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rAbstract )

Induced pluripotent stem cells (iPSCs) represent a valuable cell source able to give rise to different cell types of the
body. Among the various pathways of iPSC differentiation, the differentiation into macrophages is a recently devel-
oped and rapidly growing technique. Macrophages play a key role in the control of host homeostasis. Their dysfunc-
tion underlies many diseases, including hereditary, infectious, oncological, metabolic and other disorders. Targeting
macrophage activity and developing macrophage-based cell therapy represent promising tools for the treatment
of many pathological conditions. Macrophages generated from human iPSCs (iMphs) provide great opportunities in
these areas. The generation of iMphs is based on a step-wise differentiation of iPSCs into mesoderm, hematopoietic
progenitors, myeloid monocyte-like cells and macrophages. The technique allows to obtain standardizable popula-
tions of human macrophages from any individual, scale up macrophage production and introduce genetic modi-
fications, which gives significant advantages over the standard source of human macrophages, monocyte-derived
macrophages. The spectrum of iMph applications is rapidly growing. iMphs have been successfully used to model
hereditary diseases and macrophage-pathogen interactions, as well as to test drugs. iMph use for cell therapy is
another promising and rapidly developing area of research. The principles and the details of iMph generation have
recently been reviewed. This review systemizes current and prospective iMph applications and discusses the problem
of iMph safety and other issues that need to be explored before iMphs become clinically applicable.

Keywords: Induced pluripotent stem cells, Macrophages, Macrophages derived from induced pluripotent stem cells,
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Introduction

Since the pioneering research by S. Yamanaka’s labo-
ratory [1] that described transcriptional factors able
to convert mature somatic cells into pluripotent cells,
iPSCs started to be widely used to generate a wide vari-
ety of specialized cell types. One of the actively devel-
oped directions is the differentiation of iPSCs into innate
immune cells, particularly, into macrophages.
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Macrophages play a key role in the control of host
homeostasis. The function relies on the high phago-
cytic and secretory activities of macrophages, which
underlie their capacity to eliminate invading pathogens,
clear dead and transformed self-cells, induce inflamma-
tory reactions, as well as control exaggerated immune
responses, and mediate tissue repair [2-5]. The multi-
faceted actions of macrophages depend on their capacity
to sense the surrounding milieu and fine-tune their own
functional state in such a way as to regulate the chang-
ing environment. Depending on the environmental cues,
macrophages may acquire various multiple states, which
simplistically are usually divided into two main types,
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Ma1-like or pro-inflammatory and M2-like or anti-inflam-
matory (or alternatively-activated). M1-like macrophages
are formed in response to IFN-y, TNF, granulocyte—mac-
rophage colony-stimulating factor (GM-CSF) and various
pathogen-derived signals (primarily, lipopolysaccharide
(LPS)); the cells produce elevated levels of pro-inflam-
matory factors, such as TNF, IL-1p and IL-12, imple-
ment effective antigen presentation and costimulation,
as well as mediate protective anti-infectious and anti-
cancer responses. M2-like macrophages develop under
the action of macrophage colony-stimulating factor
(M-CSE), IL-4, IL-13, IL-10, TGF-p, immune complexes,
glucocorticoids or a combination of some of these stim-
uli; depending on the inducing factors, different subtypes
of M2-like macrophages are identified. The cells produce
factors favoring Th2 response, mediate wound heal-
ing and tissue regeneration (for a detailed review of the
current understanding of M1-M2 paradigm see [6—12]).
Serious impairment of macrophage functions or disbal-
ance between their pro- and anti-inflammatory activities
underlie the pathogenesis of many diseases, including
infections, cancer, cardiovascular, metabolic, neurode-
generative, autoimmune and hereditary disorders [9, 13—
19]. This makes macrophages an attractive therapeutic
target and a promising cell therapy tool and sets the task
of developing adequate approaches to generating mac-
rophages and learning how to expand their production
ex vivo and to modulate their activity in a desired way.

Until recently, macrophages derived from peripheral
blood monocytes (monocyte-derived macrophages,
MDMs) were the main source of human macrophages
[20]. Lately, approaches to generating macrophages
(iMphs) from pluripotent stem cells, either induced or
embryonic, were developed and were shown to have sev-
eral advantages over the MDM model (discussed below).
Over the last few years, the number of studies aimed at
iMph generation and analysis has been rapidly growing,
leading to the appearance of new effective protocols of
iMph differentiation, a deeper understanding of iMph
biology and the emergence of new promising iMph appli-
cations. Recently, we have reviewed the principles and
methodological aspects of iMph generation [21]. Here,
we systemize the most actively developed areas of human
iMph studies and discuss the prospects and limitations in
this context.

Principles of iMph generation and the advantages
of the model

The principles of iMph generation rely on the iPSC
capacity to give rise to different germ layers, including
mesoderm. Once mesoderm is formed, the cells are cul-
tured in conditions that favor the generation of hemat-
opoietic progenitors (HPPs), their myeloid specification
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and iMph terminal differentiation. To drive the iMph dif-
ferentiation process, various protocols have been elabo-
rated and are currently used (reviewed in [21]). Their
variety can be reduced to four main types.

In OP9-based protocols, iPSCs are cultured in the pres-
ence of mouse bone marrow OP9 stromal cells until HPPs
are generated; HPPs are then cultured in the presence of
M-CSF or GM-CSF to induce myeloid specification and
iMph formation [22-25]. The use of xenogeneic stromal
cells reduces the reproducibility and clinical applicability
of the protocols, and therefore OP9-independent proto-
cols are currently preferred.

In OP9-independent protocols, mesoderm and hemo-
genic endothelium (HE) are induced using two different
approaches, i.e., through the formation of embryoid bod-
ies (EBs) or EB-independently (Fig. 1).

EBs are 3D cell structures capable of differentiating into
all three germ layers, i.e., ectoderm, mesoderm and endo-
derm. To generate EBs, iPSCs are cultured in low-adher-
ent conditions which favor cell-cell interactions and EB
formation. Within EBs, mesoderm and HE may form
spontaneously, in the absence of any exogenously added
factors (‘“spontaneous” EB-based protocols, EB-S) [26—
33]. However, to enhance mesoderm/HE formation and
increase the efficacy of iMph generation, some authors
perform EB formation in the presence of exogenous mes-
oderm/HE inducing factors, such as BMP4, VEGFA and
SCF (EB-based factor-assisted protocols, EB-F). The sub-
sequent generation of HPPs and myeloid monocyte-like
cells may be driven by culturing EBs in the presence of
only two cytokines, IL-3 and M-CSF [27, 34-36], or by
adding more complex mixes of exogenous factors, which
sequentially lead the cells through the hematopoietic and
myeloid differentiation stages (e.g., VEGFA, SCF, FGF2,
FLT3L, TPO, IL-3, M-CSF) and result to the formation of
monocyte-like cells [37-39].

Some protocols induce mesoderm without form-
ing EBs (2D factor-dependent protocols, 2D-F). In these
protocols, iPSCs are cultured on matrix-coated plates,
and all differentiation stages, starting from the stage of
mesoderm formation, are induced by multiple exogenous
factors (such as BMP4, CHIR99021, Activin A, VEGFA,
FGF2, SCE, IL-6, IL-3, M-CSF et al.). These factors, being
added to the cultures sequentially and in different combi-
nations, drive cells through mesoderm/HE --> HPPs -->
myeloid cell differentiation pathway [40—43].

