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Abstract
Macrophages are key immune cells in the activation and regulation of immune responses.
These cells are present in all tissues under homeostatic conditions and in many disease set-

tings. Macrophages can exhibit a wide range of phenotypes depending on local and systemic
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cues that drive the differentiation and activation process. Macrophage heterogeneity is also
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defined by their ontogeny. Tissue macrophages can either derive from circulating blood mono-
cytes or are seeded as tissue-resident macrophages during embryonic development. In humans,

4|nstitute for Cardiovascular Prevention (IPEK), the study of in vivo-generated macrophages is often difficult with laborious and cell-changing iso-

Munich, Germany lation procedures. Therefore, translatable, reproducible, and robust in vitro models for human
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macrophages in health and disease are necessary. Most of the methods for studying monocyte-
derived macrophages are based on the use of limited factors to differentiate the monocytes
into macrophages. Current knowledge shows that the in vivo situation is more complex, and a
wide range of molecules in the tissue microenvironment promote and impact on monocyte to
macrophage differentiation as well as activation. In this review, macrophage heterogeneity is dis-
cussed and the human in vitro models that can be applied for research, especially for monocyte-
derived macrophages. We also focus on new molecules (IL-34, platelet factor 4, etc.) used to gen-

erate macrophages expressing different phenotypes.
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tissues. These cells were capable of self-maintenance independently

1 | INTRODUCTION

of circulating monocytes.>~” Currently, we know that macrophages

Macrophages are immune cells with heterogeneous phenotypes and
complex functions in tissue homeostasis and innate and acquired
immunity. These cells belong to the mononuclear phagocyte system
(MPS).1=3 In the original MPS model, macrophages present in the
tissues were all thought to be derived from monocytes.# In the 2000s
this concept started to change when lineage-tracing studies showed

that populations of macrophages with different origins were found in

have different origins: embryonic yolk sac derived, fetal liver derived,
and/or bone marrow monocyte derived macrophages (MDMs).38 |n
terms of function, tissue-resident macrophages act as “controllers”
to maintain tissue homeostasis. They perform several functions,
for example, removal of dead cells from tissues,? sensing changes
in oxygen levels, osmolarity, and iron metabolism.19-12 Besides the
homeostatic functions, tissue-resident macrophages drive local and
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systemic defensive responses to pathogens.13-1> MDMs have been
implicated in a wide range of diseases, not only those that encom-
pass inflammatory conditions that lead to immune activation, such
as atherosclerosis, sepsis, rheumatoid arthritis, and systemic lupus
erythematosus, but also those that are accompanied by immune
suppression, such as tolerance to bacteria, or cancer.16-20
Considering the important role of both tissue-resident
macrophages and MDMs in homeostasis and disease it has always
been key to develop representative in vitro models to study these
cells. For these models it is clearly relevant to define the in vitro
settings, which can mimic both homeostatic and disease-associated
situations. The closer in vitro models resemble in vivo macrophages,
the better they will dictate our understanding and translation to study
human disease. In general, MDM in vitro models have been relatively
unrepresentative of the tissue environment that a monocyte faces
when entering a tissue. The methods of monocyte to macrophage
differentiation in vitro have been rather simplistic in terms of the
factors used, disregarding many relevant molecules or factors found in
diseases that can impact on monocyte to macrophage differentiation.
The use of different factors gives an opportunity for further study
and improvement of the in vitro models. The purpose of this review
is to provide an overview of the different methods used to study
human macrophages in vitro, with a brief discussion of tissue-resident

macrophages and a deeper review of MDMs.

1.1 | Origins and in vitro models for
tissue-resident macrophages

New advances in the field have shown that tissue-resident
macrophages have self-renewing capacities in steady state as
well as under inflammatory or infectious conditions.”~22 Most pop-
ulations are seeded during embryonic development, and emerge in
three sequential waves: the primitive, the transient definitive, and
the definitive 2324

The primitive wave starts in the blood islands of the yolk sac and
produces primitive progenitors of erythroid cells, megakaryocytes, and
macrophages. Microglia originate from these cells.252¢ |n the sec-
ond wave, termed transient definitive, the erythro-myeloid precursors
are generated in the yolk sac and migrate to the fetal liver where
they expand and differentiate into fetal liver monocytes.?” These fetal
liver monocytes subsequently migrate into tissues to differentiate into
tissue-resident macrophages, such as Langerhans cells in the dermis.28
The third wave, termed definitive, gives rise to immature hematopoi-
etic stem cells (HSCs) in the aorta-gonads-mesonephros region. These
immature HSCs colonize the fetal liver, the main hematopoietic organ
during embryonic development, and ultimately seed the bone marrow
generating mature HSCs that can differentiate into adult monocytes
and maintain monocyte populations throughout life.

