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A B S T R A C T   

Background: Monocytes and macrophages are essential components of innate immune system and 
have versatile roles in homeostasis and immunity. These phenotypically distinguishable mono-
nuclear phagocytes play distinct roles in different stages, contributing to the pathophysiology in 
various forms making them a potentially attractive therapeutic target in inflammatory conditions. 
Several pieces of evidence have supported the role of different cell surface receptors expressed on 
these cells and their downstream signaling molecules in initiating and perpetuating the inflam-
matory response. In this review, we discuss the current understanding of the monocyte and 
macrophage biology in inflammation, highlighting the role of chemoattractants, inflammasomes, 
and integrins in the function of monocytes and macrophages during events of inflammation. This 
review also covers the recent therapeutic interventions targeting these mononuclear phagocytes 
at the cellular and molecular levels.   

1. Introduction 

Monocytes and macrophages are the key innate immune cells which play crucial role in inflammatory processes and are important 
part of the mononuclear phagocyte system (MPS) [1]. They are a heterogeneous population of evolutionarily conserved phagocytes 
known for their versatile ability to respond to various stimuli [2–4], with remarkably distinct roles in homeostasis, immunity, and the 
pathophysiology of different diseases [5]. Monocytes originate in a well-characterized differentiation program of the Mono-
cyte/Dendritic cell progenitors (MDP) in the bone marrow (BM). The BM-derived monocytes were believed to be the precursor of the 
tissue-resident macrophages (TRMs) until the reports from the last decade suggested the origin of most of the TRMs to be yolk sacs or 
fetal liver-derived progenitors [6]. However, in inflammatory conditions, the circulating monocytes originating from the BM invade 
the inflamed tissue and differentiate into macrophages. The TRMs are primarily responsible for tissue homeostasis, whereas the 
monocyte-derived macrophages play a pivotal role in the host-defense mechanisms [7]. The TRMs have been named differently in 
different tissues, and their range of function varies in different compartments. The macrophages are present in the form of Langerhans 
cells in the epidermis, alveolar macrophages in the lungs, microglia in the CNS, osteoclasts in the bone, and Kupffer cells in the liver 
[8]. 

In response to environmental cues, phenotypic plasticity in macrophages plays crucial roles in modulating tissue-specific ho-
meostatic and inflammatory responses [9]. The recruitment of these mononuclear phagocytes at the site of inflammation, where the 
stereotypical alternations in the expression of several surface markers and response to different stimulation lead to a functional 
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polarization into two phenotypically distinct sub-populations of macrophages- M1 and M2 that have dynamic roles in induction and 
repair/resolution of inflammation. The broadly varied spectrum of macrophages is the M1 and M2 continuum, where the M1 mac-
rophages are classically activated and pro-inflammatory end of the spectrum, which mediates tissue destruction and resistance to 
invasion. In contrast, the M2 macrophages are anti-inflammatory, alternatively activated, and steer the regulation and modeling of 
inflamed or injured tissue [10–12]. The re-balancing between the pro-inflammatory and pro-resolution responses in macrophages 
vividly affects the sustaining of inflammation in acute and chronic inflammatory disorders, including but not limited to sepsis, renal 
inflammation, colitis, Diabetes, etc. [13,14]. 

2. Monocytes and macrophages in human and mice 

Monocytes are a heterogeneous population of innate immune cells which can be discriminated by the differential expression of cell 
surface markers in both mice and humans [15]. There are broadly two subsets of monocytes identified in mice based on the relative 
expression of Ly6C, a glycosylphosphatidylinositol-anchored glycoprotein. The monocytes expressing a higher level of Ly6C are 
termed as Ly6Chi monocytes, which mainly participate in the pro-inflammatory functions. They usually express a higher level of CCR2 
and a lower level of CX3CR1. The Ly6Clo subset participates in patrolling, initial events of inflammation, and tissue repair. They 
express lower levels of CCR2 and higher levels of CX3CR1 [16]. In some inflammatory conditions, an intermediate phenotype has also 
been observed, which is often termed as Ly6Cint monocyte or inflammatory intermediate monocyte and is believed to be differentiated 
from Ly6Chi monocyte. The two major subsets of monocytes in mice can be identified as Ly6ChiCCR2hiCX3CR1lo (classical phenotype) 
and Ly6CloCCR2loCX3CR1hi (non-classical phenotype) [17,18]. Similar to mice, there are three subsets of human monocytes: classical, 
intermediate, and non-classical, which can be discriminated against based on the variability in the expression of CD14 and CD16. The 
classical monocyte, identical to the murine Ly6Chi monocytes, is the most prevalent among the three and can be identified as 
CD14++CD16− . The non-classical monocytes are identical to the murine Ly6Clo patrolling monocytes and can be identified as 
CD14+CD16++. The intermediate monocytes (CD14++CD16+) show phagocytic and anti-inflammatory functions and are believed to 
be in transition from classical to non-classical phenotype [19,20]. 

Reinvestigating through fate mapping approaches, transcriptional and surface marker studies have shown the diversity of mac-
rophages in terms of functionality and lineage. Macrophage localization in tissues facilitates monitoring of pathogens or so called 
‘danger signals’, which are sensed through diverse receptors expressed on it. In common epithelia of lymph and capillaries, macro-
phages are placed in the basement membrane. Langerhans cells are populated in the epidermis and are shown to have a self-renewing 
capacity. They are a prototypic representation of dendritic cell lineage; however, like most tissue macrophages, they self-maintain 
locally. Osteoclasts in bones can be derived from mature peripheral monocytes and have receptors for macrophage colony- 
stimulating factor or CSF1, depending on it for development, as was seen in osteopetrotic mice (mutation in M-CSF gene) with 

Abbreviations 

BM Bone marrow 
CCR2 C–C chemokine receptor 2 
CCL2 C–C chemokine ligand 2 
CNS Central Nervous System 
COX-2 Cyclooxygenase-2 
CXCR4 C-X-C chemokine receptor 4 
CX3CR1 CX3C chemokine receptor 1 
DC Dendritic cells 
ECM Extracellular matrix 
FAO Fatty acid β-oxidation 
IL Interleukin 
iNOS Inducible nitric oxide synthase 
Ly6C Lymphocyte antigen 6C 
MCP-1 Monocyte chemoattractant protein-1 
MDP Monocyte/Dendritic cell progenitors 
NFkB Nuclear factor kappa-В 
NLRP3 NLR family pyrin domain containing 3 
PPAR Peroxisome proliferator-activated receptor 
RA Rheumatoid arthritis 
RGD Arginylglycylaspartic acid 
TNF Tumor necrosis factor 
T2D Type-2 diabetes 
VCAM-1 Vascular cell adhesion molecule-1 
WISP1 WNT1-inducible-signaling pathway protein 1 
2DG 2-Deoxy-D-glucose  
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defects in osteoclast development. Red pulp macrophages reside in venous sinuses of the spleen and screen the blood for pathogens and 
degradation of aged and damaged erythrocytes. Further, highly specialized macrophages of the lungs (alveolar macrophages), CNS 
(meningeal macrophages, choroid plexus macrophages, perivascular macrophages, and microglial cells), liver (Kupffer cells) are 
essential for the repair, remodeling and to maintain the integrity of tissue homeostasis [21–24]. 

