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Macrophages have protective roles in immunity to pathogens, 
tissue development, homeostasis and repair following damage. 
Maladaptive immunity and inflammation provoke changes  
in macrophage function that are causative of disease.  
Despite a historical wealth of knowledge about macrophages, 
recent advances have revealed unknown aspects of their 
development and function. Following development, 
macrophages are activated by diverse signals. Such tissue 
microenvironmental signals together with epigenetic changes 
influence macrophage development, activation and functional 
diversity, with consequences in disease and homeostasis.  
We discuss here how recent discoveries in these areas have 
led to a multidimensional concept of macrophage ontogeny, 
activation and function. In connection with this, we also 
discuss how technical advances facilitate a new roadmap for 
the isolation and analysis of macrophages at high resolution.

Macrophages are central to tissue development, homeostasis and 
inflammation, but they also contribute to a broad spectrum of inflam-
matory pathologies and thus represent key therapeutic targets1.  
However, therapeutically manipulating macrophages at any level 
requires insights into their origin and the mechanisms enforcing their 
activation, as well as definition of their immunoregulatory functions 
in specific tissues and inflammatory settings.

Older concepts of macrophage activation relied largely on models 
of dichotomous states (such as classical versus alternative activation, 
discussed below) in response to in vitro signals2,3. However, a more 
complex scenario has more recently emerged wherein a spectrum of 
macrophage phenotypes has been observed. In the light of evidence 

from the in vivo study of the behavior of macrophages in disease, their 
tissue-specific phenotypes and their different origins, and from high-
resolution data from transcriptomics and epigenetics, an ongoing 
evaluation of current concepts of macrophage origins and activation 
is needed4–6. We propose a roadmap for high-resolution approaches 
to macrophage origin and activation, which will facilitate the char-
acterization of these cells at the organ, tissue and single-cell levels in 
both in vivo and clinical situations. Finally, these new concepts may 
influence clinical therapeutic strategies that aim to target monocytes 
and macrophages.

Dichotomous concept of macrophage activation
A key feature of macrophages is their ability to ‘tailor’ their responses 
according to environmental stimuli. Upon encountering pathogens, 
macrophages express proinflammatory cytokines and reactive oxygen 
and nitrogen species that aid antimicrobial and immune activation 
functions needed to kill and control pathogens. By contrast, homeo-
static signals induce macrophages to adopt phenotypes linked with 
tissue remodeling and repair. Because the signals encountered by 
macrophages are diverse, and also temporally and spatially dynamic, 
macrophages not only respond with equally diverse phenotypes but 
also can switch from one ‘functional’ phenotype to another. Hence, 
diversity and plasticity of phenotype and function are characteristic 
features of macrophages2,7.

In macrophages, inflammatory stimuli such as lipopolysaccharide 
(LPS) and interferon-γ (IFN-γ) induce an inflammatory phenotype that 
promotes TH1 effector response and antimicrobial and tumoricidal 
properties. Macrophages with this phenotype are called ‘classically 
activated’ macrophages8. In contrast, stimulation of macrophages with 
cytokines such as interleukin-4 (IL-4) or IL-13 leads to an ‘alternative’ 
activation state, characterized by decreased ability to make proinflam-
matory cytokines, preferential metabolism of arginine to ornithine via 
expression of arginase, and increased expression of scavenger recep-
tors and phagocytosis activity9. Mouse strain–specific differences in 
macrophage activation have also been noted10. For example, in vitro 
LPS–treated macrophages from C57Bl/6 mice metabolize arginine to 
nitric oxide (NO) and display a TH1-like cytokine response upon LPS 
and IFN-γ treatment, whereas LPS-treated macrophages from BALB/c 
mice, which are known to produce TH2-biased responses, prefer-
entially metabolize arginine to ornithine. Macrophages were thus 
proposed to induce an “M-1” or “M-2” response10 that is analogous 
to the TH1 or TH2 response. Subsequently, a general framework for 
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macrophage activation was proposed whereby macrophages treated 
with LPS and IFN-γ were referred to as M1 macrophages, whereas 
those stimulated with anti-inflammatory cytokines such as IL-4, IL-13  
or IL-10 were referred to as M2 macrophages, with the two groups 
having distinct phenotypic and functional characteristics3. However, 
depending on the in vitro anti-inflammatory stimuli used to generate 
M2 macrophages, these cells may show subtle phenotypic variations. 
Therefore, the M2 phenotype was subdivided into M2a (induced by 
IL-4 or IL-13), M2b (induced by IL-10) and M2c (induced by a com-
bination of immune complexes and LPS)11. Macrophages have also 
been classified on the basis of their functions12. Irrespective of these 
attempts to classify macrophages into a small number of fixed states, 
newer findings argue against such a simple categorization, pointing 
to the requirement for higher-resolution approaches to decode the 
complexity of macrophage activation.