In most types of protocols, the last differentiation stage
consists in the cultivation of myeloid cells in the presence
of M-CSF and results in the formation of terminally dif-
ferentiated iMphs [26, 27, 29-43].

iMphs obtained using different protocols have a typi-
cal macrophage morphology (large vacuolated cells with
pseudopodia), express a typical macrophage phenotype
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Fig. 1 Principles of iMph differentiation used in different OP9-independent protocols. iPSC differentiation into iMphs goes on through four main
stages: the induction of mesoderm and hemogenic endothelium (HE), the induction of hematopoietic differentiation, myeloid specification of
hematopoietic progenitors and terminal differentiation of the generated monocyte-like cells into iMphs. In EB-S protocols, to induce mesoderm
and HE, iPSCs are cultured in low-adhesive conditions, which stimulate the formation of 3D cell aggregates, embryoid bodies (EBs). Within the
EBs, mesoderm and HE are generated spontaneously, due to the tight intercellular interactions. After EBs are formed, they are transferred to tissue
culture (TC) plates and cultured in the presence of IL-3 and M-CSF that induce the formation of hematopoietic progenitors and their myeloid
specification. When monocyte-like cells appear in the culture, they are transferred to new TC plates, where their terminal differentiation into
iMphs is directed by M-CSF. The remaining cultures are restimulated with IL.-3 and M-CSF to induce new rounds of myeloid cell generation. In EB-F
protocols, mesoderm/HE are also induced through the formation of EBs. However, differently from EB-S protocols, exogenous factors are added
to the cultures to support the mesodermal pathway of cell differentiation. This increases the reproducibility and the efficacy of the protocols.
Subsequent stages are induced either by culturing EBs in the presence of IL-3 and M-CSF (like in EB-S protocols) or by adding mixes of exogenous
factors, that sequentially drive the cells through the hematopoietic and myeloid differentiation stages. 2D-F protocols do not imply EB formation.
iPSCs are cultured in TC plates, where complex mixes of exogenous factors are sequentially added to drive the cells through the differentiation
process. Color clues: Blue, mesoderm/HE induction; Green, hematopoietic differentiation; Orange, myeloid specification; Green/orange shaded,
hematopoietic and myeloid differentiations are induced simultaneously; Pink, iMph terminal differentiation. Asterisk, exogenous factors and other
special conditions used at the indicated stages. BMP4 Bone Morphogenetic Protein 4, CHIR99021 GSK inhibitor/Wnt activator, DKK-1 Wnt inhibitor,
EB embryoid body, FGF2 basic fibroblast growth factor, FLT3L FMS-like tyrosine kinase 3 ligand, HE hemogenic endothelium, IL-3 interleukin-3, IL-6
interleukin-6, SCF stem cell factor, TPO thrombopoietin, VEGFA Vascular Endothelial Growth Factor A
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(CD14TCD11bTCD45") and execute the main mac-
rophage functions, such as phagocytosis and the secre-
tion of pro- and anti-inflammatory cytokines (reviewed
in [21, 44] and [27-29, 37, 45-47]).

Because iPSCs can easily be obtained from adult
somatic cells and have a high self-renewal capacity,
the differentiation of macrophages from iPSCs poten-
tially allows to obtain iMphs from any individual, of any
genetic background, in unlimited quantities and it also
allows to standardize iMph populations. Furthermore, it
is relatively easy to edit iPSCs genetically, which makes
it possible to generate genetically manipulated iMphs.
Other advantages of iMphs include their scalability and
potential clinical applicability. In this context, there are
differences between different types of protocols, which
need to be briefly summarized (reviewed in detail in
(21]).

EB-S protocols are relatively cheap and least labor-
intensive, but they have insufficient reproducibility due
to a poor control of the initial differentiation stage. Addi-
tionally, they are not clinically applicable due to the use
of xeno-dependent and chemically-undefined conditions.
2D-F protocols provide full control over the differentia-
tion process and are clinically applicable due to the use
of xeno-free and chemically defined conditions. However,
they are labor-intensive, highly expensive and difficult
to scale up as they are based on adhesive cultures. EB-F
protocols, especially those in which myeloid differentia-
tion is driven by only two factors, IL-3 and M-CSF, com-
bine the main advantages of EB-S and 2D-F approaches,
i.e., reproducibility, clinical applicability, cost and labor
efficacy. The yield of the resulting iMph population is
another important parameter to consider. Unfortunately,
so far, yield efficacy of different protocols has not been
compared side-by-side. However, EB-S and EB-F proto-
cols have been shown to be scalable to bioreactor [46]
and spinner [35] cultures, which is an important benefit,
especially for clinical applications.

Overall, the availability, scalability, standardizability
and editability of iMphs make them suitable for a wide
variety of applications. Those applications that are being
developed most actively are examined below. For each
study discussed in the present review, the protocols used
for obtaining iMphs are carefully indicated in brackets.

Hereditary disease modeling

Monocyte/macrophage dysfunction underlies a num-
ber of rare inherited disorders. However, samples from
patients with rare diseases are difficult to obtain. This
hampers both disease pathogenesis analysis and the
search for new therapeutic targets. The elaboration of
strategies for generating iMphs has provided a unique
opportunity to generate mutation-affected macrophages,
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accumulate them in unlimited numbers and create cell
models of phagocyte-associated hereditary diseases
(Table 1). This is achieved either by generating patient-
derived iPSCs or by introducing mutations into iPSCs
derived from healthy donors followed by iPSC to iMph
differentiation.

Gaucher disease (GD)

GD is an autosomal recessive (AR) disorder caused by
mutations in the [B-glucocerebrosidase gene (GBAI).
Normally, GBA1 cleaves glucose moiety from gluco-
sylceramide and glucosylsphingosine in the lysosomes.
Mutations lead to the accumulation of glucosylceramide
and glucosylsphingosine lipid substrates within the lys-
osomes of macrophages, the accumulation of engorged
macrophages in different organs, the activation of pro-
inflammatory macrophage responses and the develop-
ment of GD. The latter manifests with variable visceral,
hematological and skeletal symptoms including spleno-
megaly, thrombocytopenia, neuropathy, osteonecrosis,
osteoporosis, fractures, predispositions to malignancy,
Parkinson’s disease and other pathologies [48]. Depend-
ing on the clinical manifestations and neurological
involvement, 3 types of GD are identified, of which type
1 affects viscera, while type 2 and type 3 are character-
ized by neuropathy, severe in type 2 and variable in type
3 [49]. Available disease-specific treatments include
enzyme replacement and substrate reduction therapies
[50]. However, they are not effective to treat type 2 and
type 3 GD neuropathy. Future prospects are associated
with cell and gene therapy, the development of which
requires adequate disease models [51].

In 2012 Panicker and co-authors [26] differenti-
ated iMphs from iPSCs derived from type 1, type 2 and
type 3 GD patients using an EB-S protocol. GD-iMphs
expressed key macrophage characteristics and recapitu-
lated the main phenotypic hallmarks of GD. Specifically,
they exhibited low GBA1 enzymatic activity; accumu-
lated sphingolipids; expressed elevated levels of TNF-a,
IL-6 and IL-1P cytokines and displayed a defective clear-
ance of phagocytosed red blood cells (RBCs) [51]. Of
note, the kinetics of RBC clearance by iMphs correlated
with the severity of the mutations. iMph treatment with
recombinant GBA1 restored RBC clearance, supporting
the suggestion that the defects of GD-iMphs were indeed
caused by GBA1 deficiency [26]. In another study, GD-
iMphs (2D-F) modeled necroptosis, a pathway implicated
in the development of GD-associated neuroinflamma-
tion. Specifically, iMphs generated from healthy donors
and treated with GBA1 inhibitor or derived from GD
patient displayed an altered growth potential and an
increased expression of necroprosis-associated genes
RIPK3 and MLKL [52].
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Parkinson’s disease (PD)

PD is a neurodegenerative disorder characterized by an
intracellular accumulation of a-synuclein aggregates and
the formation of Lewy bodies in the brain. Mutations in
the a-synuclein (SNCA) gene promote a-synuclein accu-
mulation and the development of early-onset PD [53].
To better understand the mechanisms of a-synuclein
aggregation, Haenseler and co-authors [54] developed an
iMph-based model in which iMphs (EB-F) were gener-
ated from early-onset PD patients bearing SNCA A53T
or SNCA triplication mutations. iMphs with SNCA
triplication had significantly increased intracellular
a-synuclein, released significantly more «-synuclein into
the medium and exhibited a significantly reduced phago-
cytosis, thus recapitulating the donor phenotype.

It has been reported that a-synuclein and GBA1 are
in inverse relationships, and that GD patients have an
increased risk of developing PD [55]. However, the mech-
anisms underlying these associations are incompletely
understood. To get an insight into these mechanisms,
Aflaki and co-authors [56] generated iPSCs from type 2
and type 1 GD patients with and without Parkinsonism
and differentiated them into iMphs (EB-S) and neurons.
GD-iMphs had a decreased GBA1 activity and stored
glucosylceramide and glucosylsphingosine; GD-neurons
derived from patients with Parkinsonism had a reduced
dopamine storage, a reduced dopamine transporter reup-
take and elevated a-synuclein levels. As will be discussed
below, the model was used to test potential therapeutic
drugs.

Munn and co-authors [57] modeled several neuro-
degenerative disorders, including PD, by introducing
mutations SNCA A53T (PD-associated), GRN2/GRN
R493X (associated with neuronal ceroid lipofuscinosis)
and MECP2-Knockout (responsible for Rett syndrome)
to the same isogenic iPSC line and differentiating the
modified iPSCs to iMphs (EB-F). All iMphs expressed
macrophage-specific markers, were phagocytic and
responded to specific stimuli. It was concluded that the
introduction of disease-associated mutations into iPSCs
followed by iPSC differentiation into iMphs creates a rel-
evant model to study molecular pathways of inflamma-
tion associated with neurodegeneration.

