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ABSTRACT

In healthy circumstances the immune system coordinates tissue repair responses in a 
tight balance that entails efficient inflammation for removal of potential threats, proper 
wound closure, and regeneration to regain tissue function. Pathological conditions, 
continuous exposure to noxious agents, and even ageing can dysregulate immune 
responses after injury. This dysregulation can lead to a chronic repair mechanism 
known as fibrosis. Alterations in wound healing can occur in many organs, but our 
focus lies with the lung as it requires highly regulated immune and repair responses 
with its continuous exposure to airborne threats. Dysregulated repair responses can 
lead to pulmonary fibrosis but the exact reason for its development is often not 
known. Here, we review the diversity of innate immune cells of myeloid origin that 
are involved in tissue repair and we illustrate how these cell types can contribute to 
the development of pulmonary fibrosis. Moreover, we briefly discuss the effect of 
age on innate immune responses and therefore on wound healing and we conclude 
with the implications of current knowledge on the avenues for future research.
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1. INTRODUCTION

Tissue repair is an essential process that allows the replacement of damaged cells 
and the restoration of organ function, which is key for survival1. When a tissue is 
harmed, the immune system acts to contain potential threats and to re-establish 
function and structure of the affected organ2. Tissue damage can be caused by 
microbial infections, the exposure to toxic compounds, burns, and mechanical 
trauma, among other factors. Although the details of the immune events might 
vary depending on the nature of the injury, in general the phases leading to tissue 
recovery are rather conserved. These phases are clotting, inflammation, tissue repair, 
and resolution and return to tissue homeostasis (see Fig. 1)2. The daily exposure 
to airborne microorganisms and particles makes the lung a susceptible target for 
tissue injury, which is why evolution provided the mammalian lung with an elaborate 
immune system3. The optimal function of the lung relies on a regulated balance 
between immune responses, tissue repair, and tissue function, accommodating 
protection from infection and injury without considerably affecting tissue structure 
and function. This makes the lung an interesting immune center and therefore here 
we focus on the lung as the model organ to exemplify the general steps associated 
with typical tissue injuries and the alterations of innate immune responses in wound 
healing and fibrosis development. Whenever available we include data from clinical 
studies involving patients with pulmonary fibrosis of either unknown origin (idiopathic 
pulmonary fibrosis or IPF) or of known origin and from well-known mouse models of 
pulmonary fibrosis.

2. TISSUE REPAIR AND FIBROSIS DEVELOPMENT

2.1 Phases of tissue repair
The events associated with acute injury involve the activity of the innate part of the 
immune system (Fig. 1). Infiltration of pathological microorganisms or destruction 
of tissue results in expression of molecular patterns that alarm the immune system 
about danger. In the case of an infection these molecules are known as pathogen-
associated molecular patterns (PAMPs), and in the case of destruction of tissue they 
are known as damage-associated molecular patterns (DAMPs)4. DAMPs are usually 
molecules that are found in the intracellular milieu under normal conditions and 
thus, once found in the extracellular space, are a sign of tissue damage (e.g., heme 
and thrombin)5. 



CHAPTER 1

26

The release of DAMPs and PAMPS will activate resident cells such as macrophages, 
dendritic cells (DCs), mast cells, epithelial cells, natural killer cells and innate lymphoid 
cells through their sensors of these molecules, i.e., toll-like receptors (TLRs). Their 
activation will result in the production of other soluble mediators, such as histamine, 
interleukins (IL, e.g. IL-1 and IL-33), and other cytokines, and chemokines (e.g., 
macrophage migration inhibitory factor [MIF], CCL2, and CXCL8, which function as 
an alarm to activate and recruit other cells of the immune system to the affected 
area6–9.

The release of DAMPs and PAMPs occurs in parallel with activation of the coagulation 
cascade that is initiated by damage to blood vessels. This is the beginning of the 
clotting phase. Clotting prevents blood loss and protects the open wound from further 
exposure. Clotting also has a direct effect on resident tissue macrophages and leads 
to their activation through exposure to free heme from coagulation and through 
thrombin-induced cleavage of protease-activated receptors found on macrophages 
and other resident cells 10–14. The second phase, known as inflammation, begins 
with infiltration of recruited leukocytes to the wound. These leukocytes are mostly 
neutrophils and monocytes that phagocytose microorganisms, dying cells and cell 
debris, thus preventing the spread of damage and pathogens15. Some of these 
monocytes differentiate into macrophages that initially also promote inflammation. 
Eventually the inflammation phase declines and progresses towards a repair phase, 
in which anti-inflammatory and prorepair cytokines such as IL-10 and transforming 
growth factor beta (TGF-b) activate myofibroblasts. This leads to the deposition of 
extracellular matrix (ECM) for formation of scar tissue that serves as a temporary 
protection and scaffold for newly formed tissue16. At this point parenchymal cells 
start regrowing, which sets the beginning of the last phase known as resolution and 
return to homeostasis. During this phase, excess ECM is removed by macrophages 
and fibroblasts through the production of proteases such as cathepsins, matrix 
metalloproteinases (MMPs), and plasmin, and parenchymal cell growth is stimulated 
for the reestablishment of tissue structure and function16,17. The duration of each 
of these phases is tissue-dependent and may be further influenced by external 
conditions and individual factors18.
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Figure 1. Phases of tissue repair in the context of myeloid cells. 1) Clotting (top right) is the first 
step after injury takes place. Damage to alveolar epithelial cells (AEC) leads to the aggregation of 
erythrocytes and platelets that form a blood clot to contain spreading of the damage. The destruction 
of the tissue causes release of damage-associated molecular patterns (DAMPs), or allows the entrance 
of microorganisms and thereby pathogen-associated molecular patterns (PAMPs). Local cells such as 
dendritic cells, macrophages, and AECs are activated by DAMPs and PAMPs through toll-like receptors 
(TLRs) and protease-activated receptors (PARs) and produce the first round of proinflammatory mediators. 
2) Inflammation (bottom right) involves the infiltration of neutrophils and monocytes that respond to 
the proinflammatory stimuli that were produced by resident lung cells. Phagocytes such as neutrophils 
and macrophages remove tissue debris and potentially threatening particles. In this proinflammatory 
environment, monocytes and resident macrophages can differentiate into M1 macrophages that further 
promote inflammatory responses by the production of proinflammatory mediators such as IL-6 and 
TNF-a. 3) Repair (bottom left) is the phase in which inflammatory responses subside and turn into repair 
responses through the effects of anti-inflammatory and prorepair cytokines such as IL-10 and TGF-b. 
In this stage fibrocytes enter the tissue and differentiate into fibroblasts that proliferate and turn into 
the more contractile myofibroblasts. Myofibroblasts produce extracellular matrix (ECM) to close the 
open wound and form a scar. M2 macrophages predominate in this stage and produce mediators that 
contribute to the proliferation of fibroblasts and the deposition of ECM. 4) Resolution (top left) refers to 
the last phase in tissue repair in which excess ECM is degraded to make space for new cells. At the end 
of this stage the tissue has regained its structure and function.
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Wound healing in adult mammals can only restowre structure and function to some 
degree as we have a limited regenerative capacity. Only our liver and skeletal muscles 
can recover from significant tissue damage19–21. Mammalian embryos, on the other 
hand, are capable of scar-free repair but they lose this ability soon after birth22–24. It 
has been suggested that the complexity and specialization of the immune system 
in animals is inversely correlated to the ability for tissue regeneration, as smaller 
animals like amphibians can regenerate completely severed limbs7,25,26. Studies in 
frogs suggest that the adaptive immune system may be involved in the limitation 
of tissue regeneration27. Other amphibians, young frogs, and newborn humans 
either lack or have immature adaptive immunity and have greater regenerative 
potential27,28. This suggests that the key to scar-free healing and active regeneration 
in adult mammals relies on the innate immune system.

2.2 Dysregulated wound healing in the pathogenesis of fibrosis
Despite the limited capacity for regeneration, healthy individuals are capable of 
healing in most situations and eventually tissue homeostasis is restored. However, 
dysregulation of any of the cells or stages of wound healing or continuous repetitive 
injury could lead to pathological outcomes such as cancer, tissue destruction, and/
or fibrosis. Interestingly, repetitive exposure to the same harmful agent does not 
always lead to the same outcome in all individuals. Such is the case for cigarette 
smoke exposure, which does not always lead to a pathological condition but 
it has been associated with the development of lung cancer, chronic obstructive 
pulmonary disease (COPD), and pulmonary fibrosis29–31. This variability in wound 
healing outcomes is partly due to the genetic and epigenetic background of each 
individual and other intrinsic factors such as age, gender, comorbidities, and many 
other factors (reviewed by Guo & Dipietro18). Age in particular has a great influence 
on the healing response, as many components of the immune system change over 
time and the response to insults tends to be altered (reviewed by Boe, Boule, & 
Kovacs32). This is partly the reason why some diseases such as emphysema and 
pulmonary fibrosis mostly develop at older age.

Pulmonary fibrosis can develop as an end stage disease in many other types of 
disorders, such as scleroderma, viral infections, disease caused by exposure to 
harmful substances or drugs (such as silicosis induced by exposure to silica), but 
often its cause is unknown (IPF)33. The fibrosis is caused by a dysregulation in wound 
healing responses and the subsequent accumulation of ECM, followed by changes 
in lung structure that lead to organ malfunction and ultimately lethal respiratory 
failure33–35.
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Once fibrosis develops, there are few available treatment options. In recent clinical 
trials, pirfenidone, nintedanib, and N-acetylcysteine have been shown to be effective 
in reducing the functional decline and disease progression in pulmonary fibrosis36. 
However, neither pirfenidone nor nintedanib nor N-acetylcysteine is a cure for the 
disease and most patients continue to progress despite treatment. Therefore the 
average survival time after diagnosis is only 3−5 years35.

The pathogenesis of pulmonary fibrosis is usually characterized by injury to alveolar 
epithelial cells, recruitment and activation of (myo)fibroblasts, and subsequent 
production of ECM, and the dysregulated activity of macrophages16,33,35,37. Fibroblasts 
hyperproliferate in the fibrotic lung forming what is known as fibrotic foci, which 
are thought to represent points of injury38. In fibrosis, fibroblasts differentiate into 
more contractile and apoptosis-resistant myofibroblasts promoting the fibrotic 
process. These two types of cells produce immature forms of collagen and other 
ECM proteins that promote a prorepair macrophage polarization (M2), which in turn 
produces CCL18 that induces fibroblast activation and more ECM production37,39. 
This is one of the many examples of cell interactions that create a profibrotic vicious 
circle that is probably promoting fibrosis progression. A summary of the processes 
playing a role in the pathogenesis of pulmonary fibrosis is depicted in Figure 2.

Although cigarette smoke exposure can contribute to pulmonary fibrosis, the nature 
of the initial injury is not always known, particularly in IPF31. Moreover, it is also 
unclear why the lung is unable to restore tissue homeostasis and instead continues 
the repair process to the point of turning into fibrosis. It is possible, however, that 
epigenetic regulations following repetitive injury may be the cause of the change 
from repair to fibrosis. Most types of fibrosis do not present with an inflammatory 
component, but it is hypothesized that fibrosis is initiated with a lung injury and 
a subsequent inflammatory response, which will eventually be altered and skewed 
towards an extreme prorepair response33. This may explain why anti-inflammatory 
and immunosuppressive agents were shown to be ineffective for patients with 
pulmonary fibrosis, because at the moment of diagnosis they are usually beyond 
inflammation and suffering from severe fibrotic disease36. As mentioned before, 
due to the impressive scar-free tissue repair of small amphibians lacking adaptive 
immunity, we believe that the key to proper healing of fibrosis relies on the innate 
immune system, i.e., cells of myeloid origin. Therefore, understanding how these 
myeloid cells act during functional wound healing versus fibrotic healing can provide 
an insight into future therapeutic measures.
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Figure 2. Pathophysiology of pulmonary fibrosis in the context of myeloid cells. The pathogenesis 
of pulmonary fibrosis is characterized by an exaggerated repair response to lung injury. These alterations 
in repair responses include proliferation of fibroblasts in the area of the injury and differentiation towards 
myofibroblasts that can form fibroblast foci. Dendritic cells accumulate in fibroblast foci in an immature form 
due to the influence of fibroblasts, which decreases T cell activation and proliferation. The predominant 
Th2 cytokine profile (e.g., IL-4, IL-13), produced by mast cells among others, promotes the polarization 
of macrophages towards an M2 phenotype. In turn, M2 macrophages produce soluble mediators such 
as TGF-b and CCL8 that lead to fibroblast proliferation and to their differentiation into myofibroblasts 
and subsequent production of extracellular matrix (ECM). Moreover, deposition of ECM stimulates CCL8 
production by alveolar macrophages resulting in a profibrotic vicious cycle. High numbers of neutrophils 
in fibrotic lung tissue contribute to the fibrotic process by perpetuating tissue damage and epithelial 
destruction via the production of elastase and possibly also by NETosis. High percentages of circulating 
fibrocytes are characteristic of pulmonary fibrosis. These circulating fibrocytes enter lung tissue and 
develop into fibroblasts that in the fibrotic environment differentiate into myofibroblasts. Additionally, 
fibrocytes contribute to the fibrotic process by producing TGF-b and other mediators that contribute to 
the redundant and uncontrolled prorepair environment of the fibrotic lung.
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3. MYELOID CELLS IN TISSUE REPAIR AND FIBROSIS IN THE LUNG

The term “myeloid,” from the ancient Greek Muelos- (marrow) and -eides (likeness), 
refers to cells that resemble those in bone marrow. In a hematopoietic context, 
the myeloid line actually refers to those cells that in fact originate from bone 
marrow progenitors and form the granulocytic and monocytic lineages, but not 
the lymphoid lineage40. Myeloid progenitors can develop into innate immune cells 
that compose the primary response against microorganisms and injury. Therefore, 
myeloid cells have been the focus of interest in studies of wound healing and fibrosis 
development40,41. Myeloid cells can be further classified by the presence or absence of 
granules, observed after leukocyte staining. They are divided into granulocytes, i.e., 
neutrophils, mast cells, eosinophils, and basophils, and agranulocytes or monocytic 
cells, i.e., monocytes and their derived cells, macrophages, DCs, and fibrocytes42. 
We shall use this classification to present these cell types and their involvement in 
wound healing and fibrosis.

3.1. Monocytes and monocyte-derived cells

3.1.1. Monocytes
Monocytes are mononuclear leukocytes derived from common monocyte progenitor 
cells in bone marrow after stimulation with macrophage colony stimulating factor 
(M-CSF)43,44. Once in blood, monocytes account for 10% and 4% of leukocytes in 
human and mouse, respectively45.

During tissue injury, monocytes are commonly known to arrive at the area of injury 
right after neutrophils. Older studies estimated that monocytes arrive 1−3 days after 
neutrophils, but more recent investigations have found that monocytes can arrive 
at an injured tissue within the first hours after tissue damage simultaneously with 
neutrophil infiltration46,47. To be noted, these results originate from studies using 
mouse models of sterile injuries of the skin and the liver and it is not known yet 
whether this is also happening in other tissues or in all types of injury46,47. The role 
of monocytes during wound healing is to some extent similar to that of neutrophils 
since they also phagocytose tissue debris and pathogens (similarities and differences 
between these cell types have been reviewed elsewhere15. However, monocytes 
function in a more complex way than neutrophils, as they also give origin to other 
cells important for wound healing, such as macrophages, DCs, and fibrocytes.
During monocyte maturation in mice, two monocyte subpopulations are found. 
Monocytes formed in bone marrow are characterized by high expression of Ly6C 
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(Ly6Chi). These Ly6Chi monocytes can migrate from bone marrow to blood after 
stimulation with CCL2 and CCL7, which is why they have high expression of the 
chemokine receptor CCR243,48. Ly6Chi monocytes, also known as classical monocytes, 
have a proinflammatory phenotype and thus are the ones usually found during acute 
injury. Classical monocytes can develop into nonclassical monocytes, which are 
characterized as Ly6Clow and CX3CR1-positive with a prohealing phenotype44,49,50. In 
steady state conditions classical monocytes are found patrolling extravascular tissues 
while nonclassical monocytes are found patrolling blood vessels51,52. This patrolling 
behavior, at least in the case of the nonclassical monocytes, was shown to provide 
immune surveillance to the surrounding tissues since they were shown to extravasate 
rapidly into a tissue that has been submitted to sterile, toxic, or infectious injury51. 
Interestingly, these nonclassical patrolling monocytes were found enriched in the 
lung microvasculature and were shown to have a protective effect against cancer by 
reducing tumor metastasis through the recruitment of other immune cells49.

In humans, monocytes possess a different molecular nomenclature but it seems from 
the limited studies available in humans that they behave similarly to those in mice. 
Human monocytes are classified based on their expression of CD14 (a membrane 
receptor for lipopolysaccharide [LPS]) and CD16 (a low affinity immunoglobulin G 
receptor). With these two markers it is possible to identify three monocyte populations 
in human blood: CD14++CD16− (classical monocytes), CD14+CD16+ (intermediate 
monocytes), and CD14+CD16++ (nonclassical monocytes), accounting for around 
85%, 5% and 9% of all monocytes, respectively53–58. Additionally, just as in mice 
the human classical subtype is CCR2+ and the nonclassical subtype is CX3CR1+59. 
Similar to what occurs in mice, human nonclassical CD14+CD16− monocytes 
are thought to originate from classical CD14++CD16− monocytes in blood in an 
M-CSF-dependent way60–62. This differentiation happens via the formation of the 
intermediate phenotype, which has been associated with different pathological 
conditions such as cardiovascular disease, trauma, sepsis, and autoimmunity62–65. It is 
hypothesized that increased numbers of intermediate monocytes in these diseases 
are triggered by tissue damage and could be functionally associated with tissue 
repair and regeneration66.

Monocytes are well known for being possible progenitors of macrophages and 
DCs. Due to their ability to change into these cells, monocytes can also indirectly 
contribute to disease. However, there is evidence that they can influence wound-
healing processes while maintaining their monocytic phenotype46. Jakubzick et 
al.67 showed that monocytes are able to move through tissues and migrate towards 
lymph nodes maintaining their monocytic phenotype without differentiating to 
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DCs or macrophages. Mouse studies suggest that monocytes infiltrate the injured 
tissue in two waves: the first wave involves an influx of classical Ly6Chi CCR2+ 
monocytes contributing to inflammation and angiogenesis followed by a later influx 
of nonclassical Ly6Clow CX3CR1+ monocytes that contribute to scar formation68,69. 
In the context of liver injury in particular it was shown by Dal-Secco and colleagues 
that monocytes themselves can restore homeostasis after tissue injury without 
differentiating into macrophages46. These authors showed via intravital microscopy 
that classical Ly6Chi CCR2+ monocytes that infiltrated mouse liver tissue after 
a sterile injury changed their phenotype in situ towards nonclassical Ly6Clow 
CX3CR1+ monocytes. This change was IL-4 and IL-10 dependent and associated 
with a decrease in dead cells and tissue debris. This suggests that monocytes are 
capable of re-establishing homeostasis of tissues without relying on differentiation 
to macrophages or the recruitment of other cells. Furthermore, this could mean 
that what initially was conceived as a process involving two waves of infiltration 
might actually be a transformation of inflammatory classical monocytes towards a 
nonclassical prohealing phenotype. It is possible, however, that the resolution of 
injury observed in this study also had a contribution from local macrophages. It is not 
known whether this classical-to-nonclassical monocyte differentiation in situ occurs 
in the lung and other tissues and with other types of injury. These observations 
challenge the idea of some researchers to refer to infiltrating tissue monocytes as 
macrophages and reflect the possible influence of monocytes on the fate of a tissue 
after injury. To be noted, although these observations originate from mouse studies, 
it is likely that this in situ monocyte conversion also occurs in humans due to the 
similarities in the classical and nonclassical subtypes of monocytes in mouse and 
humans.

In the context of fibrosis there is some evidence that classical Ly6Chi monocytes 
promote the fibrotic process. In a mouse model of pulmonary fibrosis, the depletion 
of classical Ly6Chi monocytes resulted in less fibrosis, and additionally the adoptive 
transfer of these monocytes aggravated fibrosis70. Although depletion of classical 
Ly6Chi monocytes led to a decrease in the numbers of profibrotic macrophages 
(Ym1-positive alternatively activated macrophages), this study was not able to prove 
that these macrophages originate from classical Ly6Chi monocytes. Another study 
using two mouse models of liver fibrosis showed that inhibiting the accumulation 
of classical Ly6Chi monocytes during the resolution phase of fibrosis accelerated 
scar resolution71. This shows that also in liver fibrosis the classical Ly6Chi monocytes 
contribute to the fibrotic process. Gibbons and colleagues hypothesized that classical 
Ly6Chi monocytes could contribute to the fibrotic process by means of cell-to-cell 
interactions with macrophages and possibly even myofibroblasts in the fibrotic foci 
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of the developing fibrotic lung. This is supported by Mewhort and colleagues, who 
showed that human monocytes from peripheral blood (which were 95% classical 
monocytes) induce the activation of cardiac fibroblasts towards myofibroblasts 
via direct cell-to-cell interaction, to a greater extent than the effect of TGF-b on 
fibroblasts72.

Most studies on immune responses in fibrosis have focused on the influence of 
monocyte-derived macrophages and not on monocytes per se, and it is therefore 
still unclear what the actual contributions of the classical Ly6Chi and nonclassical 
Ly6Clo monocytes are to the fibrotic process. Considering that monocytes are one 
of the first cell types to arrive at injured tissue, and based on the different abilities 
they have, they play an important role in defining whether an initial insult is suitably 
repaired or develops into a chronic condition. It is possible that Ly6Chi profibrotic 
monocytes are the origin of profibrotic macrophages. Perhaps modern techniques 
like intravital microscopy and the use of fluorescent monocytes (labeled or genetically 
fluorescent) can clarify this.

3.1.2. Macrophages
Macrophages are tissue-resident myeloid leukocytes belonging to the innate immune 
system that are key in maintaining tissue homeostasis. They have heterogeneous 
functions ranging from phagocytosis of microorganisms, ECM components, or dying 
cells to the production of cytokines for the modulation of other cells involved in 
immune responses73. Overall, they are capable of maintaining tissue homeostasis 
by developing into different phenotypic populations according to what the tissue 
environment requires at that moment. Mouse studies depleting macrophages during 
different stages after tissue injury have shown that macrophages are important for the 
inflammatory, the prohealing, as well as the resolution stages of wound healing70,74. 
Studies with salamanders have shown that their great regenerative capacity is 
actually dependent on macrophages28. Godwin and colleagues showed in adult 
salamanders that the regeneration of whole limbs after amputation was hampered 
upon macrophage depletion, thus reflecting the importance of macrophages in 
tissue repair.

Depending on their phenotype and role, macrophages can be broadly classified 
as M1 and M2, although in reality there is a spectrum of phenotypes75,76. M1 
macrophages, also known as classically activated macrophages, are proinflammatory, 
associate with Th1 inflammation, and are activated immediately after tissue injury or 
infection. M2 macrophages, or alternatively activated macrophages, associate with 



THE DIVERSITY OF MYELOID IMMUNE CELLS IN WOUND REPAIR AND FIBROSIS IN THE LUNG

35

1
Th2 inflammation, resolution of inflammation, and tissue repair77,78. M2 macrophages 
can be generated by many stimuli, which is why this type is often subdivided into 
three classes: M2a, activated by IL-4 or IL-13; M2b, activated by immune complexes; 
M2c, activated by IL-10, TGF-b and glucocorticosteroids77,79,80. In healthy conditions, 
M1 macrophages would be involved in the first stages of wound healing, due to 
their proinflammatory phenotype, and M2 macrophages would follow leading to 
a decrease in inflammation and the beginning of a repair process that eventually 
will re-establish homeostasis and tissue structure17,81. Additionally, there are some 
indications that M1 macrophages may also be important during resolution of 
fibrosis. Our studies on the liver in the context of liver fibrosis have shown that M1-
polarized macrophages persist during resolution of liver fibrosis, while the number 
of M2 macrophages decreases82. In addition, forcing liver macrophages to polarize 
towards M2 by macrophage-specific delivery of corticosteroids aggravates the 
fibrotic process in the liver83. Gibbons et al. and He et al. have shown similar findings 
for the lung70 84.

Macrophages can originate from blood monocytes during inflammation after 
monocytes have infiltrated the injured tissue73. However, not all tissue macrophages 
originate from monocytes. It is now known that many tissue-resident macrophages, 
including alveolar macrophages, originate from yolk sac macrophages or from 
erythro-myeloid progenitors in the fetal liver85–91. These tissue-resident macrophages 
in steady state conditions are self-renewing and long-lived, but under inflammatory 
conditions they can be supplemented by infiltrating monocytes92–95. It is important to 
make a distinction between these two types of macrophages, as they may function 
in different and even opposite ways in some conditions96–98.

In pathological conditions or after repeated tissue insults the balance, interactions, 
and roles of the different macrophage subsets may be altered. Overall, it is known 
that many lung diseases present with altered numbers and functions of macrophages 
(reviewed by Boorsma et al. 16). The particular case of pulmonary fibrosis is thought to 
associate with higher numbers of M2 macrophages, reflected by the high expression 
of M2 markers in IPF lavage fluid and in mouse models for pulmonary fibrosis16,70,99, 
suggesting an attempt to repair the tissue. This is not surprising as M2 macrophages 
associate with repair processes and may directly stimulate myofibroblasts via 
TGF-b to produce and deposit the ECM that characterizes the fibrotic process100. 
An uncontrolled increase in this activity could turn a “prohealing” activity into a 
“profibrotic” effect. This notion is also supported by the study from Gibbons and 
colleagues, in which they demonstrate that alternatively activated M2 macrophages 
are directly involved in the development of pulmonary fibrosis70. 



CHAPTER 1

36

Considering these data, it is understandable why glucocorticosteroid treatment can 
worsen pulmonary fibrosis, as this treatment activates a class of M2 macrophages. 
However, it is unknown whether the origin of these profibrotic macrophages in 
pulmonary fibrosis is from resident alveolar or interstitial macrophages or from 
infiltrating monocytes. It has been suggested that, in liver fibrosis, both resident 
liver macrophages (Kupffer cells) and monocyte-derived macrophages contribute 
to the development of fibrosis71,101. It still needs to be elucidated whether it is the 
same for pulmonary fibrosis. Interestingly, it has been shown in a mouse model of 
asthma that alveolar macrophages control inflammation, while monocyte-derived 
macrophages promote inflammation after exposure to house dust mite98. Although 
this is not reflecting what occurs in pulmonary fibrosis, it suggests that upon exposure 
to inflammatory triggers lung-resident macrophages may play an opposite role to 
that of monocyte-derived macrophages and this may also be relevant for pulmonary 
fibrosis.

To conclude, macrophages are multifaceted leukocytes that are key for wound 
healing. They can present differentially polarized phenotypes based on the triggers 
they are exposed to and the microenvironment of the niche they belong to. They are 
involved in the inflammatory, the healing, and the resolution phase of tissue repair, 
and they can exist as resident tissue macrophages originating during embryonic 
development or they could develop from infiltrating monocytes. Their different 
origins influence their behavior and possibly their involvement in pathological 
conditions. However, the exact contribution of each of these macrophages (i.e., 
tissue-resident vs. recruited) in fibrosis, particularly in the lung, still needs to be 
clarified.

3.1.3 Dendritic cells
DCs mature from myeloid progenitor cells after stimulation with granulocyte 
macrophage colony stimulating factor (GM-CSF), IL-4, tumor necrosis factor alpha 
(TNF-a), and FMS-like tyrosine kinase 3 ligand (FLT3L)102,103. DCs are distributed 
through most lymphoid and non-lymphoid tissues, acting as sentinels, and are 
also present in peripheral blood, constituting 0.1−1% of all mononuclear cells104. 
Generally, lung resident DCs can be divided into two major classes: plasmacytoid 
DCs (pDCs) and conventional or classical DCs (cDCs). Under inflammatory conditions, 
monocyte-derived DCs (moDCs) can also be found in the lung as well105,106.

cDCs originate from hematopoietic stem cells in bone marrow that develop into 
lineage-restricted macrophage-DC progenitors, which in turn differentiate into 
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common DC progenitors107,108. These common DC progenitors give rise to pre-DCs 
that migrate into peripheral tissues and locally differentiate into mature cDCs mainly 
dependent on FLT3L109. cDCs are dedicated antigen-presenting cells with a high 
expression of major histocompatibility complex class II (MHCII).

pDCs also originate from hematopoietic stem cells but, in contrast to cDCs, pDC 
development occurs completely in bone marrow and mature pDCs migrate to 
peripheral tissues110. M-CSF and IL-7 contribute to pDC development together with 
FLT3L111. pDCs express relatively low levels of MHCII and rapidly produce type I 
interferons (IFN) following activation through nucleic acid sensing TLRs102,105.

During inflammation, classical Ly6Chi and nonclassical Ly6Clo monocytes can 
serve as precursors for moDCs and are recruited to the lung by proinflammatory 
chemokines such as CCL2 and CCL7 and the cytokine CSF-1112. However, it is difficult 
to distinguish between moDCs and cDCs due to their similar surface markers. 
Overall, DCs are the primary professional antigen presenting cells and they connect 
the innate and adaptive immune system via uptake, transport, processing, and 
presentation of antigens to T cells, and cytokine production113.

DCs can take up and remove foreign particles and pathogens in a similar way 
to macrophages, which is partly why they also play an important role in wound 
healing. Resident DCs can also get activated via TLRs after sensing local danger 
signals produced by injury114. Additionally, pDCs can secrete type I IFNs to promote 
wound healing115. The overall importance of DCs in wound healing is demonstrated 
in DC-deficient mice that present with a significant delay in early wound healing 
after contact burns115. Moreover, compared to control mice, DC-deficient mice had 
lower levels of TGF-b. This suggests that DCs secrete factors such as TGF-b that are 
important for other cells during wound healing. Interestingly, another study using 
DC-depleted mice in a model of myocardial infarction showed that, in the absence 
of DCs, the ratio of M1:M2 macrophages in the infarcted area was higher than that 
of control mice116. This means that DCs normally promote a repair phenotype in 
macrophages after tissue damage.

Due to their role in tissue repair, it is not surprising that DCs are also associated with 
pulmonary fibrosis. It was reported that large numbers of cDCs accumulate within 
fibroblast foci in lungs of patients with pulmonary fibrosis117. A mouse model of 
bleomycin-induced pulmonary fibrosis showed that during the inflammatory phase 
monocytes recruited into the lung rapidly differentiated into DCs. Subsequently, 
higher numbers of mature DCs expressing MHCII, CD40, CD83, and CD86 surface 
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molecules were found in lung tissue during the repair phase compared to the 
inflammatory phase118. This suggests that DCs, just as described before, are 
important in the repair phase possibly because of their effect on other immune cells. 
Moreover, DCs are also thought to play a role in fibrosis through communication with 
fibroblasts. Recently, DCs and fibroblasts were found to co-localize within the renal 
interstitium in human kidney, suggesting the possibility of direct crosstalk between 
the two cell types119. In addition, lung fibroblasts were shown to have a crucial role 
in regulating both fibrotic and immune responses by secreting chemokines that 
direct DC trafficking from the lung to the mediastinal lymph node through TGF-b 
avb8-mediated activation120. Freynet and colleagues demonstrated that co-culture 
of human lung fibroblasts (from both control and IPF lung tissue) with immature DCs 
resulted in lower expressions of MHCII, CD86, and CD83 on DCs with a concomitant 
decrease in their T cell stimulatory activity121. This suggests that lung fibroblasts act as 
immunoregulatory cells able to modulate the maturation of DCs by maintaining them 
in an immature state within fibrotic lesions, which could inhibit T cell proliferation. 
This is of importance as several studies have shown that DCs play a critical role 
in bleomycin-induced pulmonary fibrosis by regulating T cell activation122–124. DCs 
in bleomycin-exposed lung tissue express high levels of CD86, which can result in 
activation of T cells through CD28. In fact, studies with CD28-deficient mice indicate 
that T cell co-stimulation via CD28 is crucial for the development of bleomycin-
induced pulmonary fibrosis125. These studies suggest that mature DCs play a role 
in pulmonary fibrosis by providing co-stimulatory signals (CD28−CD86) for T cell 
activation.

In conclusion, DCs are important during tissue repair and play a potential role in 
pulmonary fibrosis. However, how DCs contribute to fibrogenesis is still poorly 
understood. The evidence thus far supports the idea that DCs may contribute to a 
repair response in fibrosis by the interaction and subsequent influence on fibroblasts, 
macrophages, and T cells. These interactions still require further investigation.

3.1.4. Fibrocytes
Fibrocytes are circulating bone-marrow-derived myeloid cell progenitors that can 
differentiate into fibroblasts and myofibroblasts once they enter tissues. Upon 
tissue damage, fibroblasts concentrate in the area of injury under the influence 
of chemokines and cytokines produced by the injured tissue. They contribute to 
rebuilding tissue by producing high quantities of ECM components126,127. This 
process intensifies after they transform into contractile myofibroblasts expressing 
alpha smooth muscle actin and secreting even more ECM components, which 
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allows for wound contraction. However, myofibroblasts are also the most important 
cells responsible for the excess production of ECM in fibrotic processes and, at 
least in the case of pulmonary fibrosis, they can originate from monocyte-derived 
fibrocytes128,129.

In 1994, fibrocytes were first described as circulating monocyte-derived cells that 
migrate into sites of tissue injury and express a fibroblast-like phenotype in scar-
tissue-like lesions such as cardiovascular disease, pulmonary fibrosis, and even normal 
ageing130. Circulating fibrocytes comprise approximately 0.1−0.5% of leukocytes in 
peripheral blood and they rapidly enter tissues and contribute to tissue remodeling 
after injury131,132. To mediate their entry into inflamed tissues after damage, fibrocytes 
express the chemokine receptors CCR2, CCR7, and CXCR4131,133,134.

Fibrocytes are a unique population of immune cells because they possess 
characteristics both of hematopoietic cells and of mesenchymal cells135,136. They 
express the hematopoietic cell markers CD34, CD45, FcgR, LSP-1, and MHCII, but 
they also express stromal cell markers such as collagens, fibronectin, and MMPs137. It 
is currently accepted that the minimum number of markers necessary for identifying 
fibrocytes in culture, in tissue sections, or in the circulation are the expressions of 
collagen I and CD45138. However, due to their apparent plasticity and the lack of 
consensus on other cellular features, such as granularity, there is still a need for an 
accurate gating approach for the further characterization of functional aspects of 
fibrocytes.

Previous studies reported that patients with pulmonary fibrosis have higher 
percentages of circulating fibrocytes than healthy individuals (6−10% vs. 0.5%)139. 
This has been reported in other fibrotic diseases as well, and therefore it appears 
that there is a pivotal link between fibrocytes and wound healing and fibrosis129,140. 
There are several possible explanations of how these high percentages of fibrocytes 
could play a role in wound healing and fibrotic processes.

First, fibrocytes themselves could produce essential ECM proteins that are involved 
in wound repair and fibrosis. Reports show that fibrocytes are a source of lung 
fibroblasts in IPF and can differentiate into myofibroblasts once they enter into lung 
tissue128. Fibrocytes were shown to express numerous ECM molecules, including 
vimentin, fibronectin, and collagens141. Nonetheless, in comparison to fibroblasts, 
human fibrocytes have a matrix-stabilizing function, as opposed to the predominant 
matrix-building function of tissue fibroblasts142. Second, fibrocytes could drive 
proliferation, migration, and ECM production by resident fibroblasts. Prior studies 
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proposed that collagen I produced by fibrocytes could promote fibroblast 
activation143. Fibrocytes may also influence resident epithelial or mesenchymal 
cells to differentiate into myofibroblasts by the production of important profibrotic 
cytokines (e.g., TNF-a, IL-6, IL-10), chemokines (e.g., CCL3, CCL4, CCL2, CXCL8, and 
growth-related oncogene-alpha) and growth factors (e.g., M-CSF, TGF-b, platelet-
derived growth factor [PDGF], insulin-like growth factor-1, angiogenin)128,140,144,145. 
Third, a positive feedback loop between fibroblasts and fibrocytes may enhance 
fibrosis. Pilling and colleagues showed that fibroblasts stimulated with fibrocyte-
secreted TNF-a can secrete lumican, which in turn acts directly on monocytes to 
differentiate into fibrocytes146. In addition, the level of lumican was much higher in 
both human pulmonary fibrotic lesions and in a mouse model of bleomycin-induced 
pulmonary fibrosis146. These results may explain why fibrocytes are rarely identified in 
healthy lung, heart, and liver tissue, but are easily detected in fibrotic lesions. Lastly, 
fibrocytes could be involved in the stimulation of angiogenesis via the production 
of MMP9, vascular endothelial growth factor (VEGF), basic fibroblast growth factor 
(bFGF), CXCL8, and PDGF147–149.

Pulmonary fibrosis has a high mortality rate with few effective drugs and even 
fewer reliable biomarkers for clinical management of patients. In 2009, several 
studies demonstrated that circulating fibrocytes could be a potential biomarker in 
pulmonary fibrosis predicting the progression of the disease150–152. They found that 
the survival rate of patients with pulmonary fibrosis with more than 5% fibrocytes 
of total blood leukocytes was around 7 months, whereas patients with less than 5% 
fibrocytes lived for an average of 27 months after establishing fibrocyte percentages. 
Of the drugs against pulmonary fibrosis currently on the market, both pirfenidone 
and nintedanib were shown to affect fibrocytes which could thus be an explanation 
for their beneficial effects in patients with pulmonary fibrosis153. Pirfenidone was 
shown to diminish the fibrocyte pool and the migration of these cells in bleomycin-
induced pulmonary fibrosis in mice154, and for nintedanib it was found that it inhibits 
the migration and differentiation of fibrocytes induced by growth factors in vitro155. 
The number of fibrocytes in the bleomycin-induced pulmonary fibrosis model was 
reduced by the administration of nintedanib and this was associated with antifibrotic 
effects155.

An inhibitor of monocyte-to-fibrocyte differentiation, known as PRM-151 (recombinant 
human serum amyloid pentraxin 2), is currently being developed and tested as a 
potential treatment for pulmonary fibrosis156. Pentraxin 2 was also found to promote 
differentiation of monocytes into regulatory macrophages, and preclinical studies 
using recombinant pentraxin 2 in mice and rats have shown a reduction in bleomycin-
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induced pulmonary fibrosis. The first clinical applications have shown that PRM-151 
has antifibrotic effects and is well tolerated with a favorable pharmacokinetic profile 
without serious adverse reactions157.

In summary, fibrocytes are connected to fibrotic processes through their differentiation 
into myofibroblasts, their promotion of local (myo)fibroblast differentiation, and their 
regulation of other processes like angiogenesis. However, the lack of a standard 
technique for the accurate characterization of fibrocytes hampers the identification 
of their biological functions in pathological conditions. More studies are necessary to 
determine the exact functional and phenotypical overlap between the myofibroblasts 
originating from fibrocytes and from fibroblasts and the contribution of each type to 
fibrotic diseases.

3.2. Granulocytes

3.2.1. Neutrophils
Neutrophils are polymorphonuclear leukocytes that originate from bone marrow 
myeloid progenitors under the influence of granulocyte colony stimulating factor 
(G-CSF)158. They are considered as short-lived cells with a lifespan of about 12.5 h 
in mice and 5.4 days in humans, although their longevity increases up to sevenfold 
once they are activated159,160. In steady state, neutrophils can be found in bone 
marrow, spleen, liver, and lung160,161. The reason why neutrophils concentrate in these 
tissues is not completely understood and it has been suggested that these organs 
could function as a reservoir of mature neutrophils162. Interestingly, the lung seems to 
contain a particularly great number of mature neutrophils163. Based on lung intravital 
microscopy studies, these neutrophils appear to be crawling and patrolling the lung 
vasculature, although the exact purpose of this behavior remains to be elucidated164.

Neutrophils are typically the first cells to arrive at an injured tissue. This is to be 
expected as neutrophils are the most abundant leukocytes in human blood and 
they normally function as a containing barrier for potential infectious threats162,165. 
The antimicrobial functions of neutrophils consist of phagocytosis of microbes, 
exocytosis of enzymes and antimicrobial compounds, production of reactive oxygen 
species, and the release of neutrophil extracellular traps (NETs)166,167.

In addition to their antimicrobial function, neutrophils can phagocytose tissue 
debris produced by injury and they can promote the healing process by recruiting 
more neutrophils and other leukocytes through the production of mediators such 
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as IL-17, leukotriene B4, VEGF-A, and chemokines162,168,169. It was initially believed 
that neutrophils, shortly after fulfilling their function in injured tissue, would die by 
apoptosis and would be phagocytosed by macrophages170. However, Hughes and 
colleagues showed that neutrophils do not always die by apoptosis and have an 
alternative fate known as “reversed migration.” This process involves the migration of 
neutrophils away from the injured area and ultimately re-entering the vasculature171. 
It is still unclear whether this behavior is associated with a change in the activation 
status of neutrophils that could lead to a spread of the inflammation. Uncontrolled 
activation of neutrophils can hamper the healing process, which could lead to 
pathological conditions. It has been shown that altered numbers and increased 
activity of neutrophils can contribute to the pathogenesis of lung diseases such as 
asthma and COPD172–178.

Neutrophils were also shown to be important in the context of pulmonary fibrosis. 
In IPF, high percentages of neutrophils in bronchoalveolar lavage fluid of patients 
correlated to early mortality179. In addition to high neutrophil counts, neutrophil 
activity was found to be altered in pulmonary fibrosis; biopsies from patients with 
pulmonary fibrosis show NET expression close to myofibroblasts and neutrophil 
elastase levels are higher in lavage fluid and plasma of IPF patients compared 
to nonsmoker controls180,181. Interestingly, despite the ECM degrading ability of 
neutrophil elastase it also appears to be contributing to the pathogenesis of 
pulmonary fibrosis. A study with neutrophil-elastase-deficient mice showed that 
its absence was associated with an attenuation of the characteristics of pulmonary 
fibrosis182. This is supported by another murine study that demonstrated that 
neutrophil-elastase-deficient mice present a significant reduction in fibroblast and 
myofibroblast accumulation in comparison to wild type mice and that elastase 
deficiency protected mice from asbestos-induced pulmonary fibrosis183. Moreover, 
a mouse model of pulmonary fibrosis induced by chronic fungal infection with 
Paracoccidioides brasiliensis showed that depletion of neutrophils could attenuate 
pulmonary fibrosis and inflammation184. This suggests that, at least in these models, 
the proinflammatory activity of neutrophils, possibly through the production of 
neutrophil elastase and other compounds, can promote tissue injury leading to a 
continuous activation of myofibroblasts in an attempt to heal the tissue, therefore 
promoting fibrosis.

It is clear from these and other recent studies that neutrophils may have a bigger 
impact on wound healing and fibrosis development than just being the first 
responders to tissue injury, as they may play roles beyond phagocytosis and 
immune cell recruitment165. Neutrophil apoptosis alone may skew the polarization 
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of macrophages towards an M2 phenotype with increased IL-10 and decreased 
IL-12 and IL-23 production, thus promoting tissue repair185. Moreover, in the past 
years studies have shown that neutrophils themselves can polarize to N1/N2 
profiles (proinflammatory/anti-inflammatory), similar to the polarization observed 
in macrophages 186. So far, these neutrophil phenotypes have mostly been studied 
in the context of tumors and their roles and implications in fibrosis are, to our 
knowledge, still unknown. These interesting discoveries show that neutrophils may 
be more important than usually considered and therefore it might be of interest for 
future studies to focus on the role of this cell type in the pathogenesis of fibrotic 
diseases.

3.2.2. Eosinophils
Eosinophils are part of the granulocyte family and account for 1−3% of all leukocytes187. 
They originate from the common myeloid progenitor in bone marrow via stimulation 
with IL-3, IL-5, and GM-CSF188,189. This stimulation leads to their maturation to 
eosinophils and their migration to blood. In blood, mature eosinophils have a short 
lifespan of about 8−18 h, but it can be extended to 2−14 days depending on the 
tissues they reach and the cytokines present in that niche190. Once in blood they 
can be recruited to the lung under the influence of CC chemokines (also known as 
eotaxins), such as CCL11191. In lung tissue, the function of eosinophils is thought to 
be regulated by Th2 cells via the production of IL-4, IL-5, and IL-13, which makes 
eosinophils bind strongly to airway vessels and survive apoptosis192–195.

Eosinophils have mostly been associated with immune responses against helminths 
and other pathological organisms and with Th2-related inflammatory responses191,196. 
They exert their functions through production of granules containing major basic 
protein, eosinophil cationic protein, eosinophil peroxidase, and eosinophil-derived 
neurotoxin 196. Although these compounds aim to kill pathogens, they are also toxic 
to host cells, which is probably why they contribute to airway inflammation. High 
numbers of eosinophils and high levels of proteins from their granules have been 
associated with lung diseases such as asthma and COPD187.

In the case of pulmonary fibrosis, a series of studies in the last three decades have 
connected eosinophils to pulmonary fibrosis by evaluating the cellular composition 
of lavage fluid and sputum of pulmonary fibrosis patients and control individuals. 
These reports show that eosinophil counts and activity (i.e., levels of eosinophil 
cationic protein) are higher in pulmonary fibrosis patients in comparison to control 
individuals197–202. The high numbers of eosinophils in pulmonary fibrosis lungs are 
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thought to be associated with the expression of TNF-a and possibly also with the 
release of eosinophil chemotactic activity by lung fibroblasts and bronchial epithelial 
cells203,204. Zhang and colleagues showed that, in a mouse model of bleomycin-
induced fibrosis, neutralizing TNF-a resulted in lower eosinophil numbers and less 
development of pulmonary fibrosis (i.e., lower hydroxyproline content). However, 
it could be argued that this study provides evidence of the importance of TNF-a 
in the inflammatory responses that precede fibrosis in the bleomycin model rather 
than evidence for the role of eosinophils in fibrosis. This is supported by the work 
of Hao and colleagues in which they show that fibrosis development is independent 
of eosinophilic infiltration205. These authors showed that genetic deficiency or 
depletion of IL-5 resulted in significantly lower eosinophil counts and activity, but 
development of bleomycin-induced pulmonary fibrosis was not affected by the 
absence of eosinophils. This suggests that even if eosinophils migrate to the lung 
before the establishment of fibrosis, they do not seem to contribute to the actual 
fibrotic process.

The strongest evidence connecting eosinophils to pulmonary fibrosis is the fact that 
they are present in lavage fluid and sputum of pulmonary fibrosis patients 197–202. This 
does not necessarily mean that they contribute significantly to fibrosis development. 
It is possible that they have a small contribution, as they are known for producing 
TGF-b and stimulating fibroblast proliferation in vitro 206. It is also possible that the 
cytokines produced during the inflammatory or repair phase lead to eosinophil 
recruitment as a bystander effect and that the correlation observed between 
eosinophil numbers and lung dysfunction in pulmonary fibrosis is just reflecting the 
chronic state of immune dysregulation in the lungs of these patients and is not a 
causal relation.

To summarize, eosinophils are clearly involved in some types of lung inflammation, 
but their role in and contribution to pulmonary fibrosis is unclear.

3.2.3. Mast cells
Mast cells originate from hematopoietic stem cells in the bone marrow but complete 
their differentiation and maturation from mast cell progenitors in peripheral tissues207. 
Mast cell progenitors are currently thought to be directly derived from multipotential 
progenitors or from common myeloid progenitors in bone marrow208. Additionally, 
they may originate from the granulocyte/macrophage progenitors in spleen208. They 
circulate in blood in their immature form only and are recruited from blood to tissue 
mainly through CCR2, CXCR2, CC5R, CCL2, IL-4, and IL-12p40. Subsequently, IgE, 
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stem cell factor (SCF), IL-3, IL-4, IL-6, IL-9, and IL-33 are involved in the differentiation 
and maturation of mast cells in tissues 207,209.

Mast cells possess intracellular granules containing histamine, heparin, cytokines, 
proteoglycans, and proteases like tryptase and chymase among others210. Based on 
whether they express tryptase and/or chymase, they can be subdivided into two 
major subsets of mature mast cells in both human and rodents: mast cells containing 
only chymase and mast cells containing both chymase and tryptase207.

In lung tissue, mast cells expressing mainly chymase are usually found in the lamina 
propria and adventitia of small airways and in between the bronchial epithelium 
and are called mucosal mast cells211. Mast cells expressing chymase and tryptase 
are found in the connective tissue of smooth muscle and in the lamina propria of 
small airways and are therefore called connective tissue mast cells210. It was reported 
that mucosal mast cells could transform into connective tissue mast cells when co-
cultured with human airway epithelium212.

Mast cells express two important receptors for their activation, namely the high 
affinity IgE receptor (FceR1) and the c-kit receptor. The former leads to mast cell 
activation by crosslinking of antigen-specific IgE bound to FceR1 receptors by 
antigens, while the latter results in stimulation after binding of its ligand SCF213,214. 
In addition to releasing their granular content, activated mast cells also secrete a 
variety of cytokines (e.g., IL-3, IL-4, GM-CSF, TNF-a, TGF-b), chemokines (e.g., CCL2, 
CXCL8, and CCL5), and growth factors (e.g., bFGF, VEGF, and PDGF)214,215. Due to 
the production of histamine and the presence of the FceR1 receptor, mast cells 
are key players in allergic diseases and have been associated predominantly with 
asthma216,217.

Additionally, mast cells play a critical role in normal tissue repair through enhancing 
acute inflammation, promoting the proliferative phase of healing, and augmenting 
scar formation. After injury, activated mast cells immediately release several 
proinflammatory mediators to recruit other immune cells, such as neutrophils, into 
the wound218. Mast cells can also contribute to the proliferative phase by secreting 
several growth factors such as VEGF, bFGF, and PDGF to stimulate endothelial 
cells219,220. Furthermore, during remodeling, mast cells promote fibroblast migration, 
proliferation, and differentiation into myofibroblasts through production of TGF-b, 
PDGF, tryptase, and histamine221.
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To date many studies have suggested that mast cells are involved in fibrotic 
processes222–224. Three decades ago, it was already reported that there are high 
numbers of mast cells in lung biopsies of patients with fibrotic lung disorders225. 
Moreover, high numbers of activated mast cells were observed in close proximity to 
fibroblast foci in pulmonary fibrosis lung samples and it was therefore hypothesized 
that the interaction of mast cells and fibroblasts in pulmