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Abstract
The infiltration of naïve tissues by myeloid cells has been long related to their clearance and the physiological cell turnover, 
however, increasing evidence shows that they can additionally fulfill specific, non-immune functions in different tissues. 
There is also growing evidence to support that infiltrated granulocytes and monocytes respond to different environments 
by modulating gene expression and cytokine production, which in turn contribute to the normal function of the host tissue. 
This review will address the roles of immigrated myeloid cells in different tissues and their crosstalk with the host tissue 
environments.
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Introduction

The generation of an effective immune response typically 
starts with the infiltration of damaged tissues by neutrophils 
and monocytes. These cells migrate to the inflamed tissues 
following cytokine and chemokine gradients that are mainly 
produced by other sentinel, tissue-resident, myeloid cells [1]. 
Nonetheless, the infiltration of naïve tissues by myeloid cells 
as an active mechanism of organ homeostasis has recently 
become apparent [2, 3]. Historically, the migration of mye-
loid cells into naïve tissues has been attributed to the neces-
sity of these cells to be cleared, particularly in the case of 
neutrophils, or to replace other cell types, for example mono-
cytes that occupy niches of eliminated macrophages or den-
dritic cells (DC), all of which is part of the physiological cell 
turnover. However, it has only recently been acknowledged 

that myeloid cells also migrate to naïve tissues to contrib-
ute to normal tissue function. Several studies have attrib-
uted a regulatory role to myeloid cells in homeostasis, for 
example by promoting immune tolerance via the interaction 
with other cell types, such as the generation of regulatory 
T cells in the intestine through macrophage-derived IL-10 
[4], or antibody production by B cells in the marginal zone 
of the spleen by infiltrating neutrophils [5]. Leukocytes fol-
low circadian rhythmicity in their homeostatic migration, 
which is partially regulated by the host tissue in response 
to organ-specific environmental cues [6]. Nevertheless, dif-
ferent organs can also share particular microenvironments, 
such as secondary lymphoid organs and the digestive tract, 
in which lymphoid follicles are present. Indeed, several stud-
ies show that preferred locations of infiltrating neutrophils 
are the marginal zone of the spleen, which surrounds the 
B/T cell follicles [5], and around the isolated patches in the 
large intestine [2]. Neutrophils in the marginal zone of the 
spleen produce cytokines that promote somatic hypermuta-
tion and immunoglobulin A (IgA) production by marginal 
zone B cells [5]. The similar location of neutrophils in the 
intestines surrounding lymphoid follicles suggests a similar 
crosstalk with intestinal B cells regulating IgA production. 
Hence, it will be important to define whether infiltrating 
myeloid cells generally regulate B cell functions in other 
organs containing lymphoid clusters, a notion that would 
in turn set a paradigm for the functional adaptions of infil-
trating myeloid cells to specific microenvironments. In this 

Cellular and Molecular Life Sciences

 * Noelia A-Gonzalez 
 alonsogo@uni-muenster.de

1 Institute of Immunology, University of Münster, Münster, 
Germany

2 Cells-in-Motion Interfaculty Center, University of Münster, 
Münster, Germany

3 Department of Cell and Developmental Biology, Centro 
Nacional de Investigaciones Cardiovasculares (CNIC) Carlos 
III, Madrid, Spain

4 Institute for Cardiovascular Prevention (IPEK), Ludwig 
Maximilians University, Munich, Germany

http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-020-03509-8&domain=pdf


3824 L. Groeneweg et al.

1 3

review we will provide an overview of current knowledge 
on the functions of immigrated myeloid cell, with a special 
focus on granulocytes, to naïve tissues beyond the immune 
responses, and will discuss the contribution of circulating 
myeloid cells to the identity of the organs that they infiltrate.