The contribution of yolk sac macrophages, fetal liver monocytes, or
bone marrow monocytes to the development of tissue macrophages
varies over time and it’s specific for different tissues. For instance,
microglia in the brain are only derived from yolk sac macrophages,2?
whereas Langerhans cells (epidermis) are mainly derived from fetal

liver monocytes. The same is true for alveolar macrophages in the
lungs and Kupffer cells in the liver. In the case of the pancreas and
the heart, the ontogeny is a mix of macrophages differentiated from
fetal liver monocytes and a minor contribution from bone marrow
monocytes. Finally, in the gut and the dermis most macrophages
are bone marrow monocyte derived, although recent studies show
a population of macrophages in the gut with self-maintaining capac-
ities that present a different transcriptome from gut MDMs.30 A
common feature for most tissues is that during the early stages
of development, there is a contribution of yolk sac macrophages
that is gradually replaced by macrophages from other origins with
increasing age.3!

Recent advances have allowed the in vitro generation of tissue-
resident macrophages from different sources applying induced
pluripotent stem cells (iPSC) derived from either stromal cells or
embryonic stem cells.3233 The iPSCs are more commonly used as the
use of embryonic stem cells entails ethical issues. The first protocols
for generating iPSC-derived macrophages (iPSDMs) appeared in
the early 201053435 and all commonly used protocols share three
main phases.

The first phase of differentiation of iPSCs to iPSDMs consists of
specification of iPSCs into hemogenic endothelium. The second phase
aims to achieve the endothelial to hematopoietic transition to obtain
hematopoietic progenitors. Finally, the third and last phase is the
induction of differentiation of progenitors into macrophages by the
addition of cytokines such as M-CSF, GM-CSF, or |L-34.36-41

For certain applications, it is worthwhile to differentiate the iPS-
DMs into specific tissue-resident macrophage phenotypes. To gen-
erate such specified iPSDMs appropriate combinations of cytokines
and growth factors are added, for example, for the generation of iPS-
DMs microglia a cocktail of M-CSF, IL-34, TGF, cluster of differentia-
tion molecule 200 (CD200), and fractalkine (CX5CL,) can be used.42
Another approach to obtain tissue-specialized iPSDMs is by cocul-
turing them with parenchymal cells. This has been shown convinc-
ingly for microglia, where coculturing iPSDMs with iPSC-derived neu-
rons gave specification into brain-resident macrophages. Also in mice,
the in vitro generation of microglia-like iPSDMs has been successful
by coculture with neurons.#3 These cells acquired similar morphology
and gene expression patterns as isolated primary microglia. In humans
the in vitro generation of these cells was validated by comparing the
microglia-like iPSDM transcriptomic profile with available transcrip-
tomes of primary microglia, which showed a high degree of similarity.**
The capacity to generate tissue-specific iPSDMs was also tested in vivo
by transferring cells into brain and lungs of mice. As a result, microglia-
iPSDMs and alveolar-iPSDMs developed in these animals.> In terms
of function, when the response to LPS from iPSDMs and MDMs is com-
pared at the transcriptomic level, the response is largely conserved and
only some minor differences are found in antigen presentation and tis-
sue remodeling-related gene expression.4¢

An important advantage of the use of iPSDMs lies in the
source to obtain them. Studying the impact of specific mutations
is possible using iPSCs obtained from stromal cells from patients
carrying the variant, as the genotype will be maintained. For
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instance, in neurodegeneration, patients showing mutations in
triggering receptor expressed on myeloid cells 2 (TREM2) present
deficits in phagocytosis and responses to pathogenic signals. Microglia
generated in vitro from iPSCs from patients carrying this mutation
retain this phenotype and provide highly relevant models for insights
into disease mechanisms.** Similar studies have been conducted
with cells from patients with pulmonary alveolar proteinosis where a
mutation in the gene CSF2R makes the alveolar macrophages unable to
respond to GM-CSF signaling leading to an inactivation phenotype and
an accumulation of nonphagocytosed proteins. Using iPSCs, alveolar
macrophages carrying this mutation were generated in vitro, which
resembled functional characteristics of the patient, giving a tool to
study not only disease but also potential treatments.” This approach
was also conducted with cells from patients suffering from Gaucher
disease,*® and the cells generated from these patients produced
higher levels of TNF, IL-14, and IL-6 than cells from healthy volunteers.

