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Abstract: Tissue-resident macrophages and those conscripted from the blood/bone marrow are
professional phagocytes. They play a role in tissue homeostasis, replacement, and healing, and are
the first-line responders to microbial (viral, bacterial, and fungi) infections. Intrinsic ameboid-type
motility allows non-resident macrophages to move to the site of inflammation or injury, where,
in response to the inflammatory milieu they perform the anti-microbial and/or tissue repair functions.
Depending on the need and the signaling from the surrounding tissue and other immune cells,
macrophages acquire morphologically and functionally different phenotypes, which allow them to
play either pro-inflammatory or anti-inflammatory functions. As such, the macrophages are also
the major players in the rejection of the transplanted organs making an excellent target for the novel
anti-rejection therapies in clinical transplantation. In this review, we describe some of the less covered
aspects of macrophage response to microbial infection and organ transplantation.
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1. Types of Macrophages

There are several ways to categorize macrophages. In the broadest sense, macrophages can be
categorized into two main groups: 1. the resident macrophages, which derive from the yolk sack and
populate given tissue/organ during embryonic development, and 2. the blood/bone marrow-derived
macrophages acquired by the tissue/organs after birth [1]. The resident macrophages are usually stationary
and self-renewing. The blood/bone marrow-derived macrophages are highly mobile and are recruited
into the tissue/organ from the blood depending on the immune response demands. The resident
macrophages have been also categorized into different types based on the anatomical location, such as
alveolar macrophages (in the lungs) [2], adipose tissue macrophages (in the fat) [3], Kupffer cells (in
the liver) [4], red pulp macrophages (in the spleen) [5], peritoneal macrophages (in the peritoneal
cavity) [6], Hofbauer cells (in the placenta) [7], tumor-associated macrophages (TAMs) [8], microglia
and meningeal macrophages in the CNS [9], and many others [10,11]. The resident and blood-derived
macrophages are also categorized based on the function they perform and the molecules and factors
they produce, into MO (monocytes/naive macrophages), M1 (pro-inflammatory, produce IL-6, IL-12,
and TNF- «), M2 (anti-inflammatory, produce Arginase-I, IL-10, and TGF-§3), Mreg (regulatory with

Int. ]. Mol. Sci. 2020, 21, 9669; d0i:10.3390/ijms21249669 www.mdpi.com/journal/ijms


http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0003-2772-5127
http://dx.doi.org/10.3390/ijms21249669
http://www.mdpi.com/journal/ijms
http://www.mdpi.com/1422-0067/21/24/9669?type=check_update&version=3

Int. J. Mol. Sci. 2020, 21, 9669 20f 14

anti-inflammatory properties, produce interleukin IL-10) [12,13]. Other macrophage types are the
recently discovered Mox macrophages that develop in response to oxidative damage and play a
role in chronic inflammation [14,15], and M4 macrophages that form in response to the infection
with the leprosy bacterium [16]. The M2 macrophages are further divided into M2a, M2b, M2c,
and M2d subtypes, based on the signaling they receive and the induced transcriptional response [17,18].
Studies from our laboratory showed that the macrophage phenotype also depends on the mitochondrial
functions and ADP/ATP homeostasis [6]. Although all these rigid categories were invented to facilitate
our comprehension of macrophage functions, in reality, the macrophages can readily switch properties
and functional phenotypes depending on the milieu and signals they receive from the surrounding
tissues and other immune cells [19].

Recently, a novel, nerve- and airway-associated macrophage subtype (NAMs) has been identified
in humans and mice [20]. NAMs are tissue-resident, self-renewing, and derive from the embryonic
yolk sac. They express immunoregulatory genes under normal and inflammatory conditions, and their
role is to keep the inflammatory response in check. They rapidly proliferate after influenza virus
infection, and their depletion in mice aggravates the virus-induced inflammation of the lungs [20,21].
Because of these properties, NAMs may be very important for the management of the acute respiratory
distress syndrome (ARDS) in the lungs of COVID-19 patients, where the exacerbated immune response
(cytokine storm) of alveolar macrophages causes fatal damage to the lungs [22]. Below we give a more
detailed description of one of these macrophage subtypes of TAMs and summarize how they can be
targeted by novel anticancer therapies.

Tumor-Associated Macrophages (TAMSs)

TAMs were discovered in 1970 as predominant immune cells present in the tumors. Although there
are many examples of the TAMs' role in tumor progression, there are also instances of anti-tumor
activity of TAMs. For example, in some colorectal tumors, TAMs induce cancer cells to produce more
of the inflammatory mediator galectin-3, which recruits additional TAMs to the tumor. Additionally,
TAMs release proinflammatory factors IFN-y, IL-1, and IL-6, which activate T cell response against
the tumor. The resulting amplified immune response destroys the cancer cells [8,23]. However, in the
majority of cancers, the TAMs have anti-inflammatory and immunosuppressive activities, which by
sabotaging the host immune response promote cancer progression, aggressiveness, and metastasis.
The recruitment of the monocytes to the tumor and their differentiation into TAMs occurs in response
to the cytokines and chemokines, such as the high mobility group box protein 1 (HMGB1) alarmin,
CCL2, CCL3, CCL4, CCL5, CCL7, CCL8, CXCL12, VEGF, PDGEF, and IL-10, produced by the cells
present in the tumor [8,23]. It is well established that the growth of tumors above a few mm requires
vascularization through the formation of the new blood vessels (neo-angiogenesis). Studies showed
that TAMs initiate and promote angiogenesis through the secretion of VEGE, PDGF, TGF-f3), and the
FGF growth factors. They also release metalloproteases MMP-1, MMP-2, MMP-3, MMP-9, and MMP-12
and other matrix-degrading and remodeling proteins, which facilitate the sprouting of the new blood
vessels. TAMs also promote the formation of lymphatic vessels (lymphangiogenesis), which facilitate
tumor spreading [8,23]. Because of these tumor-promoting activities the TAMs became an excellent
target for novel anti-cancer therapies [8,24]. One of the biggest problems in cancer treatment is the
development of the resistance to therapy. Many studies showed that TAMs interfere with many
commonly used anti-cancer therapies, and are involved in the development of the resistance to
immune-checkpoint blockade therapy, radiotherapy, chemotherapy, and anti-angiogenic therapy.
These TAMs’ properties require designing novel therapies, which either reprogram TAMs from the
pro-tumorigenic to anti-tumorigenic functions, or directly kill TAMs, or inhibit their recruitment
into the tumor [24]. Various chemotherapeutics, such as trabectedin (Yondelis) and bisphosphonates
with preferential anti-macrophage toxicity are used to eliminate or reduce the number of TAMs.
The therapies using various antibodies or kinase inhibitors inhibit the CCL2/CCR2-, CXCL12/CXCR4-t,
or CSF-1/CSF-1R-dependent monocyte/macrophage recruitment into the tumor. TAMs reprogramming
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therapies use the agonists, such as poly I:C, imiquimod (R837), or Resiquimod (R848), of Toll-like
receptors (TLRs), which activate macrophage polarization pathway, to revert TAMs toward the
anti-tumor activity. In recent years the delivery of mRNA, siRNA, or miRNA has been used as the
TAMs reprogramming therapies [24]. These RNAs either silence the expression of the chosen genes
regulating the immunosuppressive activities or upregulate the expression of pro-inflammatory factors
in TAMs [24]. Anfray et al. [24] give a comprehensive list of the currently used anti-TAMs therapies in
different types of cancer.

2. Macrophage Response to Microorganisms

Besides the production of the factors that signal other immune cells to fight the infection, macrophages
employ two main strategies to fight the invading microorganisms: 1. phagocytosis followed by the
destruction of the pathogen or 2. depletion of factors essential for pathogen survival and replication [25,26].
Recent studies show studies the existence of the third microbicidal mechanism- the macrophage
extracellular traps [27,28].

