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Abstract: An event of increasing interest during host-pathogen interactions is the differentiation of 

patrolling monocytes (MOs) and the polarization of naive MOs into macrophage subsets (MФs). 

Therapeutic strategies aimed at modulating this event are under investigation. This review focuses 

on the mechanisms of induction, development, and profile of MФs polarized toward classically 

proinflammatory (M1) or alternatively anti-inflammatory (M2) phenotypes in response to bacteria, 

fungi, parasites, and viruses. It highlights nuclear (PPARγ), cytoplasmic, and cell surface receptors 

(pattern recognition receptors/PPRs), microenvironmental mediators, and immune signaling. MФs 

polarize into phenotypes: M1 MФs, activated by IFN-γ, pathogen-associated molecular patterns 

(PAMPs, e.g. LPS)/DAMPs and membrane-bound PPRs ligands (TLRs/CLRs ligands); or M2 MФs 

(a, b, c and d), induced by IL-4, -10 and -13, antigen-antibody complexes, and helminth PAMPs. The 

kinetics of M1 and M2 polarization evolve in a pathogen-specific manner, with or without 

canonicity, and can vary widely. Ultimately, this can result in varying degrees of host protection or 

more severe disease outcome. While the host is driving an effective MФs polarization, pathogens 

are attempting to shift it to increase pathogenicity. The latter results from a bias toward an 

ineffective M1 or M2 response due to microbial virulence factors, culminating in pathogen evasion 

of host defenses. Plasticity of M1/M2 phenotypes is also ensured by cellular/genomic 

reprogramming. Because modulation of this event can occur at multiple points, providing a 

therapeutic/vaccine design target to boost microbicidal (M1) or tissue repair (M2) response during 

the inflammation-to-resolution transition; new insights and emerging perspectives may have 

clinical implications. 
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1. Introduction 

Infectious diseases remain a serious public health problem worldwide, responsible for a 

significant proportion of morbidity and mortality. They also have a significant impact on populations 

in terms of disability-adjusted life years (DALYs)/years lived with disability (YLDs), sequelae and 

quality of life [1–4].  

During the innate immune response, the action of monocytes (MOs) and MOs differentiated into 

macrophages (MФs) has been reported as an important weapon of the human host against various 

pathogens. It has been extensively studied in the context of infections caused by viruses, protozoa, 

bacteria, and fungi [5–8]. These cells are involved in wound healing, the transition between innate 

and acquired immunity, and the maintenance of tissue homeostasis. They also fight potentially 

pathogenic microorganisms and regulate the inflammatory process associated with infectious 

diseases [9–11]. 

The classification of MФs, first reported in 2000, is based on the polarization of CD4+ T-helper 

(Th) lymphocytes and the corresponding Th1 and Th2 responses proposed in 1986. In recent 

literature, the M1 (formerly known as classically activated MФs) and M2 (alternatively activated 
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MФs) phenotypes have been described as subpopulations, subtypes, or subsets of MФs. This model 

is based on MФs ability from C57BL/6J to produce nitric oxide (�NO) (M1 phenotype) versus MФs 

ability from BALB/c mice (M2 phenotype) [10–12]. However, as of 2014, a more cautious view has 

shown that the dichotomous model appears minimalistic given the different transition and continuity 

phenotypes that exist in a population of MФs during the immune response, regardless of whether a 

canonical dynamic is present or not. This demonstrates the complexity of the broad spectrum of MФs, 

which may occur depending on the complex and multifactorial chemical microenvironment that 

permeates inflammatory and microbial stimuli in each tissue [11–14]. It is temporally delimited by 

the kinetics and specificity of a particular innate immune response and its importance in the transition 

to the acquired response. The current evidence has led to the proposal of a multi-polarization model 

of MФs. This has already been demonstrated for a more heterogeneous population of CD4+ Th cells 

(Th1, Th2, Th17) [11,14–18]. 

Microbial stimuli such as pathogen-associated molecular patterns (PAMPs) and/or 

microenvironmental signals, immune mediators, trigger mechanisms through specialized immune 

pathways and drive MФs polarization. Among these stimuli/inducers produced by the host during 

infection, damage-associated molecular patterns (DAMPs, such as ↑[ATP], succinate, HMGB1, 

cardiolipin, n-formyl peptides, TFAM, mitochondrial DNA and histones) are highlighted, 

Resolution-associated molecular patterns (RAMPs, such as HSP 10 and 27) and specialized pro-

resolution mediators (SPMs, including resolvins, protectins, molesins, lipoxins, and other lipid 

mediators) are also involved in MФ polarization; as these, in addition to PAMPs and other microbial 

stimuli, are also recognized by pattern recognition receptors (PRRs, such as toll-like receptors, TLRs, 

TLR4 involved in recognition of lipopolysaccharide (LPS) or HMGB1 (DAMPs), or RAMPs; 

mitochondrial DNA recognized by TLR9), P2X7 [e. e.g. recognition of DAMPs (ATP) and PAMPs], 

nuclear receptors [NRs, such as peroxisome proliferator-activated receptor gamma (PPARγ) and liver 

X receptors (LXRs)] and other cell surface receptors (CSRs) in MOs/MФs, providing targets for 

immunophenotyping [8]. In MOs/MФs, membrane-bound PRRs include TLRs (1, 2, 3, 4, ….9) and C-

type lectin receptors (CLRs). Cytoplasmic PRRs are represented by NOD-like receptors (NLRs) and 

RIG-I-like receptors (RLRs) [6]. 

In this way, the broad polarization profile of MФs can be demonstrated by the specific structural 

features and markers of these cells, such as the cluster of differentiation (CD), as well as by the distinct 

functional phenotypes. A highly microbicidal/proinflammatory phenotype has been characterized 

for M1 MФs or anti-inflammatory for M2 MФs [8]. Thus, M1 MФs are microbicidal, while M2 MФs 

are pro-resolving and can mitigate tissue damage by promoting tissue repair and healing (i.e., they 

can also fight some pathogens, e.g., helminths). However, during polarization and repolarization 

(reprogramming), both profiles (M1 and M2) work together in the transition from inflammation to 

resolution of inflammation/infection [8]. 

In this review, we discuss the stimuli for inducing, activating, and identifying the phenotypes 

of MФs populations during the innate immune response to medically relevant microorganisms and 

clinical implications. We will highlight the importance of PAMPs, PRRs, microenvironmental signals, 

and other immune mediators involved in the immune pathway as well as microbial virulence factors 

against MФs immune response. 

2. MOs, MФs and polarization: an overview 

Leukocytes are a diverse group of blood cells. They mediate the body's immune response. 

Among leukocytes, ~10% are MOs [19]. These hematopoietic cells of the mononuclear myeloid 

lineage are estimated to have an average residence time in the blood stream of 1 to 3 days. In addition 

to being considered as antigen presenting cells (APCs) that recognize pathogens and present their 

derivatives in lymph nodes near when they leave the bloodstream, MOs give rise to specific tissue 

MФs (Table 1). These MФs perform important constitutive functions in the human organism that are 

controlled by different pathophysiological states, location, and specific signals from the 

microenvironment, with a lifespan that can vary from a few days to months or years (Table 1) [20]. 

The tissue MФs themselves also serve as APCs carrying information about the context of the tissue 
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infection to the nearest lymph node, with the aim of reinforcing the immune response [21]. Identified 

more than 100 years ago by Ilya Metchnikoff, whose description of phagocytosis earned him a Nobel 

Prize in Medicine in 1908, MФs stand out for recognizing and neutralizing aggressive stimuli 

(phagocytosis and microbicidal activity), producing immunomodulatory substances (such as those 

that afford the adaptive immune response) and preserving the integrity of different tissues in the face 

of an exacerbated response (through resolution/repair/healing) [6,22,23]. 

Table 1. Tissue distribution of macrophages (MФs) in humans. 

Location* Resident cells 
Main microorganisms (stimuli/tropism) that 

activate the response 

CNS (brain) 
Microglia**  

 

Toxoplasma gondii, Schistosoma spp., Cryptococcus 

neoformans, virus, and bacteria  

Bones  Osteoclasts*** Anaerobic microorganisms, S. aureus 

Heart/vessels Resident cardiac MФs  
Trypanosoma cruzi, Streptococcus spp., Candida 

albicans, Staphylooccus aureus 

Liver Kupffer cells 
Plasmodium spp., Trypanosoma spp., Schistosoma 

spp., HAV, HBV, HCV, S. aureus 

Lungs Alveolar MФs  

Mycobacterium tuberculosis (Mtb), Aspergillus 

fumigatus, Pseudomonas aeruginosa, S. aureus, C. 

neoformans, Streptococcus spp., SARS-CoV e SARS-

CoV-2, other viruses 

Adipose 

tissue**** 
Adipose tissue MФs  Brucella spp.,  parasites, SARS-CoV-2 

Connective tissue Histiocytes Pathogens in general 

Intestine/ 

Peritoneum 

MФs  associated with the 

intestine/Peritoneal  MФs 

Enterobacteriacae,  some viruses, parasites in 

general; immunotolerance to commensals 

Kidneys Mesenchymal cells Virus and bacteria  

Spleen Red pulp MФs (RPMs) 
Plasmodium spp., parasites, and microbes of blood 

origin 

Skin/Epidermis 
Langerhans cells/ 

Dendritic cells (DCs-MOs) 

Staphylooccus spp., Mycobacterium leprae, Leishmania 

spp., Paracoccidioides brasiliensis, Candida spp. 

*Resident macrophages are more abundant in the CNS and epidermis and less abundant in the intestine and 

dermis. In the latter two sites, circulating monocyte-derived macrophages (MФs-MOs) predominate. In the other 

sites, there is a balance between resident macrophages and MФs-MOs [19]. In all cases, resident MФs are present 

in both normal and pathological conditions. The type and frequency of MФs may vary depending on the 

microenvironment and the type and chronology of the aggression. **According to Ransohoff [23], the minimalist 

model of M1 and M2 microglial nomenclature should be avoided. It neglects the more complex issues that exist 

for the spectrum of MФs subpopulations in the CNS, which takes into account the implications of the 

pathophysiological state and functional machinery of these cells. ****In the context of viral and bacterial 

infections, these cells can be activated. This includes acting as a reservoir for microorganisms. 

In a context that goes far beyond the old models of classically activated and alternatively 

activated MФs, the nuances of activation and development of polarization of specific and functional 

subpopulations of these cells can be didactically divided into several stages. In more advanced stages, 

reprogramming can occur, making the population profile of MФs in a given microenvironment 

heterogeneous and favoring all the processes in which these cells participate. Differentiation of 

circulating mature MOs into tissue MФs is the first stage. MOs are exposed to various stimuli 

designed to prime these cells. This is done by stimuli that may not be strong enough to generate a 

specific polarization, but that will make the cells more susceptible to other specific stimuli that they 

will encounter in the infectious focus and/or target anatomical site (second phase). In a third phase, 

the MФs reach a mature functional profile in response to a specific stimulus, and those MФs that 

survive the defense task enter a deactivation profile, also called resolution of the 
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inflammatory/infectious focus. During the resolution phase, those M1 MФs that survived the 

infectious-inflammatory focus can be reprogrammed to the M2 profile, i.e. that of repair and healing, 

in addition to a subpopulation of M2 that is polarized (mainly by programming circulating MOs 

attracted by chemokines). Another hypothesis is that tissue MФs are at rest (M0) under physiological 

conditions or even in the early stages of pathological processes. In this context, functional 

reprogramming occurs. Thus, when appropriately primed and stimulated, these cells can be 

classically activated (M1), alternatively activated (M2a), or deactivated (M2c) [24,25]. 

While the phenotypic sub-populations of M1 MФs are avidly related to microbicidal activity, in 

the so-called "common host response against pathogens", mainly in the acute phases initiating and 

sustaining inflammation, presenting high production of reactive oxygen (ROS) and nitrogen (RNS) 

species, combined with a high expression and activity of inducible nitric oxide synthase (iNOS), the 

MФ2 sub-populations are related to the resolution of the infectious/inflammatory process and tissue 

repair and, in the specific response to different stimuli from parasites, fungi and intracellular bacteria 

and viruses (Table 2) that infect vital organs or tissues, presenting high gene expression and 

functional activity of arginase (Arg) and considered immunomodulatory [21]. Therefore, congruent 

with the orchestrated immune response in humans, M1 MФs are related to the Th1-type response 

pattern and NK cells (cellular response), while M2 MФs subpopulations are reported to have a Th2-

type response pattern and interact with B lymphocytes (stimulating the humoral response), mast cells 

and basophils (mediating allergic processes), as well as responding via type 2 inflammation in 

response to certain microorganisms [10,11,26–28]. 

There are no unanimous reports in the literature on a single or a few membrane markers for 

evaluating the differentiation of MOs into MФ1 and MФ2 subpopulations, and contextual evaluation 

(also reporting the species from which the MФ originates), which involves evaluating a set of 

membrane markers, the biological context from which the MOs or MФs originate (e.g. inflammatory 

focus, presence of cancer, regenerated tissue, among others), the functional activity of these cells 

(oxidative state, microbicidal activity, arginase/iNOS ratio, among others) and gene expression 

analysis can guide the interpretation of a particular MФ subtype in a cell population. Even so, the 

membrane markers CD80, CD86, MHC class II (also present in lower density on the MФ2 cell surface) 

are more closely related to the MФ1 subtype and CD23, CD163 and CD200R to MФ2 [10,18]. 

It should be noted that, due to these multiple characteristics performed by MФs, with various 

cellular and molecular components responsible for the primary recognition of a pathogen (innate 

response), activation of microbicidal mechanisms and signaling for an orchestrated specific 

(acquired) and memory response, in addition to the resolution of the infectious and inflammatory 

focus and tissue healing and growth, it has been suggested that, in vivo, there is not just one 

dichotomous profile of these cells, but rather different polarized sub-populations (M1; M2a, b, c and 

d, Mhem and MOx; Table 3 and Figure 1) that coexist at a given site of infection, and that, temporally, 

some sub-populations may stand out numerically. This fact has been confirmed in studies exploring 

different biological contexts using specific experimental models, in which there is a great 

heterogeneity of MФs subtypes, but with the possibility of a certain subtype prevailing. Thus, the 

paradigm of the coexistence of sub-populations in vivo is also the result of a temporal issue in the 

response to tissue aggression, since a prolonged and excessive polarization of the M1 type that occurs 

in the common host response to pathogens, leads to a consequent profile of M2 programming aimed 

at the production of anti-inflammatory mediators and resolution of the infectious focus [29]. 

2.1. Stimuli for the activation of polarization 

Irrespective of whether the immune response involved is T-cell dependent or independent, as 

well as whether it involves other cell types (such as the T lymphocyte-independent B lymphocyte 

response), the scope of this review is to emphasize in detail and exclusively the role of macrophages 

in polarization; thus ignoring the potential coexistence of other responses, such as when the antigen 

is protein/peptide and activates T cells to direct and amplify the response, or when the antigen is 

lipid/carbohydrate and activates a response via B cells with a predominantly humoral profile. It 

should be noted that circulating MOs and tissue MФ, such as professional phagocytes, respond 
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immediately to microbial stimuli. Thus, in a manner that is not necessarily canonical [30], PAMPs of 

protein/peptide origin tend to generate a response that involves T cells, which may at some point 

modulate the targeting and amplification of the polarized response via a particular MФ profile. 

Microorganisms with non-protein PAMPs, i.e. carbohydrates or lipids, usually induce a Th2/M2 

skewed response in addition to the primary phagocytic response. This response can also involve a T 

lymphocyte-independent B lymphocyte response, i.e. in response to potentially pathogenic fungi 

(Candida albicans and its glycans), parasites (containing glycans) and bacteria (Escherichia coli 

containing LPS) (PAMPs and stimuli summarized in Table 2) [30,31]. In general, after recognition of 

microbial PAMPs, the immune response is processed and directed through the production of 

cytokines. Naive MOs and MФs are also primed with cytokines and/or proinflammatory stimuli of 

the Th1 profile, including interferon (IFN)-γ produced by such cells (recognized by IFN-γR1 and 2), 

TNF-α, IL-1β, 6 and 12; polarizing to M1 MФs, while those cells primed with cytokines IL-4, 10 and 

13 are polarizing to M2 MФs [30,31]. 

Table 2. Stimuli and receptors involved in macrophage (MФs) polarization. 

PAMP/DAMP 

RAMP/SPM 
ORIGIN 

MACROPHAGE 

RECEPTORS/LOCATION 

MACROPHAGE 

ACTION 

LPS, spike, formyl peptides, 

flagellin, high mannose, chitin, 

β-glucans, ss/dsRNA, CpG 

DNA 

Lipids, proteins, 

carbohydrates, and 

nucleic acids from 

microorganisms 

PRRs: TRLs (2, 3, 4, 5, 7, 8, 

9, 11) and CLRs 

(membrane-bound) and 

NLRs/RLRs (cytoplasmic); 

Dectin-1 

Proinflammatory 

PAMPs. 

DNA, RNA, IL-1A/B, histones, 

HSPS, uric acid, oxidized 

phospholipids, decorin, 

fibronectin 

Nucleus, cytoplasm, 

plasma membrane 

and extracellular 

matrix of the dying 

cell 

PRRs (TLRs 2, 4, 7, 8, and 

9), RAGE, NLRP, CDs, 

P2X7, ↑IL1RLI, IL1RLII 

DAMPs with 

inflammation-

inducing activities. 

HSP10, HSP27 
Dying cell, tissue-

resident cells 

TLR4, CD36, MSR, 

MERTK, PTGERE 

Pro-resolution 

RAMPs. 

lipoxins, resolvins, protectins, 

maresins 

Efferocytes, tissue 

resident 

mesenchymal 

stromal cells 

LGR, GPRs (18, 32, and 

37), ALX, ERV 

SPMs with 

resolution-inducing 

activities. 

 

HMGB1, ↑[ATP], IL-33, PGE2, 

annexin1 

Dying cell 

 

TLR 2, 4, 5, RAGE, TREM-

1, EP2, 4, ST2, FPR2 

DAMPs and RAMPs 

acting in the 

transition from 

inflammation to 

resolution 

PAMP: pathogen-associated molecular patterns; DAMP: damage-associated molecular patterns; RAMP: 

resolution-associated molecular patterns; SPM: specialized pro-resolution mediators. Dectin recognizes β-

glucans from pathogenic fungi. Reference: revised in [8]. 

Thus, the induction of MФs polarization is guided primarily by the specificity of the stimulus 

that induces it (Table 3), unless during the course of such a programmed response there are factors 

that modify it, such as those presented in the repertoire of microorganisms [11], or by the host itself 

in order to control an exacerbated response and/or accelerate tissue resolution and repair 

(reprograming polarization). In that way, PAMPs can induce a specific polarization, acting directly 

through interaction with PRRs in T and B lymphocytes, as well as MOs and/or MФs [28,32]. Among 

the PRRs, the TLRs, mainly TLR4, have been the most described. PAMPs (such as LPS) can act 

indirectly on polarization, modulating the cytokine/chemokine profile and/or inducing IFN-γ which 

will subsequently interact with MФs. 
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Furthermore, the ability of MФs to recognize and respond to a wide variety of stimuli in specific 

microenvironments is the result of a wide range of receptors present on the surface of these cells, such 

as those above mentioned for the recognition of microorganisms (including PRRs), for coagulation 

factors, for components of the extracellular matrix, transport proteins, growth and differentiation 

factors and for cytokines [33]. Also, after the MФs are stimulated, cytoplasmic mediators are 

activated, such as nuclear factor (NF)-κB, and gene expression is activated, defining the phenotypic 

profile of the MФ, as will be discussed below. 

Table 3. Spectral model of macrophage (MФs) polarization in humans and their associated profiles. 

Phenotype 
Activation/ 

Stimulus 
Markers 

Immune signaling and 

molecules/functionally: 

Transcriptional profile 

and cytokine/chemokine 

production 

Profile functional of the 

phenotype 

M0 ---- ---- ---- ---- 

M1 

IFN-γ;a 

PAMPs/LPS; 

GM-CSF; other 

TLR ligands 

CDs 68, 

80, 86; 

MHC II; 

 

↑iNOS; TLR2, TLR4; 

ILs-1β, 6, 8, 12, and 23; 

TNF-α, IFN-γ; CXCL 8, 9, 

10, 11, and 16; CCL 2, 3, 

and 5; 

Microbicide 

Type I inflammation 

Inflammasome 

↑Oxidative burst (ROS/RNS) 

↑ETs 

M1/Th 1,17 responses 

M2a 

ILs-4 and -13; 

Fungi/ 

Helminths 

CDs 23, 

163 e 200R 

↑ARG1; IGF1; DecoyR; 

ILs-1r, and10; TGF-β; 

IL-CCL17, 22, and 24; 

Resolution of infection  

Killing and encapsulation of 

parasites 

Allergy 

M2/Th2 responses   

Type II inflammation 

M2b 

IC+TLR/ 

(Ac-Ag); 

IL-1R 

IL-1β 

LPS 

CD86 

MHC II 

↑eNOS; CCL1; 

ILs- 1, 6, 10 , and 16; TNF-

α 

Resolution of 

infection/inflammation 

Immunoregulation 

M2/Th2 responses 

M2c 
IL- 10; TGF-β; 

Glucocorticoids

CD163 

TLR1, R8 

ILs-1β and 10; TGF-β; 

CCR2; MMP9; ↑ARG1 

 

Immunoregulation (suppression 

of T cell responses) 

↑Repair/healing 

M2d 
IL-5; LIF; 

Adenosine 
VEGF 

ILs-10 and 12; TNF-α; 

TGF-β; CCL5; CXCL10 

and 16 

---- 

M4 ---- 
CDs 86 

and 206 
TNFα; CCL18 and 20 ---- 

Mhem ---- CD 163 HO-1; IL-10 ---- 
MOx ---- ---- HO-1, SD-1, TR-reductase ---- 

a The different types of IFN can have different functions and induce different subsets of MФs during polarization. 
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Figure 1. Graphical Abstract. Macrophages (MФs) (re)polarization in response to different stimuli 

and the associated functional profiles of their immunophenotypes. . 

2.2. Profile of polarized MФs: development and ramifications in programming and reprogramming sub-

populations 

After responding to a given stimulus, MФs will mount a cellular response that begins in the 

cytoplasm and extends to the activation of specific genes that guide the production of proteins and 

mediators that influence cellular metabolism, the signaling of other cells and the response profile to 

the aggressive stimulus. Programming is understood as the specific cellular machinery as a whole 

[stimulus uptake receptors (such as PRRs), second messengers (such as kinases), gene expression and 

metabolism regulation sensors (such as NF-қβ, HIF-1, AMPK and mTOR)] that coordinately direct 

certain functional properties [proinflammatory (M1 MФs) or anti-inflammatory (M2 MФs) profile] of 

polarized MФs [26,34]. In 1938, Kempner was the first to link cell metabolism and inflammation [28]. 

Therefore, programming encompasses the entire context of the activity of MOs and polarized MФs 

and can be initiated through the priming of circulating MOs by cytokines and extending to the tissues. 

It can also begin in the tissues and reprogramming, an event that reverts to the functional 

characteristics achieved by a certain subpopulation of MФs, is similar to programming in that it has 

transcriptional and metabolic characteristics. As it involves a broad context, programming and 

reprogramming will be discussed in different topics. 

2.3. Metabolic programming and transcriptional profile during the differentiation of MOs into MФs and 

polarization 

2.3.1. Differential gene expression and metabolism 

Polarization programming and reprogramming is a dynamic and rapid process that involves 

signaling networks at the transductional, transcriptional and translational levels. In a context that 

involves an intricate cytoplasmic network for the transduction of the signal captured by MФs 

membrane receptors, and nuclear, governed by the specificity of the stimulus, transcriptional factors 

and post-transcriptional regulators are highlighted. Monocyte and MФ NRs are ligand-activated 

transcriptions factors and key players to control polarization in infectious diseases. IFN regulatory 

factor (IRF), signal transducers and activators of transcription (STAT) and suppressor of cytokine 

signaling (SOCS) are some of these. The IRF/STAT pathway triggered by IFN-γ or TLR (induction by 

microorganisms) converges on the activation of pathways involving NF-қB/PI3K, triggering the 
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transcription of genes related to the M1 program (as examples, the TNF-α, COX2, CCL5 NOX2 and 

iNOS genes, and for the cytokines IL-1 and IL-6). On the other hand, MФs activated with IL-4 or IL-

13 trigger STAT6 and downstream elements, such as PPARγ and δ, which inhibit the transcription of 

genes of the M1 program (for example, by trans-repression of NF-қB) and trigger those of the M2 

program (such as ARG1), which is potentially anti-inflammatory [28,35]. A broad transcriptional 

profile was reported by Martinez et al [26], revealing the intense transcription of genes related to the 

proinflammatory profile in M1 MФs and anti-inflammatory in M2 MФs. 

 Regarding the metabolic machinery, the metabolism of proteins and amino acids, lipids, 

carbohydrates and even minerals and the redox status markedly differentiate the subpopulations of 

MФs [28]. Among the changes in metabolic programs, those in amino acid and carbohydrate 

metabolism have been described as important markers of the different MФs subpopulations. Thus, 

the enzymes IDO1 and IDO2 and TDO, which catalyze the oxidative catabolism of the amino acid 

tryptophan (Trp), are important markers of amino acid metabolism and M1 and M2 functional 

profiles. The actions of these enzymes imply a microbicidal capacity by restricting the bioavailability 

of Trp, which is essential for the growth of a wide variety of microorganisms (viruses, bacteria, and 

parasites), therefore, in the infectious focus, high expressions delimit the sub-population phenotypic 

profile of M1 MФs [28]. A similar strategy has been described for iron (Fe) metabolism in the infection 

microenvironment, where M1 MФs repress the expression of ferroportin (an Fe transporter) and 

CD163 (an Fe-rich hemoglobin scavenger receptor) and induce ferritin (which favors the intracellular 

sequestration and storage of Fe in MФs), consequently sequestering (competing for Fe) this essential 

element for the microorganism and also controlling the redox context in which Fe participates [28]. 

The enzymes Arg1 and iNOS also play important roles as metabolic and functional indicators of 

MФs, related to competition for the metabolism of the amino acid arginine. Thus, when MФ expresses 

more iNOS to the detriment of Arg1 (MФ1 sub-population), L-arginine will be used preferentially for 

the synthesis of �NO or urea (using NADPH and O2), thus orchestrating the intricate microbicidal 

capacity of these cells. On the other hand, when MФ expresses more Arg1 to the detriment of iNOS 

(M2 MФ sub-population), the production of ornithine or L-citrulline will be favored, ornithine being 

a precursor of proline which, along with ornithine itself and other polyamines formed, are essential 

for collagen biosynthesis and tissue growth and fibrosis (healing MФs), thus guaranteeing the 

functionality of M2 MФ during tissue repair and remodeling [10,11,26,28,34,36]. 

As for energy metabolism, the control of hypoxia, which is common in the microenvironment of 

lesions due to infection and/or inflammation and high metabolic requirements, is also in the 

repertoire of MФs [28]. The stabilized hypoxia-inducible factor-1 (HIF-1) induces the expression of 

hundreds of genes that regulate angiogenesis, metabolism, and survival, favoring adaptation to low 

O2 pressures and the microbicidal action of MФs. In this same context, the energy sensors: AMP-

activated kinase (AMPK, controls ATP synthesis) and the target of rapamycin in mammals (mTOR, 

adapts to protein synthesis); are capable of adapting the metabolism of MФs in infectious-

inflammatory microenvironments to the demand required by the adversities of these contexts and 

also to avoid the energetic benefit of the microorganism. A decrease in AMPK activity is congruent 

with a proinflammatory population phenotype (M1 MФs), while an increase is anti-inflammatory 

(M2 MФs) [28]. Thus, the metabolism of carbohydrates is strongly influenced by the context of 

polarization (also involving mitochondrial dynamics), as well as that of lipids, which suffers 

metabolic consequences during β-oxidation and, above all, presents specific membrane lipid 

components due to the signaling of the inflammatory process [25,37]. As an example, the β-oxidation 

pathway in M2 MФs has been described as functional in the activity against some parasites [34]. 

2.3.2. Cytokine and chemokine profile during polarization 

Cytokines such as interleukins (ILs) and TNF-α, and homologous cytokines such as chemokines 

(chemotactic factors with CC or CXnC structural sequences) during the innate immune response 

mediate various functions of the immune system, also serving as a communication mechanism 

between cells and allowing the transition between innate and acquired immunity. The effects of these 

mediators as well as their transcriptional profile are strongly distinct in different phenotypic 
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subpopulations of MФs [26]. Thus, the profile of proinflammatory cytokines and chemokines is 

related to M1-type polarization and anti-inflammatory to M2 [28]. In this context, after being 

polarized, MФs also produce the same cytokines that stimulated them, amplifying and converging 

the response pattern [11]. As examples, ILs and TNF-α are the main mediators of the acute 

inflammatory response, and therefore correlate with the population phenotypes of MФ M1, which 

consequently stimulate Th1 lymphocytes [27]. 

2.3.3. Reprogramming of the transcriptional and metabolic system and repolarization 

The question has been raised that, both for circulating MOs with an initial commitment to a 

certain functional program, when they reach the target tissue/inflammatory focus, as well as for tissue 

MФs, there may be a transcriptional and functional reprogramming of the population in question 

with a change in the circulation or microenvironment in terms of the cytokine profile (such as ILs and 

IFN-γ) and other mediators [34,37]. This implies that the same population of M1 MФs can acquire 

characteristics of M2 and vice versa, depending on the change in microenvironment and timing, a 

fact that highlights programming as a reversible process, as long as the MФs are not compromised 

by apoptosis, ETosis or another form of death [28]. This phenomenon has been highlighted mainly in 

sub-populations of MФs influenced by the microenvironment and its alterations, as an adaptation 

response to the new context, also observed in infectious/inflammatory processes and their transitions, 

and/or in a context where the microorganism makes use of virulence factors and alters polarization, 

thus changing the type of response and prolonging the disease, as will be discussed later [28,29]. In 

addition, the human organism itself can reprogram polarization, with the aim of avoiding irreversible 

damage to the tissue/organ during an intense/prolonged cytotoxic response, or based on a response 

via RAMP/SPM/DAMP-sensing receptors that are expressed by both MФs, M1 and M2 [34,37,38]. 

2.4. Polarization of tissue MФs 

The classic definition of tissue MФs as cells capable of performing an inflammatory and 

antimicrobial response led to the concept of two stages: a basal or dormant stage (M0) and an 

activated stage [25]. However, recent studies have shown that there are other metabolic and 

functional stages of these cells, which go beyond a simple model of the dormant-activated duality. 

These studies reveal a gradual spectrum [M1, M2 (from a to d subtypes), M4, Mhem, and MOx] 

between predominantly dormant (non-activated) populations (Table 3), passing through a state in 

which predominantly proinflammatory (activated) populations prevail, followed by a predominance 

of anti-inflammatory or pro-regenerative (deactivated) populations, in a temporal context that 

depends on host factors, the stimulus that induced the response and the persistence of the response 

[39]. Furthermore, the priming of MOs still in circulation can predetermine a specific polarization of 

MФs in their targeting of specific infected tissues. 

2.5. Functional profile of polarized MФs 

The functional profile, a result of the context of the microenvironment and kinetics of the 

response, is considered one of the main arguments for polarization, as will be seen below. 

2.5.1. Phenotypic subpopulations of M1 MФs: phagocytosis and microbicidal activity (intra- and 

extracellular killing)  

2.5.1.1. Microbicidal activity  

Microbicidal activity has been described as one of the main characteristics of M1 MФs. Different 

elements are highlighted during this response (phagocytosis, oxidative burst and oxidative burst-

associated other microbicidal activities, as well as non-oxidative killing), as presented below. 
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2.5.1.1.1. Phagocytosis 

Phagocytosis following the recognition of foreign bodies in the organism is the initial milestone 

in the proinflammatory and microbicidal response. It is an event that allows the aggressive stimulus 

to be internalized and, in a tautochronous manner, signals an appropriate immune response. 