The new multidimensional model of macrophage activation
About a decade ago, transcriptome studies of in vitro–stimulated mac-
rophages13 as well as macrophages isolated from tumors, obese fat 
tissue or helminth infections14,15 gave some support to the M1-M2 
dichotomy of macrophage activation. However, macrophages in many 
other homeostatic or pathological situations (for example, embry-
onic macrophages, resolution-phase macrophages, macrophages 
from some cancers) did not show a clear M1 or M2 phenotype16–18, 
or showed phenotypic plasticity during disease progression—for 
example in myocardial infarction, allergic skin and skeletal muscle 
injury19–21—clearly indicating that the dichotomous M1-M2 model 
insufficiently described macrophage activation. A new way of look-
ing at macrophage activation is to consider a multidimensional 
model of activation, which integrates the signals to which macro-
phages are exposed in their specific microenvironments (Fig. 1).  
Applying a higher-resolution approach, a recent study in which 

human macrophages were activated with 28 different stimuli revealed 
that macrophage activation cannot be explained by a dichotomous 
model4. Although care is needed when comparing results from mouse 
and human macrophages22–24, recent findings in mouse tissue mac-
rophages corroborated this theory. As such, macrophages from seven 
different mouse tissues showed tissue-specific transcriptional and epi-
genetic regulation of many genes6, supporting the idea that microen-
vironmental signals dictate the programming, activation, phenotype 
and cellular function of macrophages in an input-specific fashion.

As an extension of the multidimensional model, a stimulus-specific 
nomenclature system for macrophage activation has been proposed, 
especially in regard to controlled in vitro experiments in which pre-
cise correlation between stimuli and gene expression readouts are 
sought25. For instance, in vitro–stimulated macrophages would be 
designated by their inducing stimuli, for example as M(LPS) or 
M(R848), and in vivo–derived macrophages would be described by 
multiple markers rather than trying to bin them into an M1 or M2 
pool. Thus, the history of macrophage activation studies has evolved 
away from dichotomous models and toward more precise systems to 
link stimuli with phenotypes. The current challenge is to extend the 
phenotypic classification of macrophages to reflect their function at 
a given time point and in a given environmental context.

Effects of ontogeny and tissue homeostasis on macrophage activation
Much as with macrophage activation, knowledge of macrophage 
ontogeny and homeostasis has evolved rapidly. An early dogma,  
established with the mononuclear phagocyte system concept in 
1968 by Van Furth, was that tissue-resident macrophage homeosta-
sis relies on the constant recruitment of blood monocytes. We now 
know, however, that monocytes do not contribute substantially to 
tissue macrophages at steady state (with the exception of the gut26, the  
dermis27 and the heart28, where monocytes continuously seed the  
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tissues and differentiate into macrophages) and even in certain types of  
inflammation, and that adult tissue macrophages are derived from 
embryonic precursors that seed tissues before birth and maintain 
themselves in adults by self-renewal5.

The different tissue macrophage populations do not necessarily 
share the same origins, arising either from embryonic progenitors, 
such as yolk sac macrophages and fetal monocytes, or from adult 
blood monocytes5 (Fig. 1). Yolk sac erythromyeloid progenitors 
(EMPs) were recently identified as the embryonic precursors of yolk 
sac macrophages and fetal monocytes29,30. Two sequential waves of 
EMPs were identified: an early c-Myb-independent wave that gen-
erates primitive macrophages without monocytic intermediates in 
the yolk sac and a late c-Myb+ wave seeding the fetal liver to gen-
erate multiple hematopoietic lineages including fetal monocytes30. 
However, the precise origin of fetal monocytes remains controversial, 
with a recent study suggesting a major contribution from classical 
hematopoietic stem cells rather than EMPs31 (for review, see ref. 32). 
Nevertheless, fetal monocytes differentiate into macrophages upon 
recruitment to fetal tissues30, diluting the pre-existing population 
of yolk sac–derived macrophages and giving rise to the majority of 
adult macrophages in most tissues, with the exception of microglia 
in the central nervous system30,33. Hence, in a fashion distinct from 
that the original ‘monocyte seeding’ model, macrophage populations 
derive from hematopoietic stem cell–independent embryonic precur-
sors that are transiently present in the yolk sac and the fetal liver and 
self-renew in tissues throughout adulthood.

Macrophages are present in the tissues at all stages of development, 
from early fetal stage to adulthood, pointing to the possibility that 
fetal macrophages may be involved in the development and homeo-
static function of tissues. Accordingly, absence of fetal macrophages or 
disrupted macrophage function causes abnormal tissue development 
and function in the developing brain34 or lung35,36. These observa-
tions suggest that cross-talk between tissue environments and devel-
oping macrophages is essential for the adequate development and 
activation of macrophages as well as for tissue differentiation and 
function. Perturbation of tissue macrophage differentiation signals 
from the external environment could also underlie priming toward 
various pathologies as early as fetal life, although disease onset would 
only occur in adulthood. One example is represented by microglia, 
the brain-resident macrophages that are derived almost exclusively 
from yolk sac macrophage progenitors33 and that may make vari-
ous contributions to neuropsychiatric disorders. Several of these 
disorders, including schizophrenia, autism-spectrum disorder and 
obsessive-compulsive disorder, are associated with defects in brain 
development, even though symptoms can appear in adolescence or 
early adulthood. Such disorders are possibly linked with defects in 
cerebral development, also associated with microglial dysfunction37. 
As such, better understanding of the differentiation and activation of 
macrophages in tissues during homeostasis is essential, adding to the 
need for a multidimensional model of macrophage activation (Fig. 1).  
It will be important to study the kinetics of differentiation of fetal 
macrophages in parallel with tissue maturation, in order to reveal the 
molecular pathways that underlie the acquisition of a mature macro-
phage activation state in the adult tissue during homeostasis. This is 
of relevance because these are the activation states that we would want 
to promote or recapitulate for therapeutic purposes.

Another challenge in current macrophage biology is to understand 
whether the embryonic or adult origin of macrophages matters for 
their function and activation in the tissues. In other words, can 
macrophages of distinct ontogeny be attributed or linked to specific 
homeostatic functions in the tissues, and what are the functional  

consequences for tissue repair and homeostasis if embryonic macro-
phages are replaced? Blood monocytes can give rise to specific pop-
ulations of macrophages, such as intestinal macrophages, at steady 
state, and also to cells with features of both macrophages and dendritic 
cells in pathological settings and inflammation5,38. Once inflamma-
tion is initiated, monocytes rapidly migrate to the inflamed tissues 
and differentiate, under the influence of tissue-specific factors, into 
various types of monocyte-derived effector cells. Monocyte-derived 
cells are often highly heterogeneous, even within a single organ or 
inflamed tissue, acquiring a multitude of functional modules based 
on the cues they receive from their microenvironment. However, 
the long-term persistence and the functional specialization of these 
monocyte-derived cells as compared to the pre-existing tissue mac-
rophage populations remain to be investigated. Recent experimental 
models in which the embryonic-derived tissue macrophages were 
replaced by adult bone marrow–derived cells (which may not neces-
sarily be monocytes) upon infection or inflammation suggest that 
adult bone marrow–derived cells can recapitulate the phenotypic 
and functional features of the pre-existing population6,39–41. Adult 
bone marrow–derived macrophages exhibit a gene expression profile 
roughly similar to that of the pre-existing population, although some 
differences have been reported6,42, suggesting that tissue environ-
ments dictate the macrophage phenotype. Nevertheless, embryonic- 
derived alveolar macrophages also retain a distinguishable gene 
expression signature, suggesting that although the tissue environment 
dominates the signature of macrophage phenotypes, the underlying 
ontogeny of cells is maintained and may contribute unique properties.  
Insight into the way that specific tissue macrophage identities are 
established and maintained will also reveal to what extent immune 
cell identities are dictated by the environment, as opposed to cell-
intrinsic mechanisms, and will aid the design of novel intervention 
strategies. Understanding the unique tissue-derived signals and the 
niche in which macrophages survive will be also crucial.