To locate the invading microorganisms, the macrophages send out long, actin-rich protrusions
(pseudopodia), which probe the extracellular space for the presence of pathogens and phagocytic
targets [26,29]. Phagocytosis is initiated by the macrophage membrane receptors, which recognize
bacterial membrane protein or the components of the virus, or/and serum opsonins, such as IgG or
complement proteins, which are produced by the immune cells upon recognition of a foreign antigen.
Following the recognition, they coat the pathogens and mark them for phagocytosis and further immune
response [26]. The recognition of the microorganisms occurs through the variety of the cellular pattern
recognition receptors (PRRs), such as Toll-like receptors (TLRs), C-type lectin-like receptors (CLRs),
nucleotide-binding and oligomerization domain-like receptors (NLRs), cytoplasmic double-stranded DNA
(dsDNA) receptors, and RIG-I-like receptors (RLR). They recognize the pattern- or danger-associated
molecular patterns (PAMPs od DAMPs) [30]. The target recognition by macrophage receptors initiates
signaling pathways, which trigger macrophage membrane remodeling and formation of the vesicle
(a nascent phagosome) that encloses the target and moves it inside the macrophage cytoplasm.
The nascent phagosome interior does not have any mechanisms to kill the pathogen and has to
go through successive steps of maturation to become microbicidal. First, the nascent phagosome
becomes the early phagosome through the recruitment of the small GTPase Rab5, which induces
phagosome remodeling. Next, in the process called the Rab conversion, the early phagosome loses
Rab5 and acquires Rab7 protein becoming the late phagosome [26,31]. The Rab7 induces signaling
pathways allowing the late phagosome to fuse with the lysosomes to become the phagolysosome.
All these steps are accompanied by the progressive acidification of the phagosome interior, through its
vacuolar ATPase (v-ATPase) that pumps H* from the macrophage cytoplasm to the phagosome [26,32].
The interior of the phagolysosome is highly acidic (< pH 5) and contains lipases, proteases, nuclease,
glycosidases, and phosphatases, which degrade and kill the ingested microbe (Figure 1) [26]. Additionally,
the phagosomes also activate the NADPH oxidase (Nox2), and oxide synthase 2 (Nos2), which catalyze
the formation of reactive oxygen and nitrogen species highly toxic for the microbes [26]. One of
the examples of how macrophages suppress viral replication and prevent immunopathological
changes in the infected organ, is the activity of the liver macrophages, the Kupffer cells during viral
infection. In humans, a persistent infection with hepatitis B or C viruses causes liver damage, cirrhosis,
hepatocellular cancer, and eventually, liver failure. The majority of the liver damage is not caused
directly by the viruses but by the aggressive response (secretion of INF y and perforin) of CD8* T cells
against the infected hepatocytes [33-35]. Lang et al. [35] studied the role of liver Kupffer cells in the
inhibition of virus dissemination and prevention of liver damage. They showed that in lymphocytic
choriomeningitis virus (LCMYV strain WE) infected mice, the depletion of liver macrophages with
clodronate-filled liposomes, resulted in severe liver damage. They showed that the liver Kupffer
cells phagocytose the virus within 10-60 min after the intravenous LCMYV infection. They not only
capture the virus but also prevent its replication and dissemination in the IFN-I-dependent manner [35].



Int. J. Mol. Sci. 2020, 21, 9669 40f 14

However, in contrast to mice, the exact role of human Kupffer cells in the control of viral infection of
the liver is still not fully understood and requires further studies.

Figure 1. Phagocytosis of microorganisms by macrophage. Recognition of the microorganism (bacteria,
or virus) by the appropriate receptor induces the formation of the phagocytic cup that engulfs the
microorganism and pinches off the membrane as a nascent phagosome. The formation of the phagocytic
cup and detachment of the phagosome from the membrane are actin dependent. The nascent phagosome
recruits small GTPase Rab5 that induce its remodeling and becomes the early phagosome. In the
process of the Rab conversion, the early phagosome loses Rab5 and acquires Rab7 becoming the late
phagosome. The Rab7 induces signaling pathways allowing the late phagosome to fuse with the
lysosomes, containing various digestive enzymes, and become the phagolysosome that degrades
the microorganism.

Macrophages can also sequester micro-elements necessary for microbe survival. This process
is called “nutritional immunity” [26]. The phagosomes contain the natural resistance-associated
macrophage protein 1 (NRAMP-1) that removes the Fe and Mn from the phagosome lumen and away
from the engulfed microorganism, to the cytosol, where they bind to the chaperon proteins that deliver
them to the storage proteins, such as ferritin and calprotectin [26,36].

Recently, it has been also shown that macrophages, similar to neutrophils, eosinophils, basophils,
and mast cells can immobilize and kill microorganisms by entangling them within the extracellular traps
(ETs) [27,28]. The macrophage extracellular traps (METs) are produced in response to the microorganisms
and/or cytokines, which induce a unique cell death program, called METosis. The METosis causes
breakage of macrophage nuclear envelope and release of strands of DNA, which form a fibrillar
network decorated with hypercitrullinated histones, antimicrobial proteins and peptides, and enzymes
(metalloproteinases, myeloperoxidase, lysozyme, lactoferrin, elastase) (Figure 2) [27,28]. Aggregation of
various antimicrobial proteins on the DNA strands of METS is facilitated by their high affinity for DNA.
Additionally, the other macrophages and immune cells can sense DNA and proteins present in the
METs, which leads to the production of various proinflammatory mediators.

Below we describe how bacteria and viruses can elude macrophages and even force them to
become a habitable host or a disseminating tool.
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Figure 2. Macrophage extracellular trap (MET) formation by macrophage. The microorganisms
and/or various cytokines may induce a unique cell death program in the macrophage, called METosis.
The METosis causes breakage of the macrophage nuclear envelope and release of strands of DNA,
which form the MET decorated with the enzymes and antimicrobial factors.

2.1. How Bacteria Evade Macrophages

The macrophages and other immune cells recognize the pathogen-associated molecular patterns
(PAMPs) of the pathogen through the various pattern recognition receptors (PRRs) [30,37]. One of
the evasion methods used by the microorganisms is the change of the antigenic properties of the
surface to more antigenically neutral and less recognizable by the immune system. The cell surface of
prokaryotes is covered by the polysaccharide capsule that is attached to the cell surface by lipid A or
phospholipid, which are recognized by the PRRs. Some bacteria synthesize the modified versions of
Lipid A, which are non- or poorly recognizable by the pattern recognition receptors [30,38—40]. If still
recognized, the bacteria can try to avoid phagocytosis. Because macrophages prefer to phagocyte
smaller targets, one of the ways bacteria, and other pathogenic microorganisms, can evade phagocytosis
is to increase the size. It has been shown that C. neoformans yeast and many species of Mycobacteria
increase the size to escape phagocytosis [41]. Size increase can be either achieved by the aggregation of
bacteria into multi-bacterial biofilms, delaying the division, and/or changing the rate of metabolism to
increase the individual cell mass. If the bacteria have not been able to escape phagocytosis, they still
can try to survive inside the acidic environment of the phagosome by developing the tolerance
to acidity. It has been shown that Mycobacteria can survive and grow inside the phagolysosome
and that the molecule, which confers acid tolerance is the mycobacterial serine protease Rv3671c
(MarP), [42]. Some bacteria can develop resistance to the antibacterial drugs only when they are inside
the macrophage; the depletion of host macrophages decreases bacterial drug tolerance. The macrophage
environment changes the bacteria cell cycle and functions allowing them to pump out the drug [42].
Once the microorganisms such as bacteria and fungi successfully evaded recognition and destruction,
and/or found the immune non-responsive macrophages, they can use macrophage as a protective niche
against the other immune cells with higher microbicidal activity, or temporary housing where they
grow, replicate or germinate before the non-lytic exit from the host cells, and dissemination to other
cells, tissues and, organs. The examples include Burkholderia cenocepacia (an opportunistic pathogen
causing infections in immune-compromised humans), Candida albicans (nonharmful yeast that can
cause infection after entering the bloodstream or the internal organs), and Cryptococcus neoformans
(an environmentally ubiquitous fungus that can infect lungs and nervous system in people with the
weakened immune system) [41].

2.2. Macrophage Role in Virus Dissemination

Despite being a major virus elimination tool of the immune system, under certain conditions,
macrophages can be infected by the virus, and, by becoming the virus repository, spread the virus,
and exacerbate the infection. This requires the virus to assure the longevity of the host macrophages
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(by turning off the cell death program) and reprogramming or escaping their anti-viral response [43].
Klepper and Branch [44] list the mutations in many human and animal viruses, such as influenza
virus, rabies virus, dengue, lymphocytic choriomeningitis virus (LCMYV), feline coronaviruses (FCoV),
Theiler’s murine encephalomyelitis virus (TMEV), human immunodeficiency virus type-1 (HIV-1),
and human cytomegalovirus (HCMYV), which give them ability to infect and replicate in the macrophages.
Currently, over 35 types of viruses, belonging to 13 different families, have been shown to infect and
disseminate through monocytes and/or macrophages [45]. Recent studies of the possible induction of
diabetes mellitus by the SARS-CoV-2 suggest that SARS-CoV-2-infected monocytes/macrophages may
deliver and spread the virus to the pancreas, damaging the pancreatic islets and (3-cells [46].