Although classically related to the M1 MФs profile, this process can also be carried out by M2 MФs, 

in those microbial infections in which this functional profile is considered immunoprotective, but M2 

MФs are less predisposed to carrying out phagocytosis [11,28]. 

2.5.1.1.2. The NADPH oxidase complex: microbicidal profile of oxidants, activation of enzymes with 

antimicrobial activity and formation of extracellular traps, as well as signaling in the immune system 

Phagocytes exert two different microbicidal mechanisms: oxidative and non-oxidative. As 

discussed so far, the profile of M1 MФs is considered proinflammatory and highly microbicidal, in 

this context, one of the most important mechanisms of the inflammatory and antimicrobial response 

performed by these cells is the production of oxidants during the respiratory/oxidative burst [40]. 

During the oxidative microbicidal response, the NADPH oxidase complex (Nox2 system in 

phagocytes) generates O2�- through the reduction of molecular oxygen (O2) and, through local action, 

this weaker oxidant generates other ROS, such as hydrogen peroxide (H2O2) and, in addition, through 

the action of the myeloperoxidase (MPO), reactive intermediates are formed, such as the hydroxyl 

radical (HO�), hypochlorous acid (HOCl) and molecular singlet oxygen (1Δg O2). These last three 

oxidants are more potent antimicrobials, also known as highly reactive oxygen species (hROS). 

Furthermore, with activation of the iNOS enzyme, RNS such as �NO are formed, with �NO reacting 

rapidly with O2�-, giving rise to ONOO-, a vigorous antimicrobial agent [41,42]. In fact, the direct 

microbicidal effect of oxidants, causing oxidative damage to the microbial cell, can contribute to the 

intracellular killing of pathogens. At the same time, signaling for the activation of enzymes with 

antimicrobial activity, based on the redox context provided during the oxidative burst, is pointed out 

as a synergistic microbicidal effect to the direct action of oxidants. Although the oxidative burst of 

MOs and M1 MФs is less intense than that produced by neutrophils, this mechanism performed by 

MOs/M1 MФs is still fully effective in combating pathogenic microorganisms. Furthermore, 

reinforcing the importance of the microbicidal profile of oxidants produced by M1 MФs in effectively 

fighting infections, primary (chronic granulomatous disease, CGD) or secondary deficiencies of the 

NADPH oxidase complex may predispose humans to primo-infections and recurrent infections by 

Staphylococcus aureus, Gram negative bacilli, fungi of the genera Aspergillus and Candida, and even 

more uncommon potentially pathogenic microorganisms such as Burkholderia cepacia, 

Chromobacterium violaceum, Nocardia and more invasive strains of Serratia marcescens [40,43]. 

In addition, representing a recently discovered mechanism in the field of Immunology, first 

reported in the late 1990s [44] but further elucidated and named by Brinkmann et al [45], the oxidants 

generated through the oxidative burst also activate the so-called extracellular traps (ETs), 

highlighting yet another of the synergistic microbicidal mechanisms performed by phagocytes 

[46,47]. It is now known that ETs are produced by neutrophils (neutrophil extracellular traps, NET), 

mast cells (mast cells extracellular traps, MCET), eosinophils (eosinophil extracellular traps, EET) and 

MOs/MФ, with the latter cells generating the so-called MO/MФ extracellular traps (METs), first 

reported by Chow et al [48]. Since then, several studies have shown that MOs, MФs in general and 

tissue MФs of different species can generate ETs when exposed to a wide variety of stimuli, including 

chemical (e.g. PMA) and microbial (including their PAMPs/derivatives such as LPS, the tripeptide 

fMLP and the leukocidin Panton-Valentine) [42,49–55]. ETs are made up of decondensed chromatin 

complexed with protein granules with antimicrobial action [from azurophilic (elastase and 

myeloperoxidase), specific (lactoferrin) and tertiary (cathepsin and gelatinase) granules]. The 

formation of these structures seems to respond specifically to different pathogen/chemical-specific 

stimuli and the robustness of this response also varies with the type of phagocyte in question, with 

ETs being able to capture microorganisms in the extracellular space and, in certain cases, promote 

their extracellular killing, whether or not accompanied by the programmed death of the MOs/MФs, 

in which case it is referred to as ETosis [56,57]. 
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Therefore, during the microbicidal response, the intense production of ETs can be considered a 

marker of the M1 MФs profile. Furthermore, as recently demonstrated, taking into account the classic 

context in which neutrophils are the first cells to respond to a tissue aggression, the presence of the 

antimicrobial peptide LL37 in NETs or other ETs, can recruit MФs-MOs to the inflammatory site and 

promote an M1-type polarization [58]. On the other hand, Guimarães-Costa et al [59] reported that 

NETs formed against Leishmania spp. can prevent the differentiation of MФs-MOs into M1 DCs-MOs, 

altering the functional profile of the cells toward an anti-inflammatory one and consequently 

decreasing the leishimanicidal activity (probably in order to decrease the cytotoxic response). Also, 

given this context of activation and the complex patterns of pathogen-specific immune response, 

including those in which M2 MФs are protective against some pathogens, and considering that ETs 

can be induced by different routes, including those independent of ROS [60], it is not ruled out that 

ETs formed by M2 MФs may contribute to the immune response and prevent the spread of the 

pathogen. 

Evidence also points to the importance of the NADPH oxidase complex and consequent 

production of oxidants, shown in the profile of M1 MФs during the innate response and the transition 

to an acquired Th1-type response [61]. As attested by Neil et al. [62], the use of Tempol, a potent 

antioxidant, decreased oxidant levels in an experimental model of multiple sclerosis, which also 

altered the transition from an acquired response to a Th2 profile, contrary to what was expected, 

which would be a Th1 profile, in which case there is an immunomodulatory rather than 

immunosuppressive mechanism exerted by the nitroxide. Furthermore, as evaluated by Tillack et al. 

[63], the ETs produced can directly establish a link between innate and acquired immunity through 

priming. The programming of M1/M2 and Th1/Th2 patterns is also cited as being induced and 

dependent on the oxidants generated during the oxidative burst [64]. 

2.5.1.1.3. Induced nitric oxide synthase (iNOS) 

Considered one of the main mediators generated by populations of M1 MФs, the high gene 

expression and consequent activity of iNOS are congruent with the microbicidal profile of these cells. 

iNOS forms �NO which, as already highlighted, in a spatially coordinated action with the high 

activity of Nox2 system, allows the reaction between �NO and O2�-, giving rise to ONOO-, a potent 

antimicrobial agent. Furthermore, �NO is an important signaling agent [41,42]. 

2.5.2. Phenotypic subpopulations of M2 MФs: cytoplasmic and extracellular components and 

reparative action (resolution of infection and healing) 

2.5.2.1. MФs repertoire during tissue repair and regeneration/remodeling 

Congruent with a population phenotype of M2 MФs, the highly elaborate machinery for the 

resolution of the infectious/inflammatory focus and tissue repair has as its main and distinct 

characteristic the production of high levels of Arg1 with the production of polyamines and specific 

amino acids. M2 MФs take part in tissue repair directly or by secreting paracrine factors, which will 

favor the healing process. The repair activity carried out by MФs is beyond the scope of this review 

and can be reviewed in detail in Das et al. [32]. Moreover, M2 MФs have the ability to suppress the 

proliferation of T cells associated with inflammation.    

2.5.2.2. Role of extracellular matrix and adjacent cells 

The role of the extracellular matrix has been highlighted during polarization. Components of the 

extracellular matrix, such as type 1 collagen, can modulate polarization [38]. In addition, studies have 

shown that differences between the cells present in each tissue/organ and the different cells recruited 

in different phases of the immune response can alter the polarization profile, through cellular 

communication with the production of substances that influence polarization programming [38]. As 

examples, the recruitment of fibroblasts during healing and the production of DAMPs, RAMPs, and 

SPMs can modulate polarization (Table 2) [38]. 
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3. Immune response via polarized MФs against pathogens in general 

In general, studies converge in pointing out that there is a transcriptional and 

metabolic/functional profile called the "common host response" to infection in which the M1 program 

is a majority over M2 in the acute phases of diseases and infections, partly justified by the 

microbicidal characteristics of the M1 MФs sub-population, tending toward balance or a greater 

number of M2 MФs in the phases of infection resolution and tissue repair [29]. For example, Mège et 

al. [65] showed that, in general, the majority polarization of M1 MФs is seen in gastrointestinal 

infections (for example, in Helicobacter pylori gastritis) and active Tuberculosis (TB), whereas the 

polarization of M2 MФs is better described in lepromatous leprosy (LLep), Whipple's disease and 

some localized infections (keratitis and rhinosinusitis). However, as yet to be discussed, this 

phenomenon is dependent on the specificity of the inducing stimulus (microorganism and other 

stimuli giving rise to the response, Tables 2 and 3) and affected tissue, as well as the kinetic profile 

that is peculiar to each infection, whether acute or chronic. Thus, there are microorganisms that 

provide a specific context that contradicts this maxim, so that the M1 response may not be as intense 

and the M2 response may increase in the acute phase and therefore be protective, partly due to an 

M2 profile that includes signaling between innate and acquired immunity favoring the Th2 cell 

profile and/or due to the vital importance of the organ that is infected [29]. Therefore, the response 

pattern involving MФs commonly and formerly described as canonical may not occur as such either. 

However, understanding this duality of inflammatory and anti-inflammatory responses in the 

context of lung infections seems to be increasingly necessary. For example, while certain infections 

are contained by a Th1/M1 MФs response and this response generates serious lung damage, 

sometimes may be more deleterious than the infectious disease itself (e.g. Coronavirus 

Disease-2019, COVID-19), Dolgachev et al. [66] showed that IL-10 overexpression in an experimental 

model of pulmonary contusion generates robust activation of M2 MФs and, in such a context, there 

is a lower intracellular microbicidal power associated with increased bacteremia, which accelerated 

mortality in pneumonia caused by Klebsiella pneumoniae. These observations regarding duality and 

the effective response without harming the host have an immediate impact, since they lead to the 

therapeutic use of anti-inflammatory drugs (such as corticoids) and antioxidants. 

The context for understanding the polarization of MФs in infectious diseases in which pathogens 

show tropism for certain cells/tissues is more complex, as examples, pathogens that invade MФs, such 

as influenza and dengue viruses, intracellular bacteria such as Brucella spp., Salmonella spp, Listeria 

monocytogenes and Mycobacterium tuberculosis, fungi such as Candida albicans and Aspergillus fumigatus, 

and parasites such as Leishmania spp. They present, in this context, an advantage for modulating 

polarization and, consequently, the entire immune response following the first contact between the 

immune system and the microorganism, with the aim of replicating in these cells and consequently 

perpetuating the infection and/or establishing the disease [67]. 

Consequently, this review will also focus on the virulence mechanisms by which 

microorganisms can, at any time, alter the functional profile of MФs populations by modulating the 

production of local mediators and/or masking/altering the respective PAMPs, thus, for example, 

altering M1 to M2 polarization, or vice versa, and contributing with microbial survival and 

maintenance of the infectious focus. Table 4 presents a list of microorganisms that are potentially 

pathogenic to humans and which, according to the literature, can induce a well-defined polarization 

of MФs. These microorganisms are discussed further below, in terms of the peculiarities of inducing 

polarization and the mechanisms of virulence factors that can affect the protective response. The 

literature also points out that a given polarization of MФs can be beneficial, i.e. protective for the host, 

or deleterious, i.e. favor the outcome of the disease caused by the microorganism [29,65,68], so Table 

4 also shows the majority protective profile. 

3.1. MФs polarization in infectious diseases 

The polarization of MФs can occur in the context of inflammatory-infectious and inflammatory-

non-infectious diseases, the latter of which is beyond the scope of this review, so only the polarization 

of MФs induced by microorganisms will be addressed here. Therefore, the polarization of MФs 
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against microorganisms that are potentially pathogenic to humans and relevant to clinical medicine 

is presented below, as summarized in Table 4. 

3.1.1. Polarization of MФs in response to infectious diseases caused by bacteria 

3.1.1.1. Gram positive bacteria 

Staphylococcus aureus 

Since it was first reported in the literature in 1880 by Ogston [69], S. aureus has gained notoriety 

over the decades, mainly because of its versatility as a commensal of the human microbiome and, in 

certain predisposing conditions (such as immunodeficiencies, the presence of surgical wounds, 

certain comorbidities or infection by highly virulent or pathogenic strains of this bacterium), as a 

causative agent of various human pathologies [70]. Currently, about 20-80% of the human population 

has its microbiome colonized commensally by S. aureus [71]. Infectious diseases (skin, soft tissues, 

and invasive) caused by this microorganism represent a serious public health problem, because of 

healthcare settings and community-associated S. aureus potentially pathogenic [72]. 

The immune response to S. aureus varies considerably according to the anatomical site and time 

of infection, ranging from an M1/Th1/Th17 to an M2/Th2 cellular profile, and there are cases in which 

neutrophils play a sufficiently important role to contain the infection. In these contexts, HIF-1a is an 

important regulator of the immune response. However, the real protective role of MФs in infectious 

diseases caused by S. aureus remains undefined, since this microorganism can affect different organs 

and tissues and make use of a vast repertoire of virulence factors [73]. 

Recently, Xu et al. [74] reported that during pulmonary infection by S. aureus the protective 

response performed by alveolar MФs is M1, and the induction of Akt1 signaling reinforces the activity 

of SOCS1 and inhibits NF-κB, altering the functional microbicidal profile of the M1 MФs sub-

population to a non-functional M2 phenotype. Later, using another model of deep tissue infection, 

Wang et al. [73] demonstrated that the response in liver infections by S. aureus seems to involve MФs-

MOs and proinflammatory Kupffer cells (M1) associated with Th1/Th17 lymphocytes, which 

recognize PAMPs from the microorganism through the TRL2 receptor, this process being strongly 

regulated intrinsically by the FoxO1 transcription factor of the MФs. According to the authors, the 

high expression/activity of FoxO1 associated with TLR2 favors an M1 profile, whereas in mice 

deficient (knockout LysCre/+FoxO1fl/fl) for this transcription factor, the proinflammatory response is 

abolished, favoring an M2 sub-population profile, in the latter case, with an increase in the pathogenic 

potential of the bacteria. These findings demonstrate that an M1/Th1,17 type response is protective 

in invasive infections caused by S. aureus. Furthermore, Kasraie et al. [75] showed that the α-toxin 

produced by S. aureus induces a polarization related to the Th1 profile related to the production of 

the CXCL10 chemokine. 

However, demonstrating the complexity of the protective response that can be developed 

against S. aureus, the microorganism can naturally produce a range of mediators (SEA, SEB, protein 

A, α toxin) that change the polarization profile of MФs [76,77]. In fact, these mediators can favor the 

progression of an acute infection to a chronic or associated with biofilms, so in the early stages of 

infection, a proinflammatory profile is observed, but this may not be effective in eliminating the 

microorganism, in addition to, if exacerbated, causing tissue damage in the host. Therefore, the 

subsequent recruitment of M2MФs also eliciting a Th2 response appears to be effective in eradicating 

the chronic infectious disease or biofilms [76,78]. Given this, Krysko et al. [79] showed that in chronic 

rhinosinusitis with nasal polyps caused by S. aureus there is a majority activation of M2 MФs, and 

these cells have little ability to phagocytize the microorganism and contribute to extensive microbial 

colonization. In addition, S. aureus is a known inducer of biofilms on material surfaces and in in vivo 

infections, and the intense activation of M2 MФs can occur with associated tissue fibrosis, due to an 

activation involving MyD88 signaling independent of TLRs [80]. 

Listeria monocytogenes 
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Listeria monocytogenes is responsible for infections in humans with pathogenic potential to 

generate diseases such as meningitis. According to the literature, the response involving M1 MФs is 

protective against this microorganism, since it has been shown that mice experience persistent 

infection with extensive disease severity in the absence of adequate IFN-γ or TNF-α production 

[11,28,33,81].  

Streptococcus spp.  

Streptococcus pyogenes and Streptococcus pneumoniae 

The effective response against both S. pyogenes and S. pneumoniae involves the polarization of 

M1 MФs. In the clinical context of infectious diseases caused by these microorganisms, complex 

factors and modulators of polarization are present [29]. 