3. Differentiation of monocytes and macrophages from myeloid cells 

As briefly discussed in the previous section, monocytes originate in the bone marrow from the MDP through a well-characterized 
differentiation program [25]. Conventionally, the classical monocytes (Ly6Chi in mice and CD14++CD16− monocytes in humans) are 
derived from the progenitors and subsequently enter circulation [26]. However, Swirski et al. demonstrated that spleen serve as a 
critical reservoir of monocytes in mice with similar phenotype to blood-derived monocytes [27]. 

A study by Chong et al. reported the heterogeneity of the BM Ly6Chi monocytes concerning CXCR4 expression in both mice and 
humans, where the CXCR4 regulates the monocyte replenishment into the circulation as well as peripheral cellular activities [28]. 
Transcriptome profiling of the progenitors, CXCR4lo, and CXCR4hi BM monocytes showed the CXCR4hi monocyte to be functionally 
more mature than the progenitors but less mature than CXCR4lo monocytes. The CXCR4hi monocytes are immobilized in the BM before 
being functionally mature to replenish the CXCR4lo classical monocytes in circulation (Fig. 1) [29,30]. Several common transcription 

Fig. 1. The mononuclear phagocyte system-trafficking, recruitment, and differentiation. CXCR4hi/Ly6Clo (precursor of CXCR4lo/Ly6Chi 

monocytes) is derived from Monocyte-Macrophage and Dendritic cell common precursor (MDPs) in the bone marrow. CCR2-CCL2 dependent 
extravasation of Ly6Chi, CX3CR1-CX3CL1 dependent extravasation of Ly6Clo; monocytes into blood perform different functions to maintain ho-
meostasis in steady-state conditions. Ly6Clo ’patrol’ the endothelial cell supported vessel and can differentiate into pro-resolving/alternatively 
activated M2 macrophages. In response to injury, inflammation, or neoplasia and infection, inflammatory monocytes (Ly6Chi) mature into in-
flammatory macrophages, which participate in an inflammatory response by secreting chemokines and TNF-α. In such inflammatory niches, 
monocyte-derived macrophages undergo maturation towards the resolution phase or M2 subset until the tissue returns to normal or homeostasis. 
The development of TRMs in response to niche signals gives them unique functional and morphological identities. They can also differentiate into 
M1 and M2 subtypes depending on Th1/Th2 cell-mediated inflammation, respectively. Monocyte-dendritic cell progenitors (MDPs), Tissue-resident 
macrophages (TRMs), Ly6C (lymphocyte antigen six complexes, locus C1), C-X-C motif chemokine receptor 4 (CXCR4), Interleukin (IL) Chemokine 
(C-X-C) motif ligand (CXCL), Chemokine (C-C) motif ligand (CCL), Vascular endothelial growth factor A (VEGFA), Matrix metalloproteinase (MMP). 
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factors such as PU.1 are indispensable for the proper development of monocytes and macrophages [31]. A very recent study in 
zebrafish showed the role of ZBTB14, a transcription repressor, in regulating monocyte and macrophage development by negatively 
regulating PU.1 [32]. The well-established CCR2-CCL2 axis plays central role in monocyte egression from the BM. The involvement of 
different chemokine/chemoattractants responsible for monocyte/macrophage mobilization is discussed further in the next section. 
Under a steady state, the Ly6Chi classical monocytes, which have a concise shelf life in circulation, get converted into the Ly6Clo 

monocytes, which patrol the vasculature. Under inflammatory conditions, the Ly6Chi monocytes are rapidly recruited to the site of 
inflammation [33]. In the study by Lessard et al., the NOD2 receptor by muramyl dipeptide has been shown to convert inflammatory 
Ly6Chi monocytes into patrolling Ly6Clo monocytes [34]. 

Tissue-resident macrophages (TRMs) have important roles in clearance (senescent erythrocytes, pulmonary surfactant, and 
apoptotic cells), development (degradation of bone and angiogenesis), and regulation of metabolism [35]. They also play a funda-
mental role as sentinels of the immune system, initiating inflammatory responses, clearing debris, and restoring homeostatic tissue 
environments after responses of inflammation. Although their origins and maintenance are debatable, TRMs play critical roles in tissue 
homeostasis, inflammation, and remodeling [36]. When macrophages were first hypothesized, monocytes in circulation were thought 
to be the source. However, more recent research has challenged this model, leading to a significant conceptual change in the area. 
Extensive research is being conducted to determine the precise role that adult definitive hematopoiesis plays in TRMs. Hashimoto et al. 
used parabiosis and genetic fate-mapping techniques to demonstrate how some TRMs, such as peritoneal macrophages, red pulp 
macrophages, and lung alveolar macrophages (AMs), self-maintain locally until adulthood with little contribution from circulating 
monocytes. These heterogeneous populations of immune cells fulfill tissue and niche-specific functions [37]. Experimental ablation of 
resident macrophages has shown bone marrow-derived cells’ potential to replace self-renewing resident cells that self-maintain locally 
throughout adult life. A study of tissue-specific transcriptional signatures would allow a more refined assessment of whether they 
recapitulate the function or replace the pre-natal versus monocyte-derived cells where fate mapping studies and single-cell analysis 
identified tissue macrophages such as Langerhans cells and microglia to be derived from the yolk sac during early embryogenesis, the 
contribution of bone marrow-derived inflammatory macrophages to these resident pools remains unclear. The recovery of the resident 
population during homeostasis has raised questions about the fate of inflammatory monocytes. However, recent observations have 
shown in situ phenotypic conversion to become tissue macrophages [38]. Previously, the BM-derived monocytes were believed to be 
the precursor of the TRMs, but different investigations have shown most of the TRMs to be prenatally established, which are main-
tained independently from the BM monocytes; the precursor being the yolk sac or fetal liver-derived progenitors [39]. Under in-
flammatory conditions, the Ly6Chi or classical monocytes are recruited into the site of inflammation, where the local milieu decides the 
fate of these pro-inflammatory cells. The monocytes differentiate into macrophages and may either acquire a pro-inflammatory 
phenotype to eliminate pathogens or an immunosuppressive or regulatory phenotype to aid in the resolution of inflammation [40] 
(Fig. 1). 