3. The Specificity of Macrophage Response

Although the macrophage response to any infection fits the described above general formula,
it greatly varies depending on the type/species of the invading microorganism and the tissue/organ it
targets. Below we describe a few examples of such specific responses.

3.1. Fungal Infection

Infection with the opportunistic fungi such as Pneumocystis, Aspergillus, and Cryptococcus may
cause life-threatening disease in the lungs (pneumonia, pulmonary aspergillosis, bronchopulmonary
aspergillosis (ABPA) in patients with severe asthma or cystic fibrosis, and cryptococcosis,
respectively) [47,48]. Although the main target of these fungi is the lungs, some of them can also infect
the brain and/or the central nervous system, causing, for example, Cryptococcal meningoencephalitis
and neuroaspergillosis. Such fungal infections are especially common in the immune-suppressed
HIV/AIDS patients, cancer patients receiving chemotherapy or patients after transplantation who
receive anti-rejection immunosuppressive therapies [47,49].

Characteristic for a specific fungus molecules belonging to the pathogen-associated molecular patterns
(PAMPs) are recognized by the macrophages (or/and other immune cells of the innate immune system) by
the pattern recognition receptors (PRRs), such as C-type lectin receptors (CLRs), Toll-like receptors
(TLRs), and NOD-like receptors (NLRs). For example, Aspergillus fumigatus is recognized by Dectin-1
and TLR receptors [50]. These authors showed that the alveolar macrophages from Dectin-1- deficient
mice showed impaired fungal uptake. Binding of the fungus to one (or several) of these receptors
present on the macrophage surface activates a cascade of PAMP-response signaling, such as, for example,
the authophagy pathway. Bhatia et al. [50] showed that the infection with A. fumigatus induces alveolar
macrophages to express Arginase 1 (Argl), that is a marker of M2 macrophages, a novel mammalian
lectin Ym1, and mannose receptor C type 1 (MRC1) CD206. They concluded that, at least in mice, the M2
macrophages are crucial players in defense against A. fumigatus infection [50].

Studies of the Pneumocystis pneumonia (PCP) caused by the opportunistic fungus Preumocystis jirovecii
showed that the main antigen of Pneumocystis is a heavily mannose-glycosylated major surface
glycoprotein (MSG, also called the gpA). Thus, this antigen is readily recognized by the mannose
receptor (MR) present at the surface of alveolar macrophages [51]. Binding of Pneumocystis to MR leads
to the activation of the NF-«B pathway resulting in the expression of matrix metalloproteinase-9, and the
pro-inflammatory IL-8 [52]. Other studies showed that another antigen present in the Pneumocystis cell
wall is the -glucan, Dectin-1, which is recognized by macrophage PRR receptors. In mice, binding of
-glucan induces alveolar macrophages to synthesize TNF-« macrophage inflammatory protein (MIP)-2
(the murine equivalent of IL-8) through the activation of NF-«B signaling [53]. It was further shown
that dectin-1 mediates the production of reactive oxygen species [54] that kill the fungus. The ability to
produce ROS and, thus, fight the infection was eliminated in dectin-1-knockout macrophages [55].

3.2. Mycobacterium Tuberculosis Complex Infection

The Mycobacterium tuberculosis complex consists of the genetically similar mycobacteria species
(M. tuberculosis, Mycobacterium canettii, Mycobacterium africanum, Mycobacterium microti, M. bovis,
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Moycobacterium caprae, and Mycobacterium pinnipedii) that cause tuberculosis in humans and animals.
The major components of Mycobacteria cell wall are specific lipoproteins (Lpps), lipoglycans and
complex lipids, which specifically modulate host macrophage response [56]. Mycobacteria evolved
several mechanisms, which counteract the microbicidal response of macrophages. One of the avoidance
mechanisms is the ability to arrest phagosome maturation by preventing phagosome acidification and
fusion with lysosomes to form a mature phagolysosome. It has been shown that Mycobacteria produce
the Ndk, a nucleoside diphosphate kinase with ATP/GTP binding activity and hydrolytic activity,
which after release from the bacteria accesses the cytosolic surface of the phagosome and prevents
its fusion with the lysosomes. Among many different molecules playing a role in the arrest of the
phagosome maturation is the tyrosine phosphatase PtpA, which binds to macrophage vacuolar ATP H*
pump preventing phagosome acidification [56]. Another counteracting mechanism is the inhibition of
macrophage cell death program resulting in the survival of the infected macrophages and dissemination
of the Mycobacteria. Several mycobacterial anti-apoptotic genes (nuoG, katG, sodA/secA2, pknE,
and Rv3654c/Rv3655c) have been identified in M. tuberculosis. These genes control the production of
ROS, the known triggers of macrophage apoptosis [57]. The third avoidance mechanism is the resistance
of mycobacteria to the toxic molecules produced by the host. One of the mechanisms involved here is
the production of superoxide dismutase enzyme, which counteracts and detoxifies the reactive oxygen
(ROS) species produced by the macrophages. Another mechanism involves the synthesis of KatG
catalase-peroxidase enzyme KaG that degrades H,O, and organic peroxides, and a thiol peroxidase
enzyme TpX that catalyze the reduction of hydroperoxides and peroxynitrite, thus counteracting the
reactive oxygen (ROS) and nitrogen (RNS) species produced by the macrophages in response to the
infection [56].

3.3. Mycobacterium Leprae Infection

Mycobacterium leprae infection causes leprosy that, depending on the immune response of the
patient presents different clinical forms. It can affect skin, peripheral nerves, eyes, respiratory tract,
muscle, bone, and testes [58]. The recognition of Mycobacteria occurs mainly through the TLRs (TLR1/2)
receptors. A genome-wide analysis of M. leprae identified 31 lipoproteins which can be potentially
recognized by TLR2/1 receptors [58]. There is a correlation between the spectrum of clinical forms of
leprosy and the intensity of immune response [59]. Tuberculoid leprosy (T-lep) is characterized by a
strong immune response, a high number of M1 macrophages, and a low number of Mycobacteria.

In contrast, lepromatous leprosy (L-lep) is characterized by a nigh number of mycobacteria-laden
foamy M2 macrophages. The T-lep patients produce a high level of pro-inflammatory factors, such as IFN-y,
TNEF, and IL-15, while L-lep patients produce anti-inflammatory cytokines IL-4, IL-10, and IL-13 [60].
The foamy macrophages present in the L-lep lesions are positive for the adipose differentiation-related
protein (ADPR). Because the ADPR is a marker of the macrophage lipid load and facilitates fatty
acid uptake, it may explain the “foamy” appearance of the macrophages and suggests that M. leprae
induces lipid accumulation in the macrophages. Such lipid-laden macrophages may have diminished
phagocytotic activity and/or undergo apoptosis. The cytokine anti- or pro-inflammatory profile
positively or negatively regulates macrophage autophagocytosis. In the process of autophagocytosis,
the macrophage encloses defective organelles or intracellular (invading) microorganisms within
the double-membrane vesicles (autophagosomes), which subsequently fuse with the lysosomes to
degrade autophagosome content [60]. Recent studies indicate that in the infected macrophages,
the Mycobacteria are targeted to autophagosomes and that autophagy is differentially regulated in T-lep
and L-lep patients [60]. Further studies showed that the skin of lepromatous patients has both M1
and M2 macrophages, with the continuum of different subtypes between, and the dendritic cells [58].
The macrophages are the major responders to M. leprae infection, but their phenotype/activity differs
depending on the clinical form and targeted organ. For example, the macrophages in the lepromatous
skin but not in the tuberculoid (a milder form of leprosy) lesions express a high level of Galectin-3,
which plays a role in macrophage and T cell activation [58]. Studies also showed that the macrophages
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present in lepromatous skin upregulate IL-27 that may activate IFN-f3 and IL-10, which block the
antimicrobial response [58,61]. Although lepromatous macrophages express not only many of the M2
markers (bacterial immune-osensor CD163, indoleamine 2,3 dioxygenase (IDO) that suppresses T and
NK cells, generate Tregs, and myeloid-derived suppressor cells), arginase, and steroid receptor RNA
activator 1 (SRA-I), but also have some features of M1 macrophages, such as low expression of the
iron exporter ferroportin (Fpn-1), which leads to the elevated iron content and may increase M. leprae
survival [58].