Regulatory functions of neutrophils 
through clearance

Neutrophils originate in the bone marrow (BM) from hemat-
opoietic stem cells that give rise to granulocytic progenitors, 
which in turn proliferate and differentiate to fully mature 
neutrophils. Around 90% of the neutrophil pool remains 
in the BM 4–6 days post-differentiation [7], available for 
their rapid release and mobilization on demand, such as 
during inflammation. Several signaling pathways and cell 
types are implicated in the release, circulation and migra-
tion of neutrophils. The interaction between CXCL12 and 
CXCR4 mediates the retention and homing of neutrophils 
within the BM while their mobilization into the circulation 
is triggered by G-CSF, which induces reductions in CXCR4 
signaling in the marrow [8, 9]. In the absence of inflamma-
tory signals, neutrophil lifespan is estimated in about 12 h in 
mice, with controversial studies suggesting up to 5.4 days in 
humans [10]. Interestingly, their lifecycle in blood follows 
circadian rhythms [11–13]. During their time in the circula-
tion there is a dynamic phenotypic switch, with increased 
CXCR4 and decreased CD62L expression, through a process 
referred to as neutrophil ageing [14, 15]. Neutrophils at the 
end of their life cycle, referred to here as aged neutrophils, 
show additional alterations in the expression of receptors 
associated with activation, adhesion and cell death, such as 
CD11b, CD49d and CD47 [13, 16–18]. If no tissue dam-
age or inflammatory stimuli is detected by the neutrophils 
during their time in circulation, once they reach the end of 
life cycle, they infiltrate the bone marrow, spleen and liver, 
among other organs [19], where they are cleared by tissue-
resident macrophages. When aged neutrophils are cleared 
from the circulation in the bone marrow, they are phago-
cytosed by tissue-resident macrophages, which generate 
homeostatic signals that modulate the haematopoietic niche. 
Engulfment of neutrophils by tissue-resident macrophages 
results in reduction of CXCL12 production by stromal cells, 
followed by moderate egress of haematopoietic progeni-
tor cells into the bloodstream [14]. Beyond the bone mar-
row, recent studies from our lab show that the homeostatic 
migration of neutrophils to the large intestine also regulates 
this axis, as intestinal macrophages reduce the expression 
of IL-23 upon phagocytosis of neutrophils [2], a process 
controlling granulopoiesis by promoting the expression of 
IL-17 by lymphoid cells, which in turn regulates G-CSF 
production [20]. Using surgical approaches with reporter 

and genetically modified mice, we further demonstrated 
that besides the classical neutrophil clearance sites, bone 
marrow, spleen and liver [21, 22], extra medullary tissues 
such as the skin, lung or adipose tissue are infiltrated by 
neutrophils in the steady-state. Importantly, the immigrated 
neutrophils that are engulfed by tissue-resident macrophages 
appear to critically regulate the transcriptional profile of the 
engulfing macrophage, thereby supporting immune homeo-
stasis in tissues [2, 23]. We and others have been particularly 
interested in the phagocytic pathways that tissue-resident 
macrophages display during this homeostatic clearance of 
neutrophils in diverse tissues. This is, however, a techni-
cally challenging problem to address as, for example, the cell 
death modality of neutrophils in homeostasis and whether a 
proportion of neutrophils exits the tissues after infiltration 
remain poorly defined. The general assumption that neutro-
phils die by apoptosis during their physiological clearance 
is still under debate, as neutrophils can undergo several cell 
death modalities, such as NETosis, pyroptosis or necropto-
sis, under different circumstances [24]. Due to the lack of 
markers of phagocytosed cells and the extremely efficient 
process of phagocytosis, the visualization and characteriza-
tion of neutrophil phagocytosis in living tissues is somewhat 
challenging. Nevertheless, we have demonstrated that spe-
cifically tissue-resident macrophages, and no other popula-
tion residents in the tissues, are in charge of the phagocytosis 
of circulating neutrophils [2, 13, 23]. In addition, we could 
observe that in tissues where macrophages showed impaired 
phagocytic capacity, there is accumulation of neutrophils in 
late phases of apoptosis, which indicates that, if neutrophils 
are not properly cleared by tissue-resident macrophages, 
they undergo apoptosis and may cause tissue damage by 
secondary necrosis [25].

The lung as a reservoir of granulocytes 
with regulatory functions

It has long been acknowledged that in mice the lung func-
tions as a marginal pool for neutrophils under homeostatic 
conditions. Neutrophils accumulate in pulmonary microves-
sels [26–28] during their diurnal circulation [2]. Specifi-
cally, it has been shown that neutrophils accumulate in the 
luminal surface of the pulmonary blood vessels in a CXCR4-
dependent mechanism [29], where they can be rapidly mobi-
lized in case of an inflammatory stimulus [30]. Interestingly, 
we showed that there is a time-dependent oscillation in the 
transcription of a defined group of genes that is specifically 
influenced by the diurnal accumulation of neutrophils in the 
lung [2]. These genes are mostly involved in inflammation, 
cell growth and metastasis, suggesting a role in carcinogen-
esis. Using a model of lung metastasis by melanoma cell 
injection, we observed more metastatic foci in the lung of 
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mice injected in the morning. In addition, mice depleted 
of neutrophils showed no rhythmicity in the formation of 
metastatic foci in response to melanoma cell injection [2]. 
Although much remains to be learned on the mechanism 
of this transcriptional regulation of a tissue, these findings 
highlight the importance of the marginal pool of neutrophils 
in cancer cell homing to the lung, suggesting their contribu-
tion to secondary migration of other cells to peripheral tis-
sues. Intriguingly, the specific cell types in the lung that are 
targeted by neutrophils during their homeostatic infiltration 
and whether they cooperate in the regulation of cell migra-
tion are processes that remain not fully understood. More-
over, whether factors produced by the endothelium drive 
their retention and accumulation in the marginal pool is still 
under debate. Nonetheless, the margination of granulocytes 
within the microvasculature of the lung does not appear to 
be exclusive of neutrophils. Basophils, previously thought to 
be dispensable in the absence of inflammation, have a lung-
specific unique gene signature, which includes expression 
of Il6, Il13, Cxcl2, Tnf, Osm and Ccl4, and is distinct from 
that of circulating basophils under homeostatic conditions 
[31]. This phenotype is imprinted by the lung environment, 
namely by GM-CSF and IL-33, two molecules that promote 
basophil survival [32, 33] and further polarize alveolar mac-
rophages to a phagocytic, non-inflammatory state, indicating 
prominent roles for these factors in global lung homeostasis.

Vascular system: patrolling the body

A key step for the infiltration of most tissues by myeloid cells 
is their contact with the vasculature during the extravasation 
process. In the past decades, significant effort has been put 
into defining the cascade of events and the molecular cues 
implicated in leukocyte migration and extravasation during 
inflammation [1]. Endothelial cells and pericytes both play 
a key role in this process, not only through the expression 
of cytokine receptors, integrins and adhesion molecules, but 
also through the mechano-physical features that influence 
the squeezing and rapid changes of shape that leukocytes 
must acquire to transmigrate [34]. It is now accepted that 
these mechanisms of migration of myeloid cells are diverse 
and are dictated by the leukocyte type and by the environ-
mental properties of each organ [6, 35]. Accordingly, it has 
been suggested that the intestinal endothelium, in response 
to monocyte transmigration, contributes to some specific 
functions of the immigrated cells once they enter into the 
tissue [4]. For example, when monocytes transmigrate to the 
intestinal parenchyma, they differentiate into macrophages, 
which specifically express high levels of the cytokine 
receptor CX3CR1. Its ligand, CX3CL1 is produced by the 
intestinal endothelium, and its recognition by CX3CR1 in 
the surface of intestinal macrophages enables sampling of 