4. Monocytes and macrophages recruitment and associated molecules 

4.1. Monocyte and macrophages chemokines 

Chemokines/chemoattractants play a central role in the recruitment of immune cells. The egress of classical monocytes is mainly 
dependent on CCR2, which binds to MCP1 (CCL-2) and MCP-3 (CCL-7) (Fig. 1) [41]. Upon binding, CCR2-CCL2 dimerizes with ECM 
(Extracellular Matrix) Glycosaminoglycan, leading to monocyte recruitment in infected lungs and the production of reactive oxygen 
species and up-regulated integrin expression [42]. The lack of expression in Ccr2− /− mice resulted in reduced numbers of circulating 
monocytes and impaired recruitment to various tissues during inflammation. In addition to bone marrow, siRNA-mediated knockdown 
of CCR2 in splenic monocytes prevented recruitment at the sites of injury/inflammation [33]. Immune regulatory molecules like PGE2 
(Prostaglandin E2) secreted by Ly6Chi monocytes upregulates the CCR7 expression in monocytes. CCR7 is known to retain activated T 
cells in the Tcell area and the migration of dendritic cells (DC) to lymph nodes. Other regulators like glucocorticoids increase migration 
and up-regulated expression of anti-inflammatory cytokines in monocytes [43]. Monocytes and monocyte-derived dendritic cells are 
the maximum populations in the antigen-presenting cell (APC) pool in the secondary lymphoid Organs. Monocytes and 
monocyte-derived dendritic cells are known to initiate the CD8+ T cell responses by antigen presentation; their roles have also been 
investigated, and contradictory results have been obtained in various animal models. For example, tumor-infiltrating mono-
cyte-derived dendritic cells have been shown to prime CD8+ T cells and induce anti-tumor immunity. In contrast, monocytic cells in 
chronic infections abolish the induction of anti-infectious CD8+ T cell responses. Therefore, the specific contribution of monocytes and 
monocyte-derived dendritic cells to the differentiation of CD8+ T cells still needs to be better understood [44]. 

The dual nature of chemokines, inflammatory (controls recruitment of effector immune cells at the site of injury, tumor) and 
homeostatic (navigates leukocytes during hematopoiesis), is attributed to the "four Cys residues’’ fingerprint arrangement and che-
moattractant activity of these assigned chemotactic proteins. CXCL8 is a chemokine released by macrophages/monocytes and is 
functionally important for the recruitment and activation of neutrophils at the site of inflammation [45,46]. CXCL10 is also considered 
a critical chemokine involved in TLR4-TRIF downstream signaling. It attracts monocytes and natural killer cells and activates 
cell-mediated immune responses, which leads to oxidative bursts and exacerbation of lung inflammation [47]. CCL5 is a chemotactic 
protein for monocytes and DC, and CCL5/CCR5 axis is important for preventing apoptosis in macrophages by bilateral activation of 
Gαi/MEK/ERK and Gαi/PI3K/AKT signaling pathways in mice. In the same study absence of CCL5 was shown to cause excessive 
airway inflammation and respiratory death [48]. CX3CL1/Fractalkine -CX3CR1 signaling is reported to be important for monocyte 
survival and myeloid turnover in the bone marrow [49]. Several other chemokines, such as CXCL6, CCL2, CCL4, CCL7, CCL8, CXCL11, 
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and CCL20, are reported to constitute the majority of the chemoattractant significant in lung inflammation in COVID-19 patients [50, 
51]. Monocytes play an important role in antimicrobial immune defense and tissue repair. However, like a double-edged sword, they 
can also contribute to tissue death during various infections and inflammatory disorders. Recent research has helped us comprehend 
monocyte heterogeneity and the processes that regulate their trafficking with tight regulation of the recruitment and termination of 
monocyte-driven inflammatory and anti-inflammatory events may lead to new interventions to treat several inflammatory 
immunopathologies. 

4.2. Integrin signaling in macrophages 

Integrins are transmembrane glycoproteins essential for bi-directional (outside-in and inside-out) signaling across cell membranes. 
The non-covalently attached combinations of 18α and 8β subunits relay sequential and dynamic signals in homing and trafficking of 
immune cells as well as other cellular functions [52,53]. Genetic studies have strengthened the role of these adhesion receptors in 
inflammation, as is evident in patients with leukocyte adhesion deficiency (LAD), a heritable immune deficiency involving mutations 
in the β2-subunit [54]. The members of the β1, β2, and β3 integrin families play a vital role in leukocyte recruitment in remote sites of 
inflammation in tissues. The initial infiltration of inflammatory monocytes in inflammation can be attributed to α4, with reports in 
endotoxemic and CLP models of murine sepsis showing higher expression of α4β1 in inflammatory monocytes [55]. The α4β1 integrin is 
also involved in an important step of leukocyte extravasation by the interaction of the integrin to another adhesion molecule VCAM-1. 
A recent study also reported higher α4β1, α5β1 and αvβ3 expressions in the macrophages during murine sepsis [56]. While the α4β1 and 
α5β1 integrins were more associated with the inflammatory phenotype, the αvβ3 expression was prominent on the immunosuppressive 
phenotype of macrophages in the lungs [57]. RAGE/PS-mediated efferocytosis can be suppressed by High mobility group box-1 protein 
(HMGB1), a classical DAMP that binds to integrin αvβ3 in macrophages. Conversely, HMGB1-deficient macrophages effectively 
phagocytose apoptotic neutrophils and thymocytes, translocating HMGB1 into the cytoplasm and its secretion into the extracellular 
milieu [58]. 