3.4. Brain-Eating Amoeba Naegleria Fowleri Infection

Naegleria fowleri is a free-living amoeba (FLA) abundant in freshwater and soil that can very rarely
(147 patients have been diagnosed in the United States between 1962 and 2020, with only 3 survivals)
infect humans and cause lethal primary amoebic meningoencephalitis (PAM) [62,63]. N. fowleri has
three different stages (forms): a dormant cyst, a migratory flagellate, and the trophozoite that can
divide, feed and infect humans. The Naegleria trophozoite may enter the human body through the
nasal cavity during water-related activities. After attaching to the nasal mucosa, and crossing the
olfactory epithelium, it travels along the olfactory nerves (the cranial nerves that conduit sensory
smell information) to the olfactory bulbs (a part of the forebrain responsible for smell sensing located
just above the nasal cavity) of the brain cerebral hemispheres. Traveling along the nerves allows
bypassing the central nervous system barrier. Naegleria causes brain damage through direct and indirect
effects. Amoeba directly damages the tissue by ingesting the fragments of the tissue (trogocytosis)
using the food cup. The food cup forms when the edges of the amoeba pseudopodia come close
together surrounding the food material. Another direct effect is the release of cytolytic factors such
as neuraminidases, phospholipases, phospholipolytic enzymes, and hydrolases, which cause brain
tissue damage. Additionally, upon arriving at the olfactory bulbs, amoeba induces a very intense
immune response by the immune cells (including neutrophils and macrophages) that injures the
brain tissue [62]. Interestingly, from the still unknown reasons, the detection of the amoebas by the
immune system occurs quite late (3—4 days) after the infection, when the amoebas are already in
the brain. During the first several hours after the infection, when the amoebas migrate in the host,
the innate immune response is very week. Eventually, after amoebas are detected, they illicit a massive
influx of the immune cells (neutrophils, eosinophils, monocytes/macrophages), which cause lytic
necrosis and hemorrhage of the brain. This delayed detection and lack of early immune response
may be responsible for the fatality of the disease [62]. In contrast to the viral and bacterial pathogens
(prokaryotes), the eukaryotic amoebas are usually not recognized by the majority of human pattern
recognition receptors (PRRs). Instead, the immune system relies on complement activation followed
by complement-mediated lysis [63]. Kim et al. [64] studied the effect of Naegleria on the macrophage
activity in the in vitro model. They found that after 3 h of noncontact co-culturing of the human
macrophages (THP-1 cell line) with Naegleria trophozoites activated the formation of the NOD-,
LRR- and pyrin domain-containing protein 3/Apoptosis-associated speck-like protein containing a
CARD (NLRP3/ASC) inflammasomes. The NLRP3 is an intracellular sensor that detects various
microbial components, and endogenous and exogenous danger signals, and induces the formation
and activation of the NLRP3 inflammasome. The NLRP3 inflammasome is the multimeric complex
that activates caspase-1, which in turn controls cleavage-dependent maturation of Interleukin-1f3
and IL-18 [65,66]. Thus, the Naegleria infection induces the inflammasome, caspase-1, inflammatory
cytokines, and inflammatory response of the macrophages.

4. Macrophage Response to Organ Transplantation

Transplantation of any organ not deriving from the genetically identical tween mounts in the transplant
recipient the vigorous immune response against the genetically different transplant. The success of
transplantation, and the fitness and survival of the transplant, depend on the therapeutic suppression of
the host immune response and, participating in the rejection, immune cells. Transplanted organs undergo
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the hyperacute rejection that occurs a few minutes after transplantation when the donor and recipient
are completely genetically unmatched. The progress in genetic matching nearly eliminated this type
of rejection in clinical transplantation. In contemporary transplantation, the transplanted organs
undergo two main types of rejection: acute rejection which occurs between the first week and 3 months
post-transplantation, and chronic rejection which develops and progresses within many months or
years post-transplantation [67,68]. Acute rejection is mainly driven by T cells, with some participation of
macrophages, while chronic rejection mainly depends on the macrophages. Macrophages participating
in the acute rejection belong to the M1 and M2-like subtypes. They secrete inflammatory factors
such as IL-1f3, IL-12, IL-18, TNF-«, and IFN-y, which either directly damage the graft tissues or/and
activate endothelial cells and induce the cytotoxic T-cells. They also produce reactive oxygen (ROS)
and reactive nitrogen species (RNS), which damage graft and enhance acute rejection [68].

While in present-day transplantation the acute rejection is manageable through the application of
immunosuppressive drugs targeting T cell activation, such as cyclosporin (CA), the chronic rejection
remains unmanageable and is responsible for a long-term organ failure in clinical transplantation [69].
Chronic rejection causes occlusion of the transplant blood vessels and tissue fibrosis. Both of these
processes are regulated by the resident and infiltrating macrophages in response to the inflammatory
signals released by the graft. The recruited and resident macrophages stimulate the over-proliferation
of the muscle cells in the blood vessel wall which results in the constriction of the vessel lumens,
and eventually their complete blockage and the starvation of the graft [67,69,70]. They also stimulate
fibrocytes to overproduce the fibrotic factors, leading to a destruction of the graft architecture and
integrity [67,69]. Studies from our laboratory showed that macrophage phenotype and movement
to the graft are regulated by the small GTPase RhoA pathway and its effector, the actin cytoskeleton
that besides the movement, regulates phagocytosis and receptor recycling [71-75]. These findings
suggested that targeting the macrophages and RhoA pathway in the graft recipient could decelerate or
eliminate chronic rejection of transplanted organs.

Indeed, our studies in the rodent cardiac transplantation models showed that the genetic interference
with the RhoA pathway in the transplant recipients inhibits macrophage infiltration of the graft and
abrogates chronic rejection [76]. The inflammatory processes in the graft induce endothelial cells of the
graft blood vessel to secrete fractalkine (CX3CL1) chemokine that recruits macrophages, which express
the fractalkine receptor (CX3CR1), to the vicinity of the blood vessels. Once there, the macrophages
induce the over-proliferation of the smooth muscle cells of the vessel wall and fibrosis of the surrounding
tissues. These lead to the occlusion of the blood vessel lumen, destruction of tissue integrity, and chronic
rejection of the graft. We showed that macrophage-specific knockout of RhoA decreases the level of
CX3CR1 receptors on the macrophage surface resulting in the under-responsiveness of macrophage to
fractalkine signaling and reducing macrophage entry into the graft. This, in turn, leads to the lessening
of vessel occlusion and fibrosis, and inhibition of chronic rejection of the graft [76]. Proper recycling and
expression of the receptors at the cell surface depends on the endocytic/exocytic vesicular pathway, which is
actin/RhoA dependent. Accordingly, we also showed that the decrease in the level of CX3CR1 receptors
in the RhoA-deleted macrophages resulted from the disruption of the actin cytoskeleton and defective
vesicular recycling of the receptors [76]. We also showed that the disruption of the RhoA pathway
by the inhibitors of the downstream effector of RhoA, ROCK kinase, or by inhibitors of the upstream
regulators of RhoA, GEFs disrupts macrophage actin and affects their shape, motility, and functional
phenotype [75]. Our tests of many commercially available inhibitors (Y27632, Azaindole-1, Fasudil,
SAR-407899, and SLX-2119) of the RhoA/ROCK pathway showed that except SAR-407899 and SLX-2119
(which only inhibit fibrosis) they are highly effective in inhibiting macrophage influx and chronic
rejection of rat and mouse cardiac allografts (Figure 3) [71,77]. In our search for the clinically approved
RhoA inhibitors, we found that Fingolimod (FTY720) and Siponimod, which are used for the treatment of
multiple sclerosis [78-81], also inhibit RhoA, expression of CX3CR1 receptors, macrophage infiltration,
and chronic rejection of rodent cardiac allografts [81]. These findings will allow repurposing these
multiple sclerosis drugs to clinical transplantation.
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Figure 3. Role of macrophages in transplant rejection. Organ transplantation induces immune responses
in the recipient. One of the responses is a massive production of the chemokine fractalkine (CX3CL1)
by the endothelial cells of the graft blood vessels. The CX3CL1 recruits the monocytes/macrophages,
which express the fractalkine receptor (CX3CR1), from the blood to the vicinity of the blood vessels.
The macrophages induce an over-proliferation of the smooth muscle cells in the blood vessel wall,
and fibroblast/fibrocyte to express a huge quantity of fibrotic factors such as collagen. These result in
the occlusion of the blood vessel lumen, and graft tissue fibrosis, leading to chronic rejection of the
transplant. The expression and recycling of the macrophage receptors are actin-dependent, and actin is
regulated by the RhoA pathway. The interference (either RhoA deletion or pharmacologic inhibition)
with the RhoA pathway disrupts the normal functioning of actin filaments and actin-dependent
processes such as receptor expression and recycling. The lowered expression of CX3CR1 receptors
makes macrophages less or nonresponsive to the fractalkine, prevents their infiltration into the graft,
and inhibits chronic rejection.