Spatiotemporal basis of macrophage activation
If we accept that macrophages are inherently plastic, and that their 
activation state is driven by the integration of microenvironmental 
signals they encounter in a spatiotemporal fashion, strategies should 
be devised taking these ideas into consideration. The heterogeneity 
of macrophage activation should be determined at the highest resolu-
tion possible—for example, with single-cell technologies43. Kinetic 
parameters should be incorporated into experimental design, as the 
function of macrophages may vary by time and by microenvironmen-
tal insult17,44. Accounting for these variables is inherently challeng-
ing, particularly in inflammation, during which resident macrophages 
undergo activation in situ and monocyte-derived macrophages are 
recruited into the tissue. It will be essential to measure the interplay 
between different cells and assess their division of labor at different 
time points and in different environmental niches, as was recently 
done for resident and immigrating macrophages during bacterial 
urinary tract infection45. In the nervous system, it was shown that 
microglia clear debris, whereas monocyte-derived cells cause demyeli-
nation40; and in a model of sterile hepatic injury it was demonstrated 
that proinflammatory CCR2hiCX3CR1lo monocytes are first recruited 
to the borders of the injury and reprogrammed by the local cytokine 
milieu into CCR2loCX3CR1hi cells before entering the damaged area 
and facilitating wound healing46.

Another direction of investigation will be to determine what 
happens with the incoming monocytes during the resolution of an 
immune response. If there is long-term conversion of monocytes to 
tissue macrophages, at what frequency and in what context does that 
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happen? Once the molecular variations of macrophages over time and 
in space (such as at different locations within tissue or organ) can be 
mapped, it should be possible to determine the numbers of prevailing 
macrophage subsets and the signaling cascades, transcription factor  
networks and resulting functional changes induced by a specific spec-
trum of input signals. The epigenetic landscape of macrophages is 
determined by the local environments during homeostasis6,47, and 
accumulating evidence suggests that stress signal–dependent activa-
tion of macrophages is accompanied by specific epigenetic events48,49. 
For example, transcriptional regulators associated with the estab-
lishment of tissue-specific transcriptional and epigenetic landscape  
have been identified for peritoneal macrophages (GATA-6)50, Kupffer 
cells and splenic macrophages (LXRA)51,52, splenic red pulp cells  
(SPI-C)53,54 and microglia (MEF2C)55. Furthermore, there is accumu-
lating evidence that STAT and IRF transcription factors are involved 
in stress signal–induced activation of macrophages56.

However, our current understanding of the contribution of epigenetic 
versus transcriptional molecular mechanisms essential to macrophage 
activation is still limited48,57,58. Additional layers of control, such as 
the roles of small and long noncoding RNAs59–61 and of RNA-binding  
proteins such as tristetraprolin62,63, need to be further integrated into 
the picture. In this context, it will be of interest to learn which of 
these regulatory mechanisms contribute to the establishment of innate 
memory as compared to ‘trained’ immunity58,64–66. LPS tolerance, the 
inability of macrophages to respond to a secondary stimulus65, and 
trained immunity, a status of long-term imprinting of macrophage 
responses as described for β-glucans66, are likely to be two extremes 
of a spectrum of outcomes in systemic inflammation, suggesting that 
macrophages have some capacity to ‘recall’ prior stimuli. Currently, 
epigenetic mechanisms are favored as the primary ones explaining 
tolerance and trained immunity67,68. However, other mechanisms 
involving noncoding RNAs or RBPs cannot be ruled out.

Functional outcome of multidimensional macrophage activation
Yolk sac–, fetal monocyte– and adult monocyte–derived tissue-
resident macrophages all manifest a suppressive function despite 
differences in ontogeny. Immune inhibition, and especially deacti-
vation of autoreactive T cells, may be a key function of macrophages 
in tissue homeostasis. For example, under steady-state conditions,  
fetal liver–derived alveolar macrophages and yolk sac–derived micro-
glia exert immunosuppressive functions by selectively inhibiting  
T cell activation and proliferation69,70. Monocyte-derived intestinal 
macrophages also exhibit immunoregulatory function by mediating 
the generation of IL-10-dependent Foxp3+ regulatory T cells in the 
lamina propria71, which suggests that tissue-resident macrophages 
dictate the activation threshold that is required to trigger an effective 
T cell–mediated immune response.