luminal contents [4]. This suggests a role of the intestinal 
endothelium in the protective function of macrophages via 
the CX3CL1/CX3CR1 axis. Notably, monocytes have the 
potential to survey the endothelium in search of potentially 
dangerous material. In particular,  CX3CR1highLyC6low, or 
non-classical, monocytes continuously monitor capillaries, 
arterioles and venules, crawling on endothelial cells in a 
LFA/ICAM-dependent mechanism and efficiently scaveng-
ing microparticles [36, 37]. Their patrolling behaviour in 
the microcirculation contributes to endothelial homeosta-
sis [37–39] and has been suggested to prevent endothelial 
apoptosis in large arteries during atherosclerosis [40]. Using 
an elegant approach to visualize the patrolling behaviour of 
monocytes by intravital microscopy of unrestrained arter-
ies during atherosclerosis, the authors showed that in the 
absence of non-classical monocytes, endothelial damage 
was aggravated [40]. Although the mechanism by which 
this protective role of non-classical monocytes in endothe-
lial cells has not yet been deciphered, these data suggest 
that non-classical monocytes regulate vascular integrity, at 
least during inflammation. Whether non-classical mono-
cytes also play a general protective role in arteries under 
steady-state conditions is an important issue that remains 
to be addressed.

During the immune response, monocytes that migrate to 
damaged or inflamed tissue can also differentiate into DCs, 
which, upon sensing foreign particles, migrate to draining 
lymph nodes to initiate an adaptive immune response. Inter-
estingly, however, DC progenitors migrate into tissues also 
during embryonic and postnatal development. They infiltrate 
the skin, mucosal surfaces and almost all solid organs in the 
body, ultimately giving rise to immature conventional DC 
[41]. In the steady-state, these conventional DC migrate in a 
CCR7-dependent mechanism through the tissue and show a 
distinct MHC-IIhi  CD11clow phenotype in comparison to tis-
sue-resident DCs [41]. They further induce the proliferation 
of lymphatic endothelial cells, through DC-derived VEGF, 
and the maturation of high endothelial venules, by activat-
ing the lymphotoxin-b receptor in endothelial cells [42–44]. 
This remodelling of the lymph node-specific vasculature is 
crucial for lymphocyte homing [45]. Nevertheless, the cross-
talk of myeloid cells with the endothelium is also evident in 
other organs, such as the kidney, where podocytes in blood 
vessels regulate neutrophil recruitment via IL-6 secretion 
[46]. Altogether, these studies support the notion that the 
endothelium is a key structure, unique to each tissue that 
can potentially contribute to modulate certain functions of 
myeloid cells by enabling their transmigration.

In addition to monocytes, it will be important to explore 
whether the neutrophils contained in the so-called “mar-
ginated pool”, within blood vessels, also interact with the 
endothelial cells to regulate their functions. Interestingly, 
pro-angiogenic properties of neutrophils have already been 
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shown upon tissue engraftment and have been proposed to 
involve a distinct subtype of neutrophils [47]. Christoffers-
son and collaborators showed in pancreas transplantation 
experiments that several subsets of neutrophils exist, one 
of them with pro-angiogenic properties. These neutrophils 
express high levels of CXCR4 and contribute to the forma-
tion of new capillaries in transplanted pancreatic islets via 
the release of MMP9 [48]. Whether neutrophils contribute 
to angiogenesis also during development or in other dis-
ease environments, such as in the tumor microenvironment, 
remains unknown; nonetheless, these studies open potential 
therapeutic approaches in diseases with a central contribu-
tion of the vascular system.