Another great advantage of using iPSDMs vs. MDMs is that iPS-
DMs are relatively easy to manipulate genetically. Different groups
have used CRISPR/Cas9 (clustered regularly interspaced short palin-
dromic repeats/CRISPR associated protein 9) techniques to gener-
ate iPSDMs bearing mutations found in patients, allowing studying
the consequences of the mutation for cellular function. As an in vitro
model to investigate reverse cholesterol transport, iPSCs deficient for
ATP binding cassette subfamily A member 1 were used to generate
macrophages with impaired cholesterol efflux and shown to have a
more proinflammatory phenotype.*? The same was done for the lyso-
somal acid lipase (LIPA) gene to study the role of LIPA in macrophages
and lipid metabolism.>©

Although it is clear that tissue-resident macrophages are impor-
tant in health and disease, the contribution of MDMs to the tissue
macrophage population in homeostasis and disease increases over
time and strongly affects the course and outcome of subsequent

inflammation, immune activation, and disease development.>!

1.2 | Origins of monocyte-derived
macrophages: monocytes

Before discussing in detail the available approaches for in vitro studies
of human MDMs, we deem it important to sketch the current views on
the origin, heterogeneity, and functionality of human monocytes.

The original definition of the MPS describes monocytes as the pre-
cursors of macrophages.* Circulating blood monocytes in humans rep-
resent about 10% of leukocytes. Pools of monocytes can be found
in the spleen and this reservoir can be mobilized quickly in case
of injury or acute inflammation. In mice, these reservoirs and their
prompt response were studied in ischemic myocardial injury®2 and
similar mobilization was seen in humans after acute myocardial infarc-
tion, where a fast reduction of monocytes in the spleen and increased
amounts in the heart implied swift deployment of this reservoir.>3

In adults, monocytes are constantly generated in the bone marrow
from HSCs via intermediate progenitors, including the granulocyte-
monocyte progenitor, the macrophage and dendritic cell progenitor,
and finally the common monocyte progenitor, which differentiate into
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monocytes (Fig. 1A). Although this linear model for monocyte genera-
tionis generally accepted, there are other studies that propose a differ-
ent model for the generation of monocytes from bone-marrow precur-
sor cells.>**>7 These models propose a less linear process, where the
progenitor cells are overlapping populations of precommitted.

Circulating monocytes generated in the bone marrow can be sep-
arated into three subsets based on differential expression of CD14
and CD16. Approximately 90% of them, termed “classical monocytes,”
present CD14 but are negative for CD16 (CD14+CD167). The “non-
classical monocytes” are CD14°¥CD16+.58 Finally, the third subtype
termed “intermediate” has been defined as CD14+*CD16*. However,
this latter subtype has recently been under debate as a study by Villani
et al. shows that, transcriptionally, only classical and nonclassical sub-
types can be distinguished, and the intermediate subset highly resem-
bles a population in transition between the other two subtypes.>? Yet,
others, also applying single cell techniques, showed clear transcrip-
tomic differences between the three subtypes,®© or identified multiple
phenotypic distinctions.61:62

The different monocyte subsets also show differences in CD11b,
with higher expression by classical monocytes compared to the non-
classical. Also, CD11c and CX3CR (fractalkine receptor) expressions,
involved in monocyte survival, differ with both markers showing high-
est expression by nonclassical monocytes. Another major monocyte
subset marker is CCR2, highly expressed on classical monocytes and
a receptor for CCL2. This chemokine plays a role in the mobilization
of monocytes from the bone marrow. This molecule is also related
to the recruitment of monocytes cells to inflammatory sites such as
atherosclerotic plaques or infection sites.63-63

The monocyte subtypes possess differences in their capacity to
infiltrate tissues (Fig. 1B) based on the differential expression of
chemokine receptors such as CCR2 or CX3CR;. “Classical” monocytes
tend to be recruited first and at higher levels in inflammatory con-
ditions whereas “nonclassical” monocytes have a patrolling function,
monitoring the luminal side of blood vessels for tissue damage in the
form of dying endothelial cells and promoting recruitment of other
immune cells in case of damage.®%7 Further clear differences between
the subtypes with respect to phenotype, size, morphology, and tran-

scriptome has been extensively described elsewhere.56:68

1.3 | Monocyte-derived macrophages:
differentiation and activation

For clarity, we here discriminate two processes that impact on
macrophage phenotype: differentiation and activation (Fig. 1B). Differ-
entiation involves the process by which a monocyte transitions into a
more mature state of a macrophage or a monocyte-derived dendritic
cell induced by cytokines, growth factors, or other stimuli; monocytes
can also differentiate into other cell types, such as osteoclasts. Activa-
tion, also sometimes referred to as polarization, refers to the pheno-
type that mature macrophages acquire upon encountering certain fac-
tors such as pathogen-related molecules or cytokines, for example, LPS
or IFNy, respectively. This terminology is still evolving greatly, and oth-
ers distinguish activation and polarization into two separated terms.
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The term “polarization” is sometimes used to describe a general pheno-
type change of macrophages upon certain stimuli, whereas “activation”
describes the responsiveness of a cell to certain triggers.¢?