Duarte et al. reported the interaction of α4β1-fibronectin to be involved in the inflammatory response of monocytes/macrophages in 
Hepatic Cold Ischemia and Reperfusion injury. Blocking of fibronectin- α4β1 interaction by CS1 therapy reduced the local release of 
TNF-α, cyclooxygenase-2 (COX-2), and inducible Nitric oxide synthase (iNOS) [59]. Similarly, studies in murine models of spinal cord 
injury and traumatic brain injury showed the role of CD11d integrin in the development of systemic inflammatory response syndrome 
post-injury. The blockade of the CD11d integrin with an anti-integrin antibody reduced the influx of macrophages and neutrophils with 
dampened NF-kB and oxidative enzyme expression [60]. Another report by Fondevila et al. showed the role of α5β1 integrin in the 
inflammatory function of monocytes and macrophages in Steatotic liver cold ischemia and reperfusion injury. Cyclic-RGD therapy 
against the integrin inhibited the recruitment of monocytes and macrophages with a significant reduction in the level of inflammatory 
mediators such as IFN-γ and iNOS [61]. Another study showed the involvement of CD11b integrin in the accumulation of monocytes in 
the L. monocytogenes-infected liver where blockade of CD11b by administration of mAb diminished the localization of monocytes to the 
hepatic foci [62]. αvβ3 is also involved in the differentiation and outside-in signaling of macrophages. Studies have reported that 
substantial ligation of these heterodimers on monocyte-derived macrophages results in PI3 kinase/Akt-dependent activation of NF-κB 

Table 1 
Overview of different Integrin expressions in various inflammatory conditions-.  

Integrin Inflammatory Disorders, Model organism, 
and Cell Types 

Main Expression Features and signaling pathways involved References 

α4β1  • Liver ischemia-reperfusion injury (IRI)  
• Murine (Male Sprague Dawley rats)- 

Leukocytes (Neutrophils and 
macrophage)  

• Fibronectin- α4β1 interactions increases the expression of MMP9 and pro- 
inflammatory mediators by activating the p38 MAP kinase cell signaling 
pathway. 

[59] 

CD11d/ 
CD18  

• Traumatic CNS injury  
• Murine (Long-Evans hooded rats) 

-Neutrophils and monocytes/ 
macrophages  

• CD11d integrin member binds to VCAM-1 in rats facilitating the firm adhesion of 
CD11d+ leukocytes to endothelial cells leading to diapedesis through mechanism 
involving the transcription factor Nrf2. 

[60] 

α5β1  • Steatotic liver cold ischemia  
• Murine (Male Zucker Rats) Leukocytes 

(Neutrophils and macrophage)  

• α5β1 interactions increases iNOS and IFN-γ expressions.  
• Increases Leukocyte infiltration 

[61] 

αvβ3  • Sepsis-induced lung injury  
• Murine (Male C57BL/6) - Peritoneal 

Macrophages and RAW264.7 cell line.  

• TLR4-αvβ3 dependent, WISP1 modulates the release of Inflammatory mediators 
in macrophages through LPS induced ERK (Extracellular signal-regulated kinase) 
activation 

[65] 

αvβ5  • Acute lung injury  
• Murine (C57BL/6 mice), Peritoneal 

macrophages (PM) 

• WISP1–TLR4–integrin β5 modulates pro-inflammatory pathway through signal-
ling involving MyD88 and NF-κB 

[70] 

α1β1  • Murine (C57BL/6 mice Itga1− /− mice)  
• Peripheral Inflammatory Lesion  

• α1β1 mediated adhesion mediates inhibition of macrophage exit from 
inflammatory lesions 

[71] 

α4β1, α5β1 

and 
αvβ3  

• Murine Sepsis (C57BL/6 mice)  
• Monocytes and macrophages  

• High α4β1 expression on the Ly6Chi monocytes in different tissues and High α5β1 

and αvβ3 expression on macrophages in peritoneum and lungs. α4β1 and α5β1 may 
mediate the inflammatory function through Src signaling. αvβ3 may mediate the 
anti-inflammatory functions of macrophages through mechanisms involving 
TGFBR1 signaling. 

[55]  
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transcription factor, which enhances the mRNA levels of many pro-inflammatory cytokines (TNF-α, IL-1β, IL-8, and IL-10) at the site of 
inflammation [63,64]. In recent findings of polymicrobial sepsis in lungs, a matricellular accessory protein, WISP1, was found to 
positively regulate the TLR4-mediated inflammatory response of peritoneal macrophages in WISP1-αvβ3 integrin signaling, suggesting 
a novel pathway for therapy [65]. Integrins have been identified as a mediator of internalization of different pathogen-based ligands, 
with reports on macrophages showing short hairpin RNA knockdown of α3β1 integrin, reduced endocytosis of TLR2/1 receptor 
complex, indicating that α3β1 might have a role in phagocytosis in inflammatory macrophages [66]. Research findings have also 
shown that αM (CD11b) signaling negatively regulates TLR-mediated responses in macrophages by activating Src and Syk kinases, 
which regulate downstream degradation of MyD88 and TRIF, the critical effectors of TLR signaling [67]. Integrin β2 (CD18) governs 
GMP (Granulocyte/Macrophage Progenitor) proliferation with its deficiency upregulates GATA2/FcεRIα, thus besides mediating cell 
adhesion to endothelial cells and stromal cells, β2 integrin and GATA2/FcεRIα/JNK axis regulates proliferation of GMP [68]. 
Macrophage retention is a critical step during inflammation, initiating the progression of diseases. CD11d/CD18 (αDβ2) upregulation 
contributes to the retention of macrophages at inflammatory sites during atherogenesis. CD11d adhesive mechanism contributes to 
mesenchymal migration and extravasation; however, less is known about the bi-directional signaling that contributes to the harmful 
accumulation in various pathophysiological states [69]. The involvement of integrins in the inflammatory response of monocytes and 
macrophages during different inflammatory conditions makes it a potential target for developing anti-inflammatory therapeutics. 
However, the comparison and critical validation of the findings of animal studies in human cells or systems is absolutely necessary. 
Expression of different integrins on monocytes and macrophages studies in different pre-clinical models have been described in 
Table 1. 

5. Functional regulation of macrophage polarization 

Macrophages are fully differentiated sentinels with a wired sensory array to sense extramural or danger signals through a plethora 
of receptors such as pattern recognition receptors (PRRs), integrins, etc. As discussed in the previous section, the tissue microenvi-
ronment is central to the resultant phenotype of macrophages [72,73]. Different factors present in the tissue microenvironment, 
including cytokines, chemokines, ECM, microbial components, and damage associated molecular patterns (DAMPs), are responsible 
for the functional polarization of macrophages [73,74]. Reactive oxygen species (ROS), Reactive Nitrogen Species (RNS), and redox 
modifications are also reported to be involved in deciding the macrophage phenotype [75]. Th1 cytokines, such as TNF-α and IFN-γ, or 