Tropheryma whipplei 

Tropheryma whipplei causes a rare systemic disease in humans, Whipple's disease [29]. Desnues 

et al. [82] demonstrated in vitro the microbicidal and protective profile of M1 MФs against T. whipplei. 

The profile of M2 MФs is associated with the chronic and systemic form of the disease, as well as the 

intestinal chronic form [83]. 

3.1.1.2. Gram negative bacteria 

Salmonella typhimurium 

Infectious diseases and poisoning caused by species of the Salmonella genus remain a public 

health problem worldwide [29]. In addition, sepsis caused by S. typhimurium is another serious 

problem [84]. The protective response involves M1 MФs. However, the exacerbated response of this 

profile is seen in sepsis and, when uncontrolled, can increase morbidity and mortality [84]. 

Escherichia coli 

Escherichia coli is part of the human gut microbiome, as a commensal. In certain predisposing 

conditions and for the acquisition of certain pathogenic strains, varying degrees of illness can occur, 

from milder intoxications to more severe infections, where there is a high capacity for microbial 

multiplication and tissue invasion that can lead to sepsis. The different strains of E. coli can cause 

different MФs polarization and, as with other commensals, generate immunotolerance. Escherichia 

coli is one of the main microorganisms producing high levels of LPS, a PAMP that induces 

polarization of M1 MФs, as well as being one of the main molecules inducing sepsis [65]. Sepsis can 

occur during E. coli infection, i.e. a systemic inflammatory response syndrome (SIRS), involving M1 

MФs [65]. However, when there is a favorable prognosis for the course of the infectious disease and, 

in certain cases, respecting the canonicity of the response involving these cells, the reprogramming 

of MФs to an M2 profile allows tolerance to LPS and cessation of sepsis, in what is known as LPS-

reminiscent immune dysfunction [65]. Thus, strains of E. coli that produce high levels of LPS or that 

have a high proliferation rate (as the disease caused by this commensal can be quantitative), without 

prior immunotolerance, cause polarization of M1 MФs [65]. On the other hand, immunological 

tolerance to LPS can cause polarization of the M2 profile [65]. In patients with severe sepsis or the 

associated SIRS, pharmacological intervention with the clinical use of corticosteroids is necessary, 

aimed at decreasing the Th1/M1 response and increasing Th2/M2, otherwise in the absence of the 

compensatory anti-inflammatory response syndrome (CARS). 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is the main etiological agent of lung infection in patients with cystic 

fibrosis (CF), with approximately 80% of CF patients having their lungs colonized/chronically 

infected with this microorganism, resulting in considerable morbidity and mortality rates [85]. 

During lung infection, the increase in mucous secretions in alveolar areas makes the 

microenvironment conducive to the formation of biofilms by P. aeruginosa [85]. Just as a more 

exacerbated M2 MФs profile is observed in biofilms caused by S. aureus [80], CF patients experiencing 
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chronic infection by P. aeruginosa exhibit high levels of IL-5, IL-13 and IL-17, and an increase in 

eosinophils and an associated change in the polarization profile from M1 to M2 are also observed, 

being influenced by the formation of biofilms [85]. Furthermore, in the protective response against 

localized keratitis caused by P. aeruginosa, there is an increase in IL-33, a cytokine member of the IL-

1 family, which amplifies the response involving M2 MФs [65]. The genetic background of the 

individual is essential in the defense against this disease, since it has been reported that BALB/c mice, 

which tend to have a more pronounced Th2/M2 response than Th1/M1, are resistant to keratitis 

caused by P. aeruginosa, while C57BL/6 mice are sensitive to the disease [86].  

Chlamydia spp. 

Species of the genus Chlamydia can cause lesions in the eye and genitalia and can affect 

anatomical structures that compromise fertility and women's health. It is considered an sexually 

transmitted infections (STI) of importance when it comes to implementing public health actions [87]. 

Chlamydia trachomatis is an obligate intracellular bacterium that infects the ocular epithelium and the 

genitourinary system, causing trachoma, a considerable cause of preventable blindness, and damage 

to the reproductive system, respectively [87]. The polarization of M2 MФs, associated with a Th2 

profile (increase in IL-24), in response to C. trachomatis infection, has been speculated as an 

appropriate coevolutionary response between pathogen and host in a context that involves protection 

against the pathogen and concomitant immunopathological non-aggression against structures vital 

for human reproduction, logically in the light of evolution that by selection favors reproduction and, 

since a majority and persistent response involving M1 MФs can damage such structures, M1 MФs 

would only occur to a lesser extent although still effective in protection [33,87,88]. This may be 

explained by the large number of asymptomatic infected individuals [87]. Furthermore, ex vivo 

studies show that T cells stimulated with antigen from C. trachomatis secrete IL-4, and not IL-17 or 

IFN-γ, confirming the Th2 profile [87]. 

As for Chlamydia pneumoniae, which causes Chlamydia pneumonia and is responsible for 

exacerbating asthma and chronic obstructive pulmonary disease (COPD), Jupelli et al. [89] showed 

that although M1 MФs are effective in eliminating the pathogen, the response is exacerbated, causing 

excessive inflammation, lung injury and fibrosis (related to poor signaling via IL-1). This profile of 

an exacerbated response involving M1 MФs against pulmonary pathogens has been firmly 

established in recent literature, and such a response can lead to greater tissue damage and increase 

the death rate associated with the disease, as is being evidenced in COVID-19 patients [90]. 

Brucella spp. 

Brucellosis caused by Brucella spp. is a widespread zoonotic disease worldwide [91,92]. The 

response involving M1 MФs is protective for the host, while the bias of the response toward a 

predominantly M2 pattern, via an increase in the microorganism's Omp25, or the activation of PPARγ 

by other sources, favors brucellosis [29,91]. 

Shigella flexneri 

Shigella flexneri can induce apoptosis in MФs activated by INF-γ [93]. In addition, the response 

via M1 MФs is protective, and virulence factors of the microorganism causing a bias toward the M2 

profile favor the disease [94]. 

Coxiella burnetii 

Coxiella burnetii is an obligate intracellular bacterium that causes an acute disease known as Q 

fever, with a risk of chronic evolution of fever in immunocompromised patients, based on the 

interaction with MФs [29]. The lack of canonicality in the dynamics of the M1 and M2 MФs profiles 

can occur in patients with Q fever in the early stages of the disease and later, requiring a peculiar 

diagnosis and therapy aimed at a more favorable prognosis, in which the persistence of the M2 profile 

has been reported to be associated with the continuity and severity of the disease [95]. 

Yersinia enterocolitica  
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Species of the genus Yersinia, including Y. enterocolitica, are facultative intracellular pathogens 

for humans that can induce apoptosis in circulating MФs [93]. The response involving M1 MФs has 

been reported to be protective, while the microorganism-induced switch to the M1 program favors 

disease [29]. 

Francisella spp.  

Tularemia is a febrile disease caused by bacteria of the genus Francisella, mainly F. tularensis. The 

form of pneumonia induced by this bacterium has a delay in the innate immune response of around 

48-72 hours, followed by an influx of phagocytes and a cytokine storm [96]. Defects in M1 activation 

and predisposition to exacerbation of the M2 profile have been reported as risk factors for the severity 

of the disease [28,96]. 

Helicobacter pylori 

Helicobacter pylori infects half of the human population and can, in certain cases, cause peptic 

ulcers, chronic gastritis, and chronic infection-associated cancer (adenocarcinoma) [30,97]. During 

infection by H. pylori, in addition to the regulation of the response involving a mixture of the 

Th1/Th17 response, the participation of M1 MФs is evident, with concomitant participation of 

regulatory MФs (Mreg), and also association of M2 MФs (involving HO-1), showing the complex mix 

of MФs and the non-canonical context of polarization involved in infection by this microorganism 

[97]. Mutant mice with HMOX-1 deletion increase gastritis associated with Th1/Th17/M1 response 

[97]. In fact, studying the still undefined role of polarization in H. pylori infections, previous findings 

by Quiding-Järbrink et al. [30] already indicated the participation of the M1 MФs response, 

polarization that can be accelerated by prior vaccination. The timeless mixture of M1 MФs and M2 

during uncomplicated H. pylori infection was also highlighted by the authors, with emphasis on the 

exacerbation of the M1 profile when severe gastritis occurs (with complications), a precancerous 

lesion. 

Vibrio cholerae 

Khan et al. [98] showed that V. cholerae, the causative agent of cholera, through its porin OmpU, 

induces a strong polarization of M1 MФs via interaction with TLR1/TLR2, recruiting MyD88 which 

culminates in the activation and translocation of the p65 subunit of NF-қB, despite the 

immunomodulatory duality of OmpU as a PAMP, also activating M2 MФs. 

Haemophilus spp. 

Bacteria of the Haemophilus genus, causative agents of STIs (Haemophilus ducreyi) and 

community-acquired pneumonia (Haemophilus influenzae), are also responsible for intermittent 

infections that are one of the main causes of acute exacerbations of COPD [68,99]. A balance in the 

response of M1 and M2 MФs has been proposed in the course of infection by bacteria of this genus, 

both profiles being essential for controlling the disease [68,99]. 

Borrelia burgdorferi 

Borrelia burgdorferi is the causative agent of Lyme disease, with inflammatory arthritis (with a 

predominance of neutrophils) and heart disease (with a predominance of MФs) being the main 

outcomes of this disease [100]. The polarization of MФs should be interpreted with caution, since in 

vitro data show that the microorganism and its lipoproteins induce a clear M1 polarization with the 

production of proinflammatory cytokines (IL-1, -6, -12, and TNF-α) and �NO [100–102]. However, 

predominance or balance involving M2 MФs may occur in vivo [100]. This can partly be explained by 

the duality of the immune system in having to attack the microorganism in the context of Lyme 

disease while at the same time having to preserve important anatomical sites such as the joints 

[100,103] and vital ones such as the heart [100,104], so there is a balance or predominance of M2 MФs 

in these microenvironments. 

Neisseria gonorrhoeae 
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Neisseria gonorrhoeae, a facultative intracellular bacterium, is the etiological agent of gonorrhea. 

It is a considerable microorganism that causes STI, with approximately 100 million new infections 

every year worldwide, affecting groups that practice risky behaviors and occurring as a comorbidity 

[105]. Some factors make N. gonorrhoeae infection a serious public health problem, such as the lack of 

vaccines, resistance to antimicrobials and the absence of an effective human immune response. In 

fact, infection with this microorganism is incapable of inducing a protective response in the host, so 

that infected individuals develop gonorrhea, and it can occur repeatedly [105]. In part, this is due to 

evasion mechanisms developed by the microorganism, evading an innate and acquired immune 

response, despite a possible Th17 polarization and suppression of the Th1/Th2 response, and a varied 

polarization profile of MФs with an associated broad cytokine profile, which can be modulated by 

the microorganism to an M2 profile, which is not protective during infection [105]. 

3.1.1.3. Potentially pathogenic microorganisms in the oral cavity (Gram positive or negative) 

Bearing in mind that potentially pathogenic microorganisms in the oral cavity are normally the 

commensals of this microbiome, which benefit from predisposing conditions in the host, these 

conditions being risk factors for the development of the respective disease, the coevolutionary context 

of the microorganism-host interaction tends to promote immunomodulation that can change in the 

context of the disease. In fact, different potentially pathogenic microorganisms belonging to the oral 

microbiome tend to promote, in vitro, a response involving M2 MФs, which are non-microbial and 

anti-inflammatory [21]. 

Aggregatibacter actinomycetemcomitans 

Aggregatibacter actinomycetemcomitans is a commensal of the oral microbiome and a potential 

periodontopathogen, representing one of the microorganisms involved, to varying degrees, in 

periodontal disease [21]. The immune response in the context of the disease, from acute episodes to 

chronic periodontal disease, involves a complex context in the pathogen-host interaction, with the 

immune response being complex and, in certain cases, related to levels of pathogenicity [21]. In vitro 

data reveal that the response involving the polarization of MФs seems to be related to the M1 profile, 

in direct pathogen-cell interaction, without considering the complex microenvironment of the oral 

cavity and deep periodontal tissues [21]. 

Porphyromonas gingivalis 

Porphyromonas gingivalis is a commensal of the oral cavity and potential periodontopathogen, 

which generates a polarization of M1 MФs, in a direct interaction involving microorganism-MOs in 

vitro, without considering the in vivo microenvironment [21]. Considering the in vivo 

microenvironment, interestingly, Papadopoulos et al. [106] showed that the challenge of precursor 

cells (MOs) with P. gingivalis made M2 MФs respond more intensely to the microorganism and 

produce high levels of TNF-α, IL-6, MCP-1 and MIP-1, compared to M1 MФs, including up-

regulating the activation of T cells. On the other hand, M1 MФs produced higher levels of IL-10 than 

M2 MФs. Supporting these findings, the authors showed that the response of MФs M0 and M2 is 

associated with greater expression of TLR2, which is associated with a proinflammatory response. 

Furthermore, M2 MФs bound more robustly to P. gingivalis, being more effective in the response to 

the microorganism, in a context of the transition of the immune response and the cytokine profile 

involving the Th response common in periodontal disease. 

Fusobacterium nucleatum 

Representing another commensal of the oral cavity microbiome, F. nucleatum generates a mixed 

polarization of M1 MФs and M2 in vitro during direct microorganism-MOs interaction [21]. 

Prevotella intermedia 

A mixed polarization involving M1 MФs and M2 is also observed in the direct interaction 

between Prevotella intermedia and cells, in vitro [21]. 
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Streptococcus spp. 

Streptococcus spp., including Streptococcus mutans, Streptococcus gordonii, and Streptococcus 

sanguis, are microorganisms belonging to the microbiome of the oral cavity, which can, under 

predisposing conditions, participate in and trigger pathological processes, causing diseases, such as, 

periodontal disease and caries. Huang et al. [21] reported that these microorganisms can generate 

primary polarization, in vitro, involving M2 MФs. 

3.1.1.4. Mycobacteria 

Mycobacterium tuberculosis  

Mycobacterium tuberculosis (Mtb) is the main species belonging to the Mycobacterium 

tuberculosis complex and is the main etiologic agent of pulmonary tuberculosis (TB), considered one 

of the biggest causes of death from infectious diseases worldwide. Tuberculosis is still an infectious 

and contagious disease that has been declared a serious public health problem worldwide, especially 

in underdeveloped countries, with an estimated quarter of the world's population infected with Mtb 

and at risk of developing the disease, with approximately eight million new cases and almost three 

million deaths annually. In Brazil, TB has a considerable prevalence and is responsible for a 

significant rate of mortality and DALYs/YLDs, especially in people living with HIV-1 (PLHIV-1) 

during co-infection and in patients with comorbidities that affect the immune system [20,107–109]. 

In this context, among the 1/4 of the world's population infected with Mtb, around 10% will 

develop the disease at some point in their lives, due to possible immunosuppression (such as an 

altered M1/N1/Th1→M2/N2/Th2 pattern) [107]. After infection with Mtb, the target cells of the 

mycobacteria are the alveolar MФs, which in turn recognize the mycobacteria, promoting the 

immunomodulation of polarization and consequently of the associated Th profile. Thus, the control 

of polarization is an important target for the success of the mycobacterium, since this phenomenon 

controls the antimycobacterial response, the formation of granulomas and the transition between 

innate and acquired immunity, thus greatly influencing the patient's clinical outcome [20]. Several 

microorganisms, including facultative intracellular mycobacteria, induce a transcriptional and 

functional profile of the common host response with activities belonging to the M1 program, with 

the polarization of classically activated MФs (M1, proinflammatory and microbicidal) in a host 

protective profile [14], encompassing a context of a balanced Th1 response activated by IL-12 and an 

increased stimulation by interferon (↑IFN-γ) [107,110,111]. Roy et al. [111] showed that the 

transcriptional factor Batf2 is involved in the activation of M1 MФs, as well as for PAMP (LPS), being 

responsible for the intense inflammation associated with the M1 profile in active infection in vivo. In 

contrast, susceptibility to Mtb seems to involve a range of signaling induced by the mycobacteria, 

favoring M2/Th2 polarization (increased levels of IL-4 and IL-13) [20,107], with high levels of IL-10 

being seen in active TB [112]. Furthermore, unlike in vivo microenvironments, in an in vitro model the 

stimulus with Mtb per se appears to activate M2 MФs, through the overexpression and activation of 

PPARγ linked to the mannose receptor, a situation that can occur in vivo, in the context of active TB, 

when mycobacteria are favored by virulence mechanisms [113], as will be discussed later. 

