important role in CRC pathophysiology. The crosstalk between CRC cells 

and the immune system is critical for regulating the progression and 

development of CRC and includes the modulation of TME [3]. This study 

investigated the role of the microenvironment in CRC development to 

identify new therapeutic approaches for slowing down CRC progression. 

Tumor-associated macrophages (TAM) are among the most abundant 

immune cells in the CRC microenvironment, and the presence of TAM can 

either promote or inhibit tumor growth, depending on the context [4]. In 

TME, macrophages exist either in the classically activated M1-like state, 

which is often associated with antitumor function, such as proinflammatory 

response, antigen presentation, and increased phagocytosis or in the 

alternatively activated M2-like state, which is associated with suppressing 
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immune responses and supports tumor growth by promoting angiogenesis, 

via releasing growth factors [5]. The interplay between CRC cells and 

macrophages within TME resembles the one between allies and adversaries, 

and determines the course of cancer cell behavior [6]. In part, the 

intercommunication between CRC cells and macrophages involves 

paracrine signaling in which CRC cells secrete some soluble factors as well 

as extracellular vesicles (EVs) in the surrounding TME, which can then 

reprogram TAM towards a tumor-supportive state [7]. Classically, EVs are 

subdivided based on size into exosomes, microvesicles, and apoptotic 

bodies [8]. The exosomes are a commonly studied subset of EVs in cancer 

research. It is well-established that exosomes are involved in transporting 

bioactive molecules from donor cells to recipient cells [9].  

Exosomes are lipid bilayer membrane-coated vesicles with a diameter 

ranging from 40 to 150 nanometers (nm) and are secreted by nearly all types 

of cells, including cancer cells, in the extracellular microenvironment  

[7,10]. Exosomes act as carriers for the cargo of bioactive material that is 

destined to be transferred from donor cells to recipient cells via three 

different mechanisms: i) The exosomal membrane coating proteins may 

directly interact with the proteins present on the recipient cell membrane 

and initiate intracellular signaling; ii) The exosomes’ membrane may 

directly fuse with the membrane of the recipient cell membrane and releases 

its content; and iii) Recipient cells directly phagocytose exosomes to engulf 

and intracellularly release the cargo into the cancer cell cytosol [11]. The 

exosomes containing bioactive materials are composed of functional 

proteins, DNA, mRNAs, miRNAs, and lipids, which may modulate crucial 

cancer-related mechanisms involved in metastasis, drug resistance, and 

influence macrophage polarization during tumorigenesis [12]. Exosomes 

have emerged as crucial mediators in the communication between cancer 

cells as well as immune cells and have attracted considerable interest in 

cancer research. Here, we hypothesized that CRC-derived exosomes 

initially activate macrophages through NF-κB signaling, inducing a 
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transient pro-inflammatory phenotype, but prolonged exposure reprograms 

macrophages toward a tumor-supportive M2-like state. To validate our 

hypothesis, we isolated the CRC cell-derived exosomes and used them to 

treat macrophages to determine how such treatment affects macrophage 

function. To monitor the kinetics of macrophage gene expression rate 

changes in the CRC microenvironment, we cultured macrophages and 

treated them with exosomes derived from CRC cells to study their effects 

on macrophage behavior. To our knowledge, this is the first report 

describing the early and late time points of gene expression in macrophages 

treated with CRC cell-derived exosomes. 

3.4 Method 

3.4.1 Cell lines and culture- The Colo 205 human colon cancer cell line 

and the THP-1 human monocyte cell line were procured from the NCCS, 

Pune, India. COLO205 (May 2023) and THP-1 (Feb 2022) cells were STR-

authenticated, confirmed mycoplasma-free, and cultured under 

recommended conditions. These cells were cultured in RPMI 1640 medium 

(Gibco), supplemented with 10% heat-inactivated fetal bovine serum 

(Gibco), and a mixture of 100 U/ml penicillin and 100 µg/ml streptomycin 

(Invitrogen). The cultures were incubated at 37°C in a 5% CO2 

concentration. The cells were differentiated into macrophages by exposing 

them to 25 ng/ml phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich) 

in the culture medium for a duration of 24 hours. Afterward, the PMA-

containing medium was replaced with fresh RPMI complete medium before 

the cells were treated with exosomes.  

3.4.2 Exosome extraction and characterization-Colo 205 cells grew to 

reach a 70-80% confluency, and then the culture medium was replaced with 

an FBS-free medium. After 48 hours of culture, the cell supernatant was 

harvested, cleared by centrifugation first at 300×g for 5 minutes and then at 

2000×g for 30 minutes, filtered via a 0.22 μm PVDF filter, and the 
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exosomes were isolated using ultra-centrifugation at 1,00,000×g for 2 

hours. After exosome isolation, the obtained pellets were resuspended in 

phosphate-buffered saline (PBS) and kept frozen at -80°C for later use. To 

characterize exosomes, we used various techniques listed below. 

3.4.2.1 Nanoparticle tracking analysis- We used the nanoparticle tracking 

analysis (NTA) to detect the particle size (~30-1000 nm) and to determine 

the relative concentration of exosomes in liquid samples. The NTA analysis 

was performed with Nanosight. The exosome samples were diluted 1000 

times (5 µl/5 mL) in Milli-Q water before analysis.  NTA version 3.4 (Build 

3.4.003, Nanosight) was used to capture and analyze the data. 

3.4.2.2 Scanning electron microscopy (SEM)- Scanning electron 

microscopy was utilized to confirm the size and morphology of the 

exosomes. 5 μL of the exosome suspension was diluted in PBS and then 

fixed with glutaraldehyde for 15 minutes. The sample was then rinsed with 

PBS, dehydrated using ethanol, and air-dried at room temperature for 24 

hours. Finally, a coating of gold-palladium was applied to the samples, and 

imaging was conducted using a scanning electron microscope. 

3.4.2.3 Western blot analysis of exosome markers- Protein lysates were 

prepared by boiling exosomes for 5 minutes at 95°C in an equal volume of 

radioimmunoprecipitation assay (RIPA) buffer, supplemented with 

protease and phosphatase inhibitors. Proteins were resolved on a 12% 

sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE) and then 

transferred to nitrocellulose membranes (Bio-Rad). The nitrocellulose 

membranes were blocked with 5% BSA (Himedia) in Tris-buffered saline 

solution supplemented with Tween 20 (TBST) and probed with the 

following primary antibodies: anti-CD63 (Sigma-Aldrich) and anti-

TSG101 (Sigma-Aldrich) 1-1000 in TBST overnight at 4 °C. Finally, the 

membranes were incubated with the secondary antibodies conjugated with 

Horseradish peroxidase (HRP), and the chemiluminescence signal was 
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detected using a gel documentation system Image Quant LAS 4000 (GE 

Healthcare). 

3.4.3 Exosomes labelling and uptake analysis- Exosomes were labelled 

with PKH67 fluorescent membrane dye (Sigma-Aldrich) following the 

manufacturer’s protocol. Briefly, exosomes were incubated with PKH67 

dye solution for 5 minutes at room temperature in the dark, and excess dye 

was quenched by adding 1% BSA (Himedia) in PBS. Labelled exosomes 

were washed twice by ultracentrifugation at 100,000 × g for 90 minutes to 

eliminate any residual free dye, followed by resuspension in PBS. THP-1 

cells were then incubated with the labelled exosomes at 37 °C in a CO₂ 

incubator for 30 minutes, 4, 12, and 24 hours to assess time-dependent 

uptake. After incubation, the cells were washed twice with PBS (pH 7.4) at 

room temperature to remove unbound exosomes and subsequently fixed in 

freshly prepared 4% paraformaldehyde in PBS for 15 minutes. THP-1 cells 

were washed twice with PBS, mounted in DAPI-containing mounting 

medium, and examined under a laser scanning confocal microscope 

(Olympus, Tokyo, Japan) at 100X magnification to confirm the uptake of 

PKH67-labelled exosomes. 

3.4.4 RNA isolation and quantitative real-time PCR (qRT-PCR)- The 

cells were collected and washed with PBS following the treatment of 

macrophages under various conditions. Total mRNA was extracted from 

macrophages using the RNAiso Plus reagent (Takara Bio Inc., Shiga, 

Japan), according to the manufacturer's instructions. The concentration and 

purity of the isolated RNA were assessed using a Nanodrop 

spectrophotometer. For cDNA preparation, 1000 ng of total RNA was 

reverse-transcribed using the cDNA Synthesis Kit (Takara), following the 

manufacturer's instructions. Real-time quantitative PCR (qPCR) was 

performed using SYBR Green Master Mix (Applied Biosystems, MA, 

USA) Quant Studio 3 Real-Time PCR System (Applied Biosystems). The 

experiments were conducted with at least three independent repeats to 
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assess the gene expression of GAPDH, TNF-α, IL-12, IL-23, ARG-1, TGF-

β, and PDGF. The primer sequences are provided in Supplementary Table 

1. The cycle threshold values were analyzed using the 2-ΔΔCt method to 

determine relative cytokine expression, with GAPDH serving as the 

reference gene to standardize the expression levels of the cytokine genes. 

3.4.5 Western Blotting of THP-1 cell lysates- THP-1 cells were lysed in 

RIPA lysis buffer supplemented with protease and phosphatase inhibitors. 

The Bradford assay was performed to determine the protein concentration. 

The proteins (50 μg/well) were resolved on a 10% SDS-PAGE and then 

transferred to the nitrocellulose membranes (Bio-Rad). The membranes 

were blocked with 5% BSA (Himedia) in TBST and probed with the 

primary antibodies (anti-phosphoNF-κB/p65 (Abcam), anti-NF-κB/p65 

(Santa Cruz Biotechnology), IKB (Invitrogen), or β-Actin (Invitrogen) 

diluted 1-1000 in TBST) overnight at 4 °C. Finally, the membranes were 

incubated with the secondary antibodies conjugated to Horseradish 

peroxidase (HRP), and the chemiluminescence signal was detected using a 

gel documentation system (Fusion Solo 6X, Vilber). 

 3.4.6 Immunofluorescence- THP-1 cells were cultured on glass coverslips 

until they reached 70–75% confluency, after which they were differentiated 

into macrophages by treating them with 25 ng/ml PMA for 24 hours. 

Following differentiation, the media was replaced with fresh complete 

RPMI medium, and THP-1 cells were incubated with exosomes at 37°C for 

30 minutes, 4, 12, 24, and 72 hours in a CO2 incubator. Cells were washed 

twice with PBS (pH 7.4) at room temperature (RT), fixed in freshly 

prepared 4% paraformaldehyde in PBS for 15 minutes, permeabilized with 

0.01% Triton-X solution in PBS for 10 minutes at RT, and washed 2x with 

PBS. The fixed cells were blocked with 5% BSA (Himedia) for 1 hours on 

a shaker and then incubated with the primary antibodies against IκB 

(Invitrogen) or NF-κB/p65 (Santa Cruz Biotechnology) at a 1:200 dilution 

in TBST overnight at 4°C. Subsequently, cells were washed 2 times with 
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TBST and were incubated with Alexa Fluor 488-conjugated secondary 

antibodies for 1 hour. Cells were washed 2x with TBST and then 

counterstained with DAPI (Sigma) for nuclear visualization. The cells were 

then examined using a confocal laser scanning microscope (Olympus, 

Tokyo, Japan) at 100X magnification. 

3.4.7 Measurement of macrophage phagocytic capacity- To assess the 

phagocytic function of macrophages, E-coli were labelled with Fluorescein 

Isothiocyanate (FITC, 1mg/ml in DMSO). The FITC-labelled bacteria were 

washed three times with PBS to remove unbound dye and resuspended in 

RPMI medium to obtain 10x105 FITC-labelled E. coli/well in 12-well plate. 

Macrophages were co-cultured with FITC-stained E-coli for 1 hour at 37 

°C at a 1:10 ratio. Cells were washed to eliminate any non-internalized 

bacteria and fixed in freshly prepared 4% paraformaldehyde (pH 7.2) in 

PBS for 15 minutes at RT. The images were taken under a confocal laser 

scanning microscope (Olympus, Tokyo, Japan) at 100X magnification. 

3.4.8 In vivo tumor development and immunohistochemical analysis in 

Swiss albino mice- To validate our in vitro finding, an in vivo allogenic 

murine model was established.  CT-26 cells were mixed with RAW-264.7 

macrophages pretreated with CT26-derived exosomes for 72 hours. The 

mixture of CT-26 (1×106) and RAW-264.7 (2×105) cells in PBS was 

injected into the right flanks of 6-week-old male Swiss albino mice to 

establish a subcutaneous tumor model. Tumor progression was monitored 

throughout the study. At the end of 4 weeks, mice were sacrificed, and 

tumor tissue was collected for histological and molecular characterization. 

Hematoxylin and eosin (H&E) staining was performed to assess tumor 

morphology and tissue architecture. Furthermore, immunohistochemical 

analysis was performed to check the expression of cell adhesion and 

angiogenic tumor-associated markers, including I-CAM and VE-cadherin, 

within the tumor.  
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3.4.9 Statistical analysis- Statistical analysis was performed using 

GraphPad Prism (version 8.0.1 (244), CA, US). Data were presented as 

mean ± standard deviation (SD). P-values were determined using the one-

way ANOVA test when three data sets were compared or the Student’s t-

test when two data sets were analyzed. The data sets were considered 

significantly different if P values were 0.05 or less.  

 3.5 Results 

3.5.1 Molecular and phenotypic alterations in macrophages induced by 

CRC cell-conditioned media-We first set out to assess the ability of CRC 

cell-derived conditioned media to induce macrophage polarization. It was 

reported that the polarization of macrophages affects their morphology, 

with the pro-inflammatory macrophages exhibiting mostly irregular shape 

and the anti-inflammatory macrophages having an elongated, spindle-like 

morphology [13]. In our experiments, we treated THP-1 macrophages with 

the conditioned media collected from COLO-205 colorectal cancer cell 

cultures and then analyzed the resulting phenotypic changes in the treated 

THP-1 cells. We found that the conditioned medium-treated THP-1 

macrophages exhibited a markedly altered morphology, displaying both 

proinflammatory M1-like and anti-inflammatory M2-like phenotypes, 

specifically after longer incubation times, see Figure 3.2A. The 

morphology of untreated THP-1 macrophages was mostly round, with some 

fibroblast-like cells. In contrast, the morphology of conditioned medium-

treated THP-1 macrophages was both oval and irregular, consistent with the 

morphology of pro-inflammatory macrophages, or elongated and spindle-

like, consistent with the anti-inflammatory macrophage morphology, see 

Figure 3.2A. Taken together, these results indicate that conditioned media 

collected from COLO-205 cell cultures induce significant phenotypic 

changes in THP-1 macrophages. After noticing the pronounced effects of 

conditioned media on macrophage morphology, we next aimed at 

identifying the specific components responsible for driving macrophage 
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phenotypic transition. It was reported [7,14] that cultured CRC cells are 

prone to release large amounts of small extracellular vesicles, such as 

exosomes, capable of carrying various biologically active factors. 

Therefore, we continued our study by investigating the role of conditioned 

medium-derived exosomes inducing macrophage polarization. 

 

Figure 3.2 Morphology of THP-1 cells treated with Colo205 conditioned 

media and exosomes. (a) Morphological changes in THP-1 cells incubated with 

Colo205 cell culture-derived conditioned media for 24, 48, 72, and 96 hours. 

Images captured using a 20× magnification (scale bar = 20 μm). (b) Western blot 

analysis for the detection of exosome-specific markers. (c) Nanoparticle tracking 

analysis (NTA) to determine the concentration and average size of the exosomes. 

(d) Scanning electron microscopy (SEM) images showing the morphology and size 

of the exosomes. (e) Time-dependent macrophage polarization induced by CRC-

cell-derived exosomes. Images captured using a confocal microscope at 100× 

magnification (scale bar = 30 μm). 

3.5.2 CRC cell-derived exosome isolation and characterization- We 

used ultracentrifugation to isolate exosomes from the conditioned media 

derived from colorectal cancer cells. The isolated exosomes were validated 

by assessing the expression of CD63 and TSG101, well-established 

biomarkers of exosomes [15], using Western blot analysis, see Figure 3.2. 
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We also performed Nanoparticle Tracking Analysis (NTA), which is used 

to establish the size distribution and concentration of exosomes. We found 

that the sizes of our purified exosomes predominantly ranged from 40 to 

150 nm, whereas the concentration amounted to 1.6 × 10⁷ particles/ml after 

dilution, see Figure 3.2C. Scanning electron microscopy (SEM) was then 

performed to further confirm the average size of exosomes in our 

preparations. We found that the typical size of exosomes in our preparations 

was approximately 100 nm see Figure 3.2D, which is consistent with the 

published literature [15]. 

3.5.3 Fluorescent labelling and confocal analysis reveal efficient uptake 

of PKH67-labelled CRC cell-derived exosomes by macrophages- 

Following the characterization of the isolated exosomes, their 

internalization by macrophages was evaluated. THP-1 cells were exposed 

to PKH67-labelled exosomes to assess time-dependent internalization and 

incubated for 30 minutes, 4, 12, and 24 hours. The microscopic observation 

revealed a sequential increase in PKH67 fluorescence in THP-1 cells 

incubated with labelled exosomes, see Figure 3.3. The nuclei were 

counterstained with DAPI (blue), while PKH67-labelled exosomes 

appeared as distinct green fluorescent puncta. Minimal green fluorescence 

was detected at the 30-minute and 4-hour time points, confirming the 

absence of nonspecific dye signals. A pronounced accumulation of PKH67 

fluorescence was observed in the cytoplasmic region of THP-1 cells at 12 

hours, indicating active uptake of exosomes. However, the fluorescence 

intensity began to decline at 24 hours, suggesting possible degradation or 

exosome processing within the cells. The merged images displayed discrete 

green puncta within the cytoplasm (indicated by red arrows), confirming 

internalization rather than surface adherence. Collectively, these findings 

demonstrate efficient, time-dependent uptake of cancer cell-derived 

exosomes by macrophage-like THP-1 cells. 
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Figure 3.3: Uptake of PKH67-labeled exosomes by macrophages. THP-1 cells 

were co-cultured with PKH67-labeled exosomes (green) derived from CRC (Colo-

205) cells and subsequently fixed for Confocal microscopy. Cells were incubated 

with PKH67-labeled exosomes for 30 minutes, 4, 12, and 24 hours. Cell nuclei 

were counterstained with DAPI (blue). Red arrows denote exosomes internalized 

by THP-1 macrophage cells, magnification 100× (scale bar = 20μm). 

3.5.4 CRC cell-derived exosome treatment altered phenotype and 

cytokine production in macrophages- Once the uptake of exosomes was 

confirmed, our next step was to investigate their effects on macrophage 

phenotype. We treated THP-1 macrophages with the purified exosomes for 

24, 48, 72, and 96 hours at a final dose of 8 × 108 particles/ml, as calculated 

from the NTA-determined concentration (1.6 × 10⁷particles/ml). The 

treatment conditions were Control, Normal Medium (N.M. exo) - normal 

media isolated exosome (media+FBS), Colo exo- Colo 205 cell-

conditioned media isolated exosome, see Figure 3.4A. Following treatment 

with Colo 205 cell-derived exosomes, macrophages showed a pro-

inflammatory morphology at 24 hours, while at 72 and 96 hours, their 
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morphology shifted to resemble the anti-inflammatory phenotype. Next, we 

determined the effect of exosomes in macrophages at the molecular level. 

To investigate cytokine expression in THP-1 cells treated with COLO-205-

derived exosomes for 24, 72, and 96 hours, we performed real-time RT-

PCR to measure changes in mRNA levels of cytokines. The mRNA levels 

of pro-inflammatory molecules IL-23, IL-12, and TNF-α were significantly 

increased in THP-1 cells treated with exosomes for 24 hours, while at 72 

and 96 hours, their expression significantly declined. On the other hand, the 

exosome treatment boosted the production of M2-type marker IL-10, ARG-

1, and PDGF mRNA levels at 72 and 96 hours in these experiments see 

Figure 3.5. 

 

Figure 3.4: Morphological changes and phagocytic activity of THP-1 

macrophages treated with Colo205-derived exosomes. (a) Morphology of THP-

1 cells treated with Colo205-derived exosomes. PMA-treated THP-1 cells were 

grouped as follows: Control, N.M. exo (exosomes isolated from normal complete 

media with FBS), and Colo exo (exosomes isolated from Colo205 cell-conditioned 

media). Cells were incubated for 24, 48, 72, and 96 hours. Images were taken at 

20× magnification (scale bar = 20 μm). (b) Phagocytic activity of THP-1 

macrophages treated with Colo205-derived exosomes for 12, 24, and 72 hours. 