Classically, macrophage activation or polarization was divided into
two simplistic subtypes, denominated M1 or M2. The two states rep-
resent opposite characteristics and their nomenclature was originally
based on Th1 and Th2 cytokines.”® M1 was referred to as the “proin-
flammatory” phenotype where the macrophages produced cytokines
that enhance responses of the immune system and promote inflam-
mation in tissues. On the other hand the M2 macrophages were con-
sidered “anti-inflammatory” cells and have for instance wound-healing
capacities.”? M1 macrophages produce specific chemokines to attract
more leukocytes to tissue and to activate other immune cells through
co-stimulatory molecules such as CD80. Examples of cytokines pro-
duced in the M1 response include IL-6, TNF, IL-12, and IL-18.72-74
M2 macrophages are induced by stimuli like IL-4/IL-13, IL-10, or
corticosteroids’> and promote not only wound-healing activities, but
also fibrosis. Thus, these cells are important in resolution of the inflam-
matory state as regulators or dampeners of the immune response.”677

This classical separation of macrophage activation has been
expanded and changed by many recent studies (see, e.g., Murray’8 for
an overview). Macrophage phenotypes are no longer restricted to two
extreme phenotypes but resemble a spectrum (Fig. 1B) from highly
proinflammatory to pro-fibrotic, pro-tumoral, anti-inflammatory, and
many more. This was particularly well demonstrated by several tran-
scriptome analysis studies where the response of macrophages to
a wide range of stimuli led to the induction of a plethora of tran-
scriptional phenotypes.”?80 This model of a spectrum of responses
found in vitro was also observed in vivo in human after comparison
of, for instance, data obtained from alveolar macrophages from bron-
choalveolar lavage in smokers, nonsmokers, and chronic obstructive
pulmonary disease patients.81:82 These studies show how specific cues
produce unique phenotypes in the macrophages and that not all can be

enclosed in simple dichotomy of M1 and M2 activation.

1.4 | M-CSF and GM-CSF: the classical in vitro
differentiation factors

In vitro differentiation methods of macrophages have also been over-
simplified. Historically, macrophages were thought to differentiate
mainly from monocytes by the presence of M-CSF or GM-CSF, the
latter more under inflammatory conditions.83 M-CSF is a growth
factor readily detected under homeostatic conditions, whereas GM-
CSF present in some tissues under homeostatic conditions is not
detected systemically unless induced by inflammatory situations.83
M-CSF is produced by multiple cell types, including macrophages,
endothelial cells, and fibroblasts. GM-CSF is produced not only by
T cells, mast cells, and natural killer cells but also by macrophages,
endothelial cells, and fibroblasts.84 Endothelial cells produce M-CSF
and GM-CSF in response to pro-inflammatory cytokines such as IL-1,
shear stress and also to disease-specific molecules like oxidized LDL
in atherosclerosis.8> Both M-CSF and GM-CSF promote cell survival,
monocyte to macrophage differentiation, and enhance monocyte