Thus, Mtb and other mycobacteria that can also cause disease in humans generally elicit a 

protective response via M1 MФs [107]. Kahnert et al. [107] showed the protective action of M1 MФs 

against Mtb, while a change to a profile of M2 MФs favors active TB. Furthermore, vaccination with 

Bacille Calmette-Guérin (BCG) increases the activation of M1 MФs and guarantees greater protection 

in terms of preventing active TB [65]. 

Evidencing the importance of the Th1-type immune response and polarization of M1 MФs 

against Mtb and, since Mtb/other microorganisms co-infection is a very common event in the clinic 

of infected patients, Aira et al. [114] showed that a previous exposure of APCs and MФs to antigens 

from Hymenolepis diminuta and Trichuris muris led to an anti-inflammatory type response at certain 

stages, which altered the polarization profile toward M2 MФs, thus decreasing the response to 

mycobacteria during co-stimulation. On the other hand, Mtb co-stimulation and prior exposure to 

Schistosoma mansoni promoted a synergistic response involving the M1 MФs program, which favored 
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the elimination of mycobacteria through phagocytosis and intracellular death by mycobactericidal 

mechanisms of the phagocytes. 

As has been observed for chronic infectious diseases in general, including TB, a natural variation 

between the sub-populations of MФs in active TB may be related to the kinetics and specificity of a 

constant host response to the pathogen (proinflammatory action) and the associated need to repair 

lung damage (anti-inflammatory action) [29]. During granuloma formation in active TB, certain levels 

of ATP (100 µM) can lead MФs to a momentary polarization toward an M2-like anti-inflammatory 

state, due to ATP hydrolysis mediated by CD39 generating AMP, with the involvement of A2A 

receptors [84]. In addition, Mtb and other microorganisms (Leishmania spp., Legionella pneumophila, 

Trypanosoma cruzi and Toxoplasma gondii) can generate AMP through ATPase activity, also causing a 

momentary change in polarization toward M2 MФs [84]. 

Mycobacterium leprae 

Mycobacterium leprae, an intracellular pathogen that preferentially infects MФs (DCs-MOs), is the 

etiologic agent of leprosy, a debilitating chronic infectious disease with a high lethality rate [115,116]. 

In this disease, a diverse repertoire of immune responses stands out. In tuberculoid leprosy (TLep) 

there is a predominance of M1 MФs, in which high levels of IFN-γ and IL-5 prime MФs for this profile, 

while in LLep a predominant profile of M2 MФs (ILs 4 and 10) associated with humoral immunity is 

observed [115]. Evidencing that the response involving M1 MФs is protective, it is highlighted in the 

literature that prior vaccination with BCG can preferentially direct an effective and sustained M1-

type response, which protects the host against M. leprae and prevents the development of the disease 

[115,116]. In addition, Th1 cytokines are known to induce macroautophagy, a mechanism that has 

been shown to protect against leprosy [116]. Mycobacterium leprae/HIV-1 co-infection can alter the 

expression of cytokines and chemokines and the polarization profile of MФs during the interaction 

[117]. 

3.1.2. MФs polarization in infectious diseases caused by fungi 

Candida albicans 

Candida albicans is a commensal yeast of the human microbiome, which can cause opportunistic 

infectious diseases when there are favorable conditions for the microorganism, such as 

immunosuppression, the presence of unhealed wounds and a decrease in the number of bacteria in 

a given microbiome [118–121]. Some C. albicans PAMPs recognized by PRRs activate NF-kB and ↑ 

proinflammatory cytokines, favoring the M1/Th1 type host protective response, as shown in Table 4. 

On the other hand, representing a new role for MФs in gastrointestinal and systemic diseases caused 

by C. albicans, according to Lefèvre et al [122], expression of dectin-1 and other mannose receptors in 

MФ can, in certain contexts and in a scenario involving IL-13, generate the induction of alternatively 

activated MФs (M2), which can also favor fungicidal activity aimed at resolving the infectious focus. 

However, in a study involving a complete proteomic characterization of the MФs response to a strain 

of C. albicans isolated in the clinic (SC5314), Reales-Calderón et al. [123] reported the importance of 

M1 MФs in effectively fighting the microorganism, in contrast to the M2 MФs profile, which seems 

to favor the survival and dissemination of the fungus and lead to greater pathogenicity associated 

with the infection. The authors showed that different structural and functional components 

(involving metabolic and immunological programs and their mediators) are differentiated in the M1 

and M2 subpopulations of MФs. 

Pneumocystis jirovecii  

Pneumocystis jirovecii is an opportunistic pathogen, a cause of Pneumocystis pneumonia with a 

serious risk of death in immunocompromised patients. As with the most varied infectious diseases 

of the lung, although the microbicidal/inflammatory process is essential to fight the pathogen, the 

excessive response can damage the organ, thus also causing high morbidity and mortality in the 

context of the infection [124]. Alveolar MФs recognize PAMPs in P. jirovecii and participate in the 

primary response to infection, and it has been shown that these cells can stimulate a balance between 
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a pro- and anti-inflammatory response, with activation of both profiles, M1 and M2, with production 

of IFN-γ, but the response via activation of the M2 profile generates higher levels of IL-4 generated 

by CD4+ T-cells and a more effective response, which neutralizes and promotes clearance of the 

microorganism more adequately and without damaging the lung [124]. The authors also point out 

that antibiotics can amplify the proinflammatory damage and that corticosteroids can attenuate this 

damage and contribute greatly to the survival of critically ill patients. The authors also highlighted 

the plasticity of the response involving MФs. 

Cryptococcus neoformans 

The most effective immune response to C. neoformans, the causative agent of cryptococcosis, 

seems to involve Th1 signaling associated with the classic activation of MФs (M1) with considerable 

fungicidal capacity [125]. This profile shows a marked presence of T effector cells (CD4+/Th1 and 

CD8+) and M1 MФs, high levels of IFN-γ, TNF-α and IL-12, marked production of �NO, culminating 

in complete clearance of the microorganism in the lung, as opposed to the Th2 response, involving B 

cells (Th2/humoral response with high levels of IL-4, -5, -10 and -13) and M2 MФs, with marked 

induction of arginase, which consumes arginine without producing �NO, facilitating microbial 

dissemination/CNS infection and increasing lethality [125,126]. Eastman et al [126] showed that 

virulence factors in C. neoformans, such as SSA1 expression and associated production of Ssa1 (a 

HSP70 homologue), favor the initial transition of the M1 MФs response to a majority M2 MФs profile, 

even during primary lung infection. Although M2 MФs preserve lung tissue, this transition (M1→M2 

MФs) favors dissemination and lethality in the early stages of infection. For example, it contributes 

to cerebral cryptococcosis. This early virulence factor is added to others already identified at other 

stages, such as laccase production, increasing fungal survival and favoring disease outcome. 

Aspergillus fumigatus 

Aspergillus fumigatus and some other species of the Aspergillus genus are potentially pathogenic 

fungi, mainly affecting patients with immunodeficiencies related to the quantity and/or dysfunction 

of phagocytes, predisposing the infected to pulmonary and systemic pathologies [2]. It is widely 

known that patients with a quantitative decrease in phagocytes are more predisposed to developing 

systemic aspergillosis, while those with some qualitative dysfunction of phagocytes (such as CGD or 

G6PD deficiency) are more predisposed to chronic local infections aggravated by granulomas [127]. 

In the context of MФs polarization, the M2 profile seems to protect the host without causing detriment 

to the pulmonary microenvironment [28]. 

Paracoccidioides brasiliensis 

Paracoccidioides brasiliensis (Pb) causes paracoccidioidomycosis (PCM), a disease that has a 

considerable incidence in Brazil. Recently, Freitas et al. [128] demonstrated that paracoccin, a Pb 

PAMP, can be recognized by TLR4 receptors on MФs and generate M1-type polarization, which has 

a strong protective effect against PCM. Confirming the functional profile of MФs against Pb, da Silva 

et al. [129] showed that extracellular vesicles (EV) secreted by the fungus also induce M1-type 

polarization. The authors suggest that these findings may provide an opportunity to use PAMP or 

EV components to boost the immune response of MФs against Pb, in the search for new therapeutic 

options to treat PCM. 

3.1.3. MФs polarization in infectious diseases caused by parasites 

Plasmodium spp.  

Malaria is still a neglected disease, despite its magnitude, especially in underdeveloped areas 

and countries [84]. In Brazil, there are endemic areas that represent a serious public health problem, 

with Plasmodium falciparum being one of the main etiological agents of the disease. During active 

disease, the MФs profile seems to predominate, while a balance of response (M1 = M2 MФs) must be 

achieved with a view to resolution in immune/asymptomatic individuals and in the treatment of 

malaria [130]. As for Plasmodium berghei, the high degree of plasticity of MФs reprogramming confers 
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a unique context during infection and disease, for example in the lung, ensuring a marked MФs 

response during active disease [130]. 

Toxoplasma gondii 

Toxoplasma gondii is an obligate intracellular parasite, propagating in blood cells and reaching 

vital organs such as the CNS, being the causative agent of toxoplasmosis [131]. The main immune 

response to the parasite has been reported as belonging to the Th1/M1 program, and has had 

repercussions in different studies on the gestational aspects of the host's response to the parasite, 

since the infection of pregnant women by T. gondii and the associated deleterious effects on the 

embryo/fetus is considered a serious public health problem, due to vertical transmission through the 

placenta [52,131,132]. 

Trypanosoma cruzi 

Chagas disease, whose etiologic agent is T. cruzi, is still considered a serious public health 

problem in Brazil and most Latin American countries, affecting around 7 million people worldwide. 

Cardiovascular complications, including Chagas cardiomyopathy, which affects around 30% of those 

chronically affected by the disease, are the most serious repercussions and cause considerable 

sequelae and DALYs/YLDs [133,134]. In the context of the response involving phagocytes, M1 MФs 

predominate during the acute phase and M2 during the chronic phase. The predominance of M1 MФs 

with a high microbicidal capacity, if effective, can favor the host, since the parasite load is 

considerably reduced in the myocardium in the early stages, thus preventing the disease from 

becoming chronic [133,135]. However, modifications to the response that generate a change in 

polarization in the early stages of the disease can determine the severity and chronicity of the 

infection [133]. Ponce et al. [133] showed that CD73, an enzyme that cleaves ATP and generates 

extracellular adenosine, can attenuate inflammation and afford the deactivation of M1 MФs. In this 

sense, CD73 inhibition decreased IL-4 and IL-10 levels and restored the M1 profile, resulting in a 

decrease in serum brain-muscle creatine kinase isoenzyme and improvements in 

electrocardiographic characteristics during the chronic phase. 

Leishmania spp. 

Infectious diseases caused by species of the genus Leishmania are endemic in some regions, 

including some regions in Brazil. After infection, M1-programmed DCs-MOs in skin tissues are the 

main effectors of the immune response in humans against the parasite, leading to a Th1-type response 

that protects the host. Species of the Leishmania genus are obligate intracellular parasites of 

neutrophils or, preferably, MФs [136]. Once phagocytized, the parasites (Leishmania major, Leishmania 

donovani, and Leishmania braziliensis) are eliminated intracellularly through the expression of 

microbicidal factors present in M1 MФs, such as the expression of iNOS and the production of �NO. 

On the other hand, the development of Leishmania spp. in M2 MФs favors the parasite and its cycle, 

since, in these cells, the expression of Arg1 and action on arginine, generating ornithine and, 

subsequently, promoting the synthesis of collagen, as well as polyamines, favors the growth and 

proliferation of the parasite [136,137]. At the same time, neutrophils represent the first line of defense 

in infections by species of the Leishmania genus. Guimarães-Costa et al. [59] showed that NETs 

produced by neutrophils can repress the polarization of the M1 MФs subpopulation, aggravating 

leishmaniasis. 

Cryptosporidium parvum 

Cryptosporidiosis in Brazil has a considerable prevalence, especially that caused by C. parvum. 

The effective response involves polarization of M1 MФs [11]. 

Schistosoma spp.  

Schistosomiasis, caused by species of the genus Schistosoma, is a zoonotic parasitic disease that 

is considered to be the second most prevalent worldwide, with around 200 million people infected, 

and is a serious public health problem in precarious areas [84,138–141]. Schistosoma mansoni is 
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responsible for a considerable prevalence of schistosomiasis in Brazil, especially in areas with poor 

basic sanitation and which are used for recreation/activities with standing water, where snails of the 

Biomphalaria genus are found [140]. The M1-type response may be the majority in active 

schistosomiasis in early stages of intense inflammation [114], in a context where this exacerbated 

response promotes deleterious tissue damage in the liver and other organs, such as the intestine and 

lung, and considerable development of sequelae that lead to physical limitations in patients affected, 

impacting on DALYs/YLDs [138,139,141]. However, studies indicate that the response presents a 

profile in the initial stages with a predominance of M1 MФs (increase in IL-12 and expression of 

iNOS), changing to polarization in M2 MФs (increase in IL-4 and IL-10 and expression of ARG-1) after 

the production of parasite eggs, due to the change in antigens presented [138,141]. In this context, in 

which the absence of IL-4 signaling can increase lethality in schistosomiasis, after egg-laying, this 

interleukin promotes Th2/M2 polarization in order to promote tissue repair and limit tissue injury, 

but leads to liver fibrosis [138,141]. Therefore, the balance between the Th1/M1 and Th2/M2 responses 

is fundamental for protecting the host. 

Other helminths 

Infection by helminths and associated diseases affects a considerable portion of the world's 

population, especially in underdeveloped areas with poor sanitation, with considerable morbidity 

and mortality rates, as well as having an impact due to DALYs/YLDs [84]. As with the other parasites 

mentioned so far, a majority response involving a certain population phenotype of MФs depends on 

several factors, such as: the stage of the parasite's life cycle; the presence or absence of virulence 

factors as modulators of the response; the affected organ; and host control. Even so, the canonical 

pattern may not occur, so there are still several gaps in the understanding of polarization in the 

context of parasite infections. Among the parasites that trigger a majority polarization of the Th2/M2 

MФs type, regardless of the occurrence or not of canonicity, with release of IL-4, IL-13, IgE and intense 

eosinophilia, can be mentioned: Ascaris lumbricoides, Trichuris trichiura, T. muris, Taenia crassiceps, 

Necator americana, Ancylostoma duodenale, Nippostrongylus brasiliensis, Mesocestoides corti and H. 

diminuta [130,142,143]. This tendency to polarize toward the Th2/M2 profile, even in an IL-4/IL-13-

free microenvironment, with the involvement of B cells producing antibody, has in part been 

described as being dependent on the PAMPs present on the surface of the parasites, such as glycans, 

including Lewis X, LDN, LDN-DF, fucosylated structures such as chitin, tyvelose and trehalose, 

which are recognized by CLRs and TLRs [144]. Evidencing this fact, Tawill et al. [145] showed that 

filaria extracts with enzymatic removal of glycans led to an absence of activation of the Th2 profile 

response. 