Phagocytosis was assessed using FITC-labeled E. coli. (c) Bar graph showing the 

relative fluorescence intensity of FITC-labeled E. coli uptake, quantified from the 

images in (B), and Supplementary Figure S3.1 documents the phagocytic 

activity of THP-1 macrophages treated with CRC cell-derived exosomes, assessed 

https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/carcin/47/1/10.1093_carcin_bgag003/1/bgag003_supplementary_data.doc?Expires=1779293361&Signature=LbpKkUOzjevOcEHUm4s27fG54pkZYu7g-g6sf0xQEKciiIsm6hbfMPWCU-IKxLeYqn~Wrmyv7kwf4CplpSZHKS4CcCLFHQDjs64Fa1oQBsyeZ~u763rU6OUgac1QuATIGyzjLn0Hat-eEG3uX2C~2WeMZRLe1VEevCaV80rBgmzt-k8TSUKP4noZWFwKJOBI4884wD~oEHSzdpou5iWMr2pGAzC~CjgqVl6~6zam~aSFIm7GBv2SKl2TElFKSBbUaJAu3CwUG6U5RRnryD35Q0PGUEBCFhdSb9mAuR98wH3xxANcYAP3RLmEPX6uzKtVGMFzdQdX622aw0huqwi7uA__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
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by Oil Red O staining. Images were acquired using a confocal microscope at 100× 

(scale bar = 20 μm). *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.00005. 

 

Figure 3.5: Time-dependent cytokine and immunomodulatory factor 

expression in macrophages treated with CRC cell-derived exosomes. THP-1 

macrophages were treated with exosomes isolated from CRC cells, and the 

expression levels of pro-inflammatory (IL-23, IL-12, TNF-α) and anti-

inflammatory (IL-10, ARG-1) cytokines, along with PDGF, were analysed at 24, 

72, and 96 hours. Gene expression was measured using RT-qPCR. *P < 0.05, 

**P < 0.005, ***P < 0.0005, ****P < 0.00005. 

3.5.5 Exposure to CRC-derived exosomes initially increased the rate of 

phagocytosis in THP-1-derived macrophages but then decreased 

macrophage phagocytic function over time- Next, we evaluated the 

phagocytic activity of THP-1-derived macrophages following exosome 

treatment. Macrophages were treated with COLO-205-derived exosomes 

for 12, 24, or 72 hours and stimulated with LPS (1000 ng) for 24 hours as a 

control. Following the treatments, macrophages were incubated with FITC-

stained E. coli as described in the methods. The phagocytic activity of 

macrophages showed a significant increase at the early points of 12 and 24 

hours of exosome treatments and LPS-stimulated macrophages, but 

decreased at the 72-hour time point compared to the 12 and 24-hour time 

points, see Figure 3.4B. Additionally, we determined the ability of CRC-
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exosome-treated macrophages to phagocytose the oxidized LDL (low-

density lipoprotein) particles and obtained similar results, see 

Supplementary Figure S3.1. Oil Red O staining was used in the oxidized 

LDL experiments to assess the phagocytic activity of CRC-exosome-treated 

macrophages. 

3.5.6 CRC-exosome treatment activates the NF-κB signaling and 

promotes the expression of M1-like markers in macrophages- We then 

investigated the molecular mechanisms by which CRC cell-derived 

exosomes influence macrophage polarization. Differentiated THP-1 cells 

were cultured and treated with COLO-205-derived exosomes for 30 

minutes, 4, 12, 24, and 72 hours to evaluate the protein expression of IKK, 

IκB, and NF-κB. The NF-κB signaling plays a pivotal role in inflammation 

and cancer progression [16]. The results of the Western blot analysis 

revealed that the protein levels of phosphorylated NF-κB (p-NF-κB) 

increased at 30 minutes, but then gradually decreased over 4, 12, 24, and 72 

hours, respectively, see Figure 3.6 A and B. Meanwhile, the total NF-κB 

protein levels remained unchanged in THP-1 cells treated with exosomes 

derived from Colo 205 cells. To further investigate, confocal microscopy 

was performed to assess the translocation of p65 from the cytoplasm to the 

nucleus. Initially, at the 30-minute time point, a majority of the p65 proteins 

were observed within the nucleus in CRC-exosome-treated macrophages. 

However, under control, 4, 12, 24, and 72 hours conditions, p65 was 

predominantly localized in the cytoplasm, see Figure 3.6 C and D. 

Together, the results from both experiments indicate a decrease in p65 

phosphorylation and its nuclear translocation in response to prolonged 

exosome treatment.  
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Figure 3.6: p65 Expression in THP-1 Cells Treated with COLO-205-Derived 

Exosomes (A-B) Immunoblot analysis of NF-κB (p65) and its quantification 

demonstrates a significant downregulation of p65 phosphorylation in THP-1 

macrophage cells following treatment with COLO-205-derived exosomes. THP-1 

cells were incubated with exosomes for 30 min, 4, 12, 24, and 72 hrs. Western blot 

analysis revealed an initial increase in phosphorylated NF-κB (p-NF-κB) levels at 

30 minutes, followed by a gradual decline at subsequent time points (4, 12, 24, and 

72 hours). (C-D) The nuclear translocation of NF-κB (p65) was assessed using 

confocal microscopy. The accompanying graph represents the quantitative 

analysis of protein levels. Statistical significance is indicated as follows: *P < 0.05, 

**P < 0.005, ***P < 0.0005, ****P < 0.00005 compared to the control group. 

Scale bar=10μm. 

We also determined the protein expression of IκB, an upstream molecule of 

NF-κB, using immunocytochemistry and Western blotting, see Figure 3.7 

A-D. The results revealed that IκB levels in THP-1 macrophages dropped 

sharply within 30 minutes after treatment with CRC-derived exosomes, but 

remained stable at the later time points of 4, 12, 24, and 72 hours. To better 

understand why IκB was degraded early and then restored at 4 hours, we 

performed additional experiments at 10, 20, 30, 40, 50, 60 minutes, as well 

as at 2, 3, and 4 hours timepoints. Interestingly, IκB degradation was first 

detectable after 20 minutes, peaked around 30–60 minutes, and the protein 
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began to reappear at 2 hours, see Figure 3.7 E-F, which highlights the fact 

that IκB degradation primarily takes place during the early response of 

macrophages to exosomes derived from cancer cells.  

 

Figure 3.7: IκB degradation in macrophage cells treated with CRC cell-

derived exosomes: (A and B) Immunoblot analysis and quantification show that 

CRC-derived exosomes modulate total IκB level in macrophages. Cand D) 

Immunofluorescence analysis confirms change in IκB expression (E and F) 

confirms the kinetics of IκB degradation at 10, 20 30,40, 50,60 min, 2, 3, 4 hours. 

Significance: *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.00005 vs. 

control, Scale bar=10μm. 

Next, we aimed to determine whether IKK phosphorylation was affected. 

To assess this, we examined the levels of Phospho-IKK using 

immunoblotting, see Figure 3.8 A-D and confocal microscopy. We found 

that the phosphorylated IKK protein increased at 30 minutes time point but 

later began to gradually decrease at 4, 12, 24, and 72 hours. Collectively, 

these data suggest that treatment with CRC cell-derived exosomes initially 

activates NF-κB signaling and promotes the expression of M1-type markers 

in macrophages. However, over time, the exosomal cargo may shift 

macrophages toward an anti-inflammatory phenotype. 
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3.5.7 IKK inhibitor treatment attenuated NF-κB signaling activation 

induced by CRC exosomes in macrophages- To investigate whether 

blocking IKK activity could suppress NF-κB signaling in response to CRC 

cell-derived exosomes, THP-1-derived macrophages were pre-treated with 

TPCA-1, a selective IKK inhibitor, before CRC exosome exposure. 

Western blot analysis revealed that TPCA-1 treatment significantly reduced 

the phosphorylation of IKK, which is a critical step for NF-κB activation. 

Similarly, we assessed the degradation of IκB in the presence and absence 

of TPCA-1, see Figure 3.8 E. Western blot results showed that IκB levels 

dropped noticeably at 30 minutes in CRC-exosome-treated macrophages. 

However, when the cells were pre-treated with TPCA-1, IκB levels 

remained stable, suggesting that TPCA-1 helps protect against this early 

protein degradation by blocking IKK activity. further supporting the role of 

IKK in mediating exosome-induced NF-κB activation. 

 

Figure 3.8: IKK inhibitor treatment attenuated NF-κB signaling induced  y 

CRC exosomes in macrophages: (A-B) Immunoblot analysis and quantification 

indicate that CRC exosomes modulate the p-IKK phosphorylation in macrophages, 

with an initial increase at 30 minutes followed by a gradual decrease at 4-72 hours. 

(C-D) Immunofluorescence analysis further confirms p-IKK expression in 

macrophages. (E-G) Treatment with the IKK inhibitor TPCA-1 attenuates 

exosome-induced changes in p-IKK and IκB expression level compared to control 
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conditions. Significance: *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 

0.00005 vs. control, Scale bar=10μm. 

3.5.8 CRC-derived exosome-treated macrophages upregulate the EMT 

marker and PD-L1 expression in CRC cells- We next set out to determine 

how CRC-exosome-treated THP-1 cells affect the CRC cell growth, 

migration, and immune evasion. To assess cell migration, COLO-205 cells 

were grown in 6-well plates until they reached about 50% confluency, and 

a straight scratch was made across the cell monolayer using a sterile pipette 

tip to create a wound. The loosely attached cells were gently washed away 

with PBS. The cells were then treated with conditioned media collected 

from different macrophage groups: untreated (MΦ CM), LPS-stimulated 

(LPS CM), IL-4-stimulated (IL-4 CM), and exosome-treated macrophages 

for 24 and 72 hours (Exo 24 hours CM and Exo 72 hours CM). LPS and IL-

4 CM treatment served as pro- and anti-inflammatory controls, respectively. 

The highest migratory response was observed with Exo 72 hours CM, which 

indicates that exosome-mediated macrophage reprogramming supports 

CRC cell migration over time, see Figure 3.9 A. To investigate the 

expression of epithelial-mesenchymal transition (EMT) and immune 

checkpoint in CRC cells, we treated cancer cells with the conditioned 

medium obtained from THP-1 macrophages exposed to CRC exosomes for 

24 and 48 hours and then performed real-time RT-PCR to detect the mRNA 

levels of snail, fibronectin, AKR1B1, and PD-L1 in Colo-205 cells. We 

found that the mRNA levels of snail, fibronectin, AKR1B, and PD-L1 were 

significantly increased in Colo-205 cells treated with conditioned medium 

obtained from CRC-exosome-treated THP-1 cells, see Figure 3.9 B. 

Overall, the data suggest that CRC exosomes can activate THP-1-derived 

macrophages, which, in turn, may facilitate the growth, migration, and 

immune evasion of CRC cells themselves. 
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Figure 3.9: CRC-derived exosomes-treated macrophages promote EMT, PD-

L1 expression, and migration in colorectal cancer cells: (a) Assessment of cell 

migration in Colo-205 colorectal cancer cells using the scratch assay and 

quantification; COLO-205 cells were seeded in 6-well plates and cultured to ∼50% 

confluence. A straight-line scratch was created using a sterile pipette tip, and 

detached cells were removed by gentle washing with PBS. Cells were exposed to 

conditioned media from untreated macrophages (MΦ CM), LPS-stimulated 

macrophages (LPS CM), IL-4-stimulated macrophages (IL-4 CM), and exosome-

stimulated macrophages for 24 and 72 hours (Exo 24 hours CM, Exo 72 hours 

CM). Images were captured at 0, 24, and 48 hours post-scratch using a phase-

contrast microscope, magnification: 10× (scale bar = 200 μm). (b) Macrophages 

exposed to CRC-derived exosomes exhibited an enhanced expression of snail, 

fibronectin, AKR1B1, and PD-L1 in CRC cells, as confirmed through qRT-PCR. 

*P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.00005. 

3.5.9 CT-26 exosome-treated macrophages promote tumor progression 

with increased adhesion and angiogenic markers. Following the in vitro 

observations, to determine whether exosome-mediated macrophage 

reprogramming contributes to tumor progression in vivo, we established an 

allogeneic mouse model. Injection of CT-26 cells and exosome-treated 

RAW264.7 macrophages 72-hour treatment groups significantly promote 
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tumor growth in the mouse model compared with the control group injected 

with CT-26 cells alone. Histopathological examination via H&E staining 

also depicts increased cell number, angiogenesis, as well as high nuclear to 

cytoplasmic (N/C) ratio within tumor tissue compared to the control group, 

See in Figure 3.10A. 

 

Figure 3.10A: Subcutaneous tumor development and histopathological 

characterization in a murine allograft model of CRC. Representative images 

showing subcutaneous tumor development, excised tumor morphology, and H&E-

stained tumor sections from different treatment groups. 

 In addition, immunohistochemical analysis suggested elevated expression 

of I-CAM and VE-cadherin in tumor sections derived from mice injected 

with exosome-treated macrophages. Enhanced I-CAM expression was 

observed in injection with CT-26 cells, and exosome-treated RAW264.7 

macrophages 72-hours treatments groups. A similar kind of expression, VE-

cadherin level also observed under confocal microscopy, as shown in 

Figure 3.10B.  
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Figure 3.10B: Enhanced expression of cell adhesion and angiogenic factor 

during CRC progression. Immunohistochemical staining shows evaluated 

expression of ICAM-1 and VE-cadherin in tumor tissues from mice co-injected 

with CT-26 cells and exosome-treated macrophages for a 72-hour treatment 

condition, compared to the control group. Images taken under a 100X confocal 

microscope. 

3.6 Discussion 

In the tumor microenvironment, TAMs are the most abundant cells, and 

higher levels of TAMs have been linked to poor prognosis in multiple 

cancers  [17,18]. The cancer cell and macrophage communication through 

exosomes plays an important role in aggressive tumor proliferation and 

metastasis. Exosomes are nanosized (40-150 nm) vesicles made up from a 

lipid bilayer, which act as carriers for bioactive material (proteins and 

nucleic acids) during cell-to-cell communication [7]. Figure 3.11 illustrates 

temporal changes in macrophage-associated gene expression under CRC 

conditions, highlighting the dynamic interplay between CRC cells and 

macrophage signaling pathways identified in this study. We found that in 

TME, cancer cells communicate with TAMs by releasing soluble factors as 

well as EVs and reprogram macrophages towards an anti-inflammatory 
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tumor-supportive type. These new findings are consistent with earlier 

findings that have established the role of exosomes in supporting tumor 

progression in various cancer models [19–23], including CRC cell 

proliferation and metastasis [24,25]. In the present study, we highlight the 

fact that exposure to CRC exosomes initially elicits a pro-inflammatory 

response in macrophages, which is later followed by a shift towards an anti-

inflammatory phenotype in the exosome-treated macrophages. 

Figure 3.11: Kinetics study of macrophage gene expression during early and late 

stages of CRC-derived exosome treatment. The figure illustrates temporal changes 

in the expression of macrophage-associated genes, highlighting their dynamic 

regulation during tumor progression. 

We initially performed experiments to determine how CRC cells in the 

TME influenced the behavior of macrophages. THP-1 macrophages were 

treated with conditioned media collected from COLO-205 cells, and 

phenotypic changes in these macrophages were subsequently analyzed. 

These macrophages exhibited a proinflammatory M1-like and anti-

inflammatory M2-like phenotype, as shown in Figure 3.2A. This 

observation prompted us to investigate whether exosomes present within 

the conditioned media influenced the shift in macrophage polarization 

towards the M1-like or M2-like tumor supportive phenotype. In 

TME,  cancer cell-conditioned media drives a mixed population of M1 and 
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M2-like macrophages [26]. We aimed to identify the specific components 

within the conditioned media responsible for driving macrophage 

polarization. The proinflammatory response may come through soluble 

factors such as proteins present in conditioned media [27]. Existing 

literature supported that exosomes were primarily responsible for 

promoting the polarization of macrophages toward the M2-like tumor 

supportive phenotype [4,21,28–30]. 

  Consequently, we explored the role of exosomes in our study. We isolated 

exosomes using ultracentrifugation techniques and subsequently 

characterized them through Western blot analysis, NTA, and SEM to 

validate our exosome quality. Using Western blots, we confirmed that our 

isolated particles do express CD63 and TSG101, the markers of exosomes 

[31]. We also perform SEM and NTA to determine the particle size as well 

as the relative concentration of exosomes in our samples. Our data were 

consistent with the published literature on exosomes [32,33]. Following the 

characterization and uptake of the exosomes, we proceeded to examine their 

impact on macrophage polarization. We treated THP-1 macrophages with 

exosomes isolated from COLO-205 cells and then observed molecular and 

phenotypic changes in these macrophages. Short-term CRC exosome-

treated macrophages exhibited a strong pro-inflammatory response, 

characterized by markedly increased mRNA levels of pro-inflammatory 

cytokines, such as IL-23, IL-12, and TNF-α at 24 hours post-treatment. 

However, at later times, 72 and 96 hours after initiating exosome treatments, 

the expression of pro-inflammatory cytokines significantly subsided. 

Conversely, long-term CRC exosome-treated macrophages exhibited an 

anti-inflammatory phenotype with increased expression of M2-specific 

markers, including IL-10, ARG-1, and PDGF at 72 and 96 hours post-

treatment, see Figure 3.5. These results suggest that short-term treatment 

with CRC exosomes skewed macrophages towards the M1 phenotype, 

which may be due to recognition of exosomes as foreign entities. On the 

other hand, at a later time point, exosomal contents phagocytosed by 



  

151 
 

macrophages promoted the reprogramming of macrophages into an anti-

inflammatory, tumor-supportive phenotype. To further validate our results, 

we performed an additional experiment to determine whether exosomes are 

responsible for macrophage polarization toward the M2-like phenotype. 

This was achieved by evaluating the phagocytic activity of the 

macrophages. Interestingly, it was reported that M1-like macrophages 

exhibit a significantly higher phagocytic activity compared to M2-like 

macrophages [34]. Similarly, it was reported that M1-like macrophages 

demonstrate enhanced phagocytosis of bacterial pathogens through 

increased complement secretion and upregulation of surface receptors [35]. 

Our findings align with the previous research, revealing that COLO-205 

exosome-treated THP-1 macrophages exhibited increased phagocytic 

activity against FITC-labelled E. coli at 12, 24, and LPS-24 hours; however, 

this activity declined significantly at 72 hours, see Figure 3.4B.  Here, LPS 

was used as a positive control to induce the M1-like phenotype. These 

findings suggest that early exposure to exosomes may induce a 

proinflammatory response in macrophages. To further elucidate this 

mechanism, our focus then shifted to identifying the specific signaling 

pathways that drive M1-like activation of macrophages.  

 An earlier study reported that exosomes derived from body fluids can 

engage TLRs and activate NF-κB signaling in macrophages [36]. Therefore, 

we mainly focused on NF-κB signaling to investigate how exosomes 

mediate macrophage activation. THP-1 cells were cultured and treated with 

COLO-205-derived exosomes to evaluate the expression of IκB and NF-

κB. Western blot analysis showed that phosphorylated NF-κB levels 

increased at 30 minutes, then gradually decreased at 4, 12, 24, and 72 hours, 

while total NF-κB protein levels remained unchanged in THP-1 cells treated 

with Colo 205-derived exosomes. The same set of experiments was 

performed to determine the p65 translocation to the nucleus by using an 

immunofluorescence approach. The data showed that after 30 minutes, most 

p65 molecules were in the nucleus. However, in control samples at 4, 12, 
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24, and 72 hours, p65 was mainly found in the cytoplasm, see Figure 3.6E. 

Overall, the results from both experiments suggest a reduction in p65 

phosphorylation and its subsequent translocation to the nucleus following 

exosome treatment. Initially, NF-κB activation is strongly associated with 

the early pro-inflammatory response observed following exosome 

exposure. We further confirmed the expression pattern of IκB, an upstream 

inhibitor of NF-κB, using confocal microscopy and western blotting. The 

results demonstrated a significant IκB degradation at the 30-minute time 

point compared to the control, as well as at 4, 12, 24, and 72 hours, see 

Figure 3.7A. To further support our hypothesis, we determined the 

expression of the upstream molecule, IKK, and found that IκB degradation 

occurs primarily during the early stages of macrophage activation. To 

validate this, we conducted experiments to assess IKK phosphorylation and 

its impact on IκB degradation in response to exosomes through immunoblot 

and confocal microscopy during macrophage activation. Our results showed 

increased IKK phosphorylation at the 30-minute time point compared to 

other conditions, indicating its key role in the early stages of macrophage 

activation. Our study confirms that IKK phosphorylation induces IκB 

degradation, promoting NF-κB translocation into the nucleus and activating 

proinflammatory gene expression, which aligns with previous findings in 

other disease models [37]. 