JLBi%“J”K%‘EYTE 553
BIOLOGY
recruitment. The M-CSF and GM-CSF levels produced locally vary
depending on the condition; in healthy situations the levels of M-CSF
dominate, whereas in pathologic inflammatory conditions, such as
rheumatoid arthritis, GM-CSF levels increase.86-8% An example of a
disease where the GM-CSF levels are also increased is multiple scle-
rosis (MS). In MS patients, CD4+ T cells in the CNS produce GM-CSF,
which leads to polarization of macrophages to a more proinflammatory
phenotype. These macrophages secrete proinflammatory cytokines
such as IL-6, IL-1p, and TNF causing myelin sheath damage in the CNS
of the patients. GM-CSF also increases the recruitment of monocytes
contributing to disruption of the blood-brain barrier and blood-spinal
cord barrier and further demyelination of the neurons in the CNS.7°
In turn, although M-CSF is a key physiologic mediator of macrophage
biology, this pathway can become over-active and cause dysregulation
as was shown for models of kidney and liver damage?! and in cancer.?2
M-CSF and GM-CSF activate cells via distinct signaling pathways.
The M-CSF receptor is ahomodimer formed by an extracellular domain
that contains five immunoglobulin domains, a transmembrane domain
and an intracellular domain. This receptor functions via several path-
ways including PI3K/Akt and MEK-ERK1/2 among others.?3 The GM-
CSF receptor is a heterodimeric receptor formed by two subunits:
the specific ligand-binding subunit (CSF2Ra) and the common signal-
transduction subunit (CSF2R4)84 and activates the JAK2/STATS5 path-
way. Transcriptomic analysis of the monocyte differentiation processes
by either M-CSF or GM-CSF has shown clear differences between
the two cytokines, macrophages differentiated with GM-CSF express
higher levels of proinflammatory cytokines genes such as TNF or IL-1p
in response to LPS.?4 Many additional studies have made comparisons
between M-CSF- and GM-CSF-induced macrophages that were differ-
entiated in vitro from monocytes. In general, differentiation protocols
involve culturing the cells between 3 and 7 d in culture medium in the
presence of either cytokine. In Table 1 different characteristics of the

two populations of cells are summarized.

1.5 | Other mediators used for in vitro monocyte
to macrophage differentiation

Besides M-CSF and GM-CSF, other cytokines have also been used
to differentiate human monocytes into macrophages. The study
of alternative differentiation factors is important as monocytes
encounter a wide variety of inflammatory mediators that can impact
their differentiation while entering the tissue microenvironment.
These alternative factors can induce a macrophage subtype different
from the well-studied phenotypes observed when differentiated with
M-CSF or GM-CSF only.

For instance, IL-34 has similar functions to M-CSF but has a
more restrictive expression pattern. This cytokine is also key in the
development of osteoclasts attached to bone and of microglia in
the CNS, and has been related to rheumatoid arthritis.19> Mono-
cytes differentiated with IL-34 are like M-CSF macrophages as both
molecules bind to the CSF-1 receptor and activate the same pathway
for differentiation. Even though these macrophages are similar, there
are differences in response after activation as IL-34-differentiated
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TABLE 1 Comparison of GM-CSF- vs. M-CSF-differentiated macrophages

Type of study Results References
Transcriptomic GM-CSF-induced macrophages express more genes related to the immune/inflammatory response 80, 94,95
and higher levels of proinflammatory cytokines after stimulation.
Transcription factor activation GM-CSF activates STAT5. 94,96
IRF4/5 are up-regulated in GM-CSF and IRF4 is down-regulated in M-CSF-differentiated cells.
Cytokine production and M-CSF differentiated macrophages have lower production of proinflammatory cytokines compared 97-100
inflammatory mediator to GM-CSF stimulation.
production Higher levels of IL-10 in M-CSF differentiated macrophages after stimulation.
M-CSF derived macrophages produce higher levels of eicosanoids in response to bacteria.
Morphology GM-CSF and M-CSF derived macrophages present different morphology. 94,95
Surface markers CD163 is expressed higher in M-CSF differentiated macrophages after dexamethasone stimulation. 96,101
Differential expression of CD14, lower in GM-CSF differentiated macrophages.
Lipid metabolism Differences in expression of genes related to lipid metabolism, higher apolipoprotein E levels in 102,103
GM-CSF differentiated macrophages.
Differential activation of inflammasome, higher in GM-CSF differentiated macrophages.
Translation GM-CSF derived macrophages have a similar phenotype to alveolar macrophages from patients 104

from pulmonary sarcoidosis and pulmonary neoplasia compared to M-CSF.

macrophages show increased phagocytic capacity and higher IL-10
and CCL-17 production after stimulation. These differences might be
explained by the capacity of IL-34 to bind to receptors other than
CSF-1R.10¢ Macrophages differentiated with 1L-34 show a clear anti-
inflammatory, immunosuppressive phenotype that in tumors is asso-
ciated with lower levels of infiltration of cytotoxic CD8 T cells.107
Another example factor impacting on differentiation is platelet fac-
tor 4 (PF4) also known as CXCL4, a chemokine secreted during acute
vascular injury. PF4-mediated differentiation of monocytes prevents
apoptosis in monocytes and induces a macrophage-like morphology
with cells presenting pseudopodia as well as increased expression
of macrophage maturation markers, but showed lower expression of
HLA.108 Transcriptomic studies of macrophages differentiated with M-
CSF compared to CXCL41%? showed that the CXCL4 differentiated
macrophages acquire macrophage-like morphology and express CD45
and CDé8, thus confirming bona fide macrophages. In terms of com-
parison with M-CSF macrophage differentiation, there is a correla-
tion in genes expressed after M-CSF and CXCL4 differentiation but
in terms of function, the CXCL4 differentiated macrophages express
higher levels of cytokines such as IL-6 and TNF and can thus be seen as
more proinflammatory.110