Fig. 2. The two extremes of macrophage phenotype. M0 macrophages are non-activated macrophages with the potential to polarize into pro- 
inflammatory M1 macrophages (upon stimulation with TNF-α, LPS, and IFN-γ, which have a role in the production of pro-inflammatory cytokines). 
M0 on stimulation with IL-4, IL-13, IL-10, IL-21 matures into M2 macrophages. M2 macrophages can further differentiate into M2a (upon stimu-
lation with IL-10, IL-1RA, which upregulates expression of IL-10 and TGF-β, responsible for tissue regeneration), M2b (upon stimulation with IL-1R, 
TLRa, which produces IL-10, TNF-α which leads to an anti-inflammatory activity), M2c (upon stimulation with IL-10, TGF-β, glucocorticoids, 
responsible for the suppression of immune response) and M2d (upon stimulation with IL-6, TLRa, these macrophages are also referred to as TAM or 
Tumor-associated macrophages. Different regulatory molecules like non-coding micro-RNAs also regulate the inflammatory/non-inflammatory 
signaling post-transcriptionally, with more details in the main text. MicroRNA (miRNA), Toll-like receptors (TLRs), Arginase 1 (Arg1), 
Interleukin-1 receptor antagonist (IL-1RA) Interferon regulatory factor (IRF), Signal transducer and activator of transcription (STAT). 
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ligands of TLR or microbial components, such as LPS, usually activate M1 macrophages. In resting conditions, macrophages release 
very low inflammatory cytokines. Upon inflammatory stimuli, the macrophage first switches to the M1 phenotype displaying enhanced 
cytotoxic capacity with high pro-inflammatory cytokines such as IL-6, IL-12, IL-1α, IL-1β, IL-23, and TNF- α production, and low IL-10 
production. The level of cyclooxygenase-2 has also been shown to be elevated in the M1 subtype [76]. The characteristic surface 
markers expressed on M1 macrophages include CD80, CD86, CD14, and high MHC-II [77]. M2 phenotypic macrophages are more 
functionally diverse with several subtypes- M2a (Arg1, CD163, MHCII), M2b (CD86, MHCII), M2c (CD163, TLR1, TLR8) and M2d 
(VEGF). They can be stimulated by several cytokines such as IL-4 and 1L-13 (Fig. 2). Various stimulants induce the different subtypes of 
M2 macrophages, and their functions range from wound healing and tissue remodeling to promoting infection and tumor progression 
[78]. M2a macrophages are stimulated by IL-4 or IL-13, which in turn increases the production of TGF-β, CCL17, CCL18, CCL22, and 
IL-10. These macrophages support tissue healing, cell proliferation, and endocytic activity. TLR ligands, immune complexes, and IL-1β 
activate M2b macrophages, which then secrete pro- and anti-inflammatory cytokines, including TNF-α, IL-1β, IL-6, and IL-10. M2b 
macrophages control the intensity and range of immune responses as well as inflammatory reactions based on the expression profiles of 
cytokines and chemokines. IL-10, TGF-β, and glucocorticoids produce M2c macrophages, also referred to as inactivated macrophages. 
These cells are essential for the process of phagocytosis of apoptotic cells because they release IL-10, TGF-β, CCL16, and CCL18. M2d 
macrophages are stimulated by TLR antagonists, which causes the release of VEGF and IL-10, which in turn promotes angiogenesis and 
the growth of tumors. 

The re-balancing between the pro-inflammatory and pro-resolution responses in macrophages vividly affects the sustaining of 
inflammation in acute and chronic inflammatory disorders. In systemic inflammatory condition such as sepsis, in the early stage, 
macrophages differentiate into the M1 subtype through TLR-ligand binding. This leads to releasing large amounts of pro-inflammatory 
cytokines such as IL-1 and IL-6 to eliminate the pathogens. However, during later stages, the polarization to the M2-like phenotype by 
suppressing the NF-kB pathway reduces the pro-inflammatory response [79,80]. A recent report showed an adaptation of the 
anti-inflammatory phenotype of macrophages correlated with the relatively immunosuppressive microenvironment in the lungs 
during murine sepsis [55] Similarly, a link between TLR and FcγR with Th17 polarizing macrophage phenotype has been linked to 
activation and inflammation in the human gut. The FcγR co-stimulation cross-linking in vitro induces a potent macrophage inflam-
matory response by producing IL-6, TNF-α, IL-10, IL-1β, IL-12, and chemokines, including CXCL8 [81]. Numerous reports suggest that 
failing to regulate the switch between M1 and M2 macrophages can also lead to renal inflammation. M1, the first responder to kidney 
damage, mediates leukocyte migration and releases cytokines and cytotoxic agents that lead to renal damage. Reports also suggest the 
contributory role of M2 macrophages showing immunosuppressive effects by inducing regulatory T-cells that promote angiogenesis 
and endothelial repair in inflamed kidneys [82]. Chronic tissue inflammation is the primary factor responsible for developing type 2 
diabetes. A study showed that human monocytes undergo M1 polarization when kept in a high glucose environment with up-regulated 
CD11c and iNOS. Reports have also shown that dysregulated wound healing in diabetic mice is due to improper transition from M1 to 
M2 phenotype in vivo [83]. 

5.1. Inflammasomes 

Inflammasomes are multimeric protein complexes responsible for inflammatory caspase activation and the maturation of pro- 
inflammatory cytokines and pyroptosis in different immune cells, including macrophages [84,85]. Monocytes and macrophages are 
important innate immune cells expressing inflammasome genes, and several studies have established the inflammasome-dependent 
function of these cells [86]. Our current understanding has shown that upon sensing PAMPs and DAMPs, the canonical inflamma-
some recruits inactive pro-caspase1. Oligomerized pro-caspase 1 leads to auto cleavage into active caspase-1, which induces in-
flammatory cytokines (pro-IL-1β to IL-1β) and pyroptosis, an inflammatory form of cell death. The well-described inflammasome, 
NLRP3, reacts to external cues like ATP, cholesterol, and β-amyloid, and there are reports to show that proportionately the inflam-
matory profile decreases in mice treated with caspase-1 and NLRP3 inhibitors [87]. Hypoxia-inducible factor-1α (HIF-1α) promotes 
IL-1β secretion through the activation of the NF-kB pathway, the first signal for NLRP3 activation [88]. Recent reports suggest the 
second signaling in which HIF-2α deficiency enhances FAO with metabolic contributions from palmitic acid and oxidized phospho-
lipids which promotes/plays a decisive role in NLRP3 activation. Ultimately, Tschopp et al. have shown that inhibition of NLRP3 leads 
to an immunosuppressive behavior of type1 interferons [89]. Numerous recent investigations have also established the contribution of 
inflammasome activation in SARS-CoV-2 infected macrophages in driving COVID-19 pathology. Rodrigues et al. proposed the role of 
NLRP3 inflammasome in COVID-19 severity when they found active NLRP3 inflammasome in PBMC and tissues collected during the 
autopsy. The inflammasome was activated in the infected monocytes and macrophages in the lungs leading to an exacerbated in-
flammatory response in moderate and severe COVID-19 patients [90]. A very recent report by Sefik et al. used a SARS-CoV-2-infected 
MISTRG6-hACE2 humanized mouse model, which comprises a human immune system [91]. The activation of inflammasomes in 
infected macrophages mediated IL-1 and IL-18 release and the pyroptosis of macrophages, resulting in the lungs’ hyperinflammation 
[87]. Inflammasome activation, when blocked, leads to the release of the virus from the infected cells showing the role of inflam-
masomes in preventing a productive viral cycle through inflammatory cytokine production by infected macrophages and its suicide by 
pyroptosis [92]. Similarly, the major inflammasome pathways in sensing bacterial infections include NLRP3, NLRP1b, NLRC4, AIM2, 
Pyrin, caspase-11/4, and NLRP6. A wide range of bacterial products induces the formation of these inflammasome complexes and the 
downstream signaling cascades. However, it has also been well-established that numerous bacterial pathogens have developed stra-
tegies to evade inflammasome activation [93]. The contributory role of inflammasomes, particularly NLRP3 in the monocyte and 
macrophage mediated inflammation in driving the pathophysiology of inflammatory conditions makes it a potential therapeutic target 
for various inflammatory diseases, including COVID-19. We have discussed various inflammasome targeting molecules in modulating 
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macrophage mediated inflammatory response in later section. 