3.1.4. Polarization of MФs in response to infectious diseases caused by viroses 

HIV-1 

Since the beginning of the 1980s, when the pandemic/epidemic began, the spread of HIV-1 

infection and the increase in the number of PLHIV-1/AIDS continue to be a serious public health 

problem in Brazil [146,147]. This retrovirus has a single-stranded RNA genome with positive polarity 

[(+)ssRNA] and belongs to the Retroviridae family [148]. HIV has an avid tropism for CD4+ T 

lymphocytes, the population of lymphocytes that takes the greatest part in polarization, and the virus 

presents important PAMPs that guide the polarization of MФs, including the gp120, Tat, and Nef 

proteins that induce the activation of M1 MФs [149]. However, in the context of the immune response 

developed by MФs, Cassol et al. [150] demonstrated that both sub-population profiles, M1 and M2, 

are important for the host response to HIV-1, but that the prevalence of a sub-population has an 

impact on specific stages of the viral replication cycle. Thus, in general, a balance between the M1 

and M2 response occurs (Table 4), with changes in profiles in temporal functions of the orchestrated 

response to the pathogen. In vitro, HIV-1 directs a polarization of MФs with M1 programming, with 

marked production of cytokines and chemokines of type 1 inflammation, increased oxidative burst 

and �NO production, and this program seems to be the most potent antiviral [84]. Thus, a persistent 

and exacerbated population profile of M2 MФs may correlate with the severity of the disease, in 
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which the HIV-1 cycle seems to be slightly favored by the population increase of MФs of the M2 

program [20,33]. Furthermore, the control by HIV-1 of the alternation of subpopulations during 

infection may be related to greater cellular permissiveness to the fullness of the viral cycle and the 

dissemination and establishment of AIDS [148]. 

Galvão-Lima et al [149] reported that MФs from PLHIV-1on highly active antiretroviral therapy 

(HAART) compared to those from PLHIV-1 not on HAART differ in their functional profile and 

ability to react to different stimuli, including LPS. 

HTLV-1 

The human T-cell lymphotropic virus (HTLV) includes two main subtypes, HTLV-1 and HTLV-

2. HTLV-1 predominantly infects CD4+ T lymphocytes [5]. A considerable portion of the world's 

human population is infected with this virus asymptomatically, however, chronic manifestation of 

the disease can occur, as well as co-infection in PLHIV-1 by intracellular pathogens, with HTLV-

1/Mtb and HTLV-1/HIV-1 co-infections being common [5,151]. It should be considered that the 

imbalance in an optimal immune response to various pathogens, including the activation of MФs 

polarization, caused by the interference of HTLV-1 infection and its tropism for CD4+ T lymphocytes, 

has been extensively reported [152–156]. In a study carried out by Amorim et al. [5], it was observed 

that MФs isolated from people living with HTLV-1, when compared to control groups (including 

uninfected individuals), present a similar ability to kill L. braziliensis, however, higher levels of CXCL9 

and CCL5, and lower levels of IL-10 were detected. There were no differences in IFN-γ levels, which 

partly explains the similar ability of the groups to control the parasite, since the effective intracellular 

response against L. braziliensis mainly involves M1 MФs activated by this cytokine. To explain these 

findings, a classic event has been reported, in which the pathogenesis of the disease involving 

infection of CD4+ T cells by HTLV-1 is characterized by uncontrolled proliferation of these cells and 

consequent activation of the Th1 profile with associated high production of TNF, IFN-γ, CXCL9 and 

CXCL10, as well as spontaneous activation of neutrophils with the development of an intense 

oxidative burst [5]. 

HCV 

Hepatitis C virus (HCV) infection can result in persistent liver disease in the majority of those 

infected, partly due to the virus's varied strategies for evading the immune system, which can lead 

to chronic hepatitis, cirrhosis and even hepatocellular carcinoma [157]. In the successful containment 

of HCV infection, seen in the minority of cases (up to 20% of those infected in the acute phase), the 

initial profile involving the activation of Kupffer cells and the recruitment of circulating MOs, which 

play both roles by differentiating into M1 MФs with an increase in IFN-γ by the Th1 profile, is 

essential for the proinflammatory defense against the virus and, followed chronologically by a 

change to an M2 MФs profile for complete viral clearance, caused by IL-4 and IL-13 from the Th2 

program with production of the anti-inflammatory mediator IL-10, which promotes the resolutive 

phase with tissue repair [157]. However, as will be discussed later, the virus manipulates polarization 

with a view to the persistence of the disease, causing successive proinflammatory foci followed by 

repair, which generates continuous replacement of the original liver tissue with fibrotic tissue, as seen 

in liver scars [157]. 

H5N1 

H5N1 was responsible for a pandemic in 2009. The host's protective response to H5N1 involves 

a polarization of M2 MФs, with ↑ M1 MФs favoring the increase in viral load and disease progression 

[33,158,159]. 

SARS-CoV and SARS-CoV-2  

Severe acute respiratory syndrome coronavirus (SARS-CoV) is a virus with a non-segmented 

single stranded RNA genome and positive polarity [(+) ssRNA], belonging to the Coronaviridae 

family. SARS-CoV-2 is responsible for the recent pandemic, which claimed the lives of millions of 

people, promoting, in addition to asymptomatic or presymptomatic infection, varying degrees of 
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disease intensity (COVID-19, mild illness, moderate illness, severe illness, and critical illness) [1]. The 

cytokine storm, the action of phagocytes during innate immunity and the profile of the acquired 

immune response are variable and impact disease outcomes, and the participation of MФs in COVID-

19 raises the possibility of a plausible pharmacological target [33,90,163]. The great variation in the 

immune response to SARS-CoV-2 and the different disease outcomes is justified by the individual 

variations of the human immune system [164]. 

The initial infection of epithelial cells in the respiratory tract and oral cavity leads to the 

recruitment of MOs and MФs, which are subsequently activated. Prior to the current pandemic, the 

participation of MФs, especially alveolar MФs, in defense and clearance had already been highlighted 

in the response to SARS-CoV [148,165–167]. Before the COVID-19 pandemic, it was shown that at a 

certain point in the infection, SARS-CoV can induce intense polarization of M1 MФs through a 

cytokine storm and proinflammatory factors and a high influx of lymphocytes and dependence on 

antibodies, causing, due to this intense response, a notorious death of the MФs population, in this 

context forcing immunosuppression and/or immunopathology, therefore facilitating viral 

dissemination, the persistence of the infection and leading to a high lethality rate associated with the 

disease [148,165–167]. However, until now, the impacts of an exacerbated M1 MФs response 

reflecting in damage that leads to more severe clinical outcomes had been neglected. 

As previously raised in SARS-CoV infections, the participation of MФs during SARS-CoV-2 

infection remains controversial. In fact, this participation is factually contextual, depending on 

numerous host factors (affected tissue, MHC immune profile, immunological predisposition, etc...) 

and SARS-CoV-2 virulence factors [164], in line with the complex pattern of effective host defense 

against the virus seen in clinical setting. Thus, for example, since the beginning of the COVID-19 

pandemic it has been speculated that, during the proinflammatory phase due to the intense 

microbicidal response of phagocytes performing type 1 inflammation (i.e., with increased oxidative 

burst, NET release, cytokine storm that amplify inflammation and favor clots), it would be ideal to 

modulate the M1 to M2 polarization as well as attenuate the inflammation that favors tissue damage 

and unfavorable outcome in COVID-19, for example, the clinical use of antioxidants has been 

speculated [90]. Lian et al. [161] showed in vitro that both M1 and M2 MФs are effective in fighting 

SARS-CoV-2, but only M1MФs lead to exacerbation of lung cell damage due to the intense 

inflammatory process. The Table 4 complements the current findings on the polarization of MФs in 

infections caused by SARS-CoV and SARS-CoV-2.  

RSV 

Respiratory syncytial virus (RSV) is a single-stranded RNA [(-)ssRNA] genome virus belonging 

to the Paramyxoviridae family [148]. A summary of the polarization of MФs in the response to RSV 

is presented in Table 4, being M1-like protective in certain contexts.  

Coxsackievirus, group B type 3 (CVB3) 

Coxsackie virus, or Coxsackievirus, belongs to the enterovirus family, has a broad tissue tropism 

and is a common cause of infection in newborns [168]. A summary of the polarization of MФs in 

infections caused by CVB3 is presented in Table 4, being M2 MФs more effective. 

HCMV 

The human cytomegalovirus (HCMV) is a diverse β-herpesvirus that infects between 50-90% of 

adults, with tropism for various cell types, which can culminate in systemic conditions with a wide 

range of affected organs. The infection is mostly asymptomatic, although moderate to severe 

symptoms may occur, as in mononucleosis, and it is also associated with chronic inflammation such 

as arthrosclerosis [169]. The control of infection and disease caused by HCMV follows the classic 

model of MФs action, with a proinflammatory M1 MФs profile during the acute phase, followed by 

a reprogramming/transition to an anti-inflammatory M2 MФs profile during resolution and tissue 

repair. However, as a virulence mechanism mediated by NF-κB and activity of a specific kinase, when 

infecting a MФ, HCMV can alter phagocyte reprogramming and modulate M1 MФs ↔ M2 MФs 
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profiles, aiming to escape host immune mechanisms as well as dissemination of the infectious focus 

[169]. 

DENV 

Dengue virus (DENV) is a single-stranded RNA genome virus with positive polarity [(+)ssRNA] 

belonging to the Flaviviridae family [148]. A classic quasi-equilibrium response involving MФ M1 

and M2 is observed. Healthy individuals infected with DENV may show a balance involving a slight 

increase in MФ M1 in the acute phase, followed by an intense increase in the response involving MФ 

M2 [170]. However, Lee et al. [170] showed that a decrease in the response involving MФ M1 and M2, 

subsets M2a and M2b, tends to develop the hemorrhagic form of the disease, since these subsets of 

MФ M2 are related to type 2 inflammation and resolution of the infection/immunity transition. 

Table 4. Polarization of macrophages (MФs) against potentially pathogenic microorganisms of 

medical relevance. 

Microorganis

m 

Sub-

population 

phenotype 

of MФs in 

the host's 

protective 

(or more 

effective) 

response* 

Function

al profile 

of the 

MФs 

Alteration 

(→) of the 

response 

by the 

microorgan

ism 

(Virulence)

** 

(shift 

M1→M2 

MФs or 

vice versa) 

Considerations on the 

protective response 

and/or virulence 

mechanisms for its 

reversal/suppression: 

receptors, signals and 

other immune 

mediators involved in 

immune signaling 

Ref. 

BACTERIA 

Gram positive 

Staphylococcus 

aureus*** 

M1>M2 (II) 

M2>M1 

(D/CI /BF) 

M1 

Microbici

des in 

some 

infection 

models 

M1/Th1, 

Th17→ 

M2/Th2 (II) 

M2→M1 

(IC) 

↑ Akt1 signaling and/or 

HIF-1a or FoxO1 

deficiency suppress the 

M1 MФs response, 

favoring the 

microorganism in 

invasive infections (II). 

↑M2 MФs guarantee a 

certain degree of 

protection in the 

development of the 

disease (D)/chronic 

infections (CI) or are 

abundant in these 

conditions and in 

biofilms (BF). 

[28,73,76–

80] 

Listeria 

monocytogenes 

M1>M2 M1 

Microbici

des 

M1→M2 Activation of PPARγ 

favors the M2 

population phenotype 

and aggravates the 

disease. 

[11,28,33,81]  
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Streptococcus 

pyogenes 

M1>M2 M1 

Microbici

des 

 

M1→M2 Virulence factors can 

change polarization 

and ↑ microbial load. 

[29] 

Streptococcus 

pneumoniae  

M1>M2 M1 

Microbici

des 

M1→M2 Idem to the above. [29] 

Tropheryma 

whipplei 
M1>M2 M1 

Microbici

des 

 

M1→M2 Chronic disease 

(Whipple's disease) 

occurs when the 

response changes from 

M1 to M2. 

[29,82,83] 

Gram negative 

Salmonella 

typhimurium*** 

M1>M2 M1/Th1 

response 

(initial) 

followed 

by 

M2/Th2 

M1/Th1 

→M2/Th2 

Induction of PPAR 

expression and/or SPI-2 

production by the 

bacteria in the early 

stages of infection leads 

to salmonellosis. 

[28,29,171]  

Escherichia 

coli*** 

M1>M2 

M1=M2 

Concomit

ance of 

pro- and 

anti-

inflamma

tory 

profiles is 

ideal 

M1→M2 

M2→M1 

Studies suggest a 

balance in the response, 

in which ↑ M1 or M2 

can increase host 

mortality. 

For example, the 

response involving M1 

MФs seems to be 

effective, as it is 

microbicidal. However, 

in severe infections, 

excess LPS can cause an 

exacerbated M1 

response in sepsis. In 

this context, it is 

necessary to balance the 

M1 and M2 profiles. 

[29,65]  

Pseudomonas 

aeruginosa 

M2 > M1 

M1 = M2 

M2 

protective 

and 

resolutive

.  

M2 → ↑ M1 P. aeruginosa infection in 

association with cystic 

fibrosis (CF) aggravates 

the pulmonary 

condition, so that M2 

MФs are effective in 

resolving the infectious 

disease. In pulmonary 

and systemic infections, 

M2 MФs have been 

shown to be more 

effective in fighting the 

microorganism and the 

associated damage. 

[65,80,85,86] 
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Chlamydia spp. M1=M2 

M1>M2 

M2 

protectio

n/repair 

 

M1→M2 

M2→M1 

 

In genital C. trachomatis 

infection, ↑IFN-γ 

mediates the protective 

response of M1 MФs in 

the early stages, but the 

M2 response 

predominates as it 

provides a certain 

degree of protection 

without damaging the 

reproductive system, 

tending toward the 

balance seen in 

asymptomatic 

individuals and 

mirroring the 

appropriate 

coevolution.  

In Chlamydia pneumoniae 

lung infection, M1 MФs 

protect but cause 

damage to the affected 

tissue. 

[33,87–89] 

 

Brucella spp. M1>M2 M1 

Microbici

des 

M1→M2 ↑Omp25 of the 

microorganism or 

activation of PPARγ 

favors brucellosis.  

[29,91]  

Shigella flexneri  M1>M2 M1 

Microbici

des 

M1→M2 Hypoacetylation of LPS 

by the intracellular 

form of S. flexneri 

prevents recognition by 

M1 MФs and favors 

disease. 

[94] 

Coxiella 

burnetii**** 

M1>M2 

 

M1 

Microbici

des 

 

M1→M2 Absence of canonicity 

in the MФs transition 

model, but the 

transition from M1 to 

M2 immunity favors 

chronic Q fever. 

[29,95] 

Yersinia 

enterocolitica 

M1>M2 M1 

Microbici

des 

 

M1→M2 Virulence factors 

induce the M2 response 

and favor disease. 

[29] 

Francisella 

tularensis 

M1>M2 M1 

Microbici

des 

M1→M2 ↑ PPARγ activation 

favors M2 phenotype 

and aggravates 

tularemia 

[28] 

Helicobacter 

pylori 

M1=M2 i. 

M1>M2 ii.  

i. 

Controlle

d 

infection 

---------- The non-canonical 

balance between M1 

and M2 MФs is 

highlighted in 

controlled infection, 

[30,97] 
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ii. 

Chronic 

infection 

and the exacerbation of 

the M1 profile, which 

can be influenced by an 

anti-H. pylori vaccine, 

generates chronic 

gastritis, and 

predisposes to 

adenocarcinoma. 

Vibrio cholerae M1>M2 M1 

Microbici

des 

 

---------- The OmpU PAMP 

induces a polarization 

of M1 MФs. 

[98] 

Haemophilus 

spp.  

M1=M2 M1 

Microbici

des 

---------- A balance in the 

response of M1 and M2 

MФs is essential.  

[68,99] 

Borrelia 

burgdorferi 

M1 = M2 Pro-

inflamma

tion vs. 

Pro-

resolution 

---------- Balance between the M1 

and M2 MФs profiles is 

essential to contain 

damage in vivo. 

[100–104] 

Neisseria 

gonorrhoeae 

M1>M2 M1 

Microbici

des 

 

---------- Induction of the M2 

profile by the 

microorganism can 

occur. 

[105]  

Bacteria from the oral microbiome (in vitro data), Gram positive or negative commensals with 

pathogenic potential 

Aggregatibacter 

actinomycetemc

omitans 

M1 = M2 Pro-

inflamma

tion vs. 

Pro-

resolution 

---------- Since these 

microorganisms are 

commensals of the oral 

microbiome, a balanced 

immune response 

involves a mixed 

polarization of M1 MФs 

and M2. 

[21] 

Porphyromonas 

gingivalis 

M1 = M2 Pro-

inflamma

tion vs. 

Pro-

resolution 

---------- Idem to the above. [21] 

Fusobacterium 

nucleatum 

M1 = M2 Pro-

inflamma

tion vs. 