5. Conclusions

In this review, we described phagocytic response of macrophages to microbial infection and
macrophage involvement in the chronic rejection of transplanted organs. We have chosen these particular
topics in seemingly unrelated arms of the immune response as the example of two, out of the myriad,
of very diverse macrophage activities and functions.

The macrophages seem to be an excellent target for the development of novel therapies against
infectious diseases and transplant rejection. For example, pharmaceutical targeting of macrophage
movement could prevent infiltration of the transplanted organs and subsequent chronic rejection,
and in the viral infections, prevent the dissemination of viruses to various organs.

Author Contributions: Conceptualization: M.K., J.Z.K. Writing—Original Draft Preparation: M.K,, ].Z.K.,
A.U. Writing—Review & Editing: M.K.,, RM.G,, ].Z K. Visualization: M.K. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We thank The William Stamps Farish Fund and Novartis for support to MK and RMG and
the Polish Ministry of National Defense for the “Ko$ciuszko” grant # 508/2017/DA to JZK. Some of the images
used to make figures were from the Servier Medical ART: SMART, smart.servier.com.

Conflicts of Interest: The authors declare no conflict of interest.


smart.servier.com

Int. J. Mol. Sci. 2020, 21, 9669 11 of 14

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Liao, X.; Shen, Y.; Zhang, R.; Sugi, K.; Vasudevan, N.T.; Alaiti, M.A.; Sweet, D.R.; Zhou, L.; Qing, Y,;
Gerson, S.L.; et al. Distinct roles of resident and nonresident macrophages in nonischemic cardiomyopathy.
Proc. Natl. Acad. Sci. USA 2018, 115, E4661-E4669. [CrossRef] [PubMed]

Allard, B.; Panariti, A.; Martin, ].G. Alveolar Macrophages in the Resolution of Inflammation, Tissue Repair,
and Tolerance to Infection. Front. Immunol. 2018, 9, 1777. [CrossRef] [PubMed]

Apovian, C.M.; Apovian, C.M. Macrophage functions in lean and obese adipose tissue. Metabolism 2017,
72,120-143. [CrossRef]

Dixon, L.J.; Barnes, M.; Tang, H.; Pritchard, M.T.; Nagy, L.E. Kupffer Cells in the Liver. Compr. Physiol. 2013,
3,785-797.

Nagelkerke, S5.Q.; Bruggeman, C.W.; Haan, ].M.D.; Mul, E.PJ.; Berg, TK.V.D.; Van Bruggen, R.; Kuijpers, TW.
Red pulp macrophages in the human spleen are a distinct cell population with a unique expression of Fc-y
receptors. Blood Adv. 2018, 2, 941-953. [CrossRef]

Chen, W.; Sandoval, H.; Kubiak, J.Z.; Li, X.C.; Ghobrial, R.M.; Kloc, M. The phenotype of peritoneal mouse
macrophages depends on the mitochondria and ATP/ADP homeostasis. Cell. Immunol. 2018, 324, 1-7.
[CrossRef]

Schliefsteiner, C.; Ibesich, S.; Wadsack, C. Placental Hofbauer Cell Polarization Resists Inflammatory Cues In
Vitro. Int. J. Mol. Sci. 2020, 21, 736. [CrossRef]

Kloc, M.; Li, X.C.; Ghobrial, R.M. Are Macrophages Responsible for Cancer Metastasis? J. Immunol. Biol.
2016, 1, 103. [CrossRef]

Prinz, M.; Priller, J.; Sisodia, S.S.; Ransohoff, R.M. Heterogeneity of CNS myeloid cells and their roles in
neurodegeneration. Nat. Neurosci. 2011, 14, 1227-1235. [CrossRef]

Gordon, S.; Pliiddemann, A. Tissue macrophages: Heterogeneity and functions. BMC Biol. 2017, 15, 1-18.
[CrossRef]

Kloc, M.; Uosef, A.; Leéniak, M.; Kubiak, J.Z.; Ghobrial, R.M. Reciprocal interaction between mesenchymal
stem cells and macrophages. Int. J. Dev. Biol. 2020, (in press). [CrossRef]

Hutchinson, J.A.; Riquelme, P; Geissler, E.K.; Fandrich, F. Human Regulatory Macrophages. Risk Manag. Technol.
2010, 677, 181-192. [CrossRef]

Maggini, J.; Mirkin, G.; Bognanni, I.; Holmberg, J.; Piazzén, .M.; Nepomnaschy, I.; Costa, H.; Cafiones, C.;
Raiden, S.; Vermeulen, M.; et al. Mouse Bone Marrow-Derived Mesenchymal Stromal Cells Turn Activated
Macrophages into a Regulatory-Like Profile. PLoS ONE 2010, 5, €9252. [CrossRef] [PubMed]

Jinnouchi, H.; Guo, L.; Sakamoto, A.; Torii, S.; Sato, Y.; Cornelissen, A.; Kuntz, S.; Paek, K.H.; Fernandez, R.;
Fuller, D.; et al. Diversity of macrophage phenotypes and responses in atherosclerosis. Cell. Mol. Life Sci.
2020, 77,1919-1932. [CrossRef]

Kadl, A.; Meher, A.K,; Sharma, P.R.; Lee, M.Y.; Doran, A.C.; Johnstone, S.R.; Elliott, M.R.; Gruber, F.; Han, J.;
Chen, W,; et al. Identification of a Novel Macrophage Phenotype That Develops in Response to Atherogenic
Phospholipids via Nrf2. Circ. Res. 2010, 107, 737-746. [CrossRef] [PubMed]

De Sousa, J.R.; Neto, ED.L.; Sotto, M.N.; Quaresma, J.A.S. Inmunohistochemical characterization of the M4
macrophage population in leprosy skin lesions. BMC Infect. Dis. 2018, 18, 576. [CrossRef]

Atri, C.; Guerfali, EZ.; Laouini, D. Role of Human Macrophage Polarization in Inflammation during Infectious
Diseases. Int. . Mol. Sci. 2018, 19, 1801. [CrossRef]

Yao, Y.; Xu, X.-H,; Jin, L. Macrophage Polarization in Physiological and Pathological Pregnancy. Front. Immunol.
2019, 10, 792. [CrossRef]

Mosser, D.M.; Edwards, J.P. Exploring the full spectrum of macrophage activation. Nat. Rev. Immunol. 2008,
8, 958-969. [CrossRef]

Ural, B.B.; Yeung, S.T.; Damani-Yokota, P; Devlin, J.C.; De Vries, M.; Vera-Licona, P.; Samji, T.; Sawai, C.M.;
Jang, G.; Perez, O.A; et al. Identification of a nerve-associated, lung-resident interstitial macrophage subset
with distinct localization and immunoregulatory properties. Sci. Immunol. 2020, 5, eaax8756. [CrossRef]
Yeung, S.T.; Ural, B.B.; Damani-Yokota, P.; Devlin, ].C.; De Vries, M.; Samyji, T.; Jang, G.; Loke, P.; Dittmann, M.;
Reizis, B.; et al. Nerve associated lung resident interstitial macrophage subset exhibits distinct localization
and polarization. J. Immunol. 2020, 204 (Suppl. 1), 149.3.


