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Summary

Macrophages have been at the heart of immune research for over a cen-

tury and are an integral component of innate immunity. Macrophages are

often viewed as terminally differentiated monocytic phagocytes. They infil-

trate tissues during inflammation, and form polarized populations that

perform pro-inflammatory or anti-inflammatory functions. Tissue-resident

macrophages were regarded as differentiated monocytes, which seed the

tissues to perform immune sentinel and homeostatic functions. However,

tissue-resident macrophages are not a homogeneous population, but are

in fact a grouping of cells with similar functions and phenotypes. In the

last decade, it has been revealed that many of these cells are not termi-

nally differentiated and, in most cases, are not derived from haematopoie-

sis in the adult. Recent research has highlighted that tissue-resident

macrophages cannot be grouped into simple polarized categories, espe-

cially in vivo, when they are exposed to complex signalling events. It has

now been demonstrated that the tissue environment itself is a major con-

troller of macrophage phenotype, and can influence the expression of

many genes regardless of origin. This is consistent with the concept that

cells within different tissues have diverse responses in inflammation.

There is still a mountain to climb in the field, as it evolves to encompass

not only tissue-resident macrophage diversity, but also categorization of

specific tissue environments and the plasticity of macrophages themselves.

This knowledge provides a new perspective on therapeutic strategies, as

macrophage subsets can potentially be manipulated to control the inflam-

matory environment in a tissue-specific manner.

Keywords: environmental programming; Gata6; tissue-resident macro-

phages.

Introduction

�Elie Metchnikoff first described macrophages in 1893 in

his observations of phagocytosis during tissue inflamma-

tion.1 Metchnikoff observed microphages (neutrophils)

and larger ‘macrophages’ consuming pathogens during

inflammation, and developed the well-known theory of

immunity by phagocytosis.2 Thereafter, the macrophage

was labelled as a tissue-residing cell that could eat and kill

infectious pathogens, thereby contributing to frontline

immunity. Macrophages were eventually incorporated

into the reticulo-endothelial system in 1924, implying that

they originate from, and reside and renew within, that

tissue.3 In 1968, Ralf van Furth, Zanvil Cohn and col-

leagues formulated the mononuclear phagocyte system:

the origin of all macrophages is terminal differentiation

from blood monocytes.4 There was significant evidence to

the contrary at the time; however, due to the technologi-

cal constraints of experiments, the mononuclear phago-

cyte system became the prevailing model for macrophage

origin. As a result, it was generally assumed that all mac-

rophages had the same monocytic/myeloid progenitor.

Therefore, a large proportion of the subsequent research

was steered toward the functional characteristics of

Abbreviations: Gata6-KOmye, Lyz2-Cre recombinase: Gata6-floxed, i.e. Gata6 deletion in myeloid cells.; H3K4me1, histone-3
lysine-4 single methylation; KO, knockout; pResM/, peritoneal tissue-resident macrophages; Seq, sequencing; TAM, tumour-
associated macrophages
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monocyte-derived or bone-marrow-derived macrophages.

This included the discovery of classically5 and alterna-

tively activated6 macrophage phenotypes, which ulti-

mately led to the ‘M1/M2’ nomenclature, respectively.7

Hence, traditionally, macrophages were accepted as phag-

ocytic, terminally differentiated blood monocyte-derived

cells, which can be activated by classic or alternative

ligands to form polarized populations. We will review

some recent advances in the field of macrophage biology

and highlight how this impacts on this dogma.

Dual origins of tissue macrophages

In 1924 Ludwig Aeschoff labelled macrophages as tissue

phagocytes,3 which could import lithium carmine by

phagocytosis. This theory was ultimately flawed as lithium

carmine could also be imported by pinocytosis (cell

drinking) in non-phagocytes.8 In 1925 the findings of

Florence Sabin showed that a proportion of these cells

can be derived from the blood,9 and in 1968 this was

applied to all macrophages to form the mononuclear

phagocyte system.4 At this time, there was a reasonable

body of evidence that macrophages were not terminally

differentiated10–12 and were persistent in tissues.13 How-

ever, the experiments used in these studies were imper-

fect, mainly due to the limitations of technology, and so

the theories put forward struggled for attention.

Toward the end of the twentieth century a greater

appreciation for macrophage heterogeneity was

observed.14 This included a consensus that some macro-

phages could proliferate14 and existed in the embryo long

before definitive haematopoiesis.15,16 This was contradic-

tory to the mononuclear phagocyte system; but could

have been considered as special cases. The observation

that human Langerhans cells (a specialized tissue macro-

phage)17 from the donor still existed years after a double

hand transplant18 provided evidence that either these cells

could survive an extended length of time, or that they

were replenished locally. In 2009, Chorro et al.19 showed

that murine Langerhans cells were not terminally differ-

entiated and could proliferate in situ to restore cells lost

in inflammation. This result, along with similar observa-

tions in brain microglia20 led to related observations of

in vivo proliferation, for example: in peritoneal macro-

phages,21,22 pleural macrophages,22 alveolar macrophag-

es,23 red pulp macrophages,23 adipose tissue

macrophages,24 cardiac macrophages25 and macrophages

within atherosclerotic lesions.26 Gentek et al.27 have

recently discussed aspects of macrophage proliferation in

detail.

It became evident that many tissue macrophage popu-

lations are renewed independently of the bone marrow,

and therefore their origin was scrutinized. Fate-mapping

studies showed that a significant number of tissue macro-

phages are derived from primitive macrophages existing

within the yolk sac or fetal liver.28,29 These macrophages

are seeded into the tissues before birth and proliferate to

populate the expanding tissue with resident macrophages.

Resident macrophages in organs, such as the intestine

and dermis, are continually replenished from blood

monocyte precursors,30–32 and monocyte-derived macro-

phages are a key constituent of inflammatory environ-

ments.33 A significant number of tissue macrophages can

remain independent from blood monocytes; though

‘embryonic’ macrophages can be replaced by monocyte-

derived cells after severe inflammation,34 or in active, age-

ing tissues such as the heart.35 The change in macrophage

origin may result in different phenotypes or functions in

that tissue. Considering the majority of our knowledge on

tissue macrophages is focused on rodents and cells with

limited origins, the next logical questions for the field

include: what effect does origin have on macrophage

function? And how do these primary rodent studies relate

to human macrophages? This may be an important con-

sideration, because mice used in research are usually

6 weeks, and at maximum 2 years, old, whereas humans

live for over eight decades. So it is possible that the

embryonic origin of adult macrophages in rodents is not

indicative of human cell populations. However, results

from rodent studies can still be mimicked in human

tissues, such as the long-term independence of human

Langerhans cells from monocytes.18

The peritoneal cavity: a model for tissue-specific
transcriptional control

Immunological cell subsets are defined not only by their

phenotype, but also by their expression of transcription

factors required for specific functions. This is relatively

well defined in other fields of immunity, such as T-cell

biology;36 however, the transcription factor profiles of

macrophage subsets are still largely unknown. There have

been notable studies on tissue niche-specific transcrip-

tional control of macrophage populations in the past,

such as in the spleen.37 The haem-induced38 transcription

factor Spic is required for the presence of red pulp mac-

rophages,39 whereas Nr1h3 is necessary for all marginal

zone macrophages.40 Importantly, the loss of these factors

results in the loss of both the cells and their functions,

and is localized to specific tissue microenvironments.39,40

Therefore, it is difficult to dissect the mechanisms con-

trolling specific functions of these subsets, but implies

that these factors are required for cell survival/develop-

ment in that tissue niche.

In 2012 the immunological genome consortium identi-

fied the zinc finger transcription factor Gata6 as perito-

neal tissue-resident macrophage (pResM/)-selective.41 In

addition, they showed that MerTK and CD64 provided

an alternative to F4/80 expression when identifying tissue

macrophages.41 This study highlighted both the shared

ª 2015 The Authors. Immunology Published by John Wiley & Sons Ltd., Immunology, 144, 541–548542
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and distinct characteristics of tissue macrophage subsets

and provided more information to discriminate them

from dendritic cells.41

Other groups including our own also identified Gata6

as a select transcription factor in pResM/.42–44 Condi-

tional knockout (KO) of the Gata6 gene in myeloid cells

(‘Lyz2-Cre recombinase’, Gata6-floxed: which we termed

Gata6-KOmye) resulted in gross phenotype changes in the

common macrophage markers F4/80 and CD11b in

pResM/. Importantly there were still pResM/ present,

albeit in reduced numbers.42–44 In vivo lentiviral manipu-

lation of Gata6 in adult pResM/ resulted in similar phe-

notype changes, indicating that Gata6 is required for cell

phenotype in the adult.42 Transcriptome studies, which

compared Gata6-KOmye with wild-type pResM/, identi-
fied a diverse range of genes altered in the absence of

Gata6. Crucially, a large number of these genes were

pResM/ selective, so it was concluded that Gata6 is in

part responsible for the pResM/-specific gene profile.42–44

These studies corroborated the same overall conclusion;

however, the authors of each study provided additional

insights into the function of Gata6 in pResM/.
Okabe and Medzhitov,43 identified that vitamin A-

derived retinoic acid drives the expression of Gata6 in

pResM/. The source of this retinoic acid is the peritoneal

omental tissue. Interestingly pResM/ of Gata6-KOmye

mice accumulate in omental milky spots,43 perhaps

because of their altered cell-adherent gene signature.42–44

The loss of Gata6 in pResM/ can also have physiological

consequences. Peritoneal B1 cells migrate to the gut and

can secrete IgA.45 Gata6 ablation in pResM/ resulted in a

decline in immunoglobulin A production from migrating

peritoneal B-1 cells. This was dependent upon transform-

ing growth factor b2, which is secreted by pResM/ and

controlled by Gata6.43 The functional importance of this

is not fully understood as B2 cells can compensate for

this drop in IgA production, but it highlights a physio-

logical role of resident macrophages, which enables us to

tease apart the subtle control of tissue physiology.

Peritoneal pResM/ proliferate at a low level to main-

tain homeostasis, but go through a burst in proliferation

to recover lost numbers during the resolution from

inflammation.21 We identified alterations in genes linked

to proliferation in Gata6-KOmye pResM/.42 Interestingly,

the proportion of Gata6-KOmye macrophages proliferating

was actually higher than controls, but nuclear polyploidy

was also enhanced.42 This could be either attributed to

failed cytokinesis (as considered to be caused by lack of

emerin in the nuclear envelope), as seen in Gata6-knock-

down epithelial cells,46 or by enhanced cell fusion. Gata6-

KOmye pResM/ failed to recover their numbers after

acute inflammation and those cells still present were defi-

cient in their proliferative response.42 Therefore, Gata6

contributes toward pResM/ persistence by regulating

normal proliferative responses. Reduced pResM/ num-

bers could also be explained by increased migration to

omental milky spots,43 increased tissue adherence42–44 or

enhanced apoptosis.