 It would be interesting to investigate whether other transcription factors, 

beyond NF-κB, contribute to the pro-inflammatory response of 

macrophages. In our study, we observed elevated expression of the 

cytokines IL-23 and IL-12, which are primarily transcribed through the AP-

1 signaling pathway [38]. Fujioka et al., study also revealed that inhibition 

of constitutive NF-κB activation led to a significant suppression of AP-1 

transcriptional activity, accompanied by a marked downregulation of c-Fos 

expression levels, suggesting a regulatory interplay between NF-κB and 

AP-1 signaling pathways [39]. This opens new directions to study the 

exosome-mediated early response of macrophages and explore the interplay 
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between NF-κB and AP-1 signaling. This could offer valuable insights into 

macrophage activation and cytokine regulation. So far, we have 

investigated the molecular mechanisms involved in the early response of 

macrophages. However, it is also crucial to further investigate the signaling 

molecules that drive the activation of tumor-supportive macrophages during 

the later response of macrophages in cancer progression. 

 We also provided evidence that macrophages may make cancer cells more 

aggressive if they are cultured with CRC exosomes. Such a co-culture 

promotes CRC cancer cell migration and epithelial-mesenchymal transition.  

We treated COLO-205 cells with conditioned medium isolated from 

exosome-treated THP-1 cells and examined the EMT marker and immune 

checkpoint expression in cancer cells. Treatment of COLO-205 cells with 

conditioned medium from exosome-treated THP-1 cells resulted in a 

significant increase in the mRNA expression of Snail, fibronectin, 

AKR1B1, and PD-L1. Thus, it appears that the exosomes from CRC cells 

may “educate” macrophages to produce more PD-L1 [4]. It was reported 

that upregulation of AKR1B1 expression is associated with poor prognosis 

in CRC [40]. In addition to this, our preliminary in vivo finding suggested 

CRC-derived exosomes promote tumor growth and increase the expression 

of ICAM and VE-cadherin within TME. The increased expression of I-

CAM is associated with tumor progression, metastasis, and EMT, while 

VE-cadherin expression points out enhanced angiogenesis as well as 

vascular remodeling at the tumor site. These findings suggest that exosomes 

from CRC cells can induce a tumor-supportive phenotype in macrophages, 

thereby contributing to the growth, migration, and immune evasion of CRC 

cells. Our findings are consistent with the prior research, which showed that 

exosomes derived from cancer cells can promote the proliferation, 

migration, and invasion of gastric cancer cells through the activation of the 

NF-κB pathway in macrophages [41].  
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3.7 Conclusions 

In conclusion, our findings highlight that exposure to CRC-derived 

exosomes initially elicits a pro-inflammatory response in macrophages, 

which subsequently shifts towards an anti-inflammatory tumor supportive 

phenotype. This switching may contribute to cancer aggressiveness by 

promoting the secretion of anti-inflammatory cytokines, growth factors, and 

enhancing the metastatic potential of cancer cells, as evidenced by increased 

expression of epithelial-to-mesenchymal transition (EMT) 

markers. Collectively, these findings identify a temporal NF-κB-dependent 

macrophage response to CRC-derived exosomes and suggest that 

preventing macrophage reprogramming may represent a therapeutic 

strategy to restrain CRC progression. 
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 denti ication o  small molecule inhi itors targeting the PD   PD    

interaction in colorectal cancer: insights  rom docking and molecular 

dynamics simulations 

 

4.1 Graphical Abstract 

Figure 4.1: Graphical Abstract: Mechanism of Blocking PD-1/PD-L1 Axis in 

Tumor Immunity. Figure illustrates PD-1 expression on cytotoxic T cells 

interacting with PD-L1 on cancer cells and tumor-associated macrophages, 

suppressing T-cell activity. Blocking this interaction with small-molecule 

inhibitors can restore and enhance anti-tumor T-cell-mediated immunity. 
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4.2 Overview 

The PD-1/PD-L1 checkpoint plays a crucial role in tumor immune evasion 

and is widely recognized as an important therapeutic target in cancer 

immunotherapy. Although monoclonal antibodies that inhibit PD-1/PD-L1 

interactions have achieved clinical success, but face some drawbacks, 

including high cost, immune-related adverse effects, and limited tumor 

penetration. Consequently, identifying small-molecule inhibitors capable of 

disrupting this interaction is gaining significant attention as a promising 

alternative to overcome these limitations. In the present study, the marine 

natural product database was screened to identify potential inhibitors of the 

PD-1/PD-L1 interactions using in silico approaches, such as molecular 

docking, pharmacokinetics prediction, and molecular dynamics 

simulations. The top-ranked screened compounds exhibited strong binding 

affinity towards PD-L1 and formed stable interactions with key residues at 

the PD-1/PD-L1 binding interface. Among these, CMNPD3605 exhibited 

the strongest inhibitory potential in our in-silico predictions and showed 

greater promise than currently reported small-molecule inhibitors in clinical 

studies. Molecular dynamics simulations further confirmed the structural 

stability of the protein-ligand complexes, supported by stable RMSD, 

RMSF profiles, and favorable binding free energy values. Overall, these 

findings suggest that marine-derived natural compounds may serve as 

promising small-molecule inhibitors targeting the PD-1/PD-L1 immune 

checkpoint pathway and provide a basis for future experimental validation 

in CRC therapy. 
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4.3 Introduction 

Colorectal cancer (CRC) is one of the most frequently diagnosed cancers 

worldwide and a major cause of cancer-related mortality [1].  Despite 

advances in detection and treatment, CRC continues to be the second 

leading cause of cancer-related deaths only in the United States, with 

~153,000 cases and ~52,000 deaths expected in 2025 [2]. The development 

and progression of CRC are governed not only by genetic and epigenetic 

alterations but also profoundly influenced by the tumor microenvironment 

(TME) [3]. The crosstalk between cancer cells and immune cells plays a 

crucial role in shaping disease progression and therapeutic response [4,5]. 

In addition to soluble cytokines, growth factors, and extracellular vesicles 

(EVs) are important mediators of intercellular communication in cancer, 

facilitating tumor progression and immune evasion [6,7]. The immune 

evasion is primarily mediated through the immune checkpoint by the 

immune checkpoint pathways, including PD-1/PD-L1 signaling [8]. Cancer 

cells expressed PD-L1 (Programmed Death-Ligand 1), which interacts with 

PD-1 (Programmed Death-1) receptors expressed by T cytotoxic cells and 

initiates programmed cell death in T cytotoxic cells, resulting in decreased 

anticancer activity [9]. The PD-L1 is primarily expressed by cancer cells, 

neutrophils, natural killer (NK) cells, and macrophage-lineage cells, and is 

absent from all other normal human tissues [9,10]. In addition, Yin et al 

reported that CRC cells-derived EVs carrying microRNAs induce M2 

macrophage polarization and increase PD-L1 expression via PTEN/AKT 

and SOCS1/STAT1 signaling [10]. The PD-L1 upregulation in cancer is 

associated with immune evasion and tumor progression, making it a 

promising target for therapeutic intervention [11]. Therefore, targeting the 

interaction between PD-L1/PD-1 represents a promising therapeutic 

strategy. 

 PD-1/PD-L1 checkpoint blockade immunotherapy for tumors showed 

promising results in patients with tumors, including lung cancer [12], breast 

cancer [13], and gastric cancer [14]. Currently PD-1/PD-L1-directed 
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monoclonal antibodies (mAbs) are useful in clinical trials [15,16]. Although 

some cancer patients respond well to monoclonal antibody therapy, several 

limitations remain associated with this treatment. These antibodies often 

exhibit poor oral bioavailability, restricted tumor penetrations, immune-

related side effects, and high treatment costs [17]. In order to enhance tumor 

immunotherapy, the substitution of monoclonal antibodies (mAbs) with 

small molecule inhibitors is necessary, which will allow for the elimination 

of the constraints which are associated with the former. Therefore, 

exploring alternative therapeutic strategies, particularly small molecules 

and natural compounds, is essential to block the PD-1/PD-L1 interaction. In 

this context, the present study aims to identify potential small-molecule 

inhibitors from marine natural product databases that can disrupt the PD-

1/PD-L1 interaction using in silico approaches, including molecular 

docking and molecular dynamics simulations, to explore novel therapeutic 

candidates for CRC treatment. We analysed the inhibitor binding and 

complex dynamics by using molecular docking and MD simulations.   

Initially, molecules were subjected to a structured screening workflow to 

evaluate their binding affinity and interaction profiles at the PDL1 interface. 

The Top candidates from screening exhibited high affinity and stable 

interactions in the PD-L1 binding site. They were evaluated for their 

ADMET properties and interactions with PD-L1, following which 

Molecular dynamics simulations of PD-L1 and its inhibitor-bound 

complexes were carried out for a duration of 200 nanoseconds. These 

simulations provided detailed insights into conformational dynamics, 

complex stability, and intermolecular interaction patterns at the PD‑L1 

interface. In the context of cancer treatment, the findings collectively lend 

support to the use of small-molecule inhibitors of PD-L1 as potential 

therapeutic interventions. 
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4.4 Materials and methods 

4.4.1Cell lines and culture: The Colo 205 human colorectal carcinoma cell 

line and the THP-1 human monocytic cell line were obtained from the 

National Centre for Cell Science (NCCS), Pune, India. Both cell lines were 

maintained in RPMI-1640 medium (Gibco) supplemented with 10% heat-

inactivated fetal bovine serum (FBS; Gibco) and antibiotics (100 U/mL 

penicillin and 100 µg/mL streptomycin; Invitrogen). Cultures were 

incubated at 37°C in a humidified atmosphere containing 5% CO₂. 

Differentiation of THP-1 monocytes into macrophages was induced by 

treatment with 25 ng/mL phorbol 12-myristate 13-acetate (PMA; Sigma-

Aldrich) for 24 hours. Following differentiation, the PMA-containing 

medium was replaced with fresh complete RPMI medium before exposure 

to exosomes. 

4.4.2 Exosome isolation and characterization: Colo-205 cultures were 

allowed to grow to 70–80% confluence, and the culture medium was 

replaced with serum-free media. The conditioned media were collected after 

48 hours and centrifuged at 300×g for 5 minutes and 2,000×g for 30 minutes 

to remove cell debris. Centrifuged supernatant was passed through a 0.22 

µm PVDF filter, and then proceeded to ultracentrifugation at 100000×g for 

2 h to isolate exosomes. Subsequently, isolated exosomes were 

characterized through NTA and SEM. 

4.4.2.1 Nanoparticle tracking analysis: To characterize the exosomes, 

nanoparticle tracking analysis (NTA) used to detect size as well as 

concentrations of the sample. The NTA analysis was performed with 

Nanosight (NTA Version: NTA 3.4 Build 3.4.003). The exosome samples 

were diluted 1000 times in Milli-Q water before analysis 

4.4.2.2 Scanning electron microscopy (SEM): To confirm the size and 

morphology of exosomes, a scanning electron microscope was utilized. 10 

μL of the exosome suspension was diluted in PBS and then fixed with 
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glutaraldehyde for 15 minutes. The sample was then rinsed with PBS, 

dehydrated using ethanol, and air-dried at room temperature for 24 hours. 

Finally, a coating of gold-palladium was applied to the samples, and 

imaging was conducted using a scanning electron microscope. 

4.4.3 RNA isolation and quantitative real-time PCR (qRT-PCR): THP-

1 and Colo-205 cells were collected and washed with PBS after respective 

treatments. Total RNA was extracted using RNAiso Plus reagent (Takara 

Bio Inc., Japan) following the manufacturer’s protocol. RNA concentration 

and purity were determined using a Nanodrop spectrophotometer. For 

cDNA synthesis, 1000 ng of RNA was reverse-transcribed using the Takara 

cDNA Synthesis Kit. qRT-PCR was performed with SYBR Green Master 

Mix on a QuantStudio 3 Real-Time PCR System (Applied Biosystems). 

Gene expression of GAPDH and PD-L1 was quantified using the 2^–ΔΔCt 

method, with GAPDH as the internal reference. Primer sequences are listed 

in Supplementary Table S3.1. 

4.4.4 Target structure preparation: The PD-L1–PD-1 complex structure 

(PDB ID: 4ZQK; Resolution: 2.45 Å) [18] was initially inspected to define 

the protein–protein interaction interface. 4ZQK was selected because it 

provides the best resolution among available PD‑1/PD‑L1 complexes and 

represents a human‑derived crystal structure with a clear depiction of the 

native PD‑1/PD‑L1 binding interface, making it an appropriate and reliable 

template for screening studies. Using UCSF Chimera [19], residues at the 

PD-L1 interface located within 3 Å proximity to PD-1 were identified and 

catalogued through detailed inspection of the protein–protein complex. For 

all subsequent simulations, the PD-L1 protein was isolated by removing the 

PD-1 chain and any non-protein entities. The resulting PD-L1 structure was 

then prepared using the protein preparation wizard module [20] of 

Schrödinger, which performed all necessary corrections, including 

assignment of bond orders, addition of hydrogens, optimization of 

hydrogen-bonding networks, and assignment of protonation states at pH 
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7.0. The prepared PD-L1 receptor, focused on its functional interface (F19, 

Y56, Q66, R113, A121, D122, Y123, K124, R125) [21], was then used for 

grid generation for molecular docking studies using the receptor grid 

generation module [22]. 

4.4.5 Ligand library processing: The ligand library was assembled from 

the Comprehensive Marine Natural Products Database (CMNPD) [23], a 

manually curated, open‑access resource that catalogues over 31,000 marine 

natural products with associated 2D/3D structures, physicochemical and 

predicted ADMET properties, standardized bioactivity annotations, 

source‑organism taxonomy and geographic metadata, and literature 

citations. CMNPD supports structure‑based discovery workflows through 

downloadable bulk datasets and a web interface that enables structure, 

substructure and property queries, visualisation and network exploration, 

and provides compound‑level report pages containing computed 

descriptors, bioactivity records and bibliographic links. For reproducibility, 

the CMNPD dataset (31,561 entries) was downloaded and a standardized 

LigPrep [24] workflow was applied, which involved desalting, generating 

possible tautomers, correcting protonation at physiological pH (7.0 ± 2.0), 

and generating all relevant stereoisomers and low-energy 3D conformers. 

Ligands were minimized using the OPLS3e [25]  force field and stored in 

Maestro format for downstream virtual screening. 

4.4.6 Virtual screening and ADMET predictions: A tiered virtual 

screening workflow was applied to the full CMNPD library against the PD-

L1 interface grid using Glide [26] HTVS, SP, and XP precision in sequence. 

High-throughput virtual screening (HTVS) was performed for initial 

filtering, then standard precision (SP) docking for pose refinement, and 

lastly, extra precision (XP) docking for final ranking. The docking grid was 

centred on the mapped PD-L1 interface residues, and van der Waals scaling 

was set at 0.8 for nonpolar atoms with a partial charge cutoff of 0.15 for 

diverse chemical sampling. Top hits from XP docking were ranked by 
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GlideScore and manually inspected to ensure meaningful engagement with 

interface residues. Lead compounds: CMNPD16477, CMNPD21979 and 

CMNPD3605 were prioritized for further study alongside the benchmark 

inhibitor INCB086550 [27]. Subsequently, three prioritized leads and the 

control were evaluated computationally for ADMET properties using 

pkCSM [28]. Predicted endpoints included Caco-2 permeability, blood–

brain barrier penetration, CYP2D6 inhibition, AMES mutagenicity, 

hepatotoxicity, and skin sensitization. All three leads passed the predefined 

ADMET filters and were advanced, along with the control, to molecular 

dynamics simulations. 

4.4.7 Protein–protein docking: The PD‑1 and PD‑L1 structures from the 

crystal complex (PDB ID: 4ZQK) were taken forward for Protein-protein 

docking. The interacting interface was defined based on residues within 3 Å 

proximity at the PD‑1/PD‑L1 binding surface. Protein–protein docking was 

performed using the HADDOCK web server [29], with the defined interface 

residues specified as active sites to guide the docking process. To validate 

the docking protocol, the docked PD‑1/PD‑L1 complex was superimposed 

with the original crystal structure using the Chimera MatchMaker tool. The 

resulting overlap showed close agreement with the experimental structure, 

confirming the accuracy of the workflow. This validated protocol was then 

applied to assess the impact of ligand binding on the PD‑1/PD‑L1 

interaction by docking ligand‑bound PD‑L1 against PD‑1 under identical 

parameters. 

4.4.8 Molecular dynamics simulations: Molecular dynamics (MD) 

simulations were employed to assess the stability and dynamic behavior of 

the docked PD-L1–ligand complexes under explicit solvent conditions. The 

top-ranking complexes from virtual screening and ADMET analyses were 

prepared for simulation using the LEaP module of AmberTools19 [30]. 

Counterions were added as needed to neutralize each system, which was 

then solvated in a periodic octahedral box of TIP3P water molecules, 
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providing a 10.0 Å buffer in all directions [31]. Parameterization was 

achieved by assigning the Amber ff14SB [32] force field to the protein, and 

the Antechamber-derived AM1-BCC [33] atomic charge, along with the 

GAFF2 [34] force field to ligand molecules. All simulations were 

conducted using the pmemd.cuda module of AMBER18 [30,35–37]. Long-

range electrostatic interactions were treated using the particle-mesh Ewald 

(PME) [38] method, and all covalent bonds involving hydrogen atoms were 

constrained using the SHAKE [39] algorithm. A 10 Å non-bonded cutoff 

was applied. Each simulation used a 2.0 fs time step. Energy minimization 

and multi-step heating to 300 K followed by equilibration were first 

performed, after which the systems were subjected to 200 ns of unrestrained 

MD in the NPT ensemble at 1 atm and 300 K. Pressure and Temperature 

during the simulations were controlled using the Berendsen barostat [40]  

and Langevin thermostat [41,42], respectively. All trajectory post-

processing and quantitative analyses, including RMSD, RMSF, hydrogen 

bonds, radius of gyration, and solvent-accessible surface area, were 

performed using the CPPTRAJ [43] module in AMBER18. 

4.4.9 Trajectory analysis: Protein stability was evaluated by calculating 

the backbone root-mean-square deviation (RMSD) and root-mean-square 

fluctuation (RMSF), focusing on both global protein behavior and 

specifically on the PD-L1 interface region. Ligand stability was monitored 

by calculating the ligand RMSD relative to its initial docked conformation. 

To assess protein compactness and folding, the radius of gyration (Rg) was 

computed over the molecular dynamics trajectories, while solvent-

accessible surface area (SASA) calculations provided insights into changes 

in surface exposure. Hydrogen bond analysis between the protein and the 

ligands was carried out with the CPPTRAJ module in AmberTools18. 

Standard geometric definitions were used, considering donor-acceptor 

distances within 3.5Å and bond angles above 120º.  
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4.4.10 Binding free energy calculations and data visualization: Binding 

free energies (ΔGbind) were estimated using the Molecular Mechanics 

Poisson–Boltzmann Surface Area (MM/PBSA) method [44,45]. It was 

computed as: 

ΔGbind= (Gcomplex) − (Gprotein) − (Gligand) 

where each Gx represents the average free energies of the respective species 

i.e., complex, protein, or ligand, obtained from equilibrated molecular 

dynamics snapshots. These total free energy values were further split into 

contributions from molecular mechanics and solvation energies: 

G=EMM+Gsolv 

Where  

EMM=Ebonded+ΔEvdW+ΔEelec 

and 

Gsolv=ΔGpol+ΔGnp 

Here, ΔEvdW and ΔEelec are the van der Waals and electrostatic interaction 

energies, ΔGpol is the polar solvation free energy estimated using the 

Poisson–Boltzmann equation, and ΔGnp is the non-polar solvation free 

energy calculated from solvent-accessible surface area (SASA) models.  

The entropic term (−TΔS) was excluded from the MM/PBSA calculations 

due to its high computational demand and statistical variability. Previous 

studies have noted that entropy is often omitted in MM/PBSA protocols 

because of approximations in statistical mechanical treatments, limitations 

of entropy estimation methods, and challenges in achieving statistically 

converged sampling [46]. This omission represents a methodological 

limitation, as ligands with differing conformational flexibility may not be 

ranked with complete accuracy. Neglecting entropic contributions could 

bias comparisons against more rigid ligands. This caveat is explicitly 

considered when interpreting the predicted affinity rankings. 