http://dx.doi.org/10.1073/pnas.1720065115
http://www.ncbi.nlm.nih.gov/pubmed/29712858
http://dx.doi.org/10.3389/fimmu.2018.01777
http://www.ncbi.nlm.nih.gov/pubmed/30108592
http://dx.doi.org/10.1016/j.metabol.2017.04.005
http://dx.doi.org/10.1182/bloodadvances.2017015008
http://dx.doi.org/10.1016/j.cellimm.2017.11.003
http://dx.doi.org/10.3390/ijms21030736
http://dx.doi.org/10.4172/jib.1000103
http://dx.doi.org/10.1038/nn.2923
http://dx.doi.org/10.1186/s12915-017-0392-4
http://dx.doi.org/10.1387/ijdb.200242jc
http://dx.doi.org/10.1007/978-1-60761-869-0_13
http://dx.doi.org/10.1371/journal.pone.0009252
http://www.ncbi.nlm.nih.gov/pubmed/20169081
http://dx.doi.org/10.1007/s00018-019-03371-3
http://dx.doi.org/10.1161/CIRCRESAHA.109.215715
http://www.ncbi.nlm.nih.gov/pubmed/20651288
http://dx.doi.org/10.1186/s12879-018-3478-x
http://dx.doi.org/10.3390/ijms19061801
http://dx.doi.org/10.3389/fimmu.2019.00792
http://dx.doi.org/10.1038/nri2448
http://dx.doi.org/10.1126/sciimmunol.aax8756

Int. J. Mol. Sci. 2020, 21, 9669 12 of 14

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Kloc, M.; Ghobrial, R.M.; Kubiak, J.Z. How nicotine can inhibit cytokine storm in the lungs and prevent or
lessen the severity of COVID-19 infection? Immunol. Lett. 2020, 224, 28-29. [CrossRef] [PubMed]

Hao, N.-B,; Lii, M.-H,; Fan, Y.-H.; Cao, Y.-L.; Zhang, Z.; Yang, S.-M. Macrophages in Tumor Microenvironments
and the Progression of Tumors. Clin. Dev. Immunol. 2012, 2012, 948098. [CrossRef] [PubMed]

Anfray, C.; Ummarino, A.; Andén, ET.,; Allavena, P. Current Strategies to Target Tumor-Associated-
Macrophages to Improve Anti-Tumor Immune Responses. Cells 2019, 9, 46. [CrossRef] [PubMed]

Nathan, C.E; Gabay, J. Antimicrobial mechanisms of macrophages. In Mononuclear Phagocytes; Springer Science
and Business Media LLC: Berlin/Heidelberg, Germany, 1992; pp. 259-267.

Flannagan, R.S.; Heit, B.; Heinrichs, D.E. Antimicrobial Mechanisms of Macrophages and the Immune
Evasion Strategies of Staphylococcus aureus. Pathogens 2015, 4, 826-868. [CrossRef] [PubMed]

Doster, R.S.; Rogers, L.M.; Gaddy, J.A.; Aronoff, D.M. Macrophage Extracellular Traps: A Scoping Review.
J. Innate Immun. 2018, 10, 3—-13. [CrossRef]

Boe, D.M,; Curtis, B.J.; Chen, M.M.; Ippolito, ].A.; Kovacs, E.J. Extracellular traps and macrophages: New roles
for the versatile phagocyte. J. Leukoc. Biol. 2015, 97, 1023-1035. [CrossRef]

Freeman, S.A.; Grinstein, S. Phagocytosis: Receptors, signal integration, and the cytoskeleton. Immunol. Rev.
2014, 262, 193-215. [CrossRef]

Reddick, L.E.; Alto, N.M. Bacteria Fighting Back: How Pathogens Target and Subvert the Host Innate
Immune System. Mol. Cell 2014, 54, 321-328. [CrossRef]

Vieira, O.V,; Bucci, C.; Harrison, R.E.; Trimble, W.S.; Lanzetti, L.; Gruenberg, J.; Schreiber, A.D.; Stahl, PD.;
Grinstein, S. Modulation of Rab5 and Rab7 Recruitment to Phagosomes by Phosphatidylinositol 3-Kinase.
Mol. Cell. Biol. 2003, 23, 2501-2514. [CrossRef]

Hackam, D.J.; Rotstein, O.D.; Zhang, W.]J.; Demaurex, N.; Woodside, M.; Tsai, O.; Grinstein, S. Regulation of
phagosomal acidification. Differential targeting of Na+/H+ exchangers, Na+/K+-ATPases, and vacuolar-type
H+-atpases. J. Biol. Chem. 1997, 272, 29810-29820. [CrossRef] [PubMed]

Rehermann, B.; Nascimbeni, M. Inmunology of hepatitis B virus and hepatitis C virus infection. Nat. Rev. Immunol.
2005, 5, 215-229. [CrossRef]

Zinkernagel, RM.; Haenseler, E.; Leist, T.; Cerny, A.; Hengartner, H.; Althage, A. T cell-mediated hepatitis
in mice infected with lymphocytic choriomeningitis virus. Liver cell destruction by H-2 class I-restricted
virus-specific cytotoxic T cells as a physiological correlate of the 51Cr-release assay? J. Exp. Med. 1986,
164, 1075-1092. [CrossRef] [PubMed]

Lang, P.A.; Recher, M.; Honke, N.; Scheu, S.; Borkens, S.; Gailus, N.; Krings, C.; Meryk, A.; Kulawik, A.;
Cervantes-Barragan, L.; et al. Tissue macrophages suppress viral replication and prevent severe
immunopathology in an interferon-I-dependent manner in mice. Hepatology 2010, 52, 25-32. [CrossRef]
Brophy, M.B.; Nolan, E.M. Manganese and Microbial Pathogenesis: Sequestration by the Mammalian
Immune System and Utilization by Microorganisms. ACS Chem. Biol. 2015, 10, 641-651. [CrossRef]

Park, Y.-D.; Williamson, P.R. Masking the Pathogen: Evolutionary Strategies of Fungi and Their Bacterial
Counterparts. J. Fungi 2015, 1, 397-421. [CrossRef]

Ematsuura, M. Structural Modifications of Bacterial Lipopolysaccharide that Facilitate Gram-Negative
Bacteria Evasion of Host Innate Immunity. Front. Immunol. 2013, 4, 109. [CrossRef]

Montminy, S.W.; Khan, N.N.; McGrath, S.C.; Walkowicz, M.].; Sharp, E; Conlon, J.E.; Fukase, K.; Kusumoto, S.;
Sweet, C.R.; Miyake, K.; et al. Virulence factors of Yersinia pestis are overcome by a strong lipopolysaccharide
response. Nat. Immunol. 2006, 7, 1066-1073. [CrossRef] [PubMed]

Rebeil, R.; Ernst, RK.; Gowen, B.B.; Miller, S.I.; Hinnebusch, B.J. Variation in lipid A structure in the
pathogenic yersiniae. Mol. Microbiol. 2004, 52, 1363-1373. [CrossRef] [PubMed]

Rosowski, E.E. Illuminating Macrophage Contributions to Host-Pathogen Interactions In Vivo: The Power of
Zebrafish. Infect. Immun. 2020, 88, e00906-19. [CrossRef]

Levitte, S.; Adams, K.N.; Berg, R.D.; Cosma, C.L.; Urdahl, K.B.; Whitworth, L. Mycobacterial Acid Tolerance
Enables Phagolysosomal Survival and Establishment of Tuberculous Infection In Vivo. Cell Host Microbe
2016, 20, 250-258. [CrossRef] [PubMed]

Rigden, R.C.; Carrasco, C.P.; Summerfield, A.; McCullough, K. Macrophage phagocytosis of foot-and-mouth
disease virus may create infectious carriers. Immunology 2002, 106, 537-548. [CrossRef] [PubMed]

Klepper, A.; Branch, A.D. Macrophages and the Viral Dissemination Super Highway. EC Microbiol. 2016,
2,328-336.