Upon in vitro activation, tissue-resident macrophages show func-
tional differences according to their ontogeny. LPS-activated fetal 
liver–derived alveolar macrophages decrease their capacity for NO 

production, and their ability to suppress T cell proliferation is abro-
gated72,73. By contrast, LPS-activated yolk sac–derived microglia 
secrete IL-10 and have a reduced ability to stimulate T cells, sug-
gesting that microglia maintain their suppressive functions during 
inflammation74. Monocyte-derived intestinal macrophages also 
suppress T cell growth and prevent intestinal inflammation through 
IL-10-dependent signaling, which is maintained in the presence of 
LPS-induced macrophage activation75,76. Therefore, proinflammatory 
regulators of the immune response, such as LPS, have different effects 
on tissue-resident macrophages depending on their ontogeny, and 
the local signals that dictate macrophage activation can have a major 
influence on the outcome of the ensuing immunological response, as 
they contribute to either immunity or tolerance.

Upon in vivo activation following oxidative stress, tissue-resident  
macrophages home to the draining lymph nodes, where they exert an 
immunoregulatory function that is maintained through the induc-
tion of antigen-stimulated regulatory T cells77. In contrast, monocyte-
derived macrophages accumulate very rapidly within the inflamed 
tissue78 and activate T cell–dependent immune responses through  
IFN-dependent mechanisms79. This process is accompanied by pathogen- 
induced epigenetic reprogramming of macrophages, which contributes 
to trained immunity80. Inflammatory monocyte–derived macrophages 
with stimulatory functions convert into noninflammatory macro-
phages that acquire T cell–suppressive function once the incipient 
inflammatory insult disappears later on20,72. The local signals that par-
ticipate in the resolution phase of the inflammatory response control 
the activation and function of the infiltrating monocyte-derived macro-
phages. Among these signals, inhibition of IFN-γ and upregulation of 
the macrophage differentiation cytokine CSF-1 have been shown to 
promote the conversion of inflammatory monocytes into suppres-
sive macrophages that inhibit T cell–mediated immune responses 
and mediate immune tolerance81. Because CSF-1 controls the con-
version of monocytes into immunosuppressive and tissue-remodeling 
macrophages, inhibition of CSF-1 has been used to prevent tumor 
metastasis and progression82,83. Other therapeutic approaches that 
target mouse inflammatory macrophages and prevent their accumu-
lation in tissue have already given promising results in reducing dis-
ease progression in different experimental models of atherosclerosis,  
transplantation, cancer and amyotrophic lateral sclerosis84,85.

In vitro activation of monocyte-derived macrophages using 
cytokines, growth factors, prostaglandins, glucocorticoids and Toll-
like receptor agonists alone or in combination represent a potential 
therapeutic approach to prevent the development of disease86 and 
promote immune tolerance in mice and human87,88. For example, 
IL-4-activated macrophages inhibit proliferation of peripheral blood 
lymphocytes and CD4+ T cells in vitro89. However, whereas IL-4 in 
combination with CSF-1 stimulation of macrophages inhibits T cell 
proliferation in vitro, IL-4- and GM-CSF-stimulated macrophages 
promote T cell growth81, suggesting that either the relative strengths of 
each of the simultaneous stimulatory signals, or specific combinatorial  

Box 1 Glossary of techniques 

CyTOF (cytometry by time-of-flight mass spectrometry). A single-cell technology based on a combination of cytometry and mass spectrometry. It allows the  

measurement of up to 50 protein markers in living single cells.

ATAC-seq (assay for transposase-accessible chromatin sequencing). A method to identify open chromatin in cells. As compared to other methods addressing open 

chromatin, ATAC-seq requires significantly lower cell numbers (as few as 500 cells), enabling the analysis of open chromatin even in rare immune cells.

MARS-seq (massive parallel single-cell RNA sequencing). One of several methods to sequence the transcriptomes of single cells. The advantage of MARS-seq is 

its relative high throughput, which makes it possible to sequence several hundreds to thousands of cells in a single experiment.

iCHIP-seq (indexing-first chromatin immunoprecipitation sequencing). A method to assess histone modifications in very small cell numbers93.
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signals, propel the trajectory of the immune response toward either 
immunity or tolerance. Therefore, the efficacy and success of mono-
cyte-derived macrophage immune therapy depends on our ability to 
understand the specific spectrum of input signals that are required 
for the development of distinct macrophage subsets. A procedure for 
generating pharmaceutical-grade human regulatory macrophages has 
been developed, and approval for a clinical trial of these cells as an 
adjunct immunosuppressive agent in living-donor kidney transplanta-
tion has been granted in Germany (clinicaltrials.gov: NCT02085629). 
To date, two patients have been treated with human regulatory macro-
phages preparations, both of whom have not undergone any rejection 
episode after more than 6 years after transplantation90.