To assess how individual residues contribute to binding affinity, MM/PBSA 

energy components were decomposed on a per-residue basis. Snapshots 
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were taken every 100 ps during the production run, and the resulting profiles 

were averaged to pinpoint residues that play a central role in ligand binding 

and stabilisation of the PD-L1 interface. This approach offers a clear 

quantitative view of the thermodynamic forces driving the interaction. Data 

analysis and visualisation were carried out in Python (v3.13.5), using 

NumPy for array handling and numerical routines, and Matplotlib for 

generating publication-quality figures that highlight the key energetic trends 

across the dataset.  

 

4.5 Results 

4.5.1 Exosome-mediated upregulation of PD-L1 in macrophages and 

CRC cells: Consistent with the literature and our previous study, we 

observed that CRC-derived exosomes upregulate PD-L1 expression in 

macrophages. Now we want to investigate whether CRC-exosome-treated 

macrophages further enhance PD-L1 expression in CRC cells or not. To 

validate this, we Colo-205 cells–derived exosomes were successfully 

isolated by ultracentrifugation and subsequently characterized by 

nanoparticle tracking analysis (NTA), see in Figure 4.2 A, and scanning 

electron microscopy (SEM), see in Figure 4.2 B, and used to treat cells. The 

Size and morphology of the exosome are consistent with what was 

mentioned earlier in the research. To quantify the expression of PD-L1, RT-

PCR was performed, and the results showed that exosomes derived from 

Colo 205 cells upregulate PD-L1 expression in macrophages. To extend 

these findings, colo-205 cells were treated with conditioned medium 

obtained from exosome-treated macrophages for 48 hours, which resulted 

in a further elevation of PD-L1 expression relative to control cells, see in 

Figure 4.2 C. Collectively, in TME, cancer cells increase PD-L1 expression 

on themselves and stimulate its upregulation in macrophages, resulting in a 

dual immunosuppressive mechanism that induces T-cell apoptosis and 

promotes tumor immune evasion. Based on these observations, we turned 

to an in-silico approach for the identification of potential PD-L1 inhibitors, 
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aiming to design small molecules with favourable binding and therapeutic 

properties. 

 

Figure 4.2 Exosome characterization and PD-L1 expression analysis. Colo-

205–derived exosomes were isolated by ultracentrifugation and characterized by 

(A)  nanoparticle tracking analysis (NTA) and (B) scanning electron microscopy 

(SEM).(C) CRC cells-derived exosomes induced PD-L1 expression in 

macrophages and conditioned media (CM) obtained from exosome-stimulated 

macrophages subsequently elevated PD-L1 expression in CRC cells was 

quantified by RT-PCR *p<0.05, **p<0.005, ***p<0.0005, ****p<0.00005 . 

4.5.2 Site-directed docking reveals high-affinity marine natural 

products engaging the PD-L1- PD-1 interface: The PD-L1 receptor 

model used for in silico studies was derived from the crystal structure of the 

PD-1–PD-L1 complex (PDB ID: 4ZQK). Structural analysis performed in 

UCSF Chimera identified a prominent PD-1 binding interface on PD-L1, 

defined by nine key residues: F19, Y56, Q66, R113, A121, D122, Y123, 

K124, and R125 (Figure 4.3). These residues were used to generate a 

focused Glide docking grid for all subsequent ligand screening steps. Upon 
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screening the CMNPD ligand library, comprising 31,561 marine-derived 

compounds, via a hierarchical virtual screening workflow using the Glide 

module targeting the PD-L1 interface grid, three marine-derived 

compounds i.e. CMNPD16477, CMNPD21979, and CMNPD3605, were 

prioritized for further investigation based on docking scores, pose quality, 

and residue-level interactions, see Figure 4.4. INCB086550, a previously 

reported small-molecule PD-L1 inhibitor, was included as a control 

throughout the workflow to benchmark docking performance, dynamic 

behaviour, and energetic metrics. Prior to molecular dynamics simulations, 

all prioritized compounds and the control inhibitor were evaluated using 

pkCSM for in silico ADMET profiling (Supplementary information 

Table S4.1). CMNPD16477, CMNPD21979, and CMNPD3605 met the 

predefined thresholds for absorption, distribution, metabolism, and toxicity, 

and were subsequently evaluated for their ability to disrupt the PD-1/PD-L1 

protein–protein interaction in silico. 

 

Figure 4.3: Structural visualization and residue-level analysis of the PD-1/PD-L1 

complex (PDB: 4ZQK), highlighting interface residues within 3Å proximity. 

Identified contact residues were used to define the PD-L1 binding grid for virtual 

screening. 
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Figure 4.4: Virtual screening workflow and molecular interaction of small-

molecule inhibitors with PD-L1. (A) Schematic representation of the virtual 

screening workflow used to identify potential PD-L1 inhibitors, including ligand 

selection, docking, and pharmacokinetic evaluation steps. (B) Two-dimensional 

interaction diagrams illustrating the binding modes of selected small-molecule 

inhibitors within the PD-L1 binding pocket, highlighting key residues involved in 

hydrogen bonding and hydrophobic interactions. The virtual screening and 

molecular docking analyses were performed using the Schrödinger Maestro suite, 

and the final figure was assembled using Microsoft PowerPoint. 

4.5.3 Protein–protein docking suggests inhibitor-mediated modulation 

of PD-1/PD-L1 binding: Protein–protein docking of the PD-1/PD-L1 

complex (PDB ID: 4ZQK) validated the native interface through redocking 

(−115.8 ± 0.9), see in Figure 4.5A. When ligands were introduced at the 

PD-L1 interface, the complexes showed altered docking scores and 

conformations, suggesting that the ligands may potentially modulate the 

interaction and reduce the ability of PD-1 and PD-L1 to associate in their 

native orientation. Among the tested compounds, CMNPD3605 was 

predicted to have the most favorable effect, with a docking score of −57.3 

± 8.4, compared to the control inhibitor INCB086550 (−95.2 ± 2.4). 

CMNPD21979 (−92.5 ± 8.4) and CMNPD16477 (−67.1 ± 1.6) also showed 
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potential to influence the complex, see in Figure 4.5B & C. These findings 

indicate that the prioritized ligands are predicted to interfere with 

PD-1/PD-L1 binding and may potentially modulate the stability of the 

complex relative to the control. All the complexes were subsequently 

advanced to explicit solvent molecular dynamics simulations. All four 

ligand–PD-L1 complexes were subjected to 200 ns all-atom explicit solvent 

molecular dynamics simulations under identical conditions. Trajectories 

were inspected to assess equilibration and production sampling. Each 

complex reached equilibrium within the initial 10 to 30 ns, and the 

remaining trajectory was treated as the production phase. Analysis of the 

trajectory mainly focused on overall structural stability, compactness, 

flexibility, and interaction profiles. Summary statistics for key structural 

and interaction parameters derived from the 200 ns production trajectories 

have been summarized in Supplementary Information Table S4.2. 

 

Figure 4.5. Molecular docking of PD-1/PD-L1 complex with control and top 

ligands. (A) Structural alignment of the PD-1/PD-L1 protein–protein complex 

(PDB ID: 4ZQK) is shown, with the redocking of the native interface (PPI) serving 

as reference. B) Docking scores (mean ± SD) are summarized in the accompanying 

table, indicating relative protein-protein binding affinities compared to the native 

redock and control ligand. C) The control ligand INCB086550 is depicted in blue, 
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while three candidate ligands are shown bound at the interface: CMNPD16477 

(orange), CMNPD21979 (green), and CMNPD3605 (pink).  

4.5.4 Marine database-derived ligands enhance PD-L1 structural 

stability and binding persistence:  

 

 

Figure 4.6. Molecular dynamics trajectory analysis. (A) RMSD showing 

overall structural stability during the simulation. (B) RMSF depicting residue-wise 

flexibility. (C) The radius of gyration (Rg) indicates protein compactness. (D) 

Solvent-accessible surface area (SASA) reflects changes in solvent exposure over 

time. 

To check how each ligand influences PD-L1’s structural behaviour, Root 

Mean Square Deviation (RMSD) analysis was done across the 200 ns 

simulation trajectory, see Figure 4.6 A; Supplementary information 

Table S4.2. RMSD evaluation showed that all protein-ligand complexes 

reached stability rapidly and remained in equilibrium throughout the 

simulation. Backbone deviations averaged between 1.13 and 1.31 Å, with 

only brief, minor fluctuations that stayed below 1.5 Å. Compared to the 

control complex (1.31 ± 0.15 Å), all CMNPD ligand-bound systems 

exhibited lower or comparable RMSD values: CMNPD16477 showed the 
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lowest mean RMSD (1.13 ± 0.13 Å), suggesting enhanced conformational 

rigidity, while CMNPD21979 (1.28 ± 0.18 Å) and CMNPD3605 

(1.19 ± 0.21 Å) also maintained stable profiles. The RMSD profiles show 

that the CMNPD ligands stabilize the PD-L1 structure as well as, or better 

than, the reference compound. All ligand-bound complexes quickly reached 

equilibrium and remained stable throughout the simulation. Subtle 

variations in the RMSD traces highlight how each ligand uniquely 

influences the protein’s conformational stability and flexibility. 

 

Figure 4.7. Molecular dynamics analysis of PD-L1 complexes with 

INCB086550, CMNPD16477, CMNPD21979, and CMNPD3605. (A) Ligand 

RMSD (B) Binding pocket RMSD (C) Ligand–pocket distance and (D) Ligand–

protein distance plotted as a function of simulation time. These traces illustrate the 

degree of ligand stability, pocket rigidity, and spatial fluctuations for each system, 

allowing for direct comparison of binding persistence and conformational 

dynamics. 

Using INCB086550 as a reference, the RMSD and distance profiles tracked 

over the 200 ns production runs highlighted unique interaction behaviours 

for each test compound, See Figure 4.7; Supplementary information 

Table S4.2. Compared to the control’s moderate ligand mobility (ligand 

RMSD 3.09 ± 0.22 Å) and shortest pocket separation (6.34 ± 0.67 Å), 
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CMNPD16477 maintained the most conserved ligand pose (ligand RMSD 

2.57 ± 0.17 Å) and a more stable pocket (pocket RMSD 0.61 ± 0.11 Å), 

despite sampling the largest ligand–pocket and ligand–protein separations 

(10.82 ± 0.67 Å and 17.86 ± 0.88 Å), indicating a stable but more external 

binding geometry. CMNPD21979 exhibited a broader ensemble of ligand 

conformations (ligand RMSD 3.50 ± 1.05 Å) and induced the greatest 

pocket flexibility (pocket RMSD 0.90 ± 0.09 Å), with intermediate ligand–

pocket distance (8.75 ± 0.67 Å) and the shortest ligand–protein separation 

(13.39 ± 0.37 Å), reflecting a compact yet dynamically flexible placement. 

CMNPD3605 showed similar ligand heterogeneity (ligand RMSD 

3.37 ± 1.19 Å), but achieved the greatest rigidity in the local pocket (pocket 

RMSD 0.45 ± 0.08 Å), with ligand–pocket and ligand–protein distances 

(8.30 ± 1.06 Å and 15.87 ± 0.98 Å) falling between the other ligands. Across 

the simulation, the binding pocket interaction with CMNPD3605 remained 

consistently stable, even with ligand movement. All the selected 

compounds maintained steady ligand–protein and ligand–pocket distances 

which indicate sustained binding with no signs of transient dissociation. 

However, the control ligand experienced a brief dissociation near the 50 ns 

time point. This consistent behaviour highlights robust interactions between 

the ligands and the PD-L1 binding site. To gain deeper insight how these 

interactions influence PD-L1’s structural dynamics, the next step involved 

analysing residue-level flexibility. 

4.5.5 Root-mean-square fluctuation analysis reveals PD-L1 

stabilization by marine database-derived ligands: Upon analysing the 

RMSF values of PD-L1 residues 18-132, two regions were found to show 

relatively increased fluctuation; one peak was around the residues 47-49, 

and another lay approximately at residues 63-83. It is to be noted that both 

these regions are located away from the key interacting surface consisting 

of residues F19, Y56, Q66, R113, A121, D122, Y123, K124, and R125, and 

thus represent flexible loop regions that are positioned far from the ligand-

binding interface. Apart from the fluctuations seen in those two regions, all 
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three molecules showed reduced mobility at the interface and interacted 

with the nine key residues, which reflects a stable binding surface; see 

Figure 4.6B; Supplementary information Table S4.2. Minimum 

compound-specific fluctuations were observed, but they stayed confined to 

limited regions. CMNPD3605 showed a slight increase in flexibility at 

residue 66 (~0.8 Å compared to ~0.5 Å for the others), while CMNPD21979 

exhibited a modest rise at residues 124–125 (~0.7 Å versus ~0.5–0.6 Å). 

Minor fluctuations did not compromise the stability of the interface. 

Overall, the findings indicate that all three ligands reinforce the PD-1 

binding surface. To validate this effect further, global structural parameters 

were examined to evaluate protein integrity and solvent exposure. 

4.5.6 Protein compactness and solvent exposure validate structural 

integrity of ligand-bound PD-L1 complexes: To evaluate how PD-L1 

behaves when bound to the three ligands, the radius of gyration (Rg) was 

assessed throughout the 200 ns production runs. The results provide a view 

of the protein’s overall folding and show that it consistently retained a 

compact, stable conformation in all ligand-bound states, see Figure 4.6C; 

Supplementary information Table S4.2. All ligand-bound PD-L1 systems 

remained structurally compact and well-folded throughout the simulation, 

with average radius of gyration (Rg) values showing minimal variation: 

INCB086550 (13.62 ± 0.08 Å), CMNPD16477 (13.60 ± 0.07 Å), 

CMNPD21979 (13.69 ± 0.09 Å), and CMNPD3605 (13.67 ± 0.08 Å). The 

close similarity in Rg values indicates that each ligand helps PD-L1 retain 

its native compact fold, with no evidence of loosening or unfolding. Among 

the tested compounds, CMNPD16477 showed the lowest average Rg, 

suggesting a modest increase in protein compaction compared with both the 

reference and the other ligand-bound systems. In all cases, the Rg stabilised 

early and remained steady throughout the trajectory, in line with the low 

RMSD values and the strong interface stability observed for these ligands. 

Taken together, these results confirm that all three compounds support the 

structural integrity of PD-L1 during extended simulations. 
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Consistent with this, Solvent-accessible surface area (SASA) analysis over 

the 200 ns trajectories revealed that all ligand-bound PD-L1 complexes 

maintained consistently low and tightly grouped SASA values. This 

demonstrates that none of the compounds induced significant unfolding or 

increased exposure of the protein surface, see Figure 4.6D; 

Supplementary information Table S4.2. CMNPD16477 and 

CMNPD21979 exhibited nearly identical SASA profiles, averaging 

57.44 ± 1.58 and 57.27 ± 1.89 nm², respectively. CMNPD3605 displayed 

the lowest mean SASA (57.03 ± 1.94 nm²), suggesting slightly reduced 

solvent exposure at the binding interface. By contrast, the control compound 

INCB086550 recorded the highest average SASA (58.24 ± 1.96 nm²), 

reflecting a modest increase in surface accessibility. The small differences 

in fluctuations across all systems indicate that structural adjustments did not 

disturb the overall fold of PD-L1. These results align with the compactness 

observed in the ligand-bound states and support the conclusion that each 

compound potentially contributes to maintaining PD-L1’s structural 

integrity. To further understand the molecular basis of this stability, 

hydrogen-bonding analysis was carried out to evaluate how consistently and 

selectively each ligand engages the PD-L1 interface. 

4.5.7 Hydrogen bonding patterns indicate stable and selective ligand 

anchoring at the PD-L1 interface: The hydrogen bonding pattern of the 

ligands at the PD‑L1 interface played a central role in defining their stability 

and selectivity, see Figure 4. ; Supplementary in ormation  a le S4. . 

CMNPD16477 consistently engaged Gln66 (16.45% occupancy) and 

Ser117 (19.45%), supporting a stable binding pose that may support its 

inhibitory effect and target specificity. In contrast, CMNPD21979 adopted 

a more flexible binding mode, with no hydrogen bond occupancy exceeding 

10%. For most of the trajectory, its hydrogen bond count was close to zero, 

reflecting a tendency to assume multiple conformations and a less persistent 

inhibitory profile. Among the compounds tested, CMNPD3605 showed the 
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most robust interaction pattern. It formed durable hydrogen bonds with key 

interface residues, Arg113 and Arg125, with Arg113 reaching 50.87% 

occupancy. Over the course of the simulation, CMNPD3605 maintained an 

average of 4–6 hydrogen bonds and occasionally reached as many as 11, 

highlighting its strong anchoring and resistance to dissociation. By 

comparison, the control compound INCB086550 exhibited moderate 

hydrogen bond occupancy with several polar and charged residues, 

resulting in intermediate bond numbers and a more diffuse interaction 

profile. Overall, CMNPD3605 emerged as the most effective ligand in 

terms of hydrogen bonding, surpassing the control compound by 

establishing a focused and long‑lasting interaction network. This strong and 

persistent binding suggests its potential to act as a putative inhibitor of 

PD‑L1 interactions, as summarized in Supplementary information Table 

S4.3. To further investigate the energetic basis of these interactions, binding 

free energy calculations were performed. 

 

Figure 4.8:  Protein–ligand hydrogen bond formation during 200 ns 

molecular dynamics simulations for PD-L1 complexes with INCB086550, 

CMNPD16477, CMNPD21979, and CMNPD3605. (A) Moving-average number 

of hydrogen bonds quantifies persistence and fluctuation of polar contacts, and (B) 

total hydrogen bonds at each timestep reveal the overall temporal pattern and 

differences in anchoring strategy among ligands.  
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4.5.8 End-state free energy decomposition identifies CMNPD3605 as 

the most thermodynamically favourable PD-L1 binder: To evaluate the 

binding strength of each compound with PD-L1, MM/PBSA calculations 

were performed. This well-established method [47–49] breaks down the 

total binding free energy into its individual components, as illustrated in 

Figure 4. . The accompanying bar chart and table present the mean values 

and standard deviations for each term, together with the overall ΔGbind for 

every complex. This analysis aimed to clarify the energetic contributions 

that either support or oppose stable ligand–protein interactions. Among the 

compounds tested, CMNPD16477 exhibited the weakest binding affinity. 

CMNPD21979 contributed a strong van der Waals component (ΔEvdW = 

−41.49 ± 0.10 kcal/mol) and achieved moderate overall binding strength. 

On the other hand, CMNPD3605 emerged as the top-performing ligand, 

with the most favourable total binding free energy (ΔGbind = −35.95 ± 

0.16 kcal/mol), outperforming even the reference compound INCB086550 

(ΔGbind = −31.28 ± 0.23 kcal/mol). This result positions CMNPD3605 as 

the most promising predicted candidate among the marine database-

derived ligands, with a stronger thermodynamic profile than the control. In 

all systems, van der Waals and electrostatic interactions were the primary 

contributors to binding, and solvation energies were important in shaping 

the net affinity. Complex formation was always favored by nonpolar 

solvation (ΔGnp) and inhibited by polar solvation (ΔGpol) because of their 

positive terms. Interestingly, CMNPD21979 exhibited very favourable 

interactions between van der Waals, but the binding energy of the entire 

system was not optimum, which highlights the significance of balancing 

between solvation and electrostatic potential. Taken together, these results 

highlight CMNPD3605 as the most potent PD-L1 binder in the series and 

a promising candidate to be developed as a PD-L1/PD-1 interaction 

inhibitor. In order to identify the residues that are most important in this 

binding profile, a residue-level energy decomposition was performed 

subsequently. It should be noted that the entropic contribution (−TΔS) was 
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not included in these MM/PBSA calculations. While this omission may 

influence comparisons between ligands of differing conformational 

flexibility, particularly CMNPD21979, the consistently favourable van der 

Waals and electrostatic interactions observed for CMNPD3605 provide 

strong support for its binding stability. Thus, even within this 

methodological limitation, CMNPD3605 is predicted to exhibit a robust 

thermodynamic profile relative to the control inhibitor. 

 

Figure 4.9: MM/PBSA binding free energy decomposition for PD-L1 complexes 

with INCB086550, CMNPD16477, CMNPD21979, and CMNPD3605. Bars 

depict the contributions (kcal/mol) of van der Waals (ΔE_vdW), electrostatic 

(ΔE_elec), polar solvation (ΔG_pol), and nonpolar (ΔG_np) terms, as well as total 

binding free energy (ΔG_bind), highlighting differences in the thermodynamic 

drivers of binding across ligand systems. 