http://dx.doi.org/10.1016/j.imlet.2020.06.002
http://www.ncbi.nlm.nih.gov/pubmed/32522666
http://dx.doi.org/10.1155/2012/948098
http://www.ncbi.nlm.nih.gov/pubmed/22778768
http://dx.doi.org/10.3390/cells9010046
http://www.ncbi.nlm.nih.gov/pubmed/31878087
http://dx.doi.org/10.3390/pathogens4040826
http://www.ncbi.nlm.nih.gov/pubmed/26633519
http://dx.doi.org/10.1159/000480373
http://dx.doi.org/10.1189/jlb.4RI1014-521R
http://dx.doi.org/10.1111/imr.12212
http://dx.doi.org/10.1016/j.molcel.2014.03.010
http://dx.doi.org/10.1128/MCB.23.7.2501-2514.2003
http://dx.doi.org/10.1074/jbc.272.47.29810
http://www.ncbi.nlm.nih.gov/pubmed/9368053
http://dx.doi.org/10.1038/nri1573
http://dx.doi.org/10.1084/jem.164.4.1075
http://www.ncbi.nlm.nih.gov/pubmed/3489805
http://dx.doi.org/10.1002/hep.23640
http://dx.doi.org/10.1021/cb500792b
http://dx.doi.org/10.3390/jof1030397
http://dx.doi.org/10.3389/fimmu.2013.00109
http://dx.doi.org/10.1038/ni1386
http://www.ncbi.nlm.nih.gov/pubmed/16980981
http://dx.doi.org/10.1111/j.1365-2958.2004.04059.x
http://www.ncbi.nlm.nih.gov/pubmed/15165239
http://dx.doi.org/10.1128/IAI.00906-19
http://dx.doi.org/10.1016/j.chom.2016.07.007
http://www.ncbi.nlm.nih.gov/pubmed/27512905
http://dx.doi.org/10.1046/j.1365-2567.2002.01460.x
http://www.ncbi.nlm.nih.gov/pubmed/12153517

Int. J. Mol. Sci. 2020, 21, 9669 13 of 14

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Nikitina, E.; Larionova, I.; Choynzonov, E.L.; Kzhyshkowska, ]. Monocytes and Macrophages as Viral Targets
and Reservoirs. Int. J. Mol. Sci. 2018, 19, 2821. [CrossRef] [PubMed]

Kloc, M.; Ghobrial, R.M.; Lewicki, S.; Kubiak, J.Z. Macrophages in diabetes mellitus (DM) and COVID-19:
Do they trigger DM? . Diabetes Metab. Disord. 2020, 17, 1-4. [CrossRef] [PubMed]

Li, Z.; Lu, G.; Meng, G. Pathogenic Fungal Infection in the Lung. Front. Immunol. 2019, 10, 1524. [CrossRef]
[PubMed]

Gigliotti, F.; Limper, A.H.; Wright, T. Pneumocystis. Cold Spring Harb. Perspect. Med. 2014, 4, a019828.
[CrossRef]

Miceli, M.H. Central Nervous System Infections Due to Aspergillus and Other Hyaline Molds. J. Fungi 2019,
5,79. [CrossRef]

Bhatia, S.; Fei, M.; Yarlagadda, M.; Qi, Z.; Akira, S.; Saijo, S.; Iwakura, Y.; Van Rooijen, N.; Gibson, G.A.;
Croix, C.M.S,; et al. Rapid Host Defense against Aspergillus fumigatus Involves Alveolar Macrophages with
a Predominance of Alternatively Activated Phenotype. PLoS ONE 2011, 6, e15943. [CrossRef]

Kelly, M.N; Shellito, J.E. Current understanding ofPneumocystisimmunology. Future Microbiol. 2010, 5, 43—65.
[CrossRef]

Zhang, J.; Zhu, J.; Imrich, A.; Cushion, M.; Kinane, T.B.; Koziel, H. Pneumocystis activates human alveolar
macrophage NF-«B signaling through mannose receptors. Infect. Immun. 2004, 72, 3147-3160. [CrossRef]
[PubMed]

Lebron, E,; Vassallo, R.; Puri, V.; Limper, A.H. Pneumocystis carinii cell wall 3-glucans initiate macrophage
inflammatory responses through NF-«B activation. . Biol. Chem. 2003, 278, 25001-25008. [CrossRef] [PubMed]
Steele, C.; Marrero, L.; Swain, S.D.; Harmsen, A.G.; Zheng, M.; Brown, G.D.; Gordon, S.; Shellito, J.E.;
Kolls, ].K. Alveolar Macrophage-mediated Killing of Pneumocystis carinii f. sp. muris Involves Molecular
Recognition by the Dectin-1 3-Glucan Receptor. J. Exp. Med. 2003, 198, 1677-1688. [CrossRef] [PubMed]
Saijo, S.; Fujikado, N.; Furuta, T.; Chung, S.-H.; Kotaki, H.; Seki, K.; Sudo, K.; Akira, S.; Adachi, Y,;
Ohno, N.; et al. Dectin-1 is required for host defense against Pneumocystis carinii but not against Candida
albicans. Nat. Immunol. 2006, 8, 39—46. [CrossRef] [PubMed]

Forrellad, M.A.; Klepp, L.I; Gioffré, A.; Garcia, ].S.Y.; Morbidoni, H.R.; Santangelo, M.D.L.P.; Cataldi, A.A;
Bigi, F. Virulence factors of theMycobacterium tuberculosiscomplex. Virulence 2013, 4, 3—66. [CrossRef]
[PubMed]

Behar, S.M.; Martin, C.J.; Booty, M.G.; Nishimura, T.; Zhao, X.; Gan, H.-X; Divangahi, M.; Remold, H.G.
Apoptosis is an innate defense function of macrophages against Mycobacterium tuberculosis. Mucosal Immunol.
2011, 4, 279-287. [CrossRef]

Pinheiro, R.O.; Schmitz, V,; Silva, B.].D.A.; Dias, A.A.; De Souza, B.].; Barbosa, M.G.D.M.; Esquenazi, D.D.A;
Pessolani, M.C.V.; Sarno, E.N. Innate Inmune Responses in Leprosy. Front. Immunol. 2018, 9, 518. [CrossRef]
Ridley, D.S.; Jopling, W.H. Classification of leprosy according to immunity. A five-group system. Int. J. Lepr.
Other Mycobact. Dis. 1966, 34, 255-273.

Silva, B.J.D.A.; Barbosa, M.G.D.M.; Andrade, PR.; Ferreira, H.; Nery, ].A.D.C.; Corte-Real, S.; Da Silva, GM.S.;
Rosa, PS.; Fabri, M.; Sarno, E.N.; et al. Autophagy Is an Innate Mechanism Associated with Leprosy
Polarization. PLoS Pathog. 2017, 13, €1006103. [CrossRef]

Teles, RM.B.; Graeber, T.G.; Krutzik, S.R.; Montoya, D.; Schenk, M.; Lee, D.J.; Komisopoulou, E.;
Kelly-Scumpia, K.; Chun, R;; Iyer, S.S.; et al. Type I Interferon Suppresses Type II Interferon-Triggered
Human Anti-Mycobacterial Responses. Science 2013, 339, 1448-1453. [CrossRef]

Grace, E.; Asbill, S.; Virga, K. Naegleria fowleri: Pathogenesis, Diagnosis, and Treatment Options.
Antimicrob. Agents Chemother. 2015, 59, 6677-6681. [CrossRef] [PubMed]

Moseman, E.A. Battling brain-eating amoeba: Enigmas surrounding immunity to Naegleria fowleri. PLoS Pathog.
2020, 16, €1008406. [CrossRef] [PubMed]

Kim, J.-H.; Sohn, H.-J.; Yoo, J.-K.; Kang, H.; Seong, G.-S.; Chwae, Y.-J.; Kim, K.; Park, S.; Shin, H.-J.
NLRP3 Inflammasome Activation in THP-1 Target Cells Triggered by Pathogenic Naegleria fowleri.
Infect. Immun. 2016, 84, 2422-2428. [CrossRef] [PubMed]

Martinon, F.; Burns, K.; Tschopp, J. The inflammasome: A molecular platform triggering activation of
inflammatory caspases and processing of prolL-beta. Mol. Cell 2002, 10, 417-426. [CrossRef]