Pro-

resolution 

---------- Idem to the above. [21] 

Prevotella 

intermedia 

M1 = M2 Pro-

inflamma

tion vs. 

Pro-

resolution 

---------- Idem to the above. [21] 

Streptococcus 

spp. 

M1 = M2 Pro-

inflamma

tion vs. 

---------- Idem to the above. [21] 
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Pro-

resolution 

Mycobacteria 

Mycobacterium 

tuberculosis 

(Mtb)**** 

M1>M2 M1 MФs  

↑Mycobac

tericidal 

response 

(Prevents 

active TB) 

M1/Th1, 17  

→ M2/Th2 

Mtb can activate PPARγ 

and block NF-kB with 

CFP10:ESAT6 favoring 

the M2/Th2 response, 

decreasing the 

oxidative burst and 

�NO production that 

are mycobactericidal 

and predisposing the 

host to active TB. 

Furthermore, M2 MФs 

activated by IL-4 

predisposes the host to 

intracellular persistence 

of mycobacteria leading 

to active TB, in a context 

in which virulence 

factors lead to: 

increased 

mycobacterial 

bioavailability to Fe and 

inactivation/detoxificati

on of iNOS/�NO. 

[14,20,29,10

7] 

Mycobacterium 

bovis 

M1>M2 M1 MФs  

mycobact

ericides 

M1→M2 M. bovis alters lipid 

metabolism and favors 

a Th2 response 

[11,29,172]  

Mycobacterium 

avium 

M1>M2 M1 MФs  

mycobact

ericides 

M1→M2 Control of iron 

metabolism can favor 

mycobacteria 

[28,29,173] 

Mycobacterium 

ulcerans 

M1>M2 M1 MФs  

mycobact

ericides 

M1→M2 Change from M1 to M2 

profile may favor the 

disease 

[29,33] 

Mycobacterium 

leprae 

M1>M2 M1 MФs 

protective 

against 

leprosy; 

mycobact

ericides 

M1→M2 While M1 MФs protect 

against leprosy, this 

disease is thus related to 

a response profile that is 

mostly M2/Th2 

[10,115–117]  

FUNGI 

Yeasts 

Candida 

albicans*** 

M1>M2 Pro-

phagocyti

c 

/Fungicid

al/Pro-

inflamma

tory 

M1/Th1, 17  

→M2/Th2 

↑ IL-17/Th17 favors the 

host. Several virulence 

mechanisms have been 

described in 

invasive/systemic 

infections, but the M2 

response via an increase 

in IL-13 and activation 

of PPARγ may also play 

[61,118,119,

122,123] 
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an important role in 

controlling the 

infection, including 

induction of the 

oxidative burst.  

However, the change 

from the M1 to the M2 

program generally 

favors the fungus. 

Pneumocystis 

jirovecii 

M2>M1 

M1 = M2 

M2, CD4+ 

T-

lymphocy

tes, 

activation 

of the 

oxidative 

burst in 

phagocyt

es with 

simulated 

microbici

dal 

profile; 

rapid 

resolution 

without 

associate

d damage 

---------- Immunosuppressed 

patients: M1 profile 

with greater NO 

production, good 

clearance of the 

microorganism, but 

with greater lung 

damage associated with 

inflammation; 

Immunocompetent 

patients: M2 profile 

with greater protection 

(clearance of the 

microorganism) and 

less lung damage, even 

with activation of the 

oxidative burst. 

[124] 

Cryptococcus 

neoformans 

M1>M2 

 

Activated 

MФs (M1) 

with a 

strong 

associate

d Th1 

profile 

M1→M2 It is described that 

classically activated 

MФs (M1) induce an 

effective response 

because of signaling 

derived from the Th1 

profile. The initial 

transition from the M1 

to M2 profile favors 

cryptococcosis, 

affecting the CNS and 

increasing morbidity 

and mortality.  

[125,126]  

Filamentous/dimorphic  

Aspergillus 

fumigatus  

M2>M1 

***** 

M2 

profile 

prevents 

aspergillo

sis 

M2→M1 Dectin-1-dependent 

phagocytosis. 

Protective M2 alveolar 

cells 

[28] 

Paracoccidioides 

brasiliensis (Pb) 

M1>M2 M1 

induces  

↑fungicid

al 

capacity 

M1→M2 Paracoccin or VE from 

Pb activate the 

polarization of M1 MФs 

which prevents PCM 

[128,129] 
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(�NO, IL-

6) 

PARASITES 

Plasmodium 

falciparum  

M1>M2 

M1=M2 

Concomit

ance of 

pro- and 

anti-

inflamma

tory 

profiles 

M1→M2 

M2→M1 

↑ M1 MФs prevents the 

severity of malaria in 

the early stages, but 

causes tissue damage; ↑ 

M2 favors the parasite 

and the disease, and in 

this context the M1 MФs 

response is 

predominant in active 

malaria. 

[28,130,174]  

Plasmodium 

berghei 

M1>M2 M1 pro-

inflamma

tion  

---------- M1 is the majority 

profile during malaria. 
[130] 

Toxoplasma 

gondii  

M1>M2 M1 

Microbici

des 

 

M1→M2 Th1/M1 response 

associated with 

increased IFN-γ and IL-

12 is observed.  

Manipulation of STAT6 

causes transition 

M1→M2 and favors the 

parasite 

[52,131,132] 

Trypanosoma 

cruzi 

M1>M2 i. 

M2>M1ii. 

i. M1 

Microbici

des 

ii. M2 

seen in 

Chagas 

cardiomy

opathy 

M1→M2 

M2→ M1 

Mice deficient in IFN-γ 

receptors are more 

susceptible to Chagas 

disease. 

In the early stages, the 

Th1/M1 response 

prevails (IFN-γ), in the 

late stages, there is a 

balance (IL-10), and in 

the chronic disease, the 

Th2/M2 response 

prevails (IL-4/IL-13), 

however, the M1 

response is effective in 

preventing the 

complications of the 

disease by reducing the 

parasite load. 

[11,133,135,

175]  

 

Leishmania spp. M1>M2 M1 MФs 

are 

leishmani

cidal  

(↑ iNOS 

and NO) 

M1/Th1→ 

M2/Th2 

Manipulation of 

STAT6/PPARγ or IFN-γ 

favors M2 polarization, 

causing an increase in 

parasitemia 

[5,11,28,136,

137]  

Cryptosporidiu

m parvum 

M1>M2 M1 

Microbici

des 

 

M1→M2 Mice deficient in IFN-γ 

receptors are more 

susceptible to disease 

[11] 
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Schistosoma 

spp. 

M1>M2 i. 

M2>M1 ii. 
i. Start of 

infection, 

proinflam

matory ii. 

Late 

stages, 

repair/he

aling 

M1→M2 

M2→M1 

Balance M1༺༹༻M2 is 

essential, in the initial 

stages there is 

polarization M1 

(Schistosomicidal), after 

the parasite eggs have 

been laid, M2 

(repair/healing). 

[28,138,139,

141]  

 

Fasciola hepatica M1=M2 i.  

M2>M1 ii. 

i. Initial 

stage 

ii. Stages 

of 

establishe

d 

infection 

---------- The Th2/M2 repertoire 

is fundamental for 

tissue homeostasis, 

especially in the long 

term, so that knockouts 

of PD-L2, a co-

inhibitory molecule, 

promote increased 

parasite load and host 

susceptibility to 

disease, with greater 

damage to the liver.  

[176] 

Ascaris 

lumbricoides 

M2>M1 Th2/M2/B 

cells 

responses 

---------- Due to the colonized 

anatomical sites, a 

milder response 

involving M2 MФs and 

antibodies may be 

effective. Persistence of 

parasitemia is a 

challenge. 

[130] 

Trichuris 

trichiura 

M2>M1 Th2/M2/B 

cells 

responses 

---------- Idem to the above. [130] 

Trichuris muris M2>M1 Th2/M2/B 

cells 

responses 

---------- Idem to the above. [114] 

Taenia 

crassiceps 

M1>M2 i. 

M2>M1 ii. 

i. Initial 

stage 

ii. Late 

stages 

---------- Idem to the above. [142] 

Necator 

americanos 

M2>M1 Th2/M2/B 

cells 

responses 

---------- Idem to the above. [130] 

Ancylostoma 

duodenale 

M2>M1 Th2/M2/B 

cells 

responses 

---------- Idem to the above. [130] 

Nippostrongylu

s brasiliensis 

M1=M2 Concomit

ance of 

pro- and 

anti-

inflamma

tory 

profiles 

M1→M2 

M2→M1 

↑ STAT6 and Arg1 (M2 

MФs response) protect 

the host and alterations 

cause the infection to 

persist. In the 

pulmonary cycle, the 

larvae promote an 

intense induction of the 

[28,130] 
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Th2/M2 response, 

which can affect the 

contexts of the M1 

response to 

microorganisms that 

promote co-infection. 

Mesocestoides 

corti 

M2>M1 M2 MФs 

control 

the 

infection 

M2→M1 Absence of STAT6 

signaling ↑ 

susceptibility to CNS 

infection 

[28] 

Hymenolepis 

diminuta 

M1=M2 

M2>M1 

Pro-

inflamma

tion vs. 

Pro-

resolution  

---------- An anti-inflammatory 

type response (M1) at 

certain stages, which 

altered the polarization 

profile toward M2 MФs 

(resolution).  

[114,143]  

VIRUS 

HIV-1 M1>M2 

M2>M1 

M1=M2 

Pro-

inflamma

tory = 

Anti-

inflamma

tory 

M1→M2 

M2→M1 

The M1 response 

inhibits HIV replication 

at pre-integration 

stages; the M2 response 

inhibits HIV replication 

at post-integration 

levels. 

However, the 

persistence of M2 MФs 

polarization has been 

associated with 

increased viral load (or 

facilitated proliferation 

and dissemination) and 

deleterious effects on 

several organs. This 

exemplifies that HIV 

can modulate the status 

of MФs polarization to 

escape from the 

effective host immune 

response, suggesting 

the classical theorem of 

"evolutionary arms-

race" involving host 

and pathogen 

interactions. 

[11,20,149,1

50,177,178]  

 

HCV M1=M2 Pro-

inflamma

tory = 

Anti-

inflamma

tory 

M1→M2 

M2→M1 

HCV replication is 

enhanced in a 

microenvironment of 

M1 MФs 

[33] 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 December 2023                   doi:10.20944/preprints202312.0514.v1

https://doi.org/10.20944/preprints202312.0514.v1


 34 

 

H5N1 

 

M2>M1 Protective 

M2 

profile 

M2→M1 ↑ M1 MФs exacerbate 

the viral load and favor 

the disease, while ↑M2 

MФs are related to a 

better prognosis in viral 

clearance in the lungs. 

[33,158,159]  

SARS-CoV e 

SARS-CoV 2 

M1>M2 

(SARS-

CoV) 

M1 = M2 

(SARS-

CoV-2) 

 

Protective 

M1 

profile 

(studies 

with 

SARS-

CoV). 

M1 = M2  

(studies 

with 

SARS-

CoV-2) 

M1→M2 

 

The ↑ of M2 

polarization favors the 

virus (SARS-CoV) and 

exacerbates lung 

damage in the early 

stages. Recent study 

shows that both M1 and 

M2 MФs inhibited 

SARS-CoV-2 infection 

in vitro. However, only 

M1 MФs upregulated 

inflammatory makers 

and increased apoptosis 

of lung cells 

(exacerbated lung tissue 

damage, via oxidative 

damage, clotting, …). 

[33,161] 

RSV M1 > M2 

M1 = M2 

Pro-

inflamma

tion vs. 

Pro-

resolution 

---------- At certain stages of 

infection and in certain 

anatomical sites, M1-

like is protective.  

[148] 

Coxsackievirus

, group B type 

3  (CVB3) 

M2>M1 Protective 

M2 

profile 

---------- IL-4 associated with the 

M2 profile. Profile 

mediated by IL-33, 

which increases 

antiviral capacity and 

reduces cardiac damage 

in CVB3-induced 

myocarditis. 

[168] 

HCMV M1=M2 M1 acute 

phase 

M2 repair 

---------- During infection of 

MФs with HCMV, the 

microorganism can 

modulate the 

reprogramming of M1 

༺༹༻ M2.  

[169] 

DENV M1 = M2 Pro-

inflamma

tion vs. 

Pro-

resolution 

---------- Decreased response 

involving MФs (subsets 

2a 2b) is related to the 

hemorrhagic form of 

the disease. 

[170] 

Ebolavirus 

(EBOV) 

M1 > M2 Pro-

inflamma

tion vs. 

Pro-

resolution 

M1→M2 M1 MФs can block 

EBOV infection. M2 

MФs can enhance 

infection. Specifically, 

IL-4/IL-13-stimulated 

[179–181] 
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M2 MФs enhanced 

glycoprotein-

dependent infection 

involving surface 

receptors, including 

CLRs (DC-SIGN) or 

DC-SIGN-like family 

members (SIGNR3 and 

SIGNR5), but only 

SIGNR3 enhanced 

infection in an 

experimental mouse 

model. In models with 

elevated serum IL-10 

and consequent MФs 

activation, a similar 

disease outcome has 

been proposed. 

*Considering chronologically the initial stage of the microenvironment of the microbicidal response and, taking 

into account that, in more advanced stages, the context of the repair microenvironment can alter the sub-

population densities, thus, the numerical supremacy of a certain sub-population in the protective profile can be 

temporal, being more common at the beginning of the infection (microbicidal action) and tending to decrease 

toward the end (resolution and repair), therefore, not ruling out the importance of both profiles in the course of 

the infection, but only highlighting the protective profile in terms of prevention or attenuation of the disease 

outcome. Moreover, considering that macrophage polarization is only one part of a more complete and complex 

immune response involving other cells and effectors. As well as general host conditions. **As a form of microbial 

evasion and reversal of the protective response to acute stages. ***The presence of these commensals in the 

human microbiome causes a balance between M1 and M2 subpopulations under normal conditions, the Table, 

as well as the entire text, addresses contexts in which the microorganism is potentially pathogenic and/or when 

interaction with pathogenic strains occurs. Thus, this review does not address some interactions between 

polarization and commensals of the human microbiome (such as Enterococcus faecalis, Bacillus subtilis, or H. 

pylori). ****Ka et al. [10] propose that in this infection model, as well as in most acute (such as sepsis) and chronic 

infections, there is no polarization, but rather a response model in which MOs and MФs alter their repertoires in 

a kinetic function (early vs. late stages of infection), thus M1 MФs and M2 have significant impacts on infection 

and disease progression, as well as in cases for resolution of infection. *****An appropriate response to the vital 

importance of the infected organ. 

4. Virulence factors of microorganisms modulating the polarization patterns of MФs 

In the context of host-microorganism coevolution, the MФs present important strategies to 

neutralize microbial aggression while using others to preserve tissue integrity, considering a "double-

edged sword" scenario of their opposite profiles (M1 and M2) [20]. On the other hand, as in the Spy 

versus Spy scenario, microorganisms can also present diverse virulence mechanisms (production of 

soluble molecules, alteration of surface antigens, biofilm formation, among others) to counterattack 

in order to survive the host's attack, becoming a commensal or favoring and amplifying the infectious 

focus. In this context, the immune system has a preferential polarization profile of its cells to 

orchestrate a microbicidal mechanism that can eradicate the infectious disease and promote tissue 

repair. Consequently, a change in this profile can favor the pathogen to the detriment of the host, as 

has been observed in infections by various microorganisms [28,29,33]. Of clinical relevance, while the 

host mounts an orchestrated specific response, differences between strains of the microorganism can 

be related to the most diverse virulence mechanisms, aimed at counteracting the host by modifying 

this response, as is extensively highlighted for the change from a Th1 to Th2 profile and vice versa, 

thus altering the main mechanism for eradicating the infectious disease. 
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As already mentioned, obligate or facultative intracellular pathogens that invade MФs during 

infection may find it easier to modulate polarization, favoring the survival of the microorganism and 

the establishment of the disease (e.g. Mtb, L. monocytogenes, HCMV). Xavier et al. [91] demonstrated 

that Brucella spp. can survive and multiply in MФs through the activation of PPARγ, which favors an 

M2/Th2-type response that is not protective for the host. Furthermore, the production of the Omp25 

protein by the microorganism is reported to change the profile of the response to an M2 phenotype 

[29]. 