4.5.9 Residue-level MM/PBSA analysis pinpoints key anchoring 

residues and confirms CMNPD3605 as the most stabilizing ligand: To 

gain a more detailed insight into the role of individual residues in the 

stability of these complexes, a residue-wise MM/PBSA decomposition was 

conducted on each of the ligand-PD-L1 complexes (Supplementary 

information Table S4.4). When comparing overall ligand contributions, 

the control compound INCB086550 showed the strongest stabilizing effect 

(−22.65 kcal/mol), followed by CMNPD3605 (−15.63 kcal/mol), 
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CMNPD21979 (−8.10 kcal/mol), and CMNPD16477 (−7.48 kcal/mol). 

CMNPD3605 was the most striking ligand of marine origin since its 

stabilization profile was closest to the control, and it was much stronger than 

either of the others. In all systems, arginine residues proved to be important 

anchoring points. In the case of CMNPD3605, Arg113 and Arg125 were 

useful for complex stability, with ΔGtotal values of −8.49 and −7.89 

kcal/mol, respectively. Arg113 interacted with CMNPD21979 with less 

strength (−2.43 kcal/mol). Tyr56 consistently provided favourable van der 

Waals interactions, contributing modest stabilization (−1.54 kcal/mol for 

CMNPD16477 and −3.07 kcal/mol for CMNPD21979). Additional support 

came from residues like Ala121, Tyr123, and Met115, which helped 

reinforce packing around the main anchors. For example, Tyr123 

contributed −1.98 kcal/mol for CMNPD3605, while Met115 showed 

stabilizing effects across all ligands, ranging from −0.96 to −2.83 kcal/mol. 

Some polar residues, including Asp122 and Lys124, introduced desolvation 

penalties when not fully compensated by new electrostatic contacts. For 

instance, Asp122 contributed +0.97 kcal/mol in the CMNPD3605 complex, 

and Lys124 showed a G_total value of +1.56 kcal/mol in the control, 

consistent with unfavourable polar solvation terms.  

Overall, CMNPD3605 attains superior per‑residue stabilization by 

engaging both R113 and R125 and by recruiting supportive van der Waals 

contacts (Met115, Tyr123), which together explain its more favourable 

ligand‑level ΔGtotal relative to the other screened compounds. In short, 

CMNPD16477 contributes to structural stabilization and compactness, 

CMNPD21979 offers a flexible binding mode suited to dynamic targets, 

and CMNPD3605 excels in forming persistent, high-occupancy 

interactions with critical interface residues. CMNPD3605 demonstrated 

the most favorable thermodynamic profile among the novel ligands, 

closely aligning with the control compound and emerging as the strongest 

candidate for further development. All three ligands preserved PD‑L1’s 
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global fold and compactness during the simulations, showing consistent 

binding and energetics that support their potential as effective modulators. 

Taken together, the combination of robust thermodynamic performance, 

specific binding interactions, and sustained structural stability highlights 

CMNPD3605 as a potential lead candidate for future therapeutic 

exploration. 

4.6 Discussion and conclusion  

CRC-derived exosomes upregulated PD-L1 expression in macrophages, 

which supports an immunosuppressive phenotype. Furthermore, this 

exosome-educated macrophage-derived factor enhances PD-L1 expression 

in CRC cells, revealing previously unrecognized bidirectional 

communication between CRC cells and macrophages.  This observation 

demonstrates for the first time that CRC-derived exosome not only directly 

modulates macrophage function but also reprogram macrophages to further 

reinforce immune checkpoint signaling in cancer cells. This positive 

feedback mechanism promotes suppression of T cells mediated anti-tumor 

immune response. Given the central role of PD-L1 in exosome-mediated 

immune suppressive mechanisms, we further explored therapeutic 

strategies to disrupt PD-1/PD-L1 signaling.  

Three candidate pharmaceuticals were identified using in-silico docking as 

stable binders of the PD-L1 pocket, capable of inhibiting PD-1/PD-L1 

interactions and preserving T cell-mediated antitumor efficacy. The PD-

1/PD-L1 axis is crucial in the majority of malignancies, and its inhibition is 

challenging due to its flat and hydrophobic surface. Even so, seven FDA-

approved antibodies available since 2006 have shown notable anticancer 

effects [50]. Despite this progress, the adaptive nature and molecular 

heterogeneity of tumor lead to a few patients failing to respond to these 

highly specific therapies [51]. The development of small-molecule 

inhibitors is essential to overcome the challenges associated with 

antibodies. Small-molecule inhibitors offer distinct advantages over 
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antibody-based therapies, including suitability for oral administration, 

minimal immunogenicity and a relatively short half-life, which allows rapid 

management of any adverse reactions. Although PD-L1 is a challenging 

target due to its predominantly flat and hydrophobic interface, our screened 

compound achieves stronger predicted binding and stability than inhibitors 

currently available in clinical trials. 

 This study employed a comprehensive pipeline that included hierarchical 

virtual screening, ADMET evaluation, and molecular dynamics simulation. 

Similar methodological frameworks have been reported in earlier work, 

such as Li et al. 2025, who combined interface-guided docking with long-

timescale MD simulations to evaluate small-molecule modulators of 

protein–protein interactions [52]. In line with such precedents, our study 

applied a validated docking protocol and extended explicit solvent MD 

simulations to assess the stability and interaction profiles of marine-derived 

ligands at the PD‑1/PD‑L1 interface. Through this integrated approach, 

marine natural product–derived ligands were identified as promising new 

compounds with PD-L1 inhibitory potential. The analysis has shown that 

all the shortlisted CMNPD compounds had some properties that were useful 

in stabilizing the PD-L1 structure and interacting with critical binding 

residues. The study focused on defining and targeting the important PD-L1 

interface site and comparing the best binders with a recognized small-

molecule inhibitor. All selected compounds maintained the structural 

integrity and compactness of PD-L1 throughout the 200 ns molecular 

dynamics simulations. The stability of their binding was further supported 

by van der Waals and electrostatic interactions, as confirmed by per-residue 

MM/PBSA decomposition. The prominent interactions with Arg113 and 

Arg125 indicated that these residue sites are critical for effective inhibition. 

Identification of hotspot residues (Y56, Y123, K124, M115) from previous 

studies [52] aligns with our observation that Arg113 and Arg125, together 

with adjacent interface residues, contribute to ligand stabilization. This 
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convergence indicates that our results are consistent with established 

computational insights, while extending them to marine-derived scaffolds. 

 The marine compounds were found to form more persistent and multivalent 

hydrogen interactions with the interface residues in comparison with 

INCB086550, and thereby increase more of the stabilization of the PD-L1 

structure. Their unique chemical scaffolds and binding characteristics 

suggest that they may offer potential benefits over existing PD-L1 

inhibitors. CMNPD16477 consistently reduced interface flexibility, 

promoted a more compact protein structure, and formed stable polar 

contacts, together supporting a persistent binding mode and the potential for 

prolonged inhibition. However, it had the lowest binding affinity compared 

to the compounds that were analysed. CMNPD21979 did not affect the 

overall compactness or interface integrity of the protein, but exhibited less 

hydrogen bond occupancy and more ligand RMSD. CMNPD3605 was the 

best ligand among the three test compounds in this study, as it demonstrated 

stable hydrogen bonding and high binding free energy, indicative of high 

anchoring and increased affinity, especially at the core residues of PD-L1. 

It showed long-lasting high-affinity binding with important interface 

residues with the most favourable thermodynamic profile among the marine 

database-derived compounds. CMNPD3605 was able to sustain a steady 

protein conformation with time and provided similar or even better results 

than the benchmark inhibitor INCB086550. Based on these in silico results, 

CMNPD3605 represents a promising candidate for further preclinical and 

clinical development as a PD-L1 inhibitor for PD-L1–associated conditions. 

Definitely, in the future, we will plan experimental validation of lead 

compounds. 

 To conclude, marine-derived ligands explored in this study show potential 

for further development as small-molecule immune checkpoint inhibitors. 

The in-silico analyses provided detailed insights into their binding 

mechanisms and stabilizing effects on the PD-L1 interface, offering a 
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foundation for future experimental validation. CMNPD3605 is the most 

promising candidate for prompt preclinical and clinical assessment. 

Nonetheless, the remaining two ligands, CMNPD16477 and 

CMNPD21979, demonstrated encouraging molecular dynamics outcomes 

and could significantly benefit from focused optimization and modification 

to enhance their therapeutic efficacy.  
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Structure-based discovery of novel FUT8 inhibitors to modulate CEA 

function in colorectal cancer 

5.1 Graphical Abstract 

Figure 5.1: Graphical abstract: proposed mechanism illustrating FUT8-

mediated core fucosylation of CEA and identification of marine-derived FUT8 

inhibitor through an in-silico approach to suppress colorectal cancer progression. 

5.2 Overview 

The glycosylation of proteins is one of the most common post-translational 

modifications, helping to maintain their structural and functional roles. The 

unusual glycosylation changes the structural profile of glycoproteins within 

colorectal cancer (CRC), leading to survival, invasion, and metastasis of 

tumor cells. The carcinoembryonic antigen (CEA) is a highly glycosylated, 

well-established CRC biomarker, difficult to target directly due to its 

structural complexity, and promotes tumor cell proliferation. Thus, 

targeting glycosylation machinery, which is involved in the regulation of 

CEA function, may offer a more feasible therapeutic approach. 

Fucosyltransferase8 (FUT8) is a solo enzyme that actively performs core 

fucosylation of CEA and facilitates oncogenic functions. Hence, targeting 
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FUT8 is an alternative strategy to disrupt the CEA-mediated response. To 

identify a therapeutic inhibitor, the marine natural product library was 

screened to target FUT8 using an in-silico approach.  Structure-based virtual 

screening, molecular docking, pharmacokinetics and toxicity (ADMET) 

analyses, molecular dynamics simulation, and binding free energy 

(MM/PBSA) calculation were performed to evaluate the candidate 

compound. The top-ranked compound showed strong and stable 

interactions with key catalytic residues at the FUT8 interface. Notably, 

CMNPD23066 predicted the highest inhibitory potential, with a more 

favorable structural stability and binding free energy than the currently 

reported FUT8 inhibitor. In addition, molecular dynamics simulation 

confirmed the stability of the protein-ligand complexes, supported by 

favorable RMSD, RMSF, and binding free energy values. Collectively, this 

study highlights FUT8 as a promising therapeutic target in CRC and 

provides computational evidence that marine-derived small molecules can 

inhibit FUT8 to destabilize CEA tumor-promoting function. 

5.3 Introduction:  

Glycosylation of proteins is a highly conserved post-translational 

modification that profoundly influences protein structure, stability, and 

function, and regulates key cellular processes, including cell growth, 

differentiation, signal transduction, and immune evasion of tumor cells 

[1,2]. Aberrant glycosylation of proteins is one of the hallmarks of cancer 

and is increasingly recognized as a critical driver of cancer development 

and progression [3]. The alternation in glycoprotein synthesis is commonly 

linked with CRC progression and metastasis [4]. Despite substantial 

advances having been made in our understanding of cancer-associated 

glycosylation, the underlying molecular mechanisms responsible for these 

changes and their role in tumor biology are still not fully elucidated. 

Recently, it has been well known that glycoproteins play a crucial role in 

shaping the tumor microenvironment (TME) by regulating interactions 
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between cancer cells and surrounding immune cells, including macrophages 

[5].  These glycoproteins mediated communication, contribute to immune 

suppression, and support aggressive tumor development [6]. Among the 

glycoproteins affected by these modifications, carcinoembryonic antigen 

(CEA) has attracted considerable attention due to its extensive 

glycosylation, overexpression in CRC, and well-established role in tumor 

progression and metastasis. 

 The Carcinoembryonic antigen (CEA or CEACAM5) glycoprotein is 

abundantly expressed on the surface of CRC cells and routinely used for 

disease diagnosis, prognosis, and therapeutic monitoring [7]. In addition to 

its diagnostic significance, it is involved in tumor promotion through cell 

adhesion, invasion, metastasis, and immune evasion [8]. The enhanced 

expression pattern of CEA is generally associated with advanced disease 

stage, high risk of metastasis, and poor patient outcome [9].  CEA facilitates 

tumor progression and metastasis via multiple mechanisms, including N-

domain dimerization of CEA, which forms bridges and disrupts epithelial 

polarity, promoting metastasis. Similarly, it supports tumor growth by 

activating the FAK/ERK and PI3K/AKT signalling and enhances cell 

survival, proliferation [8]. CEA proteins also affect with TGF-β/SMAD3-

mediated signaling and increase the survival of CRC cells [10]. 

Furthermore, CEA not only boosts tumor cell survival and metastasis but 

also educates tumor-associated M0 macrophages to acquire a pro-

tumorigenic M2-like phenotype [11]. Collectively, these functions highlight 

CEA as a key regulator of TME, promoting tumor progression and thus 

making it an attractive target for therapeutic intervention in CRC.  

Although CEA represents an attractive therapeutic target, its structural 

characteristics pose significant challenges for direct inhibition. Currently, 

CEA-targeted therapeutic approaches are mainly based on antibodies, 

which often face challenges, including limited penetration, high production 

cost, and immune-related side effects [8]. As a result, no FDA-approved 



  

206 
 

CEA-targeted therapeutic antibody is currently available for clinical use. 

Given these limitations, an alternative approach that includes small 

molecules offers several pharmacological advantages, including lower 

production cost and superior tissue penetration [12]. However, developing 

small molecules that directly target CEA remains challenging because CEA 

is a large, highly glycosylated cell-surface protein, which may limit access 

to the potential ligand binding pocket and complicate targeting [13,14]. 

Therefore, targeting the upstream regulator that governs CEA biosynthesis 

and function may represent a more effective therapeutic strategy. In this 

context, fucosyltransferase 8 (FUT8) is the sole enzyme responsible for core 

fucosylation, regulating structural and biological activity of glycoproteins, 

including CEA [15,16]. In our recent review, we summarized the role of 

cancer-derived exosomes containing glycoproteins reprogram macrophages 

towards tumor-promoting M2-like macrophage polarization, creating 

immunosuppressive the FUT8 active site and promoting tumor growth [6]. 

These findings suggest that aberrant glycosylation influences the functional 

properties of tumor-associated glycoproteins but also educates immune 

cells. Given its important role in glycoprotein maturation, targeting FUT8 may 

represent a promising strategy to disrupt glycoprotein-driven oncogenic 

signalling and immune modulation in CRC. 

Recently, a few studies have demonstrated that targeting FUT8 using small-

molecule inhibitors can effectively suppress tumor growth and metastasis 

in both in vitro and in vivo models [17,18]. However, despite these 

encouraging findings, no FUT8-targeted therapy has yet advanced to clinical 

application. Therefore, the identification of a more potent FUT8 inhibitor is 

still needed to identify one with improved efficacy and therapeutic 

potential. In the current study, we used a structure-based in silico approach 

to identify novel FUT8 inhibitors from the marine natural products 

database. To validate the screening results, FDW028, which has 

demonstrated significant tumor-suppressive activity in preclinical models, 

was used as a positive control [18]. To identify a better potential FUT8 
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inhibitor, we performed molecular docking, molecular dynamics 

simulations, and pharmacokinetic analyses. The findings from our study 

provide a foundation for future studies aimed at evaluating FUT8-directed 

therapeutic strategies in CRC. 

Materials and Methods  

Expression Analysis of CEACAM5 and FUT8 in Colorectal Cancer 

The expression patterns of CEACAM5 and FUT8 were analysed using 

publicly available datasets from Human Protein Atlas (HPA) [19] and 

GEPIA2 [20]. The HPA was used to obtain protein and RNA expression 

profiles across human cancers. GEPIA2, a web server based on the RNA 

sequencing data of The Cancer Genome Atlas (TCGA) and the Genotype-

Tissue Expression (GTEx) project, was used to assess the transcript 

expression levels in colon adenocarcinoma (COAD) and rectum 

adenocarcinoma (READ). Expression analyses were performed to 

investigate the expression of CEACAM5 and FUT8 in CRC tissues and to 

assist in target selection for further computational studies. 

Target Preparation 

The crystal structure of human α-1,6-fucosyltransferase (FUT8) complexed 

with GDP and NM5M2-Asn (PDB ID: 6X5U) [21] was obtained from the 

Protein Data Bank[22]. The structure was solved using X-ray 

crystallography at 3.20 Å resolution. The model was chosen because of its 

good resolution and because it represents the human FUT8 enzyme in a 

ligand-bound conformation and contains key residues involved in catalysis 

which makes it well suited for structure-based inhibitor screening and 

molecular dynamics investigations. Prior to virtual screening, the FUT8 

crystal structure was prepared by removal of nonessential chains, water 

molecules and other heteroatoms using UCSF Chimera [23]. The cleaned 

structure was then imported into Schrödinger Maestro and processed with 

the Protein Preparation Wizard. Hydrogen atoms were added during 
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preparation, missing side-chain atoms were modelled and metal 

coordination states were assigned wherever appropriate. Four disulfide 

bonds were identified and preserved between Cys943-Cys917, Cys1012-

Cys874, Cys1308-Cys815, and Cys2984-Cys2932. Residue protonation 

states were assigned at a physiological pH (7.0–7.4) using PROPKA, and 

hetero groups were ionized and tautomerized with Epik [24], Finally, the 

structure was restrained energy minimized with the OPLS4 force field to 

optimize hydrogen-bonding interactions and to relieve unfavourable steric 

clashes while preserving the overall crystallographic geometry [24].The 

docking site was defined according to residues previously reported as 

important for the binding of the FUT8 ligand. Specifically, Arg365, Lys369, 

Tyr250, Ser469, Gln470, Gly221, Tyr220, and Asp453 were used to 

identify and centre the binding pocket [18]. The Glide Receptor Grid 

Generation module in Schrödinger was then used to generate a receptor 

grid, with the grid centred on the selected active-site region [25]. The 

prepared protein structure and corresponding receptor grid were 

subsequently employed for virtual screening of the CMNPD library. 

Ligand Library Preparation 

The screening library was obtained from the Comprehensive Marine 

Natural Products Database (CMNPD), a curated and publicly accessible 

repository of marine-derived compounds that integrates chemical structures 

with associated biological, physicochemical, taxonomic, and literature 

information [26]. The database contains structurally diverse natural 

products isolated from a wide range of marine organisms and has been 

widely used as a resource for natural product-based drug discovery. 

Prior to virtual screening, the CMNPD library was prepared using the 

LigPrep module in Schrödinger. Ligand preparation included removal of 

salts, generation of relevant tautomeric and ionization states, assignment of 

protonation states at physiological pH (7.0 ± 2.0), and generation of possible 

stereoisomers where applicable. Three-dimensional conformations were 
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subsequently generated and energy-minimized using the OPLS3e [27] force 

field to obtain low-energy structures suitable for molecular docking. The 

prepared ligands were then exported in Maestro format and used for 

subsequent virtual screening against the FUT8 active site. 

Virtual Screening  

The CMNPD library was screened against the FUT8 active site using a 

hierarchical Glide docking methodology. In order to effectively rank 

compounds while preserving docking accuracy, the screening methodology 

proceeded through high-throughput virtual screening (HTVS), standard 

precision (SP), and extra precision (XP) docking sequentially. The chemical 

library was first filtered using HTVS, and then ligand poses were refined 

and false positives were removed using SP docking. The top-ranked 

compounds were then screened via XP docking for a thorough evaluation 

and final ranking. The receptor grid created around the FUT8 catalytic 

pocket, defined by the essential binding residues Arg365, Lys369, Tyr250, 

Ser469, Gln470, Gly221, Tyr220, and Asp453, was used for docking 

calculations. The van der Waals scaling factor for nonpolar ligand atoms 

was set to 0.8 with a partial charge cutoff of 0.15 in order to improve 

sampling of chemically varied ligands. The highest scoring hits were 

visually examined to confirm favourable binding orientations and 

interactions with catalytically significant residues inside the FUT8 active 

site after compounds were sorted based on their GlideScore values. 

ADMET Analysis 

The pharmacokinetic and toxicity profiles of the top-ranked compounds 

identified from virtual screening were evaluated using the pkCSM web 

server [28]. Canonical SMILES of the selected compounds were submitted 

individually for prediction of absorption, distribution, metabolism, 

excretion, and toxicity (ADMET) properties. Key parameters assessed 

included aqueous solubility, Caco-2 permeability, intestinal absorption, P-
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glycoprotein substrate and inhibitor status, blood-brain barrier (BBB) 

permeability, central nervous system (CNS) permeability, cytochrome P450 

(CYP450) substrate and inhibition profiles, total clearance, AMES 

mutagenicity, hERG channel inhibition, hepatotoxicity, and skin 

sensitization. Compounds exhibiting favorable pharmacokinetic 

characteristics and the absence of major toxicity liabilities were prioritized 

for molecular dynamics simulations and further binding free-energy 

analyses. 