Swanson, K.V.; Deng, M.; Ting, ]J. The NLRP3 inflammasome: Molecular activation and regulation to
therapeutics. Nat. Rev. Immunol. 2019, 19, 477-489. [CrossRef] [PubMed]


http://dx.doi.org/10.3390/ijms19092821
http://www.ncbi.nlm.nih.gov/pubmed/30231586
http://dx.doi.org/10.1007/s40200-020-00665-3
http://www.ncbi.nlm.nih.gov/pubmed/33102261
http://dx.doi.org/10.3389/fimmu.2019.01524
http://www.ncbi.nlm.nih.gov/pubmed/31333658
http://dx.doi.org/10.1101/cshperspect.a019828
http://dx.doi.org/10.3390/jof5030079
http://dx.doi.org/10.1371/journal.pone.0015943
http://dx.doi.org/10.2217/fmb.09.116
http://dx.doi.org/10.1128/IAI.72.6.3147-3160.2004
http://www.ncbi.nlm.nih.gov/pubmed/15155616
http://dx.doi.org/10.1074/jbc.M301426200
http://www.ncbi.nlm.nih.gov/pubmed/12716885
http://dx.doi.org/10.1084/jem.20030932
http://www.ncbi.nlm.nih.gov/pubmed/14657220
http://dx.doi.org/10.1038/ni1425
http://www.ncbi.nlm.nih.gov/pubmed/17159982
http://dx.doi.org/10.4161/viru.22329
http://www.ncbi.nlm.nih.gov/pubmed/23076359
http://dx.doi.org/10.1038/mi.2011.3
http://dx.doi.org/10.3389/fimmu.2018.00518
http://dx.doi.org/10.1371/journal.ppat.1006103
http://dx.doi.org/10.1126/science.1233665
http://dx.doi.org/10.1128/AAC.01293-15
http://www.ncbi.nlm.nih.gov/pubmed/26259797
http://dx.doi.org/10.1371/journal.ppat.1008406
http://www.ncbi.nlm.nih.gov/pubmed/32324819
http://dx.doi.org/10.1128/IAI.00275-16
http://www.ncbi.nlm.nih.gov/pubmed/27297387
http://dx.doi.org/10.1016/S1097-2765(02)00599-3
http://dx.doi.org/10.1038/s41577-019-0165-0
http://www.ncbi.nlm.nih.gov/pubmed/31036962

Int. J. Mol. Sci. 2020, 21, 9669 14 of 14

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Kloc, M.; Ghobrial, R M. Chronic allograft rejection: A significant hurdle to transplant success. Burn. Trauma
2014, 2, 3-10. [CrossRef] [PubMed]

Liu, Y.; Kloc, M.; Li, X.C. Macrophages as Effectors of Acute and Chronic Allograft Injury. Curr. Transplant. Rep.
2016, 3, 303-312. [CrossRef]

Julius, B.K,; Jost, CH.A.; Siitsch, G.; Brunner, H.P,; Kuenzli, A.; Vogt, PR.; Turina, M.; Hess, O.M,;
Kiowski, W. Incidence, progression and functional significance of cardiac allograft vasculopathy after heart
transplantationl. Transplantation 2000, 69, 847-853. [CrossRef]

Mitchell, R.N. Graft Vascular Disease: Immune Response Meets the Vessel Wall. Annu. Rev. Pathol. Mech. Dis.
2009, 4, 19-47. [CrossRef]

Kloc, M.; Li, X.C.; Ghobrial, R.M. RhoA cytoskeletal pathway to transplantation. J. Immunol. Clin. Res. 2014,
2,1012-2014.

Liu, Y;; Tejpal, N.; You, J.; Li, X.C.; Ghobrial, R.M.; Kloc, M. ROCK inhibition impedes macrophage polarity
and functions. Cell. Immunol. 2016, 300, 54-62. [CrossRef] [PubMed]

Liu, Y,; Minze, L.J.; Kubiak, J.Z; Li, X.C.; Ghobrial, R.M.; Chen, W.; Kloc, M. Dissonant response of M0/M2 and
M1 bone-marrow-derived macrophages to RhoA pathway interference. Cell Tissue Res. 2016, 366, 707-720.
[CrossRef] [PubMed]

Liu, Y,; Minze, L.J.; Mumma, L.; Li, X.C.; Ghobrial, R.M.; Kloc, M. Mouse macrophage polarity and ROCK1
activity depend on RhoA and non-apoptotic Caspase 3. Exp. Cell Res. 2016, 341, 225-236. [CrossRef]

Chen, W.; Zhao, Y.; Li, X.C.; Kubiak, ].Z.; Ghobrial, R.M.; Kloc, M. Rho-specific Guanine nucleotide exchange
factors (Rho-GEFs) inhibition affects macrophage phenotype and disrupts Golgi complex. Int. J. Biochem.
Cell Biol. 2017, 93, 12-24. [CrossRef] [PubMed]

Liu, Y;; Chen, W.; Wu, C,; Minze, L.J.; Kubiak, ].Z.; Li, X.C.; Kloc, M.; Ghobrial, R.M. Macrophage/monocyte-
specific deletion of Ras homolog gene family member A (RhoA) downregulates fractalkine receptor and
inhibits chronic rejection of mouse cardiac allografts. J. Hear. Lung Transplant. 2017, 36, 340-354. [CrossRef]
[PubMed]

Chen, W.; Chen, S.; Chen, W.; Li, X.C.; Ghobrial, R.M.; Kloc, M. Screening RhoA/ROCK inhibitors for the
ability to prevent chronic rejection of mouse cardiac allografts. Transpl. Immunol. 2018, 50, 15-25. [CrossRef]
[PubMed]

Kloc, M.; Ghobrial, R.M. The multiple sclerosis (MS) drugs as a potential treatment of ARDS in COVID-19
patients. Mult. Scler. Relat. Disord. 2020, 45, 102437. [CrossRef]

Uosef, A.; Vaughn, N.; Chu, X.; Elshawwaf, M.; Abdelshafy, A.A.A_; Elsaid, KM.K.; Ghobrial, R.M.; Kloc, M.
Siponimod (Mayzent) Downregulates RhoA and Cell Surface Expression of the SIP1 and CX3CR1 Receptors
in Mouse RAW 264.7 Macrophages. Arch. Immunol. Ther. Exp. 2020, 68, 19. [CrossRef]

Chen, W.; Ghobrial, RM.; Li, X.C.; Kloc, M. Inhibition of RhoA and mTORC2/Rictor by Fingolimod
(FTY720) induces p21-activated kinase 1, PAK-1 and amplifies podosomes in mouse peritoneal macrophages.
Immunobiol. 2018, 223, 634-647. [CrossRef]

Chen, W.; Chen, W.; Chen, S.; Uosef, A.; Ghobrial, R.M.; Kloc, M. Fingolimod (FTY720) prevents chronic
rejection of rodent cardiac allografts through inhibition of the RhoA pathway. Transpl. Immunol. 2020, 101347.
[CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.4103/2321-3868.121646
http://www.ncbi.nlm.nih.gov/pubmed/27574640
http://dx.doi.org/10.1007/s40472-016-0130-9
http://dx.doi.org/10.1097/00007890-200003150-00030
http://dx.doi.org/10.1146/annurev.pathol.3.121806.151449
http://dx.doi.org/10.1016/j.cellimm.2015.12.005
http://www.ncbi.nlm.nih.gov/pubmed/26711331
http://dx.doi.org/10.1007/s00441-016-2491-x
http://www.ncbi.nlm.nih.gov/pubmed/27628094
http://dx.doi.org/10.1016/j.yexcr.2016.02.004
http://dx.doi.org/10.1016/j.biocel.2017.10.009
http://www.ncbi.nlm.nih.gov/pubmed/29061365
http://dx.doi.org/10.1016/j.healun.2016.08.011
http://www.ncbi.nlm.nih.gov/pubmed/27692539
http://dx.doi.org/10.1016/j.trim.2018.06.002
http://www.ncbi.nlm.nih.gov/pubmed/29885441
http://dx.doi.org/10.1016/j.msard.2020.102437
http://dx.doi.org/10.1007/s00005-020-00584-4
http://dx.doi.org/10.1016/j.imbio.2018.07.009
http://dx.doi.org/10.1016/j.trim.2020.101347
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Types of Macrophages 
	Macrophage Response to Microorganisms 
	How Bacteria Evade Macrophages 
	Macrophage Role in Virus Dissemination 

	The Specificity of Macrophage Response 
	Fungal Infection 
	Mycobacterium Tuberculosis Complex Infection 
	Mycobacterium Leprae Infection 
	Brain-Eating Amoeba Naegleria Fowleri Infection 

	Macrophage Response to Organ Transplantation 
	Conclusions 
	References