Gautier et al.44 found that loss of Gata6 results in

decreased expression of the metabolic enzyme Aspa in

pResM/. Aspa-KO pResM/ shared characteristics such as

enhanced apoptosis and lower cell numbers with Gata6-

KO pResM/.44 However, the mechanisms for apoptosis

may not be shared between the two knockouts. Genes

associated with oxidative phosphorylation were also

increased in Gata6-KOmye pResM/, which suggests

enhanced mitochondrial function.44 When investigated,

oxygen consumption was found to be higher in Gata6-

KOmye pResM/, suggesting increased oxidative phosphor-

ylation.44 However, this could also be enhanced basal

oxidase activity. It has been suggested that alternative

activation of macrophages can tip the metabolic balance

away from glycolysis and toward mitochondrial oxidative

phosphorylation.47 Therefore, the authors conclude that

Gata6-KOmye pResM/ are alternatively activated both

due to increased expression of genetic markers such as

Arg1, and enhanced oxygen consumption.44 However,

many genes are enhanced in the absence of Gata6, so per-

haps this activation state is merely a status of cell health,

and failure to respond to the environment. It is also not

clear whether the levels of glycolysis are also higher in

Gata6-KOmye pResM/, and perhaps the increase in

oxygen consumption is indicative of a more general met-

abolic activation. There has been a growing interest in

metabolic control of immune cell function.47 This study44

demonstrates that the persistence of a tissue-specific mac-

rophage population is maintained in part by selective

expression of a metabolic enzyme. Aspa is generally

considered to be restricted to oligodendrocytes in the ner-

vous system.48 Hence, its presence in a macrophage pop-

ulation is interesting, and the unknown mechanisms

behind the apoptotic consequence of Aspa deletion may

additionally influence specific macrophage functions.

The Gata6 model for tissue-specific control of a macro-

phage population provides a valuable tool to investigate

the fine-tuning of tissue-specific cellular function in vivo.

A summary on the recent findings of Gata6 is shown in

Fig. 1. Tissue physiology is tightly regulated, and it is

likely that each cell within each tissue has its own unique

genetic expression profile. This enables cell survival in the

tissue, but may restrict survival in other tissues. Immune

cells of the blood are not necessarily exempt from such

control, as one fate of monocyte-derived macrophages as

well as neutrophils in tissues is apoptosis.49 However,

these cells can adapt to new environments, as is evident

in the ‘training’ of monocyte-derived macrophage subsets

to survive and function in the intestine.31 Therefore, both

cell plasticity and environmental factors play a role in the

fate and persistence of cells in tissues, and a colossal

effort is required to unravel these complexities.

ª 2015 The Authors. Immunology Published by John Wiley & Sons Ltd., Immunology, 144, 541–548 543
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Environmental programming of tissue-specific
macrophage subsets

Two recent publications have implicated the tissue envi-

ronment as the strongest factor in the determination of cell

phenotype.50,51 These studies used sequencing (Seq) tech-

niques to investigate the genetics and epigenetics of tissue-

resident macrophage populations in different tissues,

including Gata6-controlled pResM/. The authors describe

enhancer landscapes, which are essentially a measure of

specific histone modifications, principally histone-3 lysine-

4 single methylation (H3K4me1). This modification is

associated with enhancer regions in gene promoters. Areas

rich in H3K4me1 highlight active gene landscapes.52 Lavin

et al.51 used a combination of RNA-Seq, chromatin

immuno-precipitation-Seq and assay for transposase-acces-

sible chromatin-Seq to pinpoint enhancer landscapes cou-

pled to gene expression and accessible chromatin. This

allowed them to build a three-dimensional map of chroma-

tin, which included whether the gene is expressed and what

transcription factors are likely to be bound to that gene.

This is a useful method to visualize transcription factor

control of gene expression profiles in specific cell subsets.

The two studies conclude that tissue-resident macrophages

shared epigenetic structure and gene expression with other

myeloid cells, and is modulated by master transcription

factors such as PU.1.50,51 However, each tissue additionally

has its own unique gene expression profiles controlled by

changes in enhancer landscapes50,51 Lavin et al. transferred

macrophages from the peritoneum to the lung. The trans-

ferred cells lost most of the old tissue programming, but

acquired the majority of a new tissue programme specific

to their new environment.51 Tissue-specific reprogramming

was also evident when existing ‘embryonic’ tissue-resident

macrophages were lethally irradiated and replaced by tis-

sue-resident macrophages derived from transferred healthy

bone marrow.51 This shows that the environment predomi-

nantly controls the cells’ phenotype by directing epigenetic

programmes.

Gosselin et al. additionally showed the impact of selec-

tive environmental factors on gene expression of cells cul-

tured ex vivo. Retinoic acid or transforming growth factor

b1 inclusion in culture media partially restored the

enhancer environments and gene expression of pResM/
and microglia, respectively.50 This enables us to carry out

ex vivo experimentation, which will be more faithful to

the phenotype of specific tissue macrophages than exist-

ing culture techniques. The challenge now is to fully char-

acterize unique tissue environments and dissect the

functions of each factor. An example of such a factor is

retinoic acid in the peritoneum, which drives Gata6

expression in pResM/ and maintains the epigenetic land-

scape and gene expression profile,50 (Fig. 1). These stud-

ies50,51 emphasize the plasticity of macrophages and

highlights that cell polarization in chronic inflammation

for example, may not be irreversible, as a new environ-

ment can reprogramme the epigenetics and gene expres-

sion prolife. However, this might not be the only

determiner of cell phenotype, as the expression of certain

genes may still be dependent on cell origin.

These are not the first reports of macrophage environ-

mental reprogramming; however, as evidenced by a recent

report from Suzuki et al.53 They describe a model of pul-

monary macrophage therapy, which is essentially the

replacement of functionally deficient (Csf2rb�/�) alveolar

macrophages by site-specific transfer of wild-type bone-

marrow-derived macrophages. When analysed by micro-

array, the transferred cells acquired the majority of the phe-

notype associated with alveolar macrophages and persisted

for at least a year. In their model, these cells are functional

Migration/retention
in peritoneum

Proliferation

euploidy

Aspa regulated
survival

Epigenetic
programming

tissue phenotype
specialization

Gut IgA B1

B1

Tgfb2

Rarb

Gata6

Retinoic acid

Raldh

Vitamin A

Figure 1. Gata6 controls peritoneal macro-

phage phenotype. Diagram showing recent dis-

coveries on the control of peritoneal

macrophage phenotype by Gata6. The yellow

cells represent peritoneal omental tissue, B cells

are shown as small circular cells, and the large

globular cell is a peritoneal resident macro-

phage. Results from different laboratories are

colour coded: green,42 blue,43 magenta44 and

orange50,51.
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and restore the normal surfactant clearing function in the

lungs, which is impaired in Csf2rb�/� mice. Genetically

manipulated Csf2rb�/� cells with enforced Csf2rb expres-

sion were also able to re-populate the lungs of Csf2rb�/�

mice with functional macrophages that restored lung

homeostatic functions. This study highlights the potential

for macrophage transfer and subsequent tissue-specific

environmental reprogramming as a therapeutic.

Tissue-resident macrophage activation and
inflammation

Inflammatory stimuli are often sensed by macrophage

receptors, resulting in downstream signalling cascades that

force activation of the cell. Existing dogma for macro-

phage activation is dedicated to M1/M2 polarization:

macrophages can either be classically (‘M1’) or alterna-

tively (‘M2’) activated. This is dependent on the stimulus

and resulting phenotype of the cell.54 Classical activation

of macrophages by stimuli such as lipopolysaccharide

(‘M1’) through Toll-like receptor 4 has been extensively

categorized, but the majority of this research has been

performed in vitro on cells with limited origins. Classical

activation of tissue-resident macrophages in vivo has usu-

ally been thought of as equivalent; however, it is likely

that there are subtle differences, which are dependent

upon environment and genetic/epigenetic program-

ming.41,55 Although classic (‘M1’) and alternative (‘M2’)

activation have been applied in the in vivo setting, such

as in T helper type 1 and type 2 environments, respec-

tively;54 the complexity of signals present will change both

the activation process and outcome. For example, the

phenotype of macrophages alternatively activated by

interleukin-4 was reported to be different depending on

cell origin.56 The authors compared thioglycollate-elicited

macrophages (with bone marrow origins) to pResM/
(with prenatal origins). The gene expression profiles were

distinct, even after interleukin-4 treatment in vivo. This

shows that origin may still play a role, as monocytes

arriving from the blood may need time to switch envi-

ronmental epigenetic programming before activation.

Additionally, a transcriptomic study on resolution-phase

macrophages in the peritoneum found that these cells did

not resemble ‘M1’ or ‘M2’ activation phenotypes, but

seemed a hybrid;57 however, at the time of these

transcriptomic studies the complexity of cellular subsets

present was not appreciated. We now know that some tis-

sue macrophages can renew their population indepen-

dently from monocytes during inflammation19,21,22 and

have prenatal origins.28,29 Therefore, a proportion of the

macrophages existing at the end of inflammation may be

those present at the start. These cells have been activated

and then must return to homeostasis. This aspect of tis-

sue macrophage biology has been largely under-studied

because it is often assumed that activated macrophages

perish. Therefore some macrophage subsets present dur-

ing the later stages of inflammation, including wound

healing, may in fact be recovering tissue-resident macro-

phages. Recently, Newson et al. carried out a refined

analysis of resolution-phase macrophages in the perito-

neum.58 This study appreciated that tissue-resident mac-

rophages survive initial acute inflammation and persist

during the recovery phase. However, the authors noted

that the cell environment in the peritoneum remained

complicated by the co-existence of persisting tissue-resi-

dent macrophages and monocyte-derived cells, even up to

60 days after stimulus. The tissue-resident macrophages

at 60 days do not mimic the naive phenotype and also

maintain differential gene expression from monocyte-

derived macrophages. However, this study itself shows

that even acute inflammation has long-term consequences

on the tissue environment and cell phenotype, with a

reported second wave of leucocyte recruitment and con-

tinued abnormality in the cell milieu.58 Therefore, the

time that recruited monocytes are maintained in an

inflammatory lesion is poorly defined, and importantly, it

is likely that the tissue environment itself may take a long

time to return to homeostasis, if at all. Perhaps factors

dictating tissue reprogramming are either missing or are

overridden by the new inflammatory context. This work58

highlights the gaps in our understanding of macrophage

function and phenotype during the resolution of acute

inflammation, and further study is required to more

thoroughly define the restoration of homeostasis.

The extreme heterogeneity of tissue-resident macro-

phages during homeostasis and inflammation shows that

a macrophage cannot be just ‘M1’ or ‘M2’ when residing

in a tissue. A number of reports have described the ‘M1/

M2’ polarization nomenclature as being too simplis-

tic,37,59–61 and a recent perspective has proposed a frame-

work to standardize in vitro and ex vivo macrophage

activation nomenclature.62 Although there is no new con-

sensus model for macrophage phenotype in vivo, it has

been suggested that macrophages be named by origin,

and the historical nomenclature maintained for cells with

an embryonic origin.17 Although cell identification is

important, the difficulties associated with defining lineage

should not detract from meaningful functional study of

the cells. The lack of a clear model for macrophage acti-

vation phenotype in vivo results from the complexity of

the environment; construction of this model would

require enhanced understanding of cell-tissue interactions.

Additional large-scale analyses, such as proteomics, meta-

bolomics, genomics and epigenomics in combination with

in silico algorithms will be essential to unravel further the

complexity of these systems.55,63,64

One of the most studied inflammatory environments is

the tumour. Tumour-associated macrophages (TAMs) are

phagocytic cells with unclear origins residing in what is

essentially an inflammatory tissue. These cells have been

ª 2015 The Authors. Immunology Published by John Wiley & Sons Ltd., Immunology, 144, 541–548 545
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poorly categorized, as their existence and phenotype

depends upon a broad range of variables.65 These vari-

ables include: tumour origin, formation, location, envi-

ronment status, organism/species and individual genetics.

Recently, Franklin et al.66 investigated the origin of TAMs

in a murine model of breast cancer. The study found that

these TAMs were derived from blood monocytes. How-

ever, this model may not be indicative of all tumours,

because of the variables mentioned above. In other

inflammatory environments there are known to be vary-

ing mixtures of tissue-dervied and monocyte-derived sub-

sets; examples being encephalomyelitis, with microglia

and monocyte-derived macrophages67 and dermatitis,

which includes epidermal Langerhans cells.68 Regardless

of the origin, macrophages are a resident of the tumour

site and contribute to tumour growth. Recently, Colegio

et al.69 showed that the tumour microenvironment itself

controls the functions of TAMs. Tumours can produce a

substantial level of lactic acid, which is scavenged by

TAMs and can activate Hif1a. Hif1a is usually induced by

low oxygen and drives the expression of a wide array of

genes.70 The authors focused on two alternative activation

genes: Arg1 and Vegf, known to be important for tumour

growth and neovascularization, respectively.69 Tumour

lactic acid can therefore control certain aspects of the

TAM gene expression profile. Hif1a activation has been

reported to shift macrophages into an enhanced glycolytic

state,71 which includes increased production of lactic acid,

which could further propagate the phenotype of these

cells. This is an example of macrophage activation by the

inflammatory environment, and because this environment

can be extremely complex, methods for dissecting this

need to become both more intricate and encompassing.

Development of a new paradigm

The ‘M1/M2’ system has undoubtedly been useful in

studying alternate aspects of macrophage activation; how-

ever, overuse in the in vivo setting will probably hinder

our progress in the understanding of how a macrophage

responds to its environment, and contributes to disease

pathology. A cells’ environment can become polarized

with overpowering or chronic stimuli, but this is not per-

manent or black and white, and a change in environment

will result in changes in cell phenotype in shades of grey.

Therefore, the new ‘model’ is the appreciation that the

local environment controls macrophage phenotype, be it

in a tissue or in vitro. This may be complex but it can be

applied across organisms; and although cells, mechanisms

and environments may be different, animal models can

be used to understand the control of tissue systems. This

can then be applied to translational research contexts.

When culturing cells in vitro we should update the cul-

ture conditions to closely match those of a specific tissue

environment. This can be something simple, such as

including retinoic acid for pResM/ culture or transform-

ing growth factor b1 for microglial culture,50 using physi-

ologically relevant oxygen levels, or providing

microfluidic flow72 to retain phenotype ex vivo. However,

this is destined to become more advanced with increased

understanding of tissue environments. Rather than stan-

dardizing basic mechanisms, perhaps this argues for an

increase in the complexity of in vitro systems when cul-

turing human cells in order to learn new aspects of cell

activation in more complex environments. This would

require a working knowledge of the factors specific to

that environment, but it is essential for advancement of

out-dated tissue culture techniques.

Concluding remarks

The field of macrophage biology, like macrophages them-

selves, has evolved slowly from ancient roots. However,

during the last decade it has gone through a boom, with

the discovery of proliferative potential, extreme heteroge-

neity and divergent origins. Recently it has been shown that

tissue-specific transcription factors and tissue programmed

epigenetics control the gene expression of resident macro-

phages, regulating their functions; which can then in turn

impact upon the environment itself. These tissue feedback

loops are probably important to maintain healthy tissue

homeostasis. This environmental programming of macro-

phages can potentially be ‘hotwired’ in order to alter mac-

rophage processes regardless of the environment, thus

providing therapeutic benefit in inflamed tissues. Further-

more, the field of immune cell metabolism is becoming

increasingly popular.47 Simple metabolites such as glucose

and glutamine have been included in tissue culture media

for decades; however, we are only now starting to appreci-

ate their roles in immune cell activation and functions.47

The Gata6–retinoic acid axis in the peritoneum,43 shows

how metabolites can be a key tissue factor and an area of

focus for future research. Additionally, considering that

metabolic enzymes are among the best-conserved proteins

between organisms, it may reveal interesting analogies

between animal models and human disease.
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