5.2. Transcriptional regulation of functional genes 

Upon activation, many transcription factors in the cytoplasm are transferred to the nucleus, which regulates gene expression. 
Sometimes, they get regulated by small non-coding endogenous RNAs called microRNAs (miRNAs) [94]. Recent studies have identified 
essential transcription factors like KLF6, IRF9, IRF5, C/EBP-α, STAT1, and NF-κB involved in the polarization of M1 macrophages; in 
contrast, STAT3, GATA3, c-MYC, IRF4, PPARs, and STAT6 are involved in the polarization of M2 macrophages [95,96]. Peroxisome 
proliferator-activated receptors (PPARs) have been reported to be associated with polarization of the M2 spectrum with enhanced M2 
specific markers like Arg-1, Mrc1, and TGF-β through inhibition of inflammatory cytokines and nitric oxide synthase 2 in the mac-
rophages of T. cruzi infected mice [97]. STAT protein family members have been reported to regulate M1/M2 polarization and promote 
an inflammatory response in inflammatory bowel disease and atherosclerosis [98]. In IFN-γ-induced macrophages, STAT1 homodimer 
acts as a crucial mediator by binding to cis elements known as IFN-γ-activated sites in the promoter region of M1-specific marker genes 
IL-12 and NOS2 [99]. Upon activation, STAT3 plays an essential role in the progression and polarization of macrophages in the tumor 
microenvironment. IL-6 and IL-10-induce STAT3 mediated M2 phenotype-specific genes like Mrc1 [100]. As opposed to 2 % of 
protein-coding transcripts, nearly 98 % of the genome accounts for non-coding RNAs [101]. Genome-wide sequencing has identified a 
concomitant increase in the numbers of short (20–24 nucleotides in length) ssRNA molecules represented by microRNAs (miRNAs) 
that undergo epigenetic regulatory mechanisms (histone modifications and promoter methylation) at the expression level like other 
protein-coding genes [102]. Nearly 109 miRNAs were identified to have differential expression profiles in human and murine M1 and 
M2 subsets of macrophages [103]. miRNAs cause gene silencing through regulation at the post-transcriptional level, specifically in 
immune cells such as monocytes and macrophages, by binding to the 3′-untranslated region (3′UTR) of target mRNA. miRNA-24, 
miRNA-142-3p, miRNA-30b, and miRNA-199a-5p suppress monocyte-to-macrophage differentiation, with several miRNAs found 
abundant in polarised macrophages. miRNA-125, miRNA-146, miRNA-155, miRNA-let-7a/f, and miRNA-378 are required for M1 
macrophage polarization, whereas miRNA-let-7c/e, miRNA-9, miRNA-21, miRNA-146, miRNA-147, miRNA-187, and miRNA-223 are 
required for M2 polarization [96]. Subsequent studies have identified miR-21, miR-127, miR-720, miR- 451, miR- 181 expressions to 
be up-regulated in M0 to M1 polarization of classically activated macrophages in response to bacterial products and several 
pro-inflammatory cytokines; miR-125a, miR-511-5p/3p, miR- 92a expression in M0 to M2 polarization of alternatively activated 
macrophages in response to several anti-inflammatory cytokines and glucocorticoids. Different reports also suggest the 
microRNA-mediated regulation of PPAR and STAT signaling, which regulates the functional phenotype of immune cells. miR-9 has 
been reported to regulate the expression of PPAR-δ in inflammatory monocytes [104]. The most extensively studied miRNA, miR-155, 
drives polarization of the M1 phenotype with decreased levels in M2 macrophages, and over-expression of miR-155 drives 

Fig. 3. Metabolic signatures of macrophage activation.  
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repolarization towards the M1 phenotype of M2 phenotypic mononuclear cells [105]. miR-155 regulates the expression of nearly 650 
genes, but recent pieces of evidence have shown that its interference in STAT6 signaling alters the expression of M2 
polarization-related genes such as SERPINE, CCL18, and CD23 [106]. Therefore, miRNAs play essential roles in macrophage biology, 
and targeting them may be an effective therapeutic strategy for macrophage-mediated immune diseases. Unfortunately, the 
miRNA-specific network is poorly understood, making drug development difficult. Therefore, developing macrophage-specific carriers 
could significantly boost miRNA-based therapeutic strategy. 

5.3. Macrophage metabolic reprogramming during inflammation 

Along with the known inflammatory and anti-inflammatory regulators of functional plasticity carried out by mononuclear 
phagocytes, recent shreds of evidence depict the role of sugar, amino acid, and lipid metabolic pathways reprogramming in modulating 
their immune response under diverse tissue microenvironments [77,107,108]. The M1 subtype is marked by a high glycolysis rate, 
fatty acid synthesis, and truncated TCA cycle, with flux through the pentose phosphate pathway [109,110]. Along with this, in-
flammatory functions of this phenotype are also mediated by certain intermediates. For example, LPS/IFN-γ stimulation act on suc-
cinate dehydrogenase (SDH) and isocitrate dehydrogenase (IDH) enzymes (an enzyme responsible for the conversion of isocitrate to 
alpha-ketoglutarate) of the TCA cycle due to which citrate and succinate accumulate (TCA break) in these mononuclear cells having 
inflammatory roles [111]. This accumulated citrate converts to itaconic acid, inhibiting SDH and promoting succinate accumulation 
during inflammation [112]. 

Two possible mechanisms have been reported to ensure carbon entry (for enhanced energy demand) in the TCA cycle: repressed 
PDH kinase 1, which leads to sustained conversion of pyruvate to acetyl-CoA, and glutamine-dependent anaplerosis, which replenishes 
succinate through the GABA shunt pathway [113]. During inflammatory conditions, these phenotypes also show up-regulated iNOS for 
NO production by converting arginine to L-citrulline and NO in the presence of the iNOS enzyme [114,115]. NO suppresses the 
mitochondrial electron transport system (ETS) and orchestrates the metabolic reprogramming of macrophages to the M1 subtype 
[115–117]. In contrast, the M2 subtype shows a threshold rate of glycolysis and TCA cycle, high oxidative phosphorylation, and fatty 
acid oxidation [118]. Upon IL-4 stimulation, they generate ATP through β-oxidation and glutamine metabolism, rely on LDL and VLDL 
conveyed through scavenger receptors, CD36, and catabolized in lysosomes and catalyze the conversion of L-arginine to urea and 
L-ornithine (via overexpression of Arginase 1), which serve as precursors of proline required for the biosynthesis of collagen hence, 
repair [115,119] (Fig. 3). 

Pro-inflammatory stimulation acts via specific transcription factors such as STAT 1, STAT 3, NF-κB, and HIF-1α which activate 
iNOS, and COX-2 production. Interestingly, these mononuclear phagocytes also undergo metabolic reprogramming such as high 
glycolysis rate, pentose phosphate pathway, and fatty acid synthesis. Even certain TCA metabolites such as succinate and citrate get 
accumulated which are reported to have inflammatory roles. On the other hand, anti-inflammatory macrophages are well known for 
the expression of Arg1, TGF-β, IL-10, IL-4, and VEGFA production. They have upregulated STAT6 and GATA3 transcription factors 
which regulate its functional properties. Metabolically they have high OXPHOS, enhanced fatty acid oxidation, glutaminolysis for 
energy production, and anti-inflammatory functions. Arginase 1 (Arg1), cyclooxygenase-2 (COX-2); inducible Nitric Oxide Synthase 
(iNOS), GATA binding protein 3 (GATA 3), Hypoxia Inducible Factor-1α (HIF-1α), Interferon-γ (IFN-γ), Nuclear Factor kappa-light 
chain (NF-κB), Signal Transducer and activator of transcription (STAT), Vascular endothelial growth factor A (VEGFA). 

The shift in macrophage phenotypic, metabolic, and functional properties can lead to specific disease conditions including 
inflammation. For example, acute bacterial infections such as Listeria monocytogenes cause inflammation in immune-compromised 
individuals and pregnant woman enhancing M1 reprogramming of macrophages and leading to in vitro and in vivo intracellular bac-
terial lysis [120]. However, the metabolic influence of such bacterial diseases needs more exploration. Additionally, chronic in-
flammatory states such as type-2 diabetes (T2D) can be divided into metabolic or inflammatory types, and the extent of abnormal 
functionality defines their severity by tissue-specific macrophages [121,122]. Even metabolically, certain TCA intermediates were 
found to play a critical role in governing the disease condition. For example, in the body of T2D patients, succinate level is high in 
plasma, and M1 markers are more expressive in islet’s micro-organ patches, which release pro-inflammatory cytokines such as TNF-α 
and IL-1β [122]. Along with this, during diabetic retinopathy also, this succinate binds its receptor (SUCNR1), resulting in inflam-
mation [123–126].Therefore, a complex array and interconnected regulation of metabolic reprogramming in the macrophages are 
responsible for their inflammatory or immunosuppressive states in the presence of specific stimuli or factors present in the tissue 
microenvironment and these can be specifically targeted for improvement of inflammatory condition as discussed in the next section. 

6. Monocytes and macrophage targeting therapeutics in inflammatory diseases 

The ubiquity, plasticity and extensive roles of macrophages in different stages of inflammatory conditions make them an intriguing 
subset that can be targeted for the treatment of inflammatory diseases. Macrophage migration inhibitory factor (MIF) emerged as an 
essential protein for the recruitment of monocytes and macrophages to tissues. The antagonistic effect of MIF on glucocorticoids used 
therapeutically in broad-spectrum anti-inflammatory conditions establishes MIF as a potent target in chronic inflammatory diseases. 4- 
IPP and ISO-1 were designed to inhibit MIF-mediated tumor-promoting and inflammatory effects by targeting specific MIF/CD74 
signaling involved in the upregulation of pro-inflammatory cytokines in macrophages [127–129]. An inhibitor of NLRP3, Dapansu-
trile, is validated to reduce inflammation and interleukin levels in murine models [130]. Several other groundbreaking molecular 
inhibitors identified include MCC950, a diarylsulfonylurea, a particular inhibitor of caspase1-dependent processing of IL1-b and ke-
tone metabolite β-hydroxybutyrate, which has been reported to decrease IL-18 and IL-1β production in human monocytes [131,132]. A 
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recent study by Camilli et al. has shown the potential of β-glucan in attenuating NLRP3-dependent inflammation. Specifically, the 
naturally occurring polysaccharide acted upstream of the NLRP3 and prevented the K+ efflux, generation of mitochondrial ROS, ASC 
oligomerization, speck formation, and ultimately the β-glucan-induced memory in macrophages of cryopyrin-associated periodic 
syndromes patients showed dampened IL-1β secretion and caspase-1 activation [133]. These NLRP3 targetting molecules showing 
promising results can be further evaluated for clinical applications in alleviating the severity of macrophage mediated inflammatory 
disorders. 

As discussed in the previous section, several integrins have been observed to be associated with the macrophage functions 
participating in pathophysiology of inflammatory diseases. Thus, the integrin-based therapeutics have hoarded hefty interest in an 
attempt of the bench to bedside-based translational research in adverse cases of inflammation. An anti-integrin therapy for treating 
sepsis uses antibodies and cyclic or linear peptides as antagonists designed to target integrin’s natural ligand binding site. Antibodies 
like natalizumab and VDZ have shown few systemic adverse effects; however, newer drugs like PF-00547659, etrolizumab, and 
AJM300, to name a few, are under clinical trials to demonstrate their efficacy towards genuinely personalized treatment [134]. In an 
attempt at ligand-targeted anti-Integrin therapy, anti-M7, a monoclonal antibody, was reported to block specific interactions between 
MAC1 and CD40L (pro-inflammatory ligand), reducing in vitro and in vivo recruitment of leukocyte without potentiating inhibition of 
other integrin functionality [135]. αVβ3 plays a voluntary role in macrophage-dependent inflammation, development, migration, and 
inflammatory angiogenesis. MEDI-522 or vitaxin humanized monoclonal antibody, was studied in 2002 as an antagonist of αVβ3 re-
ceptors in rheumatoid arthritis (RA) patients [136]. Cilengitide, a cyclic peptide and an identified inhibitor of αVβ3 used in the 
treatment of glioblastoma, has been reported to reduce E. coli interaction with endothelium in an experimental model of sepsis [137, 
138]. As integrin is known to be associated with a variety of macrophage function ranging from recruitment to inflammatory cytokine 
production, differentiation and polarization, the molecules showing potential therapeutic efficacy can further be evaluated in clinical 
settings. Myeloid plasticity is the hallmark of the innate response to the Toll-like receptor (TLR) activation. A technique by which 
adoptive transfer for monocyte cell fate tracking in systemic inflammation is brought on by activation of TLR7, the primary innate 
immune receptor in mice that detects viral RNA. Through cell sorting, defined monocyte subsets are extracted from donor mice’s bone 
marrow and adoptively injected into the systemic circulation of congenic hosts. This can be done with or without concurrent TLR7 
activation through topical application of imiquimod, a small molecule agonist, in a cream formulation that triggers a systemic in-
flammatory response. Benefits include the ability to define donor cell populations precisely and the destiny of those cells without 
requiring host conditioning in a model that accurately reflects important elements of the systemic inflammatory response to TLR7 
stimulation [139]. 

Lactic acid produced as a by-product of the LPS-induced shift from OXPHOS to the aerobic glycolysis pathway in inflammatory 
macrophages is known to create negative feedback to regulate the function of inflammatory macrophages. An increase in the 
congregated levels of lactic acid reduces the extracellular acidification rate and increases the oxygen consumption rate. In vitro studies 
have shown that macrophages inhibit the TLR-mediated activation of macrophages with downregulated expression of cytokines and 
chemokines such as IL-23, TNF-α, and CCL7, respectively [140,141]. The above observation can be used in the treatments of in-
flammatory diseases as it is reported in a study that hypertonic levels of sodium lactate can alleviate cardiac inflammation in sepsis. 
Small molecular targets of lactic acid agonist G1/O protein-coupled receptor (GPR81) present on the cell surface can also be used as a 
promising target for the programmed metabolic pathway of macrophages [142,143]. In addition to this, well-known TCA metabolites 
can be targeted, for example, succinate, which gets accumulated at high concentration in diabetic patients and is known to act via the 
SUCNR1(GPR91) receptor and regulates macrophage functions such as enhancing pro-inflammatory cytokine production, ROS for-
mation, stabilizes HIF-1α and decreases anti-inflammatory cytokine synthesis [112,123,144–149]. Therefore, drugs can target 
SUCNR1 and inhibit its function during inflammation. 

Plasticity of macrophages provides legitimate strategies to target specific molecules for therapeutic interventions. TSG-6 (TNF- 
α-induced protein 6), an anti-inflammatory protein secreted by activated macrophages, was studied as a target to alleviate IBD in DSS- 
Induced mice [145]. Fibrinogen-like protein 2 (Fgl2) expressed on membranes of macrophages promotes polarization and inhibits the 
worsening of enteritis in colitis mice [150]. Yes-associated protein (YAP) has been known to regulate the conversion of M1 and M2 
macrophages, and YAP conditional knockouts in macrophages relieved colitis in mice [151]. Thus, this accumulating evidence sup-
ports new potential targets in macrophage-based therapy by regulating its phenotype in inflammatory diseases. Besides varying 
phenotypes, macrophage ontogeny from marrow-derived macrophages to yolk-sac/fetal liver-derived tissue macrophages is a gov-
erning concern in developing therapies. The recent development of CAR on macrophages as a bridge between innate and adaptive 
immunity might add an advantage in tissue regions with poor trafficking, such as inflamed joints in RA [152,153]. Human trials using 
ex vivo macrophages (IFNγ/LPS) have shown safety but not efficacy. This lays the foundation stone for using macrophage-modulating 
technology in the future. Nanomedicine in macrophage therapeutics was explored by You et al., where metabolic glycoengineered 
exosomes were targeted against membrane-based scavenger receptors (class A), which are up-regulated in RA-inflamed joints [154]. 
Metabolic regulators of macrophages, such as 2DG, were shown to reduce the inflammatory response in the nephritis model by 
inhibiting glycolysis in macrophages in the kidneys [113,155]. These advances in macrophage manipulation have been tested for years 
to attain homeostasis with valid and flexible cellular platforms against several pathophysiologies. As macrophages are the bridge 
between the innate and adaptive immune system, the therapeutic approaches against disease-causing active macrophages with specific 
dose selection and reduced risk of resistance are a profound challenge, particularly without compromising immunity [156]. 

7. Conclusion 

Monocytes and macrophages are essential to the immune system due to their ubiquity, plasticity, and versatile roles in tissue 
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remodeling, inflammatory response, and homeostasis. The increasing complexity of embryonic and monocyte-derived macrophages 
and their change in transcriptional profile, established by reference datasets using high throughput techniques like single-cell RNA 
sequencing, have enabled us to identify heterogeneity in activation pathways (phagocytic/oxidative stress/inflammatory/tissue 
remodeling) of all predicted clusters of macrophages. Future studies and validation of the vast atlas of transcriptional factors and their 
regulators will introduce new targeted therapies against inflammatory diseases. The redundancy in integrin functions and the over-
lapping roles of diversified integrin-ligand interactions have enhanced our understanding of the different regulatory mechanisms of 
this heterodimeric molecule. Further in this review, aberrant metabolic rewiring in macrophages integrates our knowledge of 
metabolic networks regulating cellular responses to external perturbations. The interconnected positive and negative feedback loops 
with altered metabolic signatures could help develop new promising, conducive approaches targeting "meta-inflammation" or 
"metabolic dysfunction" [157]. To date, extensive investigation has been done in animal models to decipher the molecular events 
involving monocytes and macrophages, their distribution, and phenotypical changes in the events of inflammatory conditions. At the 
same time, the study of the human system is comparatively less. Validation and re-investigation of the findings of in vivo studies in the 
human system or patients will help enumerate the potential therapeutic targets involving monocytes and macrophages. 
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