New approaches to studying macrophage activation states
For the discovery of cellular heterogeneity in a spatiotemporal fashion, 
future research will be guided by the use of reporter mice tracking differ-
ent subsets of myeloid cells91, combined with high-dimensional single- 
cell technologies such as single-cell transcriptome analysis using 
microfluidics-based92 or robotics-based43 massively parallel RNA 
sequencing, iCHIP (indexing-first chromatin immunoprecipitation)93 
and single-cell ATAC (assay for transposase-accessible chromatin) 
sequencing94 to determine epigenetic regulation (Fig. 2 and Box 1). 
Single-cell RNA-sequencing technologies carry an important advan-
tage over classical techniques (such as flow cytometry) in that a much 
larger number of genes is assessed for each cell, which then allows an 
unbiased determination of the true population structure. We are cer-
tain that single-cell sequencing methods will become game-changing 
technologies for immunology and other fields in the life sciences.

Following single-cell sequencing analysis, technologies such as 
deep immunophenotypic assessment using cytometry by time-of-
flight mass spectrometry (CyTOF), but also more classical techniques 
including flow cytometry or immunohistochemistry, will be instru-
mental to the assessment of functional aspects such as the expression 
of combinations of effector proteins in heterogeneous macrophage 
populations in homeostasis and during inflammatory processes95,96 
(Fig. 2). Taken together, high-resolution approaches that investigate 
macrophage origin and activation, such as fate mapping, single-cell 
RNA sequencing, epigenetic programming and mass cytometry, 
will make it possible to identify previously unknown myeloid cell  
subsets and understand their dynamic interaction with other cells of 
the immune system more rapidly.

Conclusions
The crucial role of macrophages in homeostasis and disease make 
them potential therapeutic targets. Understanding macrophage acti-
vation in such settings using high-resolution, single-cell and deep 
phenotyping approaches will provide foundations for therapeutic 
approaches targeting specific subsets of macrophages while sparing 
others. Although new genetic tools need to be developed to permit 

such specific targeting in vivo, the use of induced pluripotent stem 
cell (iPS)-derived macrophage-like cells (for example, the generation 
of microglia-iPS-derived cells) may provide an attractive therapeutic 
strategy for boosting immunity in immunosuppressive contexts or 
for homeostatic repair in chronic inflammatory contexts. Despite the 
advances in understanding macrophage origin and activation over 
the past few years, numerous challenges remain. These include the 
still-incomplete understanding of the mechanics of macrophage acti-
vation in the tissues, including how activation is regulated in these 
microenvironments and how the process of inflammation terminates. 
Another gap in knowledge concerns the deconvolution of the plethora 
of macrophage products and their precise roles in inflammation. For 
example, although macrophages consistent with an M2-like pheno-
type are closely linked to wound healing, their exact contribution 
to the overall process remains unclear. Understanding macrophage-
mediated wound repair may be an especially important component 
of medical technology to improve transplantation, surgery and nas-
cent stem cell therapies. Another issue is understanding the potential 
differences and functional divergence between human and mouse 
macrophage responses, as revealed by profiling studies in resting and 
IL-4-treated macrophages23. Finally, we note that macrophage hetero-
geneity continues to confound research into the fundamental proper-
ties of these cells, a roadblock that will hopefully be overcome through 
the application of high-throughput single-cell technologies.
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Figure 2 Integration of new high-resolution technologies in studying 
macrophage activation. A schematic roadmap for high-resolution 
analysis of macrophage activation is presented. The starting point for 
the analysis would be with single-cell technologies, such as single-
cell RNA sequencing of the myeloid cell space defined by several cell 
surface markers. Single-cell transcriptomes will be used to define the 
true population structure, and the main populations will then be further 
characterized by markers definitively distinguishing them. Further steps 
would involve various cutting-edge technologies to functionally assess the 
defined subpopulations. CRISPR-Cas9, clustered, regularly interspaced 
short palindromic repeats with CRISPR-associated protein 9; FACS, 
fluorescence-activated cell sorting; IHC, immunohistochemistry.
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