Metabolic impact of neutrophils 
and eosinophils

Over the past decade, the study of immunometabolic path-
ways in myeloid cells has attracted much attention. Migrat-
ing myeloid cells have high rates of metabolic activity to 
fulfil the energy requirements needed for transmigration 
into and function within tissues. Paradoxically, the meta-
bolic activity of myeloid cells has been often overlooked 
in classical metabolic tissues, such as the adipose tissue or 
the liver. Although neutrophils are present at low levels in 
steady-state in the adipose tissue [2], their influence on this 
tissue can be significant; for example, neutrophil-derived 
elastase can degrade Insulin receptor substrate 1 (IRS1) 
in adipocytes and hepatocytes, inducing insulin resist-
ance and promoting lipogenesis and cholesterol synthesis 
[49]. Although adipose tissue is in an inflammatory state, 
these findings suggested that basal neutrophil infiltration in 
the liver and fat can potentially regulate multiple aspects 
of their metabolic functions. Similarly, it has been shown 
that eosinophils, which migrate into adipose tissue by an 
integrin-dependent process and are a crucial source of IL-4, 
maintain an anti-inflammatory milieu for adipose tissue 
macrophages [50, 51]. Notably, eosinophil-deficient mice 
fed with high-fat diet display an increase in total body fat 
and an improved response to glucose challenge, suggest-
ing a role for eosinophils in protecting against diet-induced 
obesity [51]. Eosinophils also home to the gastrointestinal 
tract under physiological conditions, in a process driven by 
the eotaxin-1 gradients [52, 53]. In eotaxin-deficient mice, 
eosinophils were significantly reduced in the lamina pro-
pria [54] and accumulated in the blood [55]. In the intestine 
they affect gut-associated lymphoid tissue and microbiota 
composition, by diminishing Tfh cell function, Treg and DC 
development and increasing the number of  Gram− bacteria. 
Further, deficiency in eosinophils alters the development 
of Peyer’s patches, resulting in smaller patches that contain 
fewer cells, as well as fewer regulatory T cells and  CD103+ 

DC, which are in turn involved in immune tolerance and the 
generation of  IgA+ plasma cells [53]. Furthermore, mucus 
production is decreased in the small intestines of these mice 
[56], and IL-17A producing T helper cells are increased [57] 
upon eosinophil depletion. In Peyer’s patches they promote 
class-switch of B cells to IgA, and are implicated in the 
survival of plasma cells, as eosinophil depletion results in 
apoptosis of long-lived bone marrow plasma cells [58, 59].

Female reproductive tract

In the female reproductive system, neutrophils are recruited 
to the vaginal lumen and protect against infections, in a pro-
cess known to be temporally regulated by sex hormones dur-
ing the estral cycle [60]. At the foetal-maternal interphace 
and in the mesometrial triangle in rats, neutrophils are co-
localized with IL-10 producing cells [61], an anti-inflam-
matory cytokine, suggesting an immune protective impact 
in this tissue. Eosinophils, in contrast, play a crucial role 
during the postnatal development of the mammary glands 
[62] in a process driven by IL-5. In IL-5 deficient mice, 
fewer terminal end buds, less well-developed branching of 
the mammary ducts, and lower overall density of mammary 
gland structures have been reported [63], pointing out to the 
importance of eosinophil recruitment in mammary gland 
development. Using eotaxin-1 knockout mice, which show 
impaired homing of eosinophils to the uterus and mammary 
gland, reduced number of mammary ductal tree branches 
and terminal end buds were found [64]. Additionally, dur-
ing pregnancy, eosinophil degranulation prepares the cer-
vix for delivery [65]. Although these observations indicate 
a potential role of eosinophils in preparing the uterus for 
pregnancy, the subsequent estral cycle in adult mice is not 
affected by depletion of eosinophils [66]. Nevertheless, these 
findings suggest an important contribution of eosinophils 
to the female reproductive system. In addition, monocytes 
and monocyte-derived macrophages also contribute to the 
development and homeostasis of the female reproductive 
tract. Monocyte recruitment, which is a crucial event dur-
ing embryonic development, is dependent on CSF-1/CCR2 
interactions in the mouse female reproductive tract [67]. 
Indeed, in Csf1op/Csf1op mice, which lack several tissue 
macrophage populations since early developmental stages, 
the ductal elongation during the mammary gland develop-
ment is impaired [68]. Several studies showed that both dur-
ing mammary gland morphogenesis and during lactation, 
monocytes and macrophages regulate the organization of the 
extracellular matrix, by providing MMP9, and the phago-
cytosis of cell debris, contributing to the development and 
normal functions of the tissue [62, 64, 69, 70].
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Monocytes and monocyte‑derived 
macrophages in development

In the past decade, a profuse number of studies have been 
published regarding the ontogeny, heterogeneity and 

plasticity of tissue-resident macrophages (for extensive 
reviews see [71, 72]), highlighting the crucial role of mac-
rophage development for their functions in the adult tissues. 
It is now well established that some tissue-resident mac-
rophages originate from early embryonic progenitors and 

Fig. 1  Heterogeneous functions of infiltrating myeloid cells in the 
steady-state. This figure summarizes the roles of granulocytes, 
monocytes and DC in different tissues during their infiltration in the 
steady-state. Neutrophils infiltrate most tissues following circadian 
rhythmicity not only as a mechanism of clearance but also contrib-
uting to organ performance. Eosinophils and basophils emerge as 

immunomodulators in several tissues such as the lung, adipose tissue, 
the female reproductive system and the intestine. Beyond their role in 
the adaptive immune response, DC regulate both lymphatic and blood 
endothelial cell proliferation through their migration to the lymph 
nodes. Similarly, in newly engrafted tissues, neutrophils can display 
pro-angiogenic effects
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self-maintain during adulthood without the contribution of 
circulating monocytes. Yet, the contribution of infiltrating 
monocytes in the adult is a key feature for some macrophage 
populations, such as macrophages in the gut mucosa [73]. 
Intriguingly, it appears evident that the macrophage pool 
dependent on monocyte replenishment actively contributes 
to tissue-development. In the absence of monocyte replen-
ishment of the gut macrophage pool, morphological abnor-
malities in the submucosal vasculature and loss of enteric 
neurons have been found [74]. In the kidney, fetal monocytes 
colonize the kidney anlagen and facilitate many processes 
during renal organogenesis, like branching morphogenesis 
[75]. In the embryonic kidney, macrophages restrict the 
early domain of nephron progenitor cells, by clearing ros-
tral nephron progenitors. Upon kidney development initia-
tion, they frequently interact with blood vessels and promote 
endothelial cross-connections, as their depletion results in 
 CD31+ structures in the developing kidney [75]. Interest-
ingly, it has been proposed that the colonization of mac-
rophage precursors at embryonic day 9.5 is an integral part 
of the tissue organogenesis program [76].

Conclusion

Myeloid cells, and in particular granulocytes, are recog-
nized effectors of the immunomodulatory aspects during 
the steady-state, necessary to maintain tissue homeosta-
sis (Fig. 1). Moreover, the infiltration of naïve tissues by 
granulocytes has been proved relevant for the function of 
multiple organs. The exact pathways by which particular 
tissue microenvironments determine the recruitment, migra-
tion and effects of granulocytes to perform homeostatic roles 
are questions that remain open in the field. We and others 
showed several mechanisms by which neutrophils infiltrate 
several tissues in the steady-state contributing to their nor-
mal function, beyond their immunomodulatory effects.

These novel roles of granulocytes in homeostasis raise 
interesting issues regarding their life cycle and migratory 
characteristics. The infiltration of naïve tissues by myeloid 
cells may follow specific patterns that differ from their 
migratory characteristics during inflammation. In fact, neu-
trophils show a probing migratory behavior in the steady-
state, while their migration towards sites of injury and 
inflammation follow a directional mode [77]. However, how 
these migratory characteristics determine their later func-
tions in the infiltrated tissue remains to be totally clarified.

An important outcome of this research focus will be the 
potential therapeutic approaches of modulating the infil-
tration of certain tissues by circulating myeloid cells to 
recover the normal function of damaged tissues. Future stud-
ies employing animal models of homeostasis and disease 
require the consideration of the growing knowledge on the 

heterogeneity of circulating myeloid cells and that some of 
these subsets might be predetermined to migrate selectively 
to different tissues. Single-cell sequencing technologies and 
mouse models of fate mapping are excellent tools to address 
these issues, as well as novel in vitro strategies to reprogram 
myeloid cells as potential cell-based therapeutic approaches.
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