Chronic granulomatous disease (CGD)

CGD is a rare inherited immunodeficiency character-
ized by the inability of phagocytes to generate microbi-
cidal reactive oxygen species (ROS) and to kill engulfed
pathogens. The disease develops as a result of mutations
in any of the 5 genes encoding the nicotinamide-adenine-
dinucleotide-phosphate (NADPH) oxidase complex, i.e.,
CYBB (encodes the gp91P'** protein and causes X-linked
CGD), CEBA, NCF1, NCF2 and NCF4 (encode p22ph°X,
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p47Phx, p67PhoX and p4OPhO* proteins, respectively, and
cause AR CGD) [58, 59]. CGD patients suffer from
recurrent life-threatening infections in their lungs, skin,
lymph nodes, liver and other areas. Current treatment
approaches include antimicrobial/antifungal therapy or
bone marrow transplantation, each of which has limita-
tions, thus calling for a better understanding of disease
pathogenesis and the development of new effective ther-
apeutic strategies. The tasks require adequate disease
models.

The models were created by generating iMphs from
patients bearing X-linked gp91P"®, AR p47PM'* or AR
p22PMX deficiencies using OP9-dependent [25] or EB-S
[60, 61] protocols. CGD-iMphs had normal phagocytic
activity but lacked the production of reactive oxygen
species (ROS), which is in line with the known CGD
pathogenesis. Gene editing with CRISPR/Cas9 restored
oxidative burst function in CGD-iMphs providing a
proof-of-principle for CGD gene therapy [61]. In the
other approach, a cell model of CGD was created using
CRISPR/Cas9 technology: iPSCs were generated from a
healthy donor, p47-DGT mutation in the p47P"°* subunit
was introduced using CRISPR/Cas9, and the cells were
differentiated into iMphs (EB-S). The latter displayed
a decreased capacity to kill phagocytosed GFP-labeled
Escherichia coli [62].

Familial Mediterranean fever (FMF)

FME, a monogenic AR periodic fever syndrome, develops
as a result of mutations in the MEFV gene. The MEFV
gene encodes pyrin, an intracellular pattern recognition
receptor associated with an inflammasome complex; its
mutations lead to an enhanced maturation of IL-1f and
an exaggerated inflammatory response characterized
by recurrent episodes of fever, arthritis, serositis, and
renal complications. When iPSCs derived from an FMF
patient carrying homozygous p.Met694Val mutation of
the MEFV were differentiated to iMphs (2D-F), the latter
secreted significantly higher levels of IL-1§, IL-18, TNF-a
and CCL4 in response to LPS stimulation compared to
iMphs obtained from a heterozygous asymptomatic par-
ent, thus reflecting and modeling pathological processes
occurring in vivo [41].

Tangier disease (TD)

TD, another AR disorder, develops due to mutations in
the ATP-binding cassette transporter A1 (ABCAI) gene.
The pathology is characterized by an impaired choles-
terol efflux from macrophages, the absence of high-den-
sity lipoprotein cholesterol from plasma and the presence
of foam cells throughout the body; clinical manifestations
include hepatosplenomegaly, peripheral neuropathy and
premature coronary artery disease [63—65]. The disease
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was modeled by generating iMphs from TD patients (EB-
F) [37] or from iPSCs with the introduced frameshift in
the ABCA1I gene (EB-S) [66]. In both cases, iMphs reca-
pitulated the key cellular defects of TD macrophages,
including a decreased cholesterol efflux, concomitant
metabolic impairments, and an increased production of
proinflammatory cytokines.

Early-onset sarcoidosis or Blau syndrome (BS)

BS is a juvenile-onset monogenic auto-inflammatory
systemic granulomatous disease associated with a muta-
tion in the NOD2 (the pattern recognition receptor,
nucleotide-binding oligomerization domain 2) gene. The
disease manifests before the age of 4 years and is char-
acterized by granulomatous polyarthritis, dermatitis and
uveitis, ultimately leading to severe complications includ-
ing joint destruction and blindness [67]. Morphological
signs include the formation of multinuclear giant cells
and granulomas composed of macrophages and lympho-
cytes. It is understood that the mechanisms underlying
BS include the ligation of NOD2 with the cognate ligand
(e.g., muramyl dipeptide of bacterial cell wall) and the
subsequent activation of the NF-kB pathway. However,
the detailed molecular pathways of BS are incompletely
understood.

Takada and co-authors [68] generated iMphs (2D-F)
from BS patient-derived iPSCs; they also obtained iMphs
from iPSCs derived from healthy donor and bearing the
introduced BS-associated NOD2 R334W mutation. The
models allowed to demonstrate that not only the NOD2
ligand, but also IFN-y induced an enhanced inflamma-
tory response in BS-iMphs, thus identifying a novel,
IFN-y-dependent, NOD2 ligand-independent mecha-
nism of autoinflammation in BS pathogenesis. One of
the outcomes of the findings is the explanation of possi-
ble mechanisms underlying the flare-up of BS symptoms
after Bacillus Calmette—Guérin (BCG) vaccination, an
intervention known to induce IFN-y.

Pulmonary alveolar proteinosis (PAP)

PAP is a rare lung disease developed due to an exces-
sive accumulation of surfactant in the alveoli associated
with an impaired function of AMs. Three main types of
PAP are distinguished, i.e., autoimmune, secondary and
hereditary. Autoimmune PAP is characterized by the
production of anti-GM-CSF antibodies, which results
in GM-CSF deficiency and alveolar macrophage (AM)
dysfunction. Secondary PAP results from any disease
that affects AMs, most often, it is a result of myelodys-
plastic syndrome, chronic myelogenous leukemia, acute
myeloid leukemia or the inhalation of destructive envi-
ronmental agents, such as silica, cement etc. In heredi-
tary PAP, AM dysfunction develops due to mutations
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in alpha- or beta-subunit of the GM-CSF receptor, sur-
factant protein B or C, ATP-binding cassette 3, or NK2
homeobox 1 (reviewed in [69]). iMphs generated from
children with hereditary PAP (OP9-dependent proto-
col) reproduced defects of AMs seen in PAP. Specifically,
PAP-iMphs demonstrated impaired GM-CSF recep-
tor signaling, reduced expression of GM-CSF receptor
dependent genes, decreased proliferation in response
to GM-CSF stimulation, impaired surfactant clearance
and proinflammatory cytokine secretion. Correction of
CSF2RA gene using lentiviral vector restored surfactant
clearance and eliminated other abnormalities, thus con-
firming the critical role of GM-CSF signaling in sur-
factant homeostasis and PAP pathogenesis [70].

Inflammatory bowel disease (IBD)

IBD is a group of complex chronic inflammatory con-
ditions of the gastrointestinal tract. Studies in mice
identified deficient IL-10 signaling and macrophage over-
activation as critical components of IBD pathogenesis.
However, analysis of IBD pathophysiology in humans is
difficult due to low sample availability. To address molec-
ular pathways implicated in IBD pathogenesis, several
groups generated iMphs from iPSCs derived from IBD
patients, very-only onset IBD patients (VEO-IBD) or
healthy donors with an introduced knockout of IL-10RA,
IL-10RB, STATI or STAT3 [71]. In all models, IL-10 failed
to suppress LPS-induced secretion of proinflammatory
cytokines, which was associated with deficient STAT3
phosphorylation and SOCS3 expression [72]. The use of
IBD-iMphs also allowed to identify a novel regulatory
loop between deficient IL-10 signaling and prostaglandin
E2 overproduction and to demonstrate that the mutation
leads not only to macrophage overactivation, but also to
a hampered macrophage antibacterial control (as shown
using S. typhimurium intracellular infection [71]).

Chronic infantile neurologic cutaneous and articular
syndrome (CINCA)

CINCA (or neonatal onset multisystem inflammatory
disease, NOMID) is a rare inherited autoinflammatory
disease developed due to autosomal dominant gain of
function mutations in NLRP3 (NOD-, LRR- and pyrin
domain-containing protein 3). The mutations lead to
systemic inflammation caused by an overproduction of
IL-1B and manifested by skin rash, severe arthro- and
neuropathy, including contractures, aseptic meningitis,
brain atrophy and mental delay [74]. While approximately
half of CINCA patients carry heterozygous mutations of
the NLRP3 gene, some patients are carriers of somatic
mosaicism. In mosaic patients, the proportion of mutant
cells is relatively low, which creates additional difficulties
in obtaining mutant cells for the analysis. The mosaicism
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also raises a question on whether NLRP3 mutant cells
are indeed responsible for the pathology (or the latter is
due to other cells bearing yet-unknown mutations). To
address the question, Tanaka and co-authors [75] gen-
erated mutant and non-mutant iPSCs and iPSC-derived
iMphs from two mosaic CINCA patients (OP9-depend-
ent protocol). NLRP3-mutant iMphs exhibited abnormal
IL-1p production, they were susceptible to LPS-induced
pyroptosis and they promoted increased secretion of
IL-1B in mosaic cell cultures containing mutant and
non-mutant iMphs. Inhibitors of the signaling pathways
operating upstream and downstream of NLRP3 inflam-
masome decreased IL-1p secretion by mutant iMphs.
The study confirmed the impact of mosaic mutant cells
in CINCA pathogenesis and demonstrated the utility of
iMph approach for drug screening.