CCL2, also known as MCP-1, is a classical chemokine that drives
the recruitment of monocytes to tissues. The expression of CCL-2 and
its receptor, CCR2, in macrophages varies depending on the cytokine
used for the differentiation, seeing higher levels of CCL-2 expres-
sion in M-CSF macrophages. The presence of CCL-2 during polariza-
tion leads to the presentation of a less proinflammatory phenotype
with reduced levels of IL-6 expression.111 CCL2 is also important in
the tumor microenvironment where CCL-2 in combination with IL-
6 promotes de survival of CD11b+ cells by increasing the expres-
sion of anti-apoptotic proteins (e.g., cFLIP, Bcl-2, and Bcl-X) and block-
ing the cleavage of the caspase-8. These cells also show increased
expression of anti-inflammatory markers such as the mannose recep-
tor CD206.112 |L-6 alone is also capable to impact on macrophages

in the tumor microenvironment by activation of the STAT3 pathway,

increasing the expression of CD206, CD163, and the production of IL-
10 and TGFp.112 These data suggest that both CCL2 and IL-6 drive
macrophages toward a cell-phenotype with reduced inflammatory
and increased immunosuppressive characteristics, both relevant in
tumor growth.

The IL-32 cytokine also presents differentiation capacities. When
monocytes are differentiated in the presence of IL-32 there is an
increase in the expression of CD14 and a blockage of the effect of GM-
CSF+IL-4 in the differentiation of monocytes toward DC,114 showing
a decrease in CD64. The IL-32-generated cells also show phagocytic
capacities. IL-32 promotes monocyte to macrophage differentiation by
activation of the p38-MAPK and NF-« g pathways.11> The presence of
IL-17 in cultured monocytes increased the expression levels of genes
for proinflammatory cytokines, chemokines, and pathways related
with leukocyte trans-endothelial migration.116

A considerable number of molecules are considered to be able to
promote monocyte differentiation by the observation of increased lev-
els of macrophage markers in the cells, for example, CD64 and CD80
after using TNF or IFNy for the differentiation.11” The phenotype in
terms of function of the obtained macrophages generated in the pres-
ence of these two factors has not been characterized in detail. How-
ever, it is well known that when used for polarization, IFNy drives
a phenotype that is important in the defense against intracellular
pathogens. Both IFNy and TNF stimulation induce a proinflammatory
phenotype with increased expression of IL-1p, IL-12, and reduced IL-
10.118.119 Both TNF and IFNy induce the Th1 phenotype in T cells as a
result of the IL-12 produced inducing the Th1 response.120.121

Table 2 captures the best-defined examples of molecules with
the ability to induce monocyte differentiation, either alone or in
combination with M-CSF or GM-CSF and a brief discussion of the
phenotypes observed.

It is important also to highlight the role of nonimmune molecules in
the monocyte to macrophage differentiation process. Metabolites are
widely present and some of them may impact on differentiation. For