Mycobacterium tuberculosis has numerous virulence mechanisms to facilitate its survival in the 

context of infection. As discussed in the topic on programming, Fe sequestration is a metabolic 

mechanism performed by M1 MФs that limits the availability of this essential element to the 

microorganism. In the context of Mtb infections, Fe is also crucial for the growth of mycobacteria, so 

the host's protective response via M1 MФs provides this microbicidal mechanism that is synergistic 

with others, preventing active TB. However, a high production of siderophores (mycobactins) by Mtb 

can increase the bioavailability of Fe to Mtb, and this virulence mechanism is responsible for favoring 

mycobacterial growth [28]. In this sense, Kahnert et al. [107] showed that a programming of M2 MФs, 

activated/amplified by the profile involving intense IL-4 production, predisposes to active TB by 

favoring the intracellular persistence of Mtb due to a weaker response of M2 MФs. This M2 MФs/Th2 

profile is achieved by some virulence factors of Mtb, for example, in which the microorganism 

manages to decrease nitrosative stress (decreases �NO concentration) induced by MФs, and/or 

increases its bioavailability to Fe (increase in bacterioferritin), actions which, respectively, decrease 

the mycobactericidal response of MФs and increase the conditions favorable to the multiplication of 

mycobacteria. Therefore, the authors concluded that, in an environment of timeless predominance of 

M2 MФs, the control that limits the proliferation of mycobacteria is lost, so that the intracellular 

persistence of Mtb favors active TB. 

Other virulence factors of Mtb are related to its resistance to host defense. The CFP-10, ESAT-6 

proteins and the secretion of the CFP10:ESAT6 complex by Mtb are able to inhibit the trans-activation 

of LPS, which induces the NF-ĸB factor, blocking the transcriptional profile of the M1 program, 

therefore inhibiting the production of proinflammatory cytokines, the production of iNOS and thus 

regulating the production of oxidants (mainly �NO) to concentrations below those essential, 

compromising the anti-mycobacterial response [29,182]. 

 In addition, iNOS activity and consequent �NO formation, present in the functional repertoire 

of M1 MФs, is essential for the containment of some pathogens, especially Mtb [183]. With this target 

specifically established, it has been shown that Mtb and other MФs obligate intracellular pathogens 

such as Leishmania spp. are controlled by an M1/Th1-type host protective response, mainly due to 

iNOS activity. On the other hand, an increased microbial load has been reported in 

microenvironments where Arg1 activity prevails over iNOS (indicating a supremacy of M2-type 

phenotypic sub-populations), as is seen in lesions by Leishmania spp, in which parasites can modulate 

the polarization of M2 MФs through a virulence strategy that involves altering membrane markers 

that promote recognition only by these MФs [28,183]. 

The initial immune response to pathogens, like Mtb, involves the recognition of PAMPs by PRRs 

in defense cells, such as MФs, which subsequently leads to polarization. Shen et al. [31] showed that 

Mtb can elevate the expression of IRAK-M, a modulator with mechanisms associated with inhibition 

of phosphorylation and dissociation of IRAK-1 and -4 in down-stream signaling of the interaction 

between mycobacterial PAMP and the TLR of MФ, decreasing the activation of more down-stream 

mediators, such as NF-κB, IRF7 and JNK, and the associated Th1 response and M1-type polarization, 

therefore favoring Mtb intracellular survival and persistence of infection. Richardson et al. [110] 

showed that the response involving Mtb PAMP interaction with TLR-2 and the down-stream 

activation of ERK increases the concentration of IL-10 and decreases that of IL-12, which favors the 

polarization of M2 MФs and decreases the polarization toward M1, favoring the multiplication of 

mycobacteria and persistence of the infection. Bénard et al. [184] showed that B cells, in addition to 

producing antibodies, can produce type 1 IFN-γ and, when accumulated in the lungs of animals 

infected with Mtb, induce a polarization of M2 MФs, in a context involving STAT-1 signaling. 
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The literature highlights that human exposure to M. leprae does not generate a relevant 

proinflammatory immune response, partly because the mycobacterium promotes weak stimulation 

of the immune system in terms of activation of cells that release TNF-α. However, prior vaccination 

with BCG reinforces this response, protecting the host. In addition, M. leprae has virulence 

mechanisms that prevent the Th1 and M1 MФs program response, such as the presence of its phenolic 

glycolipid (PGL1) that alters polarization toward M2, with low levels of ILs 1β and 6, and TNF-α 

being observed, and favors the humoral response to the detriment of activation via T cells with 

activation of the Th1/M1 program [115]. 

Salmonella typhimurium can produce the mediator SPI-2 which inhibits the relocation of the 

NADPH oxidase complex (Nox2) in phagosomes, potentially decreasing the microbicidal activity of 

M1 MФs mediated by ROS and favoring the persistence of the disease [29]. Coxiella burnetii elicits an 

M1-type protective response, but an atypical M2-type response can favor chronic disease, with 

chronic evolution of fever and an increase in the associated lethality rate [29]. 

The chronic form of the disease caused by T. whipplei, in Whipple's disease, is associated with a 

change in the response pattern from the M1 MФs profile to a predominance of M2, forming spongy 

body-type tissue infiltrates. Desnues et al [82] demonstrated a predominant M2 MФs population 

profile for the chronic and systemic form of the disease, and for chronic intestinal disease [83]. In 

tularemia, an intense formation of cell debris and infiltrates in the lungs associated with spherocytosis 

may lead to a more expressive polarization of M2 MФs [96].  

Unlike the virulence mechanisms discussed so far, in which microorganisms favor themselves 

by switching from an M1 to M2 MФs profile, some viruses benefit from switching from M2 to M1 

(Table 4) [33,148]. Furthermore, the polarization of MФs against C. neoformans reveals a pleiotropic 

and multipolarization context, in the various phases of infection and in different microenvironments, 

in which both response profiles (M1 and M2) can alternate as protective, and this microorganism can 

use diverse virulence mechanisms to alter the polarization toward a profile that aggravates the 

disease [28,185]. 

 Through its core protein (HCVc), HCV can manipulate the polarization of MФs [157]. 

Activation through HCVc binding to TLR-2 of MOs and MФs results in the induction of 

proinflammatory mediators (IRAK-1 kinase, NF-κB, MAPK and TNF-α) and subsequently, in the 

transition of the response, activation of the M2 profile occurs. However, the interaction of HCVc with 

TLR2/STATs also results in a impaired polarization in both profiles, M1 and M2, in circulating MOs 

and resident Kupffer cells, and decreases phagocytosis, leading to a dysfunction of the effective 

response and favoring the persistence of the infection. In addition, an induction of proliferation and 

hepatic recruitment of CD4+ T cells induced by M2 MФs is observed [157]. 

5. Clinical implications of polarization: perspectives for research, diagnosis, prognosis, and 

therapy of inflammatory and/or infectious diseases 

Worldwide, various research groups have explored experimental in vivo (animal) and in vitro 

models of MФs polarization, underpinning the current understanding of polarization concepts, 

exploring experimental models of healing and repair (in general, presenting a programming 

impairment and population selection of M2-type polarization), or models of infection and acute 

inflammation (usually to promote M1-type polarization). However, even in these models, there can 

be variation, as seen here, where polarization depends on the stimulus and microenvironment. On 

the other hand, in vitro studies with MФs from human MOs isolated from the peripheral blood of 

supposedly "healthy" subjects can present marked disadvantages for a real understanding of 

polarization, since the presence of a neglected pathological state can commit the MOs (already in the 

bloodstream) to a certain functional program (priming toward M1 or M2). This implies that two 

samples isolated from the same patient at different times can yield different polarization profiles, if 

in one period the patient has an acute infection/inflammation that compromises the M1 program, and 

in another a repair/healing process or infection that compromises the MOs to an M2 response. The 

same applies to the study of polarization in specific experimental models of acute inflammation 

(predominantly M1 MФs) or repair and healing (predominantly M2 MФs) [28–33].  
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With regard to the diagnosis and prognosis of inflammatory/infectious diseases, the polarization 

profile of MФs seems to be a good indicator, since the levels of specific cytokines together with 

functional assessments of MФs and transcriptional profiles indicate the numerical prevalence of a 

given subpopulation. This topic seems more advanced in terms of non-infectious inflammatory 

diseases, with potential clinical value in the diagnosis of cancer and heart disease, in the first case, 

due to the specificity of the sub-populations found in certain types of tumor and, in the second, due 

to the fact that 10% of cells that are not cardiomyocytes in the heart are MФs [186–188]. Also, as 

another example of a diagnostic finding, CD4+ T cells activated by M2 MФs, massively guided by the 

HCVc of HCV, induce specific antibodies against the virus, which can be detected at different stages, 

including the most advanced ones, in diagnostic tests for HCV [157]. 

With regard to therapeutic applications, the possible development of vaccines or drugs could be 

supported by the immunomodulation of MФs, boosting or inhibiting the polarization programming 

of a given sub-population of MФs, according to what favors the protection of the host against the 

pathogen and/or repair/healing in an infectious process involving an exacerbated proinflammatory 

response, in this context, and may even have the reprogramming of already polarized MФs as a 

therapeutic target [39,71,148,189]. Support for the therapeutic control of MФs polarization in the 

management of patients with infectious diseases has been proposed [148]. However, more studies, 

including in vivo studies (i.e. randomized controlled trials, RCTs), should be conducted to gain a 

better understanding of the mechanisms underlying polarization and its real clinical significance. 

With implications for preventive (vaccination) and therapeutic strategies, Quiding-Järbrink et al. 

[30] showed that prior vaccination against H. pylori favors the M1 MФs profile in infections by this 

microorganism, and that this profile can exacerbate chronic and severe gastritis and predispose to 

stomach cancer, since these MФs are found in abundance in this precancerous lesion. Furthermore, 

these findings may be relevant to diagnosis and therapy, in the first case by quantifying these MФs 

and in the second by modulating this polarization. The literature establishes a similar mechanism 

regarding BCG vaccination inducing M1 polarization in the protective profile against TB. 

Based on the findings of Shen et al. [31], regarding the virulence mechanisms of Mtb and the 

control of the associated MФs polarization, the authors proposed considerations in future studies for 

the development of anti-Mtb vaccines, aiming to reinforce the host's immune response to the 

microorganism. Richardson et al. [110] also showed that signaling involving the interaction between 

Mtb PAMPs and TLR-2 could be an important pharmacological target, aiming in the clinic to reinforce 

the polarization of M1 MФs in order to contain the multiplication of mycobacteria and the persistence 

and progression of TB. 

Macrophages are considered important therapeutic targets in P. jirovecii disease, according to 

Nandakumar et al. [124], aiming to modulate these cells and the context of the general immune 

response in the lung, with the aim of fully resolving the disease and avoiding damage and sequelae 

to the organ. 

Ponce et al. [133] speculated on the purinergic system (ATP/adenosine) as a therapeutic target 

involving the polarization of MФs in the treatment of Chagas cardiomyopathy, observing promising 

results by inhibiting the CD73 enzyme, with significant improvements in the cardiac condition in 

animal models of T. cruzi infection. 

With regard to the clinical-therapeutic considerations of MФs polarization in the context of HIV-

1 infection, Gerngross et al. [177] showed that maintaining the polarization of MФs and microglia to 

an M2 profile serves as a reservoir of simian immunodeficiency virus (SIV) in an animal model of 

encephalitis, with control of such polarization being an attractive therapeutic target for treating 

complications of HIV-1 infection. Similar clinical-therapeutic implications for controlling the balance 

of MФs during HIV-1 infection were made by Williams et al. [178], when evaluating the impacts of 

the virus on these cells and the deleterious effect on the spleen in the long term. Representing the 

molecular diversity of polarization control, the CCR5 co-receptor, responsible for the tropism of HIV-

1 by MФs, can alter the level of infection by the virus and the polarization of these cells, and is 

therefore considered a therapeutic target for generating resistance to HIV-1 infection [148]. Also, with 

regard to the redox balance in HIV-1 infection, Brundu et al. [190] showed, using a similar 
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experimental animal model of infection and with extrapolations to HIV-1 infection, that depletion of 

cysteine and reduced glutathione (GSH) can occur in lymphoid organs in the early stages of infection, 

this being linked to an imbalance of polarization with a predominance of the Th2/M2 profile. To 

correct the redox status, the authors treated the animals with an N-acetyl-cysteine (NAC) supplement 

and, as a result, the polarization control was adjusted, with a decrease in ILs -4 and -5 and an increase 

in MФs, promoting less activation of M2 MФs. Not only limited to the search for new therapeutic 

alternatives, but also under the influence of therapies already implemented in clinical practice, 

Galvão-Lima et al [149] showed the influence of antiretroviral therapy in PL-HIV-1 on the functional 

profile of macrophages in response to different stimuli. 

Given the context of persistent HCV infection, as already discussed here, Zhang et al. [157] 

speculated that therapeutic strategies involving the blocking of HCVc from the virus would be a 

viable alternative for treating infected patients, since the majority of those infected develop chronic 

hepatitis due to this protein, which is considered a virulence factor. 

During clinical cases of sepsis and disseminated intravascular coagulation (DIC), the classic use 

of corticosteroids, causing immunosuppression and a change in polarization to the M2 profile, is 

useful. LPS, which is very abundant in E. coli, is one of the main causes of sepsis, a disorder highly 

characterized by systemic inflammation in disseminated infections. Aiming to find a therapeutic 

alternative to contain sepsis in microbial infections and improve the survival of those affected, Song 

et al. [191] tested a molecule derived from a marine fungus, Bis-N-Norgliovictine, and observed a 

decrease in the levels of immune mediators of inflammation and the polarization of M1 MФs and the 

damage associated with it, as well as greater survival in affected animals with a reduction in liver 

and lung damage. 

Interestingly, the M2 MФs related to the resolution of the infectious focus is also related to the 

production of analgesic mediators to combat pain related to the inflammatory response and 

infectious disease, which raises the possibility of modulating this M2 profile as a potential therapeutic 

target in pain relief [17]. 

Nevertheless, therapeutic applications can be seen both in conventional pharmacological 

therapy, as shown in studies that address the influence of molecules and drugs already in use on 

polarization, and in more advanced fields, since genetic and epigenetic manipulation of polarization 

programming and reprogramming, with possible applications in the pharmaceutical field, has been 

explored [160]. In addition, representing a recent field in medicine and therapeutics, the use of lasers 

can modulate polarization [9], a strategy that has recently been employed as an adjuvant therapy in 

COVID-19 [192].  

6. Final considerations 

Accumulating evidence suggests that specific polarization patterns of MФs can be directed by 

intra- and extracellular pathogens that cause acute and chronic diseases. In some infections, due to 

the vital importance of the affected tissue/organ, the response pattern may be altered to protect the 

tissue and maintain its functionality. There may be a kinetic predominance of one subpopulation at 

any given time or a balance between the two or more. Therefore, the classical chronological sequence 

model with a predominance of M1 MФs subpopulations in the early stages of infection to initiate and 

maintain the inflammatory response and the arrival of M2 MФs in more advanced stages to resolve 

and promote repair/healing is not applicable to all infection models. There are polarization models 

that propose a more dynamic, temporal process with multiple ramifications in which more than two 

MФs subsets coexist. 

Host as well as virulence factors of the microorganism can modulate polarization in addition to 

early pathogen-specific polarization characteristics. The control of MФs polarization can be 

considered an important therapeutic target for the implementation of preventive strategies (vaccines) 

and the treatment of infectious diseases. However, further studies should be conducted to gain a 

more in-depth knowledge of the specific underlying mechanisms of polarization and evidences of 

the clinical impact on humans (need for RCTs). Host factors, including genetics, comorbidities, and 

general health, are additional players that may modulate MФs polarization. 
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Finally, from research to diagnosis, prognosis and therapy of infectious diseases, the 

polarization of MФs has considerable clinical potential. The study of the drugs that are currently 

available and the search for new molecules that can modulate the polarization is also a field of current 

interest. 
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