Alzheimer disease (AD) and microglia

AD, the leading cause of dementia, is a progressive neu-
rodegenerative disorder characterized by [p-amyloid
deposition and tau hyperphosphorylation [76]. Numer-
ous studies have linked AD (as well as other neurodegen-
erative conditions associated with the development of
dementias) to deficient microglial function (reviewed in
[77]). Microglia are brain-resident mononuclear phago-
cytes that differ from other tissue-resident macrophages
by their origin and transcriptomic profile and that play a
specific role in the central nervous system development,
homeostasis and neuroinflammation [78]. A detailed
consideration of microglia biology is beyond the scope
of the present review; however, the use of iPSC-derived
microglia (iMG) for neurodegenerative disease modeling
should be briefly reviewed.

The expression of the Triggering Receptor Expressed
On Myeloid Cells 2 (TREM2) is a characteristic fea-
ture of microglia. TREM2 is a transmembrane receptor
whose ligation induces the phosphorylation of spleen
associated tyrosine kinase (SYK) and may affect multiple
cell functions including survival, proliferation, metabo-
lism, phagocytosis and chemotaxis [79]. Mutations of
TREM?2 have been associated with an increased risk of
various neurodegenerative disorders, including late onset
AD (associated with heterozygous coding variants in
TREM2, particularly, R47H), Nasu-Hakola disease and
frontotemporal dementia (associated with homozygous
missense TREM2 mutations T66M/T66M and W50C/
W50C) [80, 81]. The exact role of TREM2 in microglia
functionality and neurodegenerative pathologies is not
fully clear, which is largely due to a limited access to pri-
mary human microglia samples. The generation of iMG
cells performed during recent years has allowed to repro-
duce mutant microglia and to shed some light on these
questions.
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iM@ cells were generated from patients bearing T66M/
T66M, W50C/W50C or R47H mutations or obtained
from wild type iPSC lines with CRISPR-introduced
TREM2 knockout. iMG analyses demonstrated the role
of TREM2 in the support of microglia survival [80, 81],
mitochondrial respiratory activity and glycolytic immu-
nometabolic switch [82, 83], cell migration and adhesion
[80, 84, 85], the development of NLRP3 inflammasome
response [83], as well as in cell ability to uptake pathol-
ogy-associated substrates, such as amyloid-f, apolipo-
protein E and apoptotic bodies [80, 81]. Furthermore,
it was found that TREM2 deficit dysregulates PPARy/
p38MAPK signaling, and that PPARYy agonist can ame-
liorate iMG metabolic processes and amyloid-B phago-
cytosis [82]. Of note, currently, not all iMG data are
consistent. For example, TREM2-deficient iMG cells
displayed a reduced response to inflammatory stimuli in
some [82, 83] but not in other [81, 86] studies; in different
studies, different phenotypes appeared as the main result
of TREM deficiency (i.e., impaired phagocytosis, metab-
olism, survival or NLRP3 inflammasome reactivity). Nev-
ertheless, it is anticipated that wide scale use of the iMG
model, including iMG in vivo analysis (as it has recently
been done by McQuade and co-authors [80]) should help
advance our understanding of neurodegeneration mech-
anisms and microglia biology.

To summarize, iMphs have been successfully used
to model hereditary diseases the pathogenesis of which
is directly linked to the impairment of main mac-
rophage functions, including substrate degradation in
the lysosomes (GD) and the clearance of extracellular
substances and dead cells (PAP, TD), macrophage anti-
microbial activity (CGD) and inflammation control (FMF,
BS. IBD, CINCA). In all models, patient-derived iMphs or
healthy donor-derived iMphs with introduced mutations
reliably recapitulated the main cellular and molecular
features of the diseases, thus creating a unique opportu-
nity to address molecular pathways of disease pathogen-
esis (including the pathogenesis of rare diseases) using
a standardizable cell population. It may be expected
that the number of iMph-based disease models will be
increasing and will extend to include the modeling of
non-hereditary diseases. Of them, those associated with
chronic inflammation are particularly attractive. A sepa-
rate area of research is the use of iMphs for the modeling
of phagocyte-pathogen interactions (discussed below).

Drug testing

Providing an appropriate approach to modeling heredi-
tary diseases, iMphs may also serve as a valuable model
to test new drugs and therapeutic approaches. For these
purposes, the homogeneity and the scalability of iMphs
and their proximity to in vivo persisting macrophages
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(in contrast to monocyte-macrophage cell lines) are of
importance.

Panicker and co-authors [26] used their GD iMph
model to compare the efficacy of two GD treatments,
recombinant glucocerebrosidase and the chaperone isof-
agomine. iMph treatment with glucocerebrosidase com-
pletely restored iMph capacity to clear RBCs, whereas
the treatment with isofagomine restored RBC clearance
only partially. The results correlated with the known clin-
ical efficacy of the two drugs confirming the suitability of
the iMph model for drug testing.

Previously, a high throughput screening (HTS) assay
performed using spleen cell extracts identified several
molecules able to restore GBA1 activity [87]. Aflaki and
co-authors [56 Aflaki] used GD-iMphs as a more appro-
priate model (compared to spleen cells) to test the activ-
ity of one of the identified drugs, NCGC607. NCGC607
not only restored GBA1l activity, but also reduced
a-synuclein levels in dopaminergic neurons generated
from iPSCs derived from GD patients with Parkinsonism.
Thus, the parallel use of iMphs and iPSC-derived neurons
made it possible to identify a potential drug for the two
associated pathologies.

IBD-iMphs have impaired IL10 signaling and improper
reactivity to LPS. In the aforementioned study by Sens
and co-authors [73], IBD-iMph treatment with anti-
inflammatory small molecules SB202190 and filgotinib
reduced proinflammatory cytokine secretion.

Immortalized monocytic cell lines derived from iPSCs
of CINCA patients were successfully used to perform
HTS of 4,825 compounds and allowed to identify 7 com-
pounds with IL-1B inhibitory activity. The results have
proven the validity of the system for identifying drug
candidates to treat monocyte/macrophage-associated
immunological disorders [88].

The iMph model was also used for HTS of antitubercu-
losis drugs: by screening a library of 3,716 compounds,
Han and co-authors [89] identified 120 hits, which led
to the identification of a novel anti-Mtb compound,
10-DEBC.

Thus, the validity of the system for identifying drug
candidates has been proven for several monocyte/mac-
rophage-associated disorders.

Modeling macrophage-pathogen interactions
Phagocytic activity and the production of microbicidal
molecules are two characteristic macrophage features.
iMph capacity to engulf pathogens and restrict their
growth was demonstrated by several groups (Table 2).

In in vitro analyses, iMphs (EB-S) efficiently phagocy-
tosed Salmonella typhi and S. typhimurium and killed
them more efficiently than THP-1 cells did [45]. In
our study, iMphs (EB-S) effectively phagocytosed and
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restricted the growth of Mpycobacterium tuberculosis
(Mtb) [33]. By infecting iMphs with virulent wild-type
Mtb and the attenuated Mtb mutant lacking the ESX-1
(early secreted antigen 6 kilodaltons system 1) secre-
tion system, Bernard and co-authors [90] identified a
role for the ESX-1 secretion system in the formation
of autophagosomes and subsequent Mtb escape from
autophagosomes to the cytosol.

Inborn errors of IFN-y immunity underlie Mendelian
susceptibility to mycobacterial disease. The iMph model
has recently been used to study how inborn errors of
IFN-y immunity affect macrophage reactivity to IFN-y
and mycobacteria [31, 47]. iMphs were generated from
patients with a complete or partial AR deficiency in the
IFN-vy signaling pathway (i.e., a complete or partial defi-
ciency in IFN-yR2, a partial deficiency in IFN-yR1 and
a complete deficiency in STAT1). Following stimulation
with IFN-y, patient-derived iMphs exhibited defective
upregulation of HLA-DR, CD64, CD38 and CD282, low
to no degree of phosphorylation of STAT1 and no-to-lit-
tle clearance of BCG. In addition, in iMphs derived from
a STAT1-deficient patient, the generation of ROS was
disturbed. Thus, the use of the iMph platform allowed to
determine the pathways hampered in the macrophages of
patients with inborn errors of IFN-y immunity.