instance, calcium oxalate (CaOx), a constituent of kidney stones and
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TABLE 2 Inflammatory factors used to differentiate human monocytes into macrophages
Factors Phenotype relative to M-CSF macrophages References
IL-4, adiponectin Macrophages with greater anti-inflammatory phenotype. 122
Microparticles (from platelets) Microparticles stimulate monocytes to express increased CD11b, CD14, and CDé8 after 7 d 123
culture. No comparison against M-CSF macrophages was made.
M-CSF or GM-CSF + butylated BHA affects the differentiation of M-CSF macrophages by modifying their morphology and reducing 124
hidroxyanisole (BHA) CD11b and CD163 expression.
M-CSF or GM-CSF, with or The absence of serum in the media causes a loss of the M-CSF elongated morphology and decreased 125
without serum-containing CD163 expression.
media
Platelet factor 4 (PF4) PF4 up-regulates expression of macrophage differentiation markers. 108
Similar capacities of preventing monocyte apoptosis when differentiation is performed with
M-CSF or GM-CSF.
IL-34 Overall similar phenotype to M-CSF derived macrophages. 106
Less phagocytic capacity than M-CSF after alternative activation.
Higher IL-10 and CXCL11 production than M-CSF derived macrophages after activation with
LPS + IFNy.
Cathelicidin antimicrobial Lower IL-10 and higher IL-12p70 after LPS stimulation in M-CSF + LL-37 differentiated 126
peptides LL-37 (LL-37) with macrophages.
M-CSF
Hemoglobin or IL-4 Different phenotype between macrophages differentiated in the presence of hemoglobin or IL-4. 127
Mannose receptor and CD163 are higher in hemoglobin-differentiated macrophages.
Hemoglobin prevents foam cell formation.
No comparisons to M-CSF derived macrophages were made.
IL-32 Increased expression of macrophage markers (CD14) and phagocytic capacities. 115
Differentiation via NF-xB pathway.
No comparisons to M-CSF macrophages were made.
IFNy + GM-CSF + IL-4 IFNy blocks the GM-CSF + IL-4-mediated dendritic cell differentiation by stimulating M-CSF 128
production and inducing macrophage development.
IFNy, IL-4,1L-10, TNF, Differentiation of macrophages with different mediators induces surface markers at different levels 117
dexamethasone, M-CSF, and depending on the factor used. Macrophages differentiated with IL-10 present similar levels of
GM-CSF CD163 and CD16 compared to M-CSF macrophages.
CaOx Similar morphology to GM-CSF macrophages. CD68 and CD86 expression but no CD163 or CD206. 129
Proinflammatory phenotype with higher levels of IL-12 and TNF and lower IL-10 compare to
M-CSF.
Lactate Leads the differentiation of monocytes toward alternative activated macrophages instead of DCs. 130-134
Increased expression of CD14and lower CD1a. Macrophages with tumor promoting and
alternative activated immuno-suppressive phenotype. Increase production of VEGF and some
proinflammatory characteristics high IL-1p but absence of Th1-inducing response (low IL-12)
Hypoxia Lower phagocytic capacities, CD206, and CD40. Higher production levels of VEGF supporting 135

angiogenesis.

associated with kidney disease, induces the differentiation of mono-
cytes into proinflammatory macrophages in the kidney. Monocytes
differentiated in the presence of CaOx present a macrophage-like
morphology similar to GM-CSF derived macrophages, show expres-
sion of CD68 and CD86 but not CD163 or CD206. These macrophages
also produce higher levels of IL-12, TNF, and lower IL-1012? compared
to M-CSF derived macrophages. Therefore, they seem to have a clear
proinflammatory phenotype.

Other nonimmune parameters to consider are the environment
where the differentiation takes place. For example, in tumors or
inflamed tissues it is common to find hypoxia. During the monocyte
differentiation in hypoxia there is an increase in the expression of
hypoxia-inducible factor 1 (HIF-1a and HIF-1p), which give them the
ability to respond to hypoxia.13¢ If the differentiation takes place in
hypoxia conditions the survival rate of the cells it is not affected.13”

Macrophages generated under these conditions compared to normal

oxygen levels showed lower phagocytic capacities and lower CD206
and CD40 but higher levels of vascular endothelial growth factor
(VEGF).13>

A major metabolite that is also present in tumor microenviron-
ment and whose production is increased in hypoxia is lactate. This
metabolite has not been tested as a sole differentiation factor but
has great impact on macrophages. One study has tested the effects
of lactate on DC differentiation of DCs from monocytes. When DCs
are differentiated in the presence of lactate producer cells, the result-
ing cells presented an alternative activated macrophage phenotype
instead of a DC phenotype. The cells expressed higher levels of
CD14 and less CD1a. The cells also induced Th2 responses in T cells.
Therefore this study shows how the presence of lactate is capable
to shift monocyte differentiation away from DCs toward an alterna-
tively immuno-suppressive macrophage type.13° The impact of tumor

cell derived lactate on monocyte to macrophage differentiation may
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be crucial in cancer situations. It is well established that lactate
drives macrophages toward a tumor-promoting phenotype through
induction of VEGF and alternatively activated immune-suppressive
characteristics.131-133 Such changes were recently linked to lactate-
mediated histone modifications.138 Of note, recent data shows that the
shift in the phenotype is not that clear-cut anti-inflammatory. Paolini et
al showed that in human macrophages lactate drives a phenotype that
has some proinflammatory characteristics (e.g., high IL-1p), but lacks
Th1-driving capacity (e.g., low IL-12) and has tumor-promoting activ-

ity, for instance by producing of growth and proangiogenic factors.134

2 | CONCLUSIONS

The macrophage field is evolving rapidly, and the nuance of the M1/M2
paradigm, is a good example of this evolution. Originally in the M1/M2
paradigm only two closed activation states were considered, this idea
is changing to understanding the macrophage activation as a spectrum
of different activation states. Incorporation of transcriptional studies,
and especially those at the single cell level, has revealed the com-
plexity of the MPS and disclosed anatomically specific profiles.13%:140
The diverse cellular ontogeny of macrophages adds an additional
layer of functional heterogeneity to these cells. Based on these
advances revisions to macrophage nomenclature were proposed
based on origin and ontogeny and then on the function, location,
and phenotype.141

In the same way that the nomenclature is evolving, protocols to gen-
erate macrophages have also advanced. Ex vivo studies with human
macrophages are very difficult to carry out due to logistical or ethical
considerations, so developing representative in vitro models is neces-
sary. The use of the different models (MDMs, iPSDMs. or cell lines) will
vary based on the scientific question and each approach has its merit.