Molecular Dynamics Simulations 

Molecular dynamics (MD) simulations were performed to evaluate the 

stability and dynamic behavior of the top FUT8-ligand complexes identified 

from virtual screening and ADMET filtering. Complexes were prepared 

with the LEaP module of AmberTools19 [29]; counter ions were added to 

neutralize each system, and structures were solvated in a periodic octahedral 

box of TIP3P water molecules with a 10.0 Å buffer on all sides . The protein 

was assigned the Amber ff14SB [30] force field , while ligands were 

parameterized using Antechamber-derived AM1-BCC atomic charges and 

the GAFF2 force field . All simulations were executed with the pmemd.cuda 

module of AMBER18. Long-range electrostatics were treated with particle-

mesh Ewald (PME) , covalent bonds involving hydrogen were constrained 

using SHAKE, and a 10 Å non-bonded cutoff was applied. A 2.0 fs time 

step was used throughout. 

Each system underwent energy minimization followed by multi-step 

heating to 300 K and equilibration. Production runs consisted of 200 ns of 

unrestrained MD in the NPT ensemble at 1 atm and 300 K. Temperature 

and pressure were controlled using the Langevin thermostat and Berendsen 

barostat , respectively. Trajectory post-processing and quantitative analyses 

including RMSD, RMSF, hydrogen bonds, radius of gyration (Rg), and 

solvent-accessible surface area (SASA), were performed with CPPTRAJ 

[31] in AMBER18. 
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Trajectory Analysis 

Protein stability was assessed by computing backbone root-mean-square 

deviation (RMSD) and root-mean-square fluctuation (RMSF), examining 

both global protein behavior and the specific FUT8 binding-pocket region. 

Ligand stability was monitored by calculating ligand RMSD relative to its 

initial docked pose. Protein compactness and folding were evaluated via 

radius of gyration (Rg), while SASA provided insights into changes in 

surface exposure. Protein-ligand hydrogen bonds were analyzed using 

CPPTRAJ, and interactions with an occupancy greater than 10% were 

considered. 

Binding Free Energy Calculations and Data Visualization 

Binding free energies (ΔG_bind) were estimated using the Molecular 

Mechanics Poisson-Boltzmann Surface Area (MM/PBSA) method, 

computed as: 

ΔG_bind = G_complex − G_protein − G_ligand 

where each G_x represents the average free energy of the respective species 

(complex, protein, or ligand) obtained from equilibrated MD snapshots. 

Total free energies were decomposed into molecular mechanics and 

solvation contributions: 

G = E_MM + G_solv 

with 

E_MM = E_bonded + ΔE_vdW + ΔE_elec and 

G_solv = ΔG_pol + ΔG_np 

Here, ΔE_vdW and ΔE_elec are the van der Waals and electrostatic 

interaction energies; ΔG_pol is the polar solvation free energy estimated via 

the Poisson-Boltzmann equation; and ΔG_np is the non-polar solvation free 
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energy calculated from SASA-based models. The entropic term (−TΔS) was 

omitted from MM/PBSA calculations due to high computational cost and 

statistical variability. Previous studies note that entropy is often excluded in 

MM/PBSA protocols because of approximations in statistical mechanical 

treatments, limitations of entropy estimation methods, and challenges in 

achieving statistically converged sampling [32]. This omission is a 

methodological limitation since ligands having different conformational 

flexibility may not be ranked with full accuracy and neglecting the entropic 

contributions may bias the comparisons against more rigid ligands. This 

caveat was explicitly considered in the interpretation of the predicted 

affinity rankings. The contribution of individual residues to binding affinity 

was evaluated by decomposing the MM/PBSA energy components for each 

residue. Snapshots were collected at 100 ps intervals throughout the 

production run and the resulting profiles were averaged to pinpoint residues 

that were central to ligand binding and stabilization of the FUT8 pocket. 

This method gives a quantitative measurement of the thermodynamic forces 

driving the interaction. Data analysis and visualization were performed in 

Python (v3.13.5) using NumPy for arrays and numerical routines and 

Matplotlib for creating publication-quality figures that highlight important 

energetic trends across the dataset. 

5.5 Results 

5.5.1 Expression Analysis Highlights CEACAM5 and FUT8 as Targets 

in CRC: We explored the expression profiles of CEACAM5 and FUT8 

based on data from the Human Protein Atlas (HPA) and GEPIA2 (Figure 

5.2). HPA protein expression data revealed detectable expression of both 

CEACAM5 and FUT8 in several human malignancies, including CRC 

(Figure 5.2 A,D). In addition, RNA expression profiles of HPA showed 

CEACAM5 and FUT8 transcripts in CRC tissues (Figure 5.2 B,E). To 

further assess their expression in CRC, transcript levels were analysed in 

colon adenocarcinoma (COAD) and rectum adenocarcinoma (READ) using 
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GEPIA2. Expression of CEACAM5 was significantly increased in tumour 

tissues compared to the corresponding normal tissues in both COAD and 

READ (Figure 5.2C). Consistent with this observation, FUT8 expression 

was also higher in CRC tissues than in normal controls (Figure 5.2F). This 

analysis confirms the expression of both CEACAM5 and FUT8 in CRC and 

their relevance to tumour biology. The high expression of FUT8 in CRC 

tumours was the rationale for selecting it as the target for subsequent 

structure-based screening studies. 

 

Figure 5.2. Expression analysis of CEACAM5 and FUT8 in colorectal cancer. 

(A) HPA protein expression profile of CEACAM5 across human cancers. (B) HPA 

RNA expression profile of CEACAM5. (C) GEPIA2 comparison of CEACAM5 

transcript levels between tumor (T) and normal (N) tissues in colon 

adenocarcinoma (COAD) and rectum adenocarcinoma (READ). (D) HPA protein 

expression profile of FUT8 across human cancers. (E) HPA RNA expression 

profile of FUT8. CEACAM5 and FUT8 were both expressed in colorectal cancer 

tissues, with higher transcript levels observed in tumor samples than in 

corresponding normal tissues. (F) GEPIA2 comparison of FUT8 transcript levels 

between tumor and normal tissues in COAD and READ.  

5.5.2 Structure-based virtual screening identifies potential FUT8 

inhibitors: The 31,561 compounds retrieved from the CMNPD database 

were prepared using LigPrep to generate 63,576 conformations of ligands 
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for virtual screening. The prepared library was screened against the FUT8 

catalytic pocket by a hierarchical Glide docking workflow with HTVS, SP 

and XP docking. The ligand used as reference is FDW028 (PubChem CID: 

53208107) had an XP GlideScore of −6.547 kcal/mol and was used as a 

benchmark for hit selection. Compounds were passed on to the next level 

of screening only if their score was higher than that of the reference ligand 

at each level of the screening workflow. Thus, 1,104 HTVS compounds 

were subjected to SP docking, which resulted in 738 compounds that 

progressed to XP docking. Final XP screening retrieved 149 compounds 

with docking scores better than the control ligand Figure 5.3 A. The top 

ranked compounds were further evaluated based on docking score, 

interacting residues with the active pocket residues, and predicted 

pharmacokinetic properties. Among these, CMNPD23062, CMNPD23066 

and CMNPD8620 were the most promising candidates with XP GlideScore 

of −11.529, −11.452 and −10.496 kcal/mol respectively. Docking pose 

analysis showed that all three compounds occupied the FUT8 catalytic 

pocket and interacted with some residues of the binding site such as Arg365, 

Lys369, Ser469, Gln470 and Tyr220 (Figure 5.3 B). 

  

Figure 5.3. Virtual Screening Workflow and 2D interactions of FUT8 with small 

molecule inhibitors 
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5.5.3 Selected FUT8 Inhibitors Show Favourable ADMET Profiles: The 

pkCSM predicted the pharmacokinetic and toxicity properties of 

CMNPD23062, CMNPD23066, and CMNPD8620 (Table 5.1). All three 

compounds exhibited promising ADMET properties such as moderate 

aqueous solubility and intestinal absorption within the acceptable range 

(31.60-39.26%). None were predicted to inhibit P-glycoprotein or major 

CYP450 isoforms, suggesting low potential for transporter or CYP 

mediated drug interactions. Distribution analysis showed low blood–brain 

barrier penetration (logBB = −1.43 to −1.07) and low CNS permeability 

(logPS = −4.20 to −3.53), indicating low predicted central nervous system 

exposure. Moreover, all compounds showed predicted moderate clearance 

values and were not identified as substrates of CYP2D6 or CYP3A4. 

Crucially, CMNPD23062, CMNPD23066 and CMNPD8620 were 

predicted as non-mutagenic (AMES negative), non-hepatotoxic and non-

inhibitors of hERG I and hERG II. Additionally, none of the compounds 

were predicted to induce skin sensitization. These findings show that the 

selected compounds are suitable for subsequent molecular dynamics 

simulations and binding free-energy analyses. Average structural stability 

parameters calculated from the 200 ns molecular dynamics production 

trajectories have been summarised in supplementary table S5.1. 
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Table 5.1. Predicted ADMET profiles of CMNPD23062, CMNPD23066, 

and CMNPD8620 were generated using pkCSM. 

ADMET Properties CMNPD23062 CMNPD23066 CMNPD8620 

Water solubility (log mol/L) -2.892 -2.892 -2.892 

Caco-2 permeability  

(log Papp) 

-0.608 -0.18 -0.337 

Intestinal absorption (%) 31.6 39.26 34.12 

P-glycoprotein substrate Yes Yes Yes 

P-glycoprotein I inhibitor No No No 

P-glycoprotein II inhibitor No No No 

BBB permeability (logBB) -1.43 -1.072 -1.165 

CNS permeability (logPS) -3.823 -4.195 -3.527 

CYP2D6 substrate No No No 

CYP3A4 substrate No No No 

CYP inhibition (1A2, 2C19, 

2C9, 2D6, 3A4) 

No No No 

Total clearance (log 

mL/min/kg) 

0.487 0.756 0.452 

AMES toxicity No No No 

hERG I inhibitor No No No 

hERG II inhibitor No No No 

Hepatotoxicity No No No 

Skin sensitisation No No No 

 

5.5.4 RMSD analysis indicates stable binding of marine-derived 

compounds to FUT8: The structural stability of FUT8 in complex with the 

top-ranked marine natural compounds was examined by observing the root 

mean square deviation (RMSD) of the protein backbone, active-site binding 

pocket, and ligand during the 200 ns molecular dynamics simulations. 

Backbone RMSD profiles indicated that all FUT8-ligand complexes were 

structurally stable during the whole period of the simulation without any 

large-scale conformational drift (Figure 5.4A). Following an initial 
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equilibration phase during the first 20-40 ns, the systems reached relatively 

stable trajectories and fluctuated within a narrow range. The FUT8-

CMNPD8620 complex exhibited the lowest average protein RMSD (3.10 ± 

0.36 Å), closely followed by FUT8-CMNPD23062 (3.18 ± 0.41 Å), 

suggesting enhanced stabilization of the protein structure relative to the 

control system (3.64 ± 0.30 Å). FUT8-CMNPD23066 displayed a slightly 

higher average backbone RMSD (3.88 ± 0.29 Å); however, the fluctuations 

remained moderate and indicative of a stable complex throughout the 

simulation. 

To further assess ligand-induced effects on the catalytic region, the RMSD 

of binding-pocket residues was analyzed (Supplementary figure S5.1 A). 

All complexes maintained low pocket RMSD values (<1.6 Å), indicating 

preservation of the active-site architecture during the simulation. Among 

the screened compounds, CMNPD23066 exhibited the lowest binding-

pocket RMSD (0.88 ± 0.12 Å), suggesting enhanced local stability of the 

catalytic site. CMNPD23062 also maintained a stable binding pocket with 

an average RMSD of 1.11 ± 0.15 Å, comparable to the control system (1.16 

± 0.19 Å). Although CMNPD8620 showed the highest pocket RMSD (1.50 

± 0.22 Å), the values remained low overall and did not indicate any 

disruption of binding-site integrity. 

The stability of ligand binding was further examined using ligand RMSD 

analysis (supplementary figure S5.1 B). All screened compounds 

exhibited lower ligand RMSD values than the control ligand, indicating that 

they remained stably bound within the FUT8 active site throughout the 

simulation. CMNPD23066 showed the lowest average ligand RMSD (1.10 

± 0.09 Å), followed by CMNPD23062 (1.40 ± 0.11 Å) and CMNPD8620 

(1.62 ± 0.31 Å), whereas the control ligand displayed the highest deviation 

(2.17 ± 0.30 Å). The ligand RMSD trajectories remained relatively stable 

over the 200 ns simulation, suggesting that the compounds maintained 

consistent binding orientations with minimal positional movement within 
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the catalytic pocket. Overall, all three FUT8-ligand complexes remained 

stable throughout the 200 ns simulation, as demonstrated by the consistent 

protein, binding-pocket, and ligand RMSD profiles. No major structural 

changes were observed, indicating that binding of the screened compounds 

did not destabilize FUT8 and was accommodated within the active site. 

Having established the overall stability of the complexes, residue-level 

flexibility was subsequently investigated using RMSF analysis. 

 

Figure 5.4. Molecular dynamics analysis of FUT8 complexes with the control 

ligand and selected marine-derived compounds. (A) Protein backbone RMSD, 

(B) residue-wise RMSF, (C) radius of gyration (Rg), and (D) solvent-accessible 

surface area (SASA) over 200 ns simulations. 

5.5.5 Residue flexibility analysis indicates active-site stability: The root 

mean square fluctuation (RMSF) of the FUT8 residues was calculated over 

the 200 ns simulation to investigate residue-level flexibility and identify 

regions affected by ligand binding (Figure 5.4 B). All systems showed 

similar fluctuation profiles indicating that ligand binding does not induce 

many changes in the dynamic behavior of the protein. The largest 

fluctuations were seen in terminal and loop regions particularly in the 

vicinity of residues 120-160 and 500-540. Most residues showed RMSF 

values below 2 Å suggesting a generally stable protein structure. 

Importantly, the residues forming the active site of FUT8 were relatively 
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stable through the course of the simulations. The catalytic region 

comprising Arg365 and Lys369 showed less fluctuations in CMNPD23066-

bound complex than the control and other ligand-bound systems, suggesting 

the increased stabilization of this functionally important region. Similarly, 

residues Ser469 and Gln470 showed the lowest RMSF values in the 

presence of CMNPD23066 indicating restricted local motion in the vicinity 

of the binding pocket. The active-site residue Asp453 also remained stable 

in all the systems, though slightly higher fluctuations were observed in the 

CMNPD23062 complex. Contrarily, Tyr220, Gly221 and Tyr250 showed 

only minor differences among the complexes and were kept at low RMSF 

values during the simulation, indicating the preservation of the active-site 

geometry. The analysis of RMSF suggests that the binding of screened 

compounds does not increase the flexibility of the FUT8 catalytic pocket. 

Key active-site residues remained stable and CMNPD23066 showed a 

tendency to reduce the local fluctuations near several catalytic residues. 

After determining the structural stability and residue-level dynamics of the 

complexes, the compactness and overall conformational behavior of FUT8 

were further analyzed using radius of gyration (Rg) and solvent-accessible 

surface area (SASA) analyses. 

5.5.6: Ligand binding preserves FUT8 compactness and solvent 

accessibility: In order to further see how ligand binding affects the overall 

structural integrity of FUT8, the radius of gyration (Rg) and solvent-

accessible surface area (SASA) were analysed throughout the 200 ns 

simulations. The Rg profiles remained relatively stable for all systems, 

showing retention of protein compactness during the simulation (Figure 

5.4C). Following an initial equilibration period, all complexes converged 

and fluctuated within a narrow range. The control system exhibited an 

average Rg of 23.59 ± 0.11 Å, while the ligand-bound complexes showed 

comparable values of 23.89 ± 0.19 Å, 23.74 ± 0.22 Å, and 23.66 ± 0.20 Å 

for CMNPD23062, CMNPD23066, and CMNPD8620, respectively. 

Although CMNPD23062 displayed a slightly higher average Rg, the 
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differences among the systems were small, suggesting that ligand binding 

did not induce significant expansion or compaction of the FUT8 structure. 

Consistent with the Rg analysis, the SASA trajectories showed only 

moderate fluctuations throughout the simulations, indicating stable solvent 

exposure of the protein surface (Figure 5.4D). The average SASA values 

were 223.87 ± 3.61 nm² for the control, 227.79 ± 4.18 nm² for 

CMNPD23062, 221.52 ± 3.62 nm² for CMNPD23066, and 224.87 ± 3.46 

nm² for CMNPD8620. Among the complexes, CMNPD23066 exhibited the 

lowest average SASA, suggesting slightly reduced solvent exposure and a 

more compact surface arrangement, whereas CMNPD23062 showed 

marginally higher solvent accessibility. However, the overall similarity of 

the SASA profiles indicates that ligand binding did not substantially alter 

the solvent-accessible surface of FUT8. The Rg and SASA analyses 

together show that all three compounds maintained the compactness and 

structural integrity of FUT8 throughout the simulation. No major changes 

in protein packing or solvent exposure further support the formation of 

stable FUT8-ligand complexes. 

5.5.7 Persistent hydrogen bonding stabilizes FUT8-ligand interactions: 

Hydrogen bond analysis was performed in order to evaluate the overall 

stability and strength of ligand binding to the FUT8 active site throughout 

the 200 ns simulations (Figure 5.5). Consistent with the RMSD and RMSF 

analyses, all ligand-bound systems maintained persistent hydrogen-bonding 

interactions with key catalytic residues, showing stable occupancy of the 

binding pocket. The moving-average hydrogen bond profiles showed that 

CMNPD23066 maintained the highest number of protein-ligand hydrogen 

bonds throughout the simulation, with an average of approximately 5-7 

interactions. CMNPD8620 also exhibited stable hydrogen bonding, having 

an average of 4-6 interactions, whereas CMNPD23062 maintained a smaller 

but persistent network of approximately 3-4 hydrogen bonds. These 

findings were corroborated by the hydrogen bond analysis conducted during 
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the simulation, which revealed that whereas CMNPD8620 and 

CMNPD23062 often maintained lower but constant contacts, 

CMNPD23066 regularly maintained 8–12 hydrogen bonds during the 

trajectory. The control complex, on the other hand, showed fewer and more 

dispersed hydrogen bonding.  

CMNPD23066 produced the most lasting connections with active-site 

residues, according to a thorough occupancy analysis (supplementary 

table S5.2) Significantly, Arg365 hydrogen bonds displayed remarkably 

high occupancies of 95.63% and 67.11%, suggesting that this residue is a 

key anchoring point for ligand binding. Together with highly occupied 

contacts involving Asp368 (71.89%) and Glu373 (55.04%), further stable 

interactions were noted with Lys369, Gln470, and Asp453. With 

occupancies of 48.64 and 55.52%, CMNPD23062 mostly formed a stable 

hydrogen bonding network through Ser469 and Gln470, with additional 

contributions from Arg365. Likewise, CMNPD8620 continued to interact 

with Gln470, Ser469, Arg365, and Lys369; here, Asp368 had the most 

contribution to the hydrogen bond (50.89% occupancy). Together, these 

findings show that all three drugs maintain stable binding within the FUT8 

active site via sustained hydrogen-bond interactions with important 

catalytic residues, such as Asp453, Arg365, Lys369, Ser469, and Gln470. 

In line with the active-site stability seen in the RMSF analysis, 

CMNPD23066 showed the largest and longest-lasting hydrogen-bonding 

network among the screened compounds. 

 

Figure 5.5. Hydrogen-bond analysis of FUT8 complexes during 200 ns 

molecular dynamics simulations. (A) Moving average of protein–ligand 
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hydrogen bonds and (B) distribution of hydrogen bonds over time for the control 

ligand and selected marine-derived compounds. 

5.5.8 MM/PBSA analysis reveals favourable binding energies for the 

selected compounds: To assess ligand binding in greater detail, MM/PBSA 

calculations were carried out on trajectories from the 200-ns molecular 

dynamics simulations (Figure 5.6). All complexes yielded negative binding 

free energies (ΔG_bind), consistent with thermodynamically favourable 

interactions with FUT8.Among the tested molecules, CMNPD23066 

displayed the strongest affinity, with a binding free energy of 

−40.07 ± 0.19 kcal/mol. This value was lower than that of the reference 

inhibitor FDW028 (−32.19 ± 0.14 kcal/mol) and all other screened 

compounds. CMNPD8620 also showed a favourable profile 

(−31.96 ± 0.25 kcal/mol), comparable to the reference, whereas 

CMNPD23062 had the weakest binding (−19.88 ± 0.15 kcal/mol).  

 

Figure 5.6: MM/PBSA binding free energy decomposition of FUT8–ligand 

complexes. Average van der Waals (ΔE_vdW), electrostatic (ΔE_elec), polar 

solvation (ΔG_pol), nonpolar solvation (ΔG_np), and total binding free energies 

(ΔG_bind) calculated from MD trajectories for the control ligand and selected 

compounds. Negative values indicate favorable contributions to binding.  

The binding energies were primarily driven by van der Waals and 

electrostatic contributions, while polar solvation opposed complex 

formation to varying extents. Notably, CMNPD23066 exhibited the largest 

electrostatic component, in line with the extensive hydrogen-bonding 
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interactions observed during simulation. To pinpoint the residues 

contributing most to these favourable contacts, residue-level free energy 

decomposition was subsequently performed. 

5.5.9 Residue decomposition analysis highlights key binding 

determinants: To pinpoint the residues that stabilize ligand binding within 

the FUT8 active site, we carried out residue-level free energy 

decomposition (Supplementary Table S5.3). The analysis showed that 

several amino acids positioned in or near the catalytic pocket contributed 

significantly to ligand affinity, in agreement with the hydrogen-bonding and 

RMSF observations. For the reference complex, the strongest stabilizing 

effects were attributed to Arg441 (−3.81 kcal/mol) and Glu373 (−3.71 

kcal/mol), with smaller inputs from Tyr442 and Leu438. In contrast, the 

screened compounds displayed interaction profiles focused on catalytically 

important residues, most notably Arg365, Lys369, Ser469, and Gln470. In 

the CMNPD23062 complex, Ser469 was the dominant contributor to 

binding, exhibiting a total interaction energy of −5.63 kcal/mol. Additional 

favourable contributions were observed from Val471 (−2.73 kcal/mol), 

Gln470 (−2.25 kcal/mol), and Val450 (−1.74 kcal/mol). Residue‑level 

decomposition highlighted the role of Ser469 and Gln470, two active‑site 

residues that anchor CMNPD23062 within this region of the pocket. This 

stabilization aligns with the persistent hydrogen bonds observed between 

the ligand and these residues throughout the MD trajectory. 

For CMNPD23066, the dominant energetic contributions came from 

Lys369 (−7.99 kcal/mol) and Arg365 (−7.88 kcal/mol). Both residues are 

part of the catalytic site and consistently formed hydrogen bonds with the 

ligand, while also showing reduced flexibility in RMSF analysis. Additional 

stabilization was contributed by Asp368 (−2.36 kcal/mol), Gln470 (−2.30 

kcal/mol), Val450 (−2.52 kcal/mol), and Glu373 (−1.85 kcal/mol). The 

involvement of Arg365, Lys369, and Gln470 indicates that CMNPD23066 

is stabilized through an interaction network spanning multiple regions of 



  

224 
 

the FUT8 active site. This anchoring effect reflects the compound’s ability 

to engage several catalytic residues simultaneously.In a similar manner, 

CMNPD8620 formed strong contacts with multiple residues within the 

active site, reinforcing its stable binding profile. Lys369 (−5.45 kcal/mol) 

and Asp368 (−5.11 kcal/mol) were the primary contributors, followed by 

Arg365 (−2.64 kcal/mol), Gln470 (−2.29 kcal/mol), and Ser469 (−2.27 

kcal/mol). The combined participation of the Arg365–Lys369 and Ser469–

Gln470 regions indicates that CMNPD8620 engages a broad interaction 

network across the FUT8 catalytic pocket.  

Importantly, Arg365, Lys369, Ser469, and Gln470 consistently appeared as 

major contributors among the screened compounds, underscoring their 

central role in ligand recognition and stabilization. These residues also 

correspond to sites that maintained persistent hydrogen‑bond occupancy 

and exhibited limited structural fluctuations throughout the simulations. 

Overall, the residue‑level energy decomposition highlights that the screened 

compounds are stabilized through distinct yet overlapping interaction 

networks within the catalytic pocket, supporting the favourable binding 

behaviour observed in the MD trajectories. 

5.6 Discussion and conclusion 

Colorectal cancer is currently a major cause of cancer related death and 

there is a need for new therapeutic strategies [33]. Among CRC-related 

biomarkers, carcinoembryonic antigen (CEA/CEACAM5) is widely 

recognized for its functions in tumor progression [34]. While CEA is a well-

characterized tumor-associated antigen, its large extracellular architecture, 

extensive glycosylation, and the difficulties associated with efficient tumor 

penetration make direct therapeutic targeting problematic [8]. An 

alternative approach is to target upstream regulators that affect CEA 

maturation and function.  FUT8 is the sole enzyme responsible for core 

fucosylation in mammals and has been implicated in the regulation of 

multiple glycoproteins involved in cancer biology [35]. Because CEA is 
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highly glycosylated, modulation of FUT8 activity may affect CEA 

associated functions and other glycoprotein mediated processes in CRC  

[36]. Recent investigations showed FUT8 was highly expressed in CRC 

cells. It is the only member of the Fucosyltransferase family that catalyses 

the core fucosylation of glycoproteins  [37,38]. This unique enzymatic 

activity of FUT8 plays a pivotal role in the promotion of CRC cells 

invasion, metastasis, and tumor progression [39].  An analysis of publicly 

available datasets further indicated elevated FUT8 expression in CRC 

tissues, which supported its investigation as a potential therapeutic target. 

To identify potential FUT8 targeting compounds, we conducted a structure-

based virtual screening with the Comprehensive Marine Natural Products 

Database (CMNPD). Marine natural products are a rich source of 

structurally diverse bioactive scaffolds and have provided numerous leads 

in drug discovery. Following hierarchical docking and ADMET-based 

prioritization, three compounds, namely CMNPD23062, CMNPD23066 

and CMNPD8620 were selected for detailed computational evaluation. In 

comparison to the reference ligand FDW028, all three compounds exhibited 

significantly better docking score and binding stability within the FUT8 

catalytic pocket during 200 ns molecular dynamics simulations. The 

combined analysis of RMSD, RMSF, Rg and SASA revealed that the ligand 

binding did not induce significant structural perturbations and the active-

site architecture remained stable throughout the simulations. Continuous 

hydrogen bond interactions with essential catalytic residues namely 

Arg365, Lys369, Ser469 and Gln470 also favoured stable ligand 

occupancy. 

MM/PBSA calculations predicted favourable binding for all three 

compounds, with CMNPD23066 having the most favourable binding free 

energy. The increased binding was accompanied by increased electrostatic 

interactions and an expanded network of hydrogen bonding, suggesting 

more efficient interactions with the FUT8 catalytic pocket. Residue-wise 
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energy decomposition consistently identified Arg365, Lys369, Ser469 and 

Gln470 as major contributors to ligand stabilization, highlighting their 

importance in FUT8 ligand recognition. Moreover, all the selected 

compounds showed acceptable predicted pharmacokinetic and safety 

properties, including the lack of significant predicted toxicity parameters. 

But there are caveats to consider. The present work is purely computational 

and needs experimental validation to confirm the predicted binding modes 

and biological activity of the identified compounds. Additionally, the 

MM/PBSA calculations did not include the entropic contribution, which 

could affect the absolute ranking of the ligand affinities. Although FUT8 

expression was upregulated in CRC datasets, the effects of FUT8 

modulation on CEA function, core fucosylation and tumour-associated 

phenotypes were not directly examined and warrant future investigation. 

By integrating virtual screening, molecular dynamics simulations, and 

binding free-energy analyses, we identified CMNPD23062, 

CMNPD23066, and CMNPD8620 as marine-derived compounds capable 

of forming stable interactions within the FUT8 catalytic pocket. Of these, 

CMNPD23066 consistently showed the strongest computational profile, 

with higher binding affinity, stable interactions during simulations, and the 

most favourable MM/PBSA binding free energy. CMNPD23062 and 

CMNPD8620 also demonstrated stable binding and acceptable ADMET 

properties, making them promising scaffolds for further optimization. 

Taken together, these results provide a basis for future biochemical and 

cellular studies to evaluate the potential of these compounds as modulators 

of FUT8 activity in colorectal cancer. 
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Chapter 6: Summary 

Colorectal cancer (CRC) is one of the most frequently diagnosed 

cancers worldwide and continues to be a major cause of cancer-

related mortality. CRC progression was earlier thought to be driven 

by genetic mutations within epithelial cells; however, growing 

evidences clear that tumor progression is not determined only by the 

genetic alterations within cancer cells. Importantly, the surrounding 

tumor microenvironment (TME) plays a crucial role in shaping 

disease progression and therapeutic response. The TME contains a 

complex network of stromal cells and immune cells that 

continuously interact with tumor cells through the release of soluble 

factors as well as extracellular vesicles. Among the immune cells 

present within the TME, macrophages are particularly abundant and 

functionally diverse and can adopt different activation states 

depending on the signals they receive from their surroundings. The 

signalling molecule includes soluble cytokines, growth factors, and 

extracellular vesicles as important mediators of intercellular 

communication during cancer progression. Among these vesicles, 

exosomes have received particular attention due to their ability to 

transfer biologically active molecules from donor to recipient cells 

and emerge as a key regulator of tumor progression and 

immunomodulation. The current study was designed to understand 

the mechanistic role of CRC-derived exosomes in the regulation of 

macrophage polarization, with a specific focus on NF-κB signalling 

pathways. In addition, we also explore the therapeutic potential of 

targeting the immune checkpoint PD-1/PD-L1 axis.    

The Main objectives of this work were to understand how CRC-

derived exosomes influence macrophage reprogramming within 

TME. Macrophages exhibit considerable plasticity and can adopt a 

classically activated antitumor M1-like TAMs state or alternatively 
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activated tumor supportive M2-like TAMs state. The finding from 

our study demonstrates that CRC-derived exosomes are a crucial 

mediator of the switching of macrophages towards a tumor-

supportive phenotype. The exposure of macrophages to CRC cell-

derived exosomes resulted in a significant change in morphology, 

gene expression, and functional response, indicating a phenotypic 

change towards a tumor-supportive type. 

Mechanistically, our study provides strong evidence of the 

involvement of NF-κB signalling in exosome-mediated macrophage 

polarization. The NF-κB transcription factor is the master regulator 

that controls the expression of genes involved in inflammation and 

immune response, cell survival, and tumor progression. The result 

from our experiments reveals that the exposure of macrophages to 

CRC cells-derived exosomes leads to a time-dependent activation of 

NF-κB signalling, as evidenced by increased phosphorylation of 

IKK and degradation of IκB and subsequently translocation of NF-

κB into the nucleus. The early phage activation occurs within 

minutes to hours after the exosome treatment, but over time, 

exosomal cargo rapidly triggers intracellular signalling and 

reprograms macrophages towards tumor supportive types, which 

reflects an adaptive cellular response. These molecular changes 

contribute to the establishment of a pro-tumorigenic 

microenvironment, which helps in aggressive tumor growth, 

angiogenesis, and immune evasion.   

Further, we want to confirm the role of NF-κB signalling, so we treat 

cells with IKK inhibitor TPCA-1.  This inhibition of IKK effectively 

reduced exosome-induced NF-κB activation, as evidenced by 

decreased IKK phosphorylation and stabilization of IκB levels. The 

IKK inhibition in macrophages resulted in a significant decrease in 

the downstream signalling cascade, confirming the critical role of 
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IKK/NFκB pathways in response to the CRC-derived exosomes. 

These results highlight the potential role in the initial activation of 

tumor-promoting inflammation in macrophages, while over time, 

exosomal cargo comes into play and initiates activation of other 

signalling pathways that switch macrophages towards an anti-

inflammatory phenotype.  

Additionally, in our study, we observed that exosomes derived from 

CRC cells upregulated PD-L1 expression in macrophages. 

Furthermore, conditioned medium from these exosome-treated 

macrophages was collected and applied to CRC cells, revealing that 

macrophage-derived factors further enhanced PD-L1 expression in 

tumor cells compared to untreated controls. The upregulated 

expression within both the cells synergistically suppresses T cell 

function through apoptosis and promotes tumor immune escape. 

Although monoclonal antibodies that inhibit PD-1/PD-L1 

interactions have achieved clinical success, but face some 

drawbacks, including high cost, immune-related adverse effects, and 

limited tumor penetration. Consequently, identifying small-

molecule inhibitors capable of disrupting this interaction is gaining 

significant attention as a promising alternative to overcome these 

limitations.  

 Based on these observations, we turned towards an in-silico 

approach for the identification of potential PD-L1 inhibitors, aiming 

to design small molecules with favourable binding and therapeutic 

properties.  A marine natural product database was used as source 

of structurally different and biologically active compounds. The 

molecular docking and MD simulations was performed to identify 

binding energy and interaction patterns of these compounds with 

PD-L1. The analysis identified few lead compounds with promising 

binding characteristics indicates their potential to disrupt the PD-
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1/PD-L1 interaction. In our in-silico study, the lead compound 

CMNPD3605 displays better performance compared to positive 

control compound which is already under clinical investigations. 

The inhibition of the PD-1/PD-L1 signalling is expected to restore 

T cells functions and inhibits tumor growth.  

 

Figure 6.1. Cancer cells and secreted exosomes upregulate PD-L1 in 

macrophages, targeting PD-1/PD-L1 interaction and restoring T-Cell-

mediated response in CRC  

Similarly, immune check point PD-1/PD-L1 targeting, we also 

explored the functional role of glycoproteins in CRC progression. In 

the literature survey and the Human Protein Atlas (HPA) data 

analysis, significantly upregulated expression of carcinoembryonic 

antigen (CEA) glycoprotein was observed in patient samples and 

experimental models. This upregulated CEA molecule enhances 

CRC cell proliferation, metastasis, and promotes macrophage 

polarization towards a tumor-promoting phenotype. Due to the 

structural complexity and highly glycosylated nature of CEA, direct 

targeting using small molecules was considered challenging. 

Therefore, we explored the glycosylation machinery regulating 

CEA function, and we identified that FUT8 is a solo enzyme 
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involved in core fucosylation of CEA proteins. Core fucosylation is 

necessary to maintain the structural integrity and oncogenic function 

of CEA proteins. Therefore, targeting FUT8-mediated core 

fucosylation of CEA to destabilize its structure is an important and 

promising strategy. To target FUT8, a marine-derived compound 

was evaluated using computational approaches. In the screening 

result, we identified promising compounds with favorable binding, 

stability, and pharmacokinetic properties. The overall approach 

includes targeting the glycosylation of CEA to limit its function and 

suppress CRC progression. The findings from these studies provide 

a foundation for further experimental validation of screened 

compounds and highlight their potential in cancer immunotherapy. 

Collectively, the present study provides a comprehensive 

understanding of cross-talk between CRC cells derived exosomes, 

macrophage phenotypic change, inflammatory signaling, and 

immune checkpoint regulation. Our study highlights the role of 

exosomes within TME and identifies that NF-κB signaling is one of 

the major pathways driving macrophage phenotypic change. 

Furthermore, it also underscores targeting PD-1/PD-L1 and 

glycoprotein-mediated signaling using marine database-derived 

small molecule will be new potential therapeutic interventions. 

Overall, the integration of experimental and computational 

approaches in this study enhances our understanding and opens new 

avenues for the development of CRC treatment.    

At last, regardless of findings still, there remain certain open hangs 

in the current work which could be definitely addressed in the future. 

This study primarily relies on in-vitro and in silico data; further 

validation is needed in an in vivo model or a clinical sample to 

establish translational relevance.  Additionally, the specific 

exosome containing cargo responsible for macrophage polarization 
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remains to be fully characterized. Further study should focus on 

detailed profiling of key components, including miRNAs, proteins 

or glycoproteins, and lipids, to identify key mediators of 

macrophage reprogramming.    
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Chapter 7: Future Prospects 

The findings of the present study provide important insight into the function 

of CRC cells-derived exosomes in the regulation of macrophage 

polarization and temporal gene expression kinetics during both the early and 

late phases of macrophage reprogramming. Additionally, it also highlights 

that CRC cell-derived exosomes activate NF-κB signaling, which further 

upregulates PD-L1 expression in macrophages. The blockade of PD-1/PD-

L1 immune checkpoint using a small molecule may represent a potential 

therapeutic strategy for CRC treatment. Furthermore, we also explored 

targeting glycoproteins specially CEA, which is a well-established marker 

significantly overexpressed in CRC and contributes significantly to CRC 

cells invasion, metastasis, and tumor progression. Targeting CEA with 

small molecules is not feasible due to its extensive glycosylation and 

complex structure; therefore, we targeted its biosynthesis using the FUT8 

inhibitor. This formed the base for future endless possibilities to be explored 

in the direction of both therapeutics as well as elucidating the signaling 

mechanisms in CRC. 

 

Figure 7.1 Potential future directions from the current research work. 
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▪ One of the key directions that warrants further exploration is 

detailed profiling of exosomal cargo responsible for macrophage 

reprogramming. However, this study establishes the functional role 

of CRC-derived exosomes, but the precise molecular component 

involvement remains unclear. Advanced techniques, including 

Proteomics, transcriptomics, and RNA sequencing, can be used for 

profiling of exosomes. Particularly can be focus on miRNAs and 

glycoproteins, which are majorly responsible for macrophage 

polarization and CRC progression.   

▪ Additionally, quantitative cell counting and flow cytometric 

analysis using specific M1/M2 markers would provide more robust 

quantitative validation of macrophage polarization. In current study, 

prominent NF-κB activation was observed during the early time 

point following CRC-derived exosome treatment; but over the time 

response was diminished. This suggest that alternative signaling 

pathways may become dominant during the later timepoint of 

macrophage polarization. Therefore, further investigation is 

required to identify which signaling mechanism is dominant at later 

timepoint during exosome-mediated macrophage reprogramming 

and tumor progression. 

▪ Another important direction involves the investigation of 

heterogeneity of exosomes derived from CRC subtypes and stages. 

Since CRC is a highly heterogeneous disease, exosomes released 

from early and late-stage tumors may contain different biological 

signals. Understanding these variations could help to identify novel 

exosome-based biomarkers for CRC diagnosis and therapeutic 

response. 

▪ One more promising future direction would be to investigate the role 

of the other side, i.e., exosomes released from tumor-associated 

macrophages (TAMs) in CRC cells. While the present study focuses 

on CRC-derived exosomes and their effect on macrophages. It is 
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also equally important to understand reciprocal communication 

from macrophages to tumor cells. It will be interesting to see how 

TAMs-secreted exosomes support CRC cells proliferation, 

metastasis, immune evasion, and therapy resistance. This may 

provide deeper insight into bidirectional exosome mediated 

communication within TME.   

▪ In addition, the detailed profiling of exosomal glycoproteins to 

identify novel molecular targets involved in CRC progression. To 

understand glycoprotein-mediated signaling and their role in 

macrophage polarization during CRC progression. Furthermore, 

targeting this glycoproteins synthesis in CRC cells or inhibiting their 

downstream activity in macrophages will be novel therapeutic 

approach to suppress tumor progression and restore anti-tumor 

immune response. 

▪ From a translational perspective, currently, both of our therapeutic 

approaches in this thesis are based on comprehensive in silico 

analysis. Although the computational findings provide a strong 

rationale for the identified lead compounds, their biological efficacy 

and safety remain to be experimentally validated. Future studies will 

focus on validating these candidates through in vitro assay using 

CRC cell lines, followed by in vivo validation in an appropriate 

animal model, and then preclinical evaluation. If these studies are 

successful, the identified compound could be further optimized and 

advanced towards a clinical trial. These studies will provide deeper 

insight about response in TME and help to improve clinical 

translation. 

▪ In the future, machine learning approaches can be integrated into 

this project to identify novel diagnostic markers using data sets. 

Combining transcriptomic profiling with an artificial intelligence-

based predictive model may help uncover key molecular signatures 

associated with macrophage polarization and cancer development. 
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▪ Finally, future studies should also explore how CRC-derived 

exosomes influence other immune cells, including T cells and 

dendritic cells. Understanding this broader tumor immune crosstalk 

may provide a more comprehensive view of exosome-dependent 

immune regulation in CRC progression.   

In conclusion, our findings lay the strong foundation for future research 

focused on exosome mediated communication between CRC cells and 

tumor-associated macrophages. Further exploration using advanced 

molecular approaches and clinically relevant models may help for 

identification of novel molecular mechanisms involved in tumor 

progression and immune regulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

246 
 

 



  

247 
 

APPENDIX-A 

 

Appendix A: Supplementary Figure 

Supplementary Figures from Chapter 3:  

 

 

Supplementary Figure S3.1: Phagocytic activity of THP-1 macrophages 

treated with CRC cell-derived exosomes assessed by Oil Red O staining. THP-

1-derived macrophages were treated with colorectal cancer (CRC) cell-derived 

exosomes under various conditions for 24 and 72 hrs. Cells were then incubated 

with oxidized LDL and stained with Oil Red O (ORO) to evaluate phagocytic 

activity. ORO staining (red) indicates phagocytosed material. Notably, 

macrophages treated with LPS and/or exosomes for 24 hours exhibited enhanced 

phagocytic activity, characteristic of a pro-inflammatory (M1-like) phenotype. In 

contrast, reduced phagocytic activity was observed in macrophages treated with 

IL-4 or exosomes for 72 hrs and morphology matching with of an anti-

inflammatory (M2-like) phenotype. supplementaryImages were acquired using a 

confocal microscope at 100× (scale bar = 20 μm). 
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Supplementary Figure from Chapter 5:  

 

Supplementary Figure S5.1: Protein backbone RMSD profiles of FUT8 

complexes with the control ligand, CMNPD23066, CMNPD23062, and 

CMNPD8620 across three independent 200-ns molecular dynamics simulations. 

 

Supplementary Figure S5.2: Binding-pocket RMSD profiles of FUT8 complexes 

with the control ligand, CMNPD23066, CMNPD23062, and CMNPD8620 across 

three independent 200-ns molecular dynamics simulations. 
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Supplementary Figure S5.3: Ligand RMSD profiles of the control ligand, 

CMNPD23066, CMNPD23062, and CMNPD8620 across three independent 200-

ns molecular dynamics simulations. 

 

Supplementary Figure S5.4: Residue-wise RMSF profiles of FUT8 in complex 

with the control ligand, CMNPD23062, CMNPD23066, and CMNPD8620 across 

the molecular dynamics simulations. 
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Supplementary Figure S5.5: Radius of gyration (Rg) profiles of FUT8 

complexes with the control ligand, CMNPD23066, CMNPD23062, and 

CMNPD8620 across three independent 200-ns molecular dynamics simulations. 

 

Supplementary Figure S5.6: Solvent-accessible surface area (SASA) profiles of 

FUT8 complexes with the control ligand, CMNPD23062, CMNPD23066, and 

CMNPD8620 across three independent 200-ns molecular dynamics simulations. 
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Supplementary Figure S5.7: Moving-average protein–ligand hydrogen-bond 

profiles of FUT8 complexes with the control ligand, CMNPD23066, 

CMNPD23062, and CMNPD8620 across three independent 200-ns molecular 

dynamics simulations. 

 

 

Supplementary Figure S5.8: Protein–ligand hydrogen-bond counts of FUT8 

complexes with the control ligand, CMNPD23066, CMNPD23062, and 

CMNPD8620 across three independent 200-ns molecular dynamics simulations. 
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Appendix B: Supplementary Tables 

Supplementary Table S3.1 Primer sequences from Chapter 3. 

Sr. 

No. 
Gene  Sequence 

1 h-GAPDH-F 5’-AATCCCATCACCATCTTCCA-3’ 

 h-GAPDH-R 5’-TGGACTCCACGACGTACTCA-3’ 

   

2 h-FIBRONECTIN-F 5’-CTGACAGCTCATCCGTGGTT-3’ 

 h-FIBRONECTIN-R 5’-TTGGTGGGCTGACATTCTCC-3’ 

   

3 h-SNAIL 1-F 5’-ACCCCAATCGGAAGCCTAAC-3’ 

 h-SNAIL 1-R 5’-TCCCAGATGAGCATTGGCAG-3’ 

   

4 h-TNF-a-F 5’-CCCGAGTGACAAGCCTGTAG-3’ 

 h-TNF-a-R 5’-GATGGCAGAGAGGAGGTTGAC-3’ 

   

5 h-PDGF-A-F 5’-ATAAAGGCCGGAACAGCTGAAA-3’ 

 h-PDGF-A-R 5’-GCGCGCAAAGTATCTCTATCTA-3’ 

   

6 h-IL-10-F 5’-TGCCTTCAGCAGAGTGAAGA-3’ 

 h-IL-10-R 5’-GTCTTGGTTCTCAGCTTGGG-3’ 

   

7 h-IL 12 B -F 5’-AGGGACATCATCAAACCTGACC-3’ 

 h-IL 12 B -R 5’-GCTGAGGTCTTGTCCGTGAA-3’ 

   

8 h-IL 23A-F 5’-GGGACAACAGTCAGTTCTGCTT-3’ 

 h-IL 23A-R 5’-TGGGACTGAGGCTTGGAATC-3’ 

   

9 h-ARG-1-F 5’-ACTTAAAGAACAAGAGTGTGATGTG-3’ 

 h-ARG-1-R 5’-CACCAGGCTGATTCTTCCGT-3’ 

   

10 h-PD-L1-F 5′-ATGGTGGTGCCGACTACAAG-3’  

 h-PD-L1-R 5’-GGAATTGGTGGTGGTGGTCT-3’  

   

11 h-AKR1B1-F 5’-AAGCCGTCTCCTGCTCA-3’  

 h-AKR1B1-R 5’-TTGCTGACGATGAAGAGC-3’  
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Supplementary Table S4.1, From Chapter 4:   

Predicted ADMET Properties for Selected PD-L1 Inhibitors. In silico 

ADMET profiles of the control inhibitor (INCB086550) and three leading 

CMNPD-derived ligands. Parameters include molecular weight (Mol wt), 

Caco-2 permeability (log Papp in 10^-6 cm/s), predicted blood–brain 

barrier (BBB) permeability (log BB), CYP2D6 substrate status, AMES test 

for mutagenicity, hepatotoxicity, and skin sensitization. All compounds 

exhibit favorable drug-likeness with no predicted CYP2D6 liability, 

mutagenicity, hepatotoxicity, or skin sensitization risk. 

Compound  D 

 

  CB  6    

CO   O  

C  PD 6477 C  PD   7  C  PD 6   

 ol Wt (Da) 6 4.  6 7  .6      .6   66 .7 7 

Caco  permea ility: 

 umeric (log Papp 

in    6 cm s) 

  .      .  6  . 4   .    

BBB permea ility 

 umeric (log BB) 
  .      .      . 44   .    

CYP D6 su strate  o  o  o  o 

   S toxicity  o  o  o  o 

 epatotoxicity  o  o  o  o 

Skin Sensitisation  o  o  o  o 

 

Supplementary Table S4.2, From Chapter 4:   

Average metrics calculated using the 200 ns of production run trajectories, 

with standard deviations in parentheses. 

 etric Control C  PD 6477 C  PD   7  C  PD 6   

Protein   SD (Å) 1.31 

(0.15) 

1.13 

(0.13) 

1.28 

(0.18) 

1.19 

(0.21) 

 igand   SD (Å) 3.09 

(0.22) 

2.57 

(0.17) 

3.50 

(1.05) 

3.37 

(1.19) 

Binding Pocket 

  SD (Å) 

0.73 

(0.11) 

0.61 

(0.11) 

0.90 

(0.09) 

0.45 

(0.08) 

 igand Pocket 

Distance (Å) 

6.34 

(0.67) 

10.82 

(0.73) 

8.75 

(0.67) 

8.30 

(1.06) 

 igand Protein 

Distance (Å) 

15.29 

(0.90) 

17.86 

(0.58) 

13.39 

(0.37) 

15.87 

(1.20) 

 adius o   yration 

(Å) 

13.62 

(0.08) 

13.63 

(0.07) 

13.69 

(0.09) 

13.67 

(0.08) 

Solvent  ccessi le 

Sur ace  rea (nm ) 

58.24 

(1.96) 

57.44 

(1.58) 

57.27 

(1.89) 

57.03 

(1.94) 
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Supplementary Table S4.3, From Chapter 4:   

 Analysis of hydrogen bond formation through the molecular dynamics 

simulations. Only hydrogen bonds with an occupancy greater than 10% are 

shown. 

Compound  D  cceptor Donor Dist.  ngle Occupancy (%) 

  

  CB  6    

CO   O  

Lig@N4 Arg125@N

H1 

2.90 154.41 20.07 

 DAsp61@OD

1 

Lig@N5 2.78 157.68 39.61 

 Asp26@OD2 Lig@N1 2.74 157.64 35.20 

 Asp26@OD1 Lig@N1 2.74 158.14 34.21 

 Asp61@OD2 Lig@N5 2.78 157.12 34.03 

 Asp61@OD2 Lig@O3 2.69 164.68 31.96 

 Asp61@OD1 Lig@O3 2.68 164.18 21.47 

  

C  PD 6477 Lig@O14 Ser117@O

G 

2.79 162.48 19.45 

 Gln66@OE1 Lig@O6 2.73 161.45 16.45 

  

C  PD   7            

  

C  PD 6   Lig@O13 Arg113@N

H2 

2.80 159.95 50.87 

 Lig@O13 Arg125@N

H2 

2.81 160.22 49.35 

 Lig@O12 Arg125@N

E 

2.84 160.24 47.33 

 Lig@O3 Tyr123@O

H 

2.82 157.44 38.46 

 Lig@O12 Arg113@N

E 

2.84 160.89 34.49 

 Lig@O12 Arg125@N

H2 

2.82 154.87 25.45 

 Lig@O12 Arg113@N

H2 

2.82 154.73 20.74 

 Lig@O13 Arg113@N

E 

2.84 154.40 13.16 

 Lig@O13 Arg125@N

E 

2.86 157.50 12.26 

 Glu58@OE2 Lig@O9 2.70 159.37 11.63 

 Glu58@OE1 Lig@O8 2.71 160.99 10.63 
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Supplementary Table S4.4, From Chapter 4:   

Residue-wise binding free energy (kcal/mol) decomposition of the crucial 

contributing residues. 

Compound  

 

 esidue  vdW 
(kcal mol) 

 elec 
(kcal mol) 

 pol 
(kcal mol) 

 np 
(kcal mol) 

 total 
(kcal mol) 

  CB  6    

CO   O  
Lig  16.58  68.75 62.68 0  22.65 

 Asp26  2.14  29.99 30.52 0  1.61 

 Asp61  1.08  47.28 47.33 0  1.03 

 Lys124  1.44 14.87  11.86 0 1.56 

C  PD 6477 Lig  14.25  9.72 16.49 0  7.48 

 Tyr56  1.99  0.57 1.02 0  1.54 

 Ala121  1.60 0.66  0.44 0  1.38 

 Met115  1.57  0.56 0.98 0  1.15 

 Ile54  1.06 0.003  0.06 0  1.11 

 Gly120  1.76  1.49 2.21 0  1.03 

 Gly119  1.61  2.07 2.76 0  0.92 

C  PD   7  Lig  20.74 3.56 9.08 0  8.10 

 Tyr56  3.91  0.71 1.55 0  3.07 

 Met115  4.14  0.77 2.08 0  2.83 

 Arg113  1.18  2.63 1.38 0  2.43 

 Tyr123  2.25  0.15 1.26 0  1.14 

 Asp61  0.33 2.66  0.88 0 1.45 

 Glu58  1.02 5.68 6.55 0 11.21 

C  PD 6   Lig  13.06  55.94 53.36 0  15.63 

 Arg113  1.82  48.32 41.65 0  8.49 

 Arg125  0.19  49.57 41.85 0  7.89 

 Tyr123  5.39  2.81 6.22 0  1.98 

 Met115  1.24  0.32 0.60 0  0.96 

 Asp122  0.32 14.26  12.98 0 0.97 

 Glu58  0.96 19.57  15.96 0 2.65 
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Supplementary Table from Chapter 5:   

 

Supplementary Table S5.1: Ensemble XP docking scores of FDW028 and 

prioritized marine-derived compounds across multiple FUT8 receptor 

conformations. Docking scores were obtained using the Glide XP docking 

protocol. More negative values indicate more favorable predicted docking. 

XP Docking score among CMNPD8620, CMNPD23062 and 

CMNPD23066 for each receptor model have been noted. FDW028 was 

used as the reference compound. Chain A of 6X5U was used for the original 

virtual-screening workflow, whereas the remaining receptor models were 

evaluated as part of the ensemble-docking analysis. 

FUT8 

receptor 

model 

FDW028 CMNPD8620 CMNPD23062 CMNPD23066 

6X5U chain A −6.547 −10.496 −11.529 −11.452 

6X5U chain B −6.389 −10.839 −11.529 −11.452 

6X5U chain C −4.134 −10.588 −10.847 −10.429 

6X5U chain D −7.911 −10.601 −11.192 −8.686 

6X5U chain E −4.909 −10.725 −11.227 −7.962 

6VLE chain A −3.396 −4.409 −5.189 −4.322 

9L65 chain A −2.207 −5.278 −5.428 −4.576 

6X5H chain A −3.484 −10.055 −11.049 −11.478 

9L64 chain A −3.590 −4.547 −5.469 −3.660 

6TKV chain 

A 

−7.186 −10.125 −9.167 −11.049 

2DE0 chain A −2.535 −7.917 −7.039 −7.722 

 

 

Supplementary Table S5.2: Average structural stability paramrters 

calculated using the 200 ns of production run trajectories, with standard 

deviations in parentheses.  

Metric Control CMNPD2

3062 

CMNPD23066 CMNPD8620 

Protein RMSD (Å) 3.64 

(±0.30) 

3.18 

(±0.41) 

3.88 

(±0.29) 

3.10 

(±0.36) 

Ligand RMSD (Å) 2.17 

(±0.30) 

1.40 

(±0.11) 

1.10 

(±0.09) 

1.62 

(±0.31) 

Binding Pocket RMSD 

(Å) 

1.16 

(±0.19) 

1.11 

(±0.15) 

0.88 

(±0.12) 

1.50 

(±0.22) 

Radius of Gyration (Å) 23.59 

(±0.11) 

23.89 

(±0.19) 

23.74 

(±0.22) 

23.66 

(±0.20) 

Solvent-Accessible 

Surface Area (nm2) 

223.87 

(±3.61) 

227.79 

(±4.18) 

221.52 

(±3.62) 

224.87 

(±3.46) 
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Supplementary table S5.3: Analysis of hydrogen bond formation through 

the molecular dynamics simulations. Only hydrogen bonds with an 

occupancy greater than 10% are shown.  

Acceptor Donor Dist. Angle Occupancy  (%) 

Control 

Lig@N6 Lys369@NZ@HZ2 2.87 159.55 15.90 

Lig@N6 Lys369@NZ@HZ1 2.87 160.04 12.45 

Lig@N6 Lys369@NZ@HZ3 2.87 159.55 10.61 

Asp368@O Lig@N4 2.75 157.02 65.67 

Glu373@OE1 Lig@N4 2.75 153.45 40.25 

Glu373@OE2 Lig@N4 2.76 154.51 39.73 

Glu373@OE1 Lig@N4 2.73 160.66 11.03 

Glu373@OE2 Lig@N4 2.74 160.68 10.38 

CMNPD23062 

Lig@O4 Gln470@N 2.82 162.42 55.52 

Lig@O5 Ser469@OG 2.70 163.58 48.64 

Lig@O4 Ser469@OG 2.71 164.02 29.64 

Lig@O5 Gln470@N 2.81 161.27 29.18 

Lig@O5 Arg365@NH2 2.76 153.71 16.57 

Lig@O5 Arg365@NE 2.83 149.57 12.90 

Ser468@O Lig@N4 2.84 153.32 20.26 

Ser446@O Lig@O1 2.85 150.23 14.06 

Ser446@OG Lig@O1 2.83 145.24 13.35 

CMNPD23066 

Lig@O4 Arg365@NH2 2.78 152.00 95.63 

Lig@O4 Arg365@NE 2.85 148.29 67.11 

Lig@O5 Gln470@N 2.89 165.20 39.20 

Lig@O5 Lys369@NZ@HZ2 2.80 151.24 22.22 

Lig@O4 Lys369@NZ@HZ1 2.83 151.36 22.18 

Lig@O5 Lys369@NZ@HZ1 2.81 148.71 20.39 

Lig@O4 Lys369@NZ@HZ2 2.83 151.50 20.19 

Lig@O5 Lys369@NZ@HZ3 2.81 150.16 14.35 

Lig@O4 Lys369@NZ@HZ3 2.83 151.65 13.37 

Asp368@OD2 Lig@N2 2.81 155.37 71.89 

Glu373@OE2 Lig@N4 2.76 156.10 55.04 

Glu373@OE1 Lig@N4 2.76 156.03 38.57 

Asp453@OD2 Lig@N3 2.83 154.51 38.35 

CMNPD8620 

Lig@O3 Arg465@NH2 2.77 155.49 39.47 

Lig@O2 Gln470@N 2.86 164.30 32.50 

Lig@O3 Gln470@N 2.87 166.23 28.66 

Lig@O2 Arg365@NH2 2.78 156.62 22.75 

Lig@O3 Arg365@NE 2.86 148.53 21.77 

Lig@O2 Ser469@OG 2.69 163.38 19.10 

Lig@O3 Ser469@OG 2.67 164.59 14.84 

Lig@O3 Lys369@NZ@HZ2 2.78 160.19 12.76 

Lig@O3 Lys369@NZ@HZ3 2.78 159.60 12.24 

Lig@O3 Lys369@NZ@HZ1 2.78 159.97 12.15 

Lig@O2 Lys369@NZ@HZ2 2.78 158.80 11.76 

Lig@O2 Lys369@NZ@HZ3 2.78 158.78 11.57 

Asp368@OD2 Lig@N4 2.81 159.33 50.89 
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Supplementary Table S5.4: Residue-wise binding free energy (kcal/mol) 

decomposition of the crucial contributing residues. 

Residue EvdW 

(kcal/mol) 

 

Eelec 

(kcal/mol) 

 

Gpol 

(kcal/mol) 

 

Gnp 

(kcal/mol) 

 

Gtotal 

(kcal/mol) 

 

CONTROL 

Ligand -19.4043 -36.1621 38.81032 0 -16.7561 

ARG 441 -4.01449 -15.8985 16.09836 0 -3.81464 

GLU 373 -1.42837 -16.8741 14.5904 0 -3.71204 

TYR 442 -0.97338 -1.87827 1.685274 0 -1.16637 

LEU 438 -1.52945 1.351421 -0.85288 0 -1.03092 

CMNPD23062 

Ligand -19.3821 -31.3251 46.44513 0 -4.26204 

SER 469 -0.29889 -11.061 5.732874 0 -5.62701 

VAL 471 -1.49277 -2.94824 1.712795 0 -2.72822 

GLN 470 -1.83576 -1.99978 1.582546 0 -2.253 

VAL 450 -1.54909 0.024203 -0.21314 0 -1.73803 

CMNPD23066 

Ligand -17.796395 -72.793391 78.74897 0 -11.8408 

LYS 369 -0.068157 -22.612129 14.68777 0 -7.992512 

ARG 365 -1.471158 -17.192092 10.78259 0 -7.880663 

VAL 450 -2.18269 -0.677366 0.343009 0 -2.517047 

ASP 368 -0.35551 -17.255905 15.25645 0 -2.3555008 

GLN 470 -1.637962 -4.679357 4.019432 0 -2.297887 

GLU 373 0.123009 -14.737026 12.761022 0 -1.852995 

ALA 436 -1.43752 0.009866 0.075515 0 -1.352134 

CMNPD8620 

Ligand -18.7514 -51.8569 62.25895 0 -8.34932 

LYS 369 -1.15074 -20.9064 16.60362 0 -5.45351 

  ASP 368 -0.806 -18.4015 14.0942 0 -5.11325 

ARG 365 -0.79108 -11.9352 10.08165 0 -2.64458 

GLN 470 -1.5754 -5.09842 4.38669 0 -2.28712 

SER 469 -0.45189 -4.7234 2.905713 0 -2.26957 

VAL 450 -1.27156 -0.061 -0.22412 0 -1.55669 
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	Cytoskeleton-Centric Protein- Cytoskeleton-centric proteins are a group of proteins which is known to take part in the progression of various cancers. Further studies have revealed that these proteins are overexpressed in various cancer types such as ...
	Average metrics calculated using the 200 ns of production run trajectories, with standard deviations in parentheses.