Differently from the high antibacterial activity of iMphs
in relation to S. typhimurium and Mtb, iMphs appeared
to be more permissive towards Leishmania major para-
sites: when infected with this pathogen, iMphs had a
higher level of intracellular Leishmania major compared
to THP-1, mouse and human bone marrow-derived mac-
rophages [91].

iMph infectability with viruses was addressed in a
few studies. van Wilgenburg and co-authors [27] and
Vaughan-Jackson and co-authors [92] showed iMph
infectability with HIV, although at a low rate [92]. Lang
and co-authors [93] demonstrated that iMphs can be
productively infected with Zika (ZIKV) and Dengue
(DENV) viruses. The use of the iMph model allowed
the authors to identify the differences in the inflamma-
tory responses induced by ZIKV and DENYV, particularly,
a higher inflammatory response and a higher secretion
of macrophage migration inhibitory factor (MIF), as
well as a decreased migration of DENV-infected iMphs
compared to ZIKV-infected ones and the inhibition of
the NF-kB signaling pathway in ZIKV-infected iMphs.
In a recent preprint study, iMphs were used to study the
effects of human macrophages on SARS-CoV-2 (Severe
acute respiratory syndrome-related coronavirus 2) infec-
tion. Using a co-culture system consisting of iMphs and
iPSC-derived lung cells, the authors demonstrated that
the inhibition of viral entry into the target cells using
antibody blocking angiotensin-converting enzyme 2
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Table 2 The use of iMphs to study macrophage-pathogen interactions

Infectious agent Reference

Main findings

Salmonella typhi,
S. typhimurium

P aeruginosa

S. aureus

Hale et al. [45]

Ackermann et al. [46]

Hashtchin et al. [98]

iMphs are phagocytic and up-regulate inflammation-related genes in response to the infection

Co-administration of P aeruginosa and human iMphs to immunodeficient mice prevents the develop-
ment of the infection; iMph administration shortly after the infection with P aeruginosa (4 h) decreases
infection severity

Intratracheal injection of iMphs to immunodeficient humanized mice challenged with S aureus (incud-
ing methicillin-resistant strain) reduces S aureus load, decreases granulocytic infiltration and diminishes
lung pathology. Transcriptomic analysis: compared to MDMs, iMphs respond to the infection by a more
profound upregulation of inflammatory genes early after infection, however the expression normalizes

faster than in MDMs

L. major O'Kneefe et al. [91]

After the infection, iMphs contain a higher level of intracellular L. major compared to THP-1, mouse and

human bone marrow-derived macrophages

Nenasheva et al. [33]
Bernard et al. [90]

M. tuberculosis

iMphs phagocyte and restrict Mtb growth in vitro
iMph infection with either virulent Mtb or the attenuated ESX-1-deficient Mtb mutant allowed to iden-

tify a role of ESX-1 secretion system of Mtb in the formation of autophagosomes and the subsequent
Mtb escape from autophagosomes to the cytosol

Haake et al. [47]

iMphs derived from patients with a complete or partial deficiency in IFN-yR2, IFN-yR1 or STATT dem-

onstrate a defective upregulation of HLA-DR, CD64, CD38 and CD282 in response to IFNy, a decreased
phosphorylation of STAT1, no-to-little clearance of BCG. Additionally, STAT1-deficient iMphs have a

disturbed production of ROS
iMphs are suitable to search for new anti-infectious drugs: the screening of a library of 3.716 com-

Han et al. [89]

pounds for their anti-Mtb activity was performed and a novel anti-Mtb compound, 10-DEBC, was

CRISPR/Cas9 engineered iMphs with depleted USP18 exhibit: an increased reactivity to IFNI, a

prolonged STAT1T and STAT2 phosphorylation; an enhanced expression of IFN-stimulated genes; an

identified
HIV-1 van Wilgenburg et al. [27]  iMphs are infectable with HIV-1
Vaughan-Jackson et al. [92] iMphs are infectable with HIV-1 and ZIKV
Taylor et al. [96]
increased restriction of HIV replication
ZIKV, DENV Lang et al. [93]

Differences in iMph response to DENV and ZIKV have been demonstrated: DENV induced a higher

inflammatory response, a higher production of MIF and a decreased iMph migration; ZIKV inhibited

NF-kB signaling pathway

DENV dengue virus, MIF macrophage migration inhibitory factor, ZIKV zika virus

(ACE2) enhanced the activity of M2 macrophages; the
latter were able to eliminate SARS-CoV-2 without the
induction of severe inflammatory responses and IL-6 and
IL-18 overproduction [94].

Fundamentally, the possibility of generating homoge-
neous populations of iMphs in high quantities provides
a unique opportunity to directly compare the reactivity
of the same phagocyte population to a number of differ-
ent pathogens, which is important to unravel intracellular
mechanisms restricting/permitting different infections.

Another important and unique application of iMphs
in the field of host—pathogen interactions is the iden-
tification of individual genes controlling macrophage
functionality. The generation of iMphs and dendritic
cells from iPSCs bearing biallelic mutations in the tran-
scriptional factor IRF5 allowed to investigate the role of
IRF5 in mediating the response of human myeloid cells
to the influenza A virus and to demonstrate a reduc-
tion of the virus-induced inflammatory cytokine pro-
duction under the conditions of IRF5 deficiency [95].
Taylor and co-authors [96] used iMphs to analyze the

role of ubiquitin-specific proteinase 18 (USP18), a nega-
tive regulator of type I IFN signaling [97], in anti-viral
response. The authors have demonstrated that: (i) infec-
tion of iMphs with HIV-1 induces USP18; (ii) depletion
of USP18 with CRISPR/Cas9 increases iMph reactiv-
ity to IFENI, the phosphorylation of STAT1 and STAT2,
the expression of IFN-stimulated genes and ultimately
results in a significant restriction of HIV replication in
iMphs. Thus, the use of the iMph model allowed to find
the molecular target, modifying which it is possible to
change the macrophage function in a desired way.

Finally, a prospective application of iMphs that has
recently begun to be developed is a therapy of respira-
tory infections. Previously, Ackermann and co-authors
demonstrated that human iMphs co-administered with
P aeruginosa to immunodeficient humanized mice pre-
vented the development of P. aeruginosa infection; when
injected shortly after the pathogen, iMphs rescued mice
from severe infection [46]. More recently, the same group
reported that intrapulmonary injection of human iMphs
significantly reduced bacterial load and local pulmonary
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inflammation in immunodeficient mice challenged with
Staphilococcus aureus 4 h prior to cell transfer [98]. Of
note, iMphs responded to S. aureus infection by a pro-
found upregulation of inflammatory genes soon after
the infection, but quickly restored their stationary state,
which is considered as a feature important for future
iMph therapeutic use.

Overall, the iMph model is instrumental for the elu-
cidation of genes/pathways involved in macrophage
infectious control and may have prospects for future
applications in the treatment of infectious diseases.

Fundamental studies: elucidating the role

of individual genes and factors in macrophage
functionality and differentiation

The possibility of obtaining genetically edited iMphs
allows to use the iMph model to perform fundamental
analyses of how individual genes control macrophage
activity.

Leucine-rich repeat kinase 2 (LRRK?2) is a cytoplasmic
multidomain protein containing GTPase, leucine-rich
repeat and kinase domains. Mutations of the LRRK2
gene are implicated in PD, predispose to Crohn’s dis-
ease and increase host susceptibility to intracellular
pathogens [99]. How LRRK2 contributes to macrophage
functionality is not fully clear, largely due to the lack of
adequate human models. To explore the function of
LRRK2 in human myeloid cells, Cowley’s group ana-
lyzed iMphs (EB-F) and iMG cells differentiated from
PD patient-derived, control and edited iPSC lines. The
authors reported that LRRK2 was not involved in the
phagocytosis uptake of particles, but it was required for
the recruitment of RAB8a and RAB10 proteins to phago-
somes, and its expression was upregulated by IFN-y. In
another study, the generation of human iMphs (EB-F)
with knockout of receptor-interacting serine/threonine-
protein kinase 1 (RIPK1) allowed to identify a role for
RIPK1 in the regulation of inflammatory and cell death
pathways [100].

Apart from single gene analysis, the iMph model allows
to use system approach to scrutinize genetic effects on
macrophage functionality. In a proof-of-principle study,
Navarro-Guerrero and co-authors [101] demonstrated
the possibility of generating iMphs transduced with a
screen of a CRISPR lentiviral library (a pool of 71,090
guides) and thus created a platform to screen the effects
of a genome-wide loss-of-function knockout on mac-
rophage characteristics.

In embryonic development, macrophages are formed
during three different hematopoietic waves, i.e., primi-
tive, pro-definitive and definitive. Primitive and pro-
definitive waves take place in the yolk sac; at these
stages, macrophages arise from primitive progenitors

Page 12 of 25

independently of hematopoietic stem cells (HSCs). Dur-
ing the definitive hematopoietic wave and adult hemat-
opoiesis, macrophages differentiate from definitive HSCs
in the bone marrow [102—104]. While human bone mar-
row samples are available for the analysis, the possibil-
ity of studying early embryonic hematopoietic processes
in humans is ethically constrained. iMph differentiation
provides a valuable model in this context. Indeed, both
early embryonic hematopoiesis [105, 106] and iMph dif-
ferentiation [34] are independent of the transcriptional
factor c-Myb. During pro-definitive hematopoiesis, mac-
rophages arise from erythromyeloid precursors [102,
103]; the formation of erythromyeloid precursors in iMph
differentiation cultures has also been documented [41].
Finally, the primitive character of myelopoiesis occur-
ring during human iMph differentiation has recently
been confirmed using single-cell genomics [107]. Thus,
the iMph model allows to look into the early processes
of human myelopoiesis. Using this model, Ackermann
and co-authors [108] were able to unravel a previously
unknown role for IL-3 in the formation of hematopoietic
progenitors and their myeloid specification. Some fac-
tors used for iMph generation are known to preferentially
support either primitive (Activin A) or definitive (Wnt)
hematopoiesis [109, 110]. Exploring how these factors,
either together or separately, affect iMph differentiation
trajectories, would help to achieve a better understanding
of embryonic myelopoiesis.

Overall, the iMph model is valuable for studying the
effects of individual genes and factors on early hemat-
opoietic processes, myeloid specification and mac-
rophage function.

Developing macrophage-based cell therapy

The implication of macrophages in the pathogenesis of
several hereditary diseases, their capacity to protect the
host against infections and tumors, as well as their high
immunoregulatory potential make macrophages an
attractive tool for cell therapy of various diseases. Below
we summarize the main areas of iMph-based cell therapy
that are currently under development (summarized in
Table 3) and discuss the advantages of the use of iMphs
and MDMs for these purposes.

Correction of altered AM function

Perhaps the most developed direction of iMph-based cell
therapy is that aimed at the correction of AMs for pul-
monary disease treatment. Indeed, altered AM function
underlies a variety of pulmonary diseases, including PAP,
chronic obstructive disease, cystic fibrosis and adenosine
deaminase deficiency (ADA). As shown recently, AMs
represent a pool of macrophages that populate the lungs
during embryogenesis; throughout a person’s lifetime,
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the cells self-maintain locally and they are not at all or
only weakly repopulated by MDMs [102, 105, 111-113].
Because the generation of iMphs recapitulates embryonic
hematopoiesis [34], it has been suggested that in contrast
to MDMs, iMphs could effectively replenish the AM pool
[114]. The approach has been tested on several models.

In PAP model, several proof-of-principle studies
demonstrated the possibility of efficiently correcting
CSF2RA-deficiency and restoring human iMph function-
ality using lentiviral gene transfer. In these studies, iPSCs
were obtained from CSF2RA deficient patients, geneti-
cally corrected and successfully differentiated into func-
tional iMphs (OP9-dependent or EB-S protocols). The
latter demonstrated restored phagocytic activity, GM-
CSF uptake, intracellular signaling and surfactant clear-
ance capacity [70, 115, 116].

The feasibility of correcting the AM pool in vivo, was
proven in animal experiments. Csfr2b~'~ mice are con-
sidered as an experimental model of PAP. Following the
intratracheal administration of wild-type mouse iMphs
(EB-S) to Csfr2b~'~ recipients, donor cells migrated pre-
dominantly to the alveolar spaces, acquired AM-similar
transcriptional signature, persisted in the lungs for as
long as 2 months and improved PAP disease parameters
[117]. The other PAP model utilizes ADA™/~ mice. In
humans, ADA deficiency is an AR metabolic disorder
that affects proliferating cells, causes immunodeficiency,
predisposes to the development of PAP and manifests
as pneumonia, chronic diarrhea, and widespread skin
rashes. ADA™'~ mice die of respiratory failure within
18-21 days of birth. Litvack and co-authors [114] gener-
ated alveolar-like iMphs (EB-F) by conditioning mouse
iMphs with GM-CSF and other factors. A single intratra-
cheal administration of the resulting iAMs to 4-week-old
ADA ™/~ mice or repeated intranasal transfer of the cells
to mouse pups significantly increased recipient survival,
restored blood oxygen saturation and reduced mucous
substance in the alveoli.

These experimental studies have demonstrated the
prospects of using genetically corrected iMphs for cell
therapy of macrophage-associated hereditary diseases, at
least, pulmonary ones.

Infectious disease treatment
Until recently, examinations of iMph-pathogen interac-
tions have mainly been restricted to the analysis of iMph
infectability and anti-infectious activity in vitro. How-
ever, one may expect the appearance and the exponential
growth of studies aiming to increase iMph anti-infective
potential and to use corrected iMphs for infectious dis-
ease treatment.

As a proof of principle, Lachmann’s group documented
the anti-bacterial effect of unmodified human iMphs
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(EB-S) intratracheally administered to mice simultane-
ously with or shortly after their infection with P aeru-
genosa or S. aureus [46, 98]. Taylor and co-authors [96]
reported an increased restriction of HIV-1 replication
by iMphs (EB-S) with depleted USPI8 gene (discussed
above).

Cancer cell therapy

In cancer, tumor microenvironment polarizes tumor-
infiltrating macrophages to an anti-inflammatory state
resulting in the generation of so-called tumor-acti-
vated macrophages (TAMs). TAMs exhibit diminished
anti-tumor and increased tumor-promoting activities,
which contrasts with M1-like macrophages that are
anti-tumorigenic [118-120]. Because it is possible to
“educate” M1-like macrophages in vitro and because
macrophages have a high capacity to migrate to and
infiltrate tumors [121], it was supposed that it would be
possible to achieve an antitumor effect by transferring
M1-like macrophages generated from blood monocytes
and “educated” in vitro in the presence of IFN-y or LPS
[122]. Unfortunately, the approach was not effective. The
underlying reasons are not fully clear, but may include a
suboptimal number of transferred cells, insufficient anti-
tumor activity of the educated macrophages and/or the
instability of the M1 macrophage phenotype in tumor
microenvironment (reviewed in [120]). To overcome
the limitations, a suggestion was made to use genetically
engineered macrophages that stably produce factors pro-
moting immune activation (such as IL-12 or IFNI) [123]
or express a chimeric antigen receptor (CAR) specific to
tumor antigens (reviewed in [124, 125]). In several stud-
ies, CAR-bearing macrophages were successfully gener-
ated from J774A, THP1 macrophage-like cell lines and
human primary macrophages using lentiviral or group
B adenoviral (Ad5f35) vectors [126, 127]. The generated
CAR-macrophages specifically recognized the cognate
CD19, CD22 or HER?2 antigens, phagocytosed antigen-
bearing tumor cells, cross-presented tumor antigens,
provided T-cell costimulation and inhibited tumor
growth in vitro. Despite these first promising studies, the
generation of genetically engineered macrophages from
MDMs remains challenging, which is largely due to the
restricted expansion ability of macrophages and their
general resistance to genetic modifications [128, 129]. In
this regard, iMphs may represent a more feasible way to
develop “anti-tumor” macrophages.

In 2011, Senju and co-authors [23] generated human
iMphs (OP9-dependent) expressing single chain variable
region fragment (scFv) of antibodies specific to CD20
and demonstrated that the cells engulfed and killed B-cell
leukemia cells. A series of later studies by the same group
examined the potential of iPSC-derived myeloid cell
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lines (iPS-MLs) for restricting solid tumors. iPS-MLs are
close but not identical to iMphs. The cells are generated
by obtaining iPSC-derived myeloid cells and transduc-
ing them with genes that promote cell proliferation and
limit cell senescence, such as cMYC. The resulting popu-
lation represents actively proliferating myeloid cell lines
that can easily be genetically manipulated and expanded
[130, 131]. iPS-MLs (OP9-dependent) transduced with
scFv specific to human HER2/neu antigen along with
IFNa, IFNp, IFN-y, TNF-a, TRAIL or FAS-ligand genes
were generated and their anti-tumor activity was tested
in severe combined immunodeficiency (SCID) mice with
human gastric and pancreatic cancer. In this model, all
iPS-MLs accumulated in tumor tissues, but only iPS-MLs
expressing IFN-B significantly inhibited tumor growth
[130, 131]. In another study by the same group, iPS-MLs,
genetically modified to express type I IFN, inhibited dis-
seminated human melanoma in SCID mice [132].

Zhang and co-authors [133] generated human iMphs
(EB-F) expressing CAR specific to CD19 (“CAR (CD19)-
iMac”) or mesothelin (“CAR (meso)-iMac”). Detailed
characterization of CAR-iMphs showed that the cells:
(i) expressed surface markers and transcriptome charac-
teristics for macrophages; (ii) were largely homogeneous
(shown by single-cell RNA-sequencing); (iii) were ini-
tially biased towards the M2 state, but could be polarized
towards M1 by in vitro treatment with IFN-y; (iv) exerted
antigen-specific anti-tumor effect in vitro and in vivo (the
latter—following xeno-transplantation to NSG mice with
ovarian cancer). Tracking CAR (meso)-iMacs follow-
ing their transfer to immunodeficient NSG mice showed
that the cells expanded during the first 3 days, persisted
for about 20 days and disappeared after around day 30
post-transfer. This detailed study has provided a proof-
of-principle for the utility of CAR-iMph-based cancer
cell therapy and has also started monitoring iMph fate
in vivo, which is important to understand the safety of
iMph-based cell therapy (discussed below).

To conclude, genetic modification of iMphs so as to
change their activity in a desired direction is a highly
promising approach for anticancer cell therapy, and a
rapid development of the field in the nearest future is
expected.

Inflammation control, wound healing and tissue
regeneration

M2-like macrophages have potential clinical applications
in the area of immune suppression, wound healing and
tissue regeneration [134]. The effects of macrophages
pre-treated in vitro with M2-polarizing agents, such as
IL-4 combined with IL-13, IL-10 or TGF-f, hypo-osmotic
shock or other stimuli, have been explored in different
models in experimental and clinical settings. M2-like
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macrophages exerted an anti-inflammatory effect and
alleviated the pathology of renal injury [135-137], spi-
nal cord injury [138, 139] and sepsis-induced acute lung
injury [140]; promoted angiogenesis [141] and stimu-
lated the healing of pressure and diabetes wounds [142,
143]. However, the outcomes of M2 treatment were not
fully reproducible (reviewed in [144]), which, again, was
attributed to the functional instability of in vitro polar-
ized macrophages and their return to a neutral or even
proinflammatory phenotype in in vivo surrounding [145,
146).

iMphs were shown to be initially oriented towards an
anti-inflammatory profile [33, 147], and to be responsive
to M2-polarizing stimuli [148]. This potentially makes
them well suited for immune regulation and tissue repair
purposes. However, only a few studies have tested these
iMph applications so far. In the study by Haideri and
co-authors [149] mouse iMphs derived from embryonic
stem cells reduced carbon tetrachloride-induced liver
injury and fibrosis, diminished the number of activated
myofibroblasts and activated liver progenitor cells. In a
more recent study by Pouyanfard and co-authors [150],
human iMphs (EB-S), preliminarily polarized towards the
M2 subtype and transferred to immunodeficient mice
with liver fibrosis, induced downregulation of the expres-
sion of fibrogenic genes and reduced disease histopathol-
ogy. A different kind of iMph regenerative potential was
demonstrated by Jeon and co-authors [151], who showed
that co-cultivation of iMphs (EB-S) with iPSC-derived
mesenchymal stem cells in a 3D culture model sig-
nificantly improved bone formation in vitro and in vivo
compared to a mono-culture of osteogenic cells. Other
applications of iMph immune regulatory potential are yet
to be tested, including in autoimmune and autoinflam-
matory diseases. In this regard, the generation of iMphs
genetically engineered so as to maintain stable M2 activ-
ity looks promising.

Macrophage-based cell therapy: iMphs versus
MDMs
Given the general similarity of human iMphs and MDMs
it is important to compare their potential as a tool for cell
therapy (summarized in Table 4).

iPSCs are easily and almost unlimitedly expandable.
This creates the basis for: (i) obtaining iMphs in unlim-
ited quantities from any individual; (ii) generating stand-
ardizable iMph populations. Moreover, techniques to
scale up iMph production have recently been developed
[35, 46]. Altogether, this creates the conditions for gener-
ating iMphs for “off-the-shelf” use.

In contrast to iMphs, MDMs can be obtained only in a
limited quantity from a given individual, and their expan-
sion in cultures is limited and temporal. Additionally, due
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Table 4 The benefits and limitations of MDM- and iMph-based cell therapy

Parameter MDMs iMphs
Availability, quantities Limited Almost unlimited
(restricted by the number of  (limited mainly by iPSC

cells that can be collected
from one individual at a
single time point and by the
limited capacity of monocytes
for in vitro expansion)

instability at late passages;
the limitation may be
overcome by preserving
early-passage iPSC clones)

Technique scalability Not scalable Scalable

Standardizability Poor standardizability Standardizable

Off-the-shelf use Not applicable Possible

Modeled population of Macrophages derived from Tissue-resident macrophages
macrophages circulating blood monocytes  (TRMs)

The generation of genetically
engineered macrophages

Limited by cell low
proliferative activity and
resistance to genetic
modification

Feasible at the level of iPSCs

Time required to receive
differentiated macrophages

On average, 7 days

At least 15-20 days starting
from the stage of expanded
iPSCs (several months if
including iPSC generation
and characterization)

Cost Relatively low

High

Safety High

Requires examination

Green, benefits; pink, limitations

to the restricted number of monocytes that can be col-
lected from one individual at a single time point and the
variability of monocyte populations collected at different
time points even from the same individual, MDMs are
much less standardizable.

Another advantage of iMphs over MDMs is the fact that
the generation of iMphs recapitulates embryonic hemat-
opoiesis and results in the formation of macrophages
that reliably model TRMs [34, 41, 44]. Moreover, the dif-
ferentiation of iMphs in tissue-specific conditions allows
generating “tissue-specific” macrophages, e.g., cells reca-
pitulating Kuppfer cells or microglia [20, 152, 153]. In
contrast to iMphs, MDMs primarily model macrophages
that repopulate tissues in inflammatory conditions [20].

An important benefit of iMphs is the ease of perform-
ing iPSC genetic modification and as a consequence,
it becomes feasible to generate genetically engineered
iMphs. Genetic modification of MDMs is much more
challenging (although not fully impossible [126]) due to
their low proliferative activity and natural resistance to
genetic modification [128, 129, 134].

For their part, MDMs have their own benefits. First, the
generation of MDMs is significantly cheaper compared to
that of iMphs, as it requires only one exogenous factor
(most often, M-CSF) and can be accomplished in 7 days
[20]. This stands in contrast to the use of at least two or
even up to nine exogenous factors for iMph generation

and a much longer period required to generate iMphs
(especially if considering the time frame needed for the
generation of iPSCs; reviewed in [21]). Second, MDM
administration has been shown to be safe and non-toxic
[121, 153, 154]. The safety of iMph administration yet
needs to be established.

iMph-based cell therapy: safety and other
questions to explore
When considering the prospects of iMph-based cell ther-
apy, one must discuss iMph safety and other yet unre-
solved questions.

iMphs are terminally differentiated cells. However,
they may have tumorigenic potential, primarily due to
their potential contamination with residual iPSCs, which
are immature cells with an almost unlimited prolifera-
tive activity. Furthermore, tumors may arise from iMph
hematopoietic progenitors and due to genetic altera-
tions arising in vitro during cell expansion [155]. Only a
few studies have addressed iMph tumorigenicity so far.
They reported a lack of teratoma formation in immu-
nodeficient mice transplanted with human iMphs and
examined approximately 2 months post-transfer [151,
156]. However, in most studies and over a longer time
frame, the tumorigenic potential of iMphs has not been
carefully studied. To reduce iPSC tumorigenicity, differ-
ent methods of their elimination from the differentiated
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progeny have been suggested [157, 158], but only one of
them has been approbated in an iMph model so far. Spe-
cifically, Lachmann’s group introduced iPSCs with iCas9
gene, which upon the addition of a chemical inducer of
dimerization induces cell apoptosis [32]. In vitro, 98% of
the engineered iPSCs and their iMph progeny could be
eliminated by this method, which may be considered as
an efficient killing. However, this degree of iPSC elimi-
nation may still be insufficient to warrant iMph clinical
safety. In addition, in vivo validation of the approach is
needed.

The second question, also related to iMph safety, is that
of iMph biodistribution and persistence. This question
has not been systematically addressed either. Happle and
co-authors [156] reported that following an intratracheal
application of human iMphs to humanized PAP mice, the
transplanted cells accumulated in the lungs and could not
be detected in the liver, bone marrow or spleen by flow
cytometry analysis. However, real-time PCR did detect
human RNA in the spleens, indicating that a small num-
ber of the transferred cells may spread throughout dif-
ferent tissues even after local (intrapulmonary) delivery.
Another study reported that following an intra-perito-
neal application of human CAR-iMphs to tumor-bearing
mice, the cells gradually disappeared after day 30 [133].
Yet, thorough systematic analyses of iMph persistence,
biodistribution and tumorigenicity have not been per-
formed and are critically needed.

The safety of genetically engineered iMphs is a separate
question to consider. It largely depends on the specificity
of the introduced corrections (e.g., a proper selection of
the target DNA site and the design of single guide RNA
in the case of CRISPR/Cas technology), the choice of
delivery method (e.g., vector integration ability) and the
lack of off-target effects. The general drawbacks of exist-
ing genetic engineering techniques have been system-
ized in a series of comprehensive analyses [159-162] and
are beyond the scope of this review. In relation to mac-
rophages, it should be noted that the differentiation of
iMphs from iPSCs goes through several stages, includes
multiple rounds of cell division, takes at least 2—3 weeks
to obtain the first iMph harvest and may last for many
months afterwards. Therefore, the specificity and the sta-
bility of modifications introduced into iPSCs need to be
additionally and carefully controlled at the iMph level.
Furthermore, the phenotypes, transcriptomic signatures
and functional activities of genetically modified iMphs
should be carefully examined, as they may be influenced
by the introduced mutations [57].

Potentially, for cell therapy purposes, allogeneic and
autologous iMphs can be used. A significant benefit of
allogeneic iMphs is their possible off-the-shelf use, which
reduces therapy costs and the time it takes to prepare a
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cell product. However, allogeneic transplantation bears
the risks of graft-derived infections and graft rejection.
The first may be overcome by a thorough medical exami-
nation of the donor. The second problem may be solved
by creating biobanks of iPSCs and iMphs with diverse
HLA haplotypes [163, 164]. Another way to go, which is
currently being actively elaborated, is to create “univer-
sal” iPSCs with ablated expression of HLA and/or other
molecules involved in antigen presentation (e.g., TAP-
1, CIITA) [155, 165, 166]. Such iPSCs can be used as a
source for generating “universal” iMphs. To avoid the
rejection of donor cells by the recipient’s innate immune
cells, it has recently been suggested that immune regula-
tory molecules, such as CD47, could be introduced into
HLA-ablated donor cells [167, 168]. However, it should
be taken into account that decreased immunogenic-
ity may lead to increased tumorigenicity. Therefore, the
safety of hypoimmunogenic iMphs and their potential
contamination with iPSCs should be examined with
special attention, the benefit/risk ratio must be carefully
evaluated, and the cells should be used only when criti-
cally needed. Moreover, for some applications, allogeneic
iMphs may have preferences over the “universal” ones.
For example, if iMphs are intended to eradicate an acute
infection, a short-term survival of donor cells may be pre-
ferred, as this will reduce the tumorigenicity risk [155].

Autologous iMphs are devoid of infection and rejection
flaws. However, their generation is expensive and time-
consuming. As a result, they can be used for the treat-
ment of chronic diseases only. Additionally, iPSC lines
derived from different individuals may differ, which is
why their safety and efficacy may also vary [155]. Finally,
the tumorigenicity risk may be higher for autologous
iPSC-derived cells compared to allogeneic cells due to a
low immunogenicity of the former [169, 170].

Overall, allogeneic and autologous iMphs have their
own advantages and limitations; the choice may depend
on the cost-efficacy ratio and on the application the
cells are intended for, particularly, on whether they are
intended for the treatment of acute or chronic conditions.

Apart from the safety issues, there are other questions
that need to be solved before iMph therapy becomes a
reality. Technically, we need to optimize iMph differen-
tiation methodologies so as to increase iMph output, to
decrease iMph generation cost and to warrant differen-
tiation stability, iMph homogeneity and purity. The use
of genetically modified iMphs requires further improve-
ment of reprogramming methods [159]. In contrast to
embryonic stem cells, iPSC generation does not require
the destruction of human embryos. Nonetheless, ethical
issues still remain, including the risk of tumor genera-
tion in the process of stem therapy, donor selection in the
case of allogeneic transplantation, and the enforcement
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Fig. 2 Main current and prospective iMph applications. Since the development of iMph generation techniques, the spectrum of iMphs applications
has rapidly grown. Starting with the modeling of hereditary diseases associated with impaired macrophage function, it currently also includes the
modeling of macrophage-pathogen interactions, drug testing and screening and the development of approaches to iMph-based cell therapy. BS
Blau syndrome, CGD chronic granulomatous disease, CINCA chronic infantile neurologic cutaneous and articular syndrome; DENV Dengue virus, FMF
familial Mediterranean fever, GD Gaucher disease, HTS high throughput screening, IBD inflammatory bowel disease, Mtb Mycobacterium tuberculosis,
PAP pulmonary alveolar proteinosis, PD Parkinson's disease, TD Tangier disease, ZIKV Zika virus

of restrictions not to use iPSCs to make human embryos,
produce human germ cells and clone human beings.
Finally, a regulatory path for the use of iPSC derived cell
products needs to be developed. These issues have been
reviewed elsewhere [159, 171] and are beyond the scope
of the present review.

Conclusions

The generation of macrophages from iPSCs is a recently
developed technique that has several important advan-
tages promoting a widespread use of the iMph model.
The main iMph benefits include:
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(i) The possibility of obtaining iPSCs/iMphs nearly
from any donor and of any genetic background
(availability) [35, 43, 166];

(i) Potential feasibility of obtaining iMphs in unlim-
ited quantities, including large-scale production in
industry-compatible bioreactors (scalability) [35,
46];

(iii) Genetic, phenotypic, transcriptomic and func-
tional homogeneity and a “naive-like” state of the
iMph population (standardizability) [33, 133];

(iv) The ease of obtaining genetically edited iMphs due
to the feasibility of genetic modification of iPSCs
(editability) [62, 115, 116, 159].

The advantages of the iMph model along with the mul-
tifaceted activity of the macrophage population in gen-
eral underlie multiple applications wherein iMphs are
valuable (Fig. 2). The main of them are:

(i) Disease modeling. The existing studies have focused
mostly on the modeling of rare hereditary diseases.
However, given the role of macrophages in the
pathogenesis of many other disorders, it is antici-
pated that the spectrum of iMph-based disease
models will be extended beyond rare diseases to
include such pathologies as autoinflammatory dis-
orders, atherosclerosis and others.

(i) Studying macrophage-pathogen interactions. iMph
infectability with various pathogens has been doc-
umented and used to study the molecular basis of
macrophage-pathogen interactions. Future devel-
opments will likely include the elaboration of
approaches to infectious disease treatment based
on the use of “native” [46, 96, 98] or genetically
engineered [96] iMphs.

(iii) Drug screening. In this area, the HTS of large com-
pound libraries using the iMph model is especially
promising.

(iv) In the area of basic research, the iMph platform
allows to model embryonic myelopoiesis and to
directly assess the effects of individual genes on
macrophage functionality.

(v) Finally, an attractive direction is the use of iMphs
for cell-based therapy. Potential applications include
the treatment of hereditary diseases, adjunctive
therapy for acute infections, inflammatory condi-
tions and cancer, as well as replacement cell ther-
apy. For most of these applications, our ability to
modify iMphs so as to change their activity in a
desired direction will be important.
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In spite of the prospects of the iMph methodology, it
is not without limitations. To make iMph clinical use a
reality, multiple methodological, ethical and regula-
tory issues need to be solved. Among them, the safety of
iMph use comes first. This requires filling research gaps
in terms of iMph biodistribution, persistence and tumo-
rigenicity. Further methodological studies are needed to
increase iMph yield and differentiation stability, secure
iMph purity and homogeneity and decrease iMph gen-
eration cost. For genetically manipulated iMphs, optimi-
zation of reprogramming techniques and strict control
of cell stability, as well as the minimization of off-target
effects are needed. Some biological factors, such as the
differentiation potential of different iPSC lines, are diffi-
cult to predict. Therefore, reliable methods to assay the
whole differentiation process and the resulting iMphs
need to be elaborated and implemented. Finally, a regu-
latory path for (or against) the use of iPSC-derived cell
products needs to be elaborated.

In conclusion, iMphs have multiple prospective appli-
cations, and their number is rapidly expanding. At the
same time, the safety of using iMphs remains insuffi-
ciently researched. A thorough examination of this issue
is an essential step towards a future clinical implementa-
tion of iMph-based therapy.
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