Other in vitro methods to study macrophages, which aim to repro-
duce the in vivo settings of macrophages in the context of organs, are
3D cultures and organoids. These methods are very valuable to study
the interaction of macrophages with other cell types in a 3D structure
and investigate how the organ structure affects their function, mor-
phology, maturation, migration, among others.142143_The 3D cultures
and organoids are widely used in cancer research where these tech-
nigues help to understand how cancer cells modify the macrophage
phenotype.14 For instance, when monocytes are added to a coculture
of pancreatic tumor cells and fibroblasts the monocytes added differ-
entiate into macrophages, showing an increase in CD68 expression.
These cells present an alternative activated phenotype with high levels
of CD163 and CD14 and low levels of CD86 and HLA-DR.14> Another
important aspect that can be studied in cancer by 3D/organoids is how
macrophages infiltrate in the tumor; for instance, macrophages can
use podosomes with proteolytic capacities that break the extracellu-
lar matrix to enter into tissues.14¢147 Besides cancer, 3D cultures and
organoids could also be used, for example, to study how macrophage
play their role in tissue remodeling or wound healing.14814? Another
application of 3D cultures is related to microglia in the brain. In this
case the organoids used are cells derived from the neuroectodermal

lineage, and the microglia generated in this 3D cocultures present
phagocytosis capacities and similar morphology and transcriptomic
response after inflammatory stimulation compared to post-mortem
isolated microglia.1>?

The use of iPSDMs has made great progress in generating protocols
for the development of tissue-specific macrophages, to date, and pro-
tocols used to generate MDMs have been predominantly based on the
use of M-CSF and GM-CSF as differentiation factors. However, many
additional inflammatory mediators have the ability to stimulate dif-
ferentiation of monocytes into macrophages alone or in combination
with other factors. Indeed, monocytes infiltrating tissues in health or
disease will encounter a range of mediators rather than (G)M-CSF in
isolation. Furthermore, application of tissue-specific environments in
the induction of MDM differentiation remains an underexplored field,
in our view. Therefore, work is needed to advance our knowledge on
the impact of multiple mediator-induced macrophage phenotypes with
emphasis on tissue-specific factors.

Many of these new possible differentiation molecules are cytokines
related to alternative activation of the immune system (IL-4, IL-13,
IL-10), the impact of these factors on differentiation is not well under-
stood. These cytokines are for instance important in the pathogenesis
of allergic airway disease and asthma. On the other hand, IL-10, an
anti-inflammatory cytokine, has been linked to chronic fibroprolif-
erative diseases, such as chronic pancreatitis, pulmonary fibrosis,
chronic kidney disease, and others.1°1152 Additional cytokines with
the potential to induce monocyte differentiation are IL-32, IFNy, and
TNF, and many of these are key drivers of immune-mediated inflam-
matory diseases such as IFNy in rheumatoid arthritis.>3 1L-32 in
cardiovascular diseases'>* and TNF in inflammatory bowel disease.1%>

Other molecules besides cytokines also showed differentiation-
inducing capacities, including adiponectin, butylated hidroxyanisole
(BHA), PF4, and hemoglobin. These molecules can be found in tissues
under inflammatory conditions, for example, adiponectin in vascular
diseases!>¢ and PF4 in heart failure and lupus nephritis.157:158 When
studying macrophages in these diseases, it would be valuable to include
these mediators as part of the microenvironment during monocyte to
macrophage differentiation.

Generally, in vitro models are restricted in terms of the heterogene-
ity of the cell populations when compared to those found in vivo in
disease. However, in vitro models continue to provide valuable sys-
tems to understand cellular mechanisms and opportunities to modu-
late these in order to intervene pathogenic processes. However, with
the availability of many new technologies it is important to make
the next step in in vitro modelling of cells and to broaden the way
macrophages are generated and activated. Improvement of in vitro
protocols will provide the much-needed translation to humans and

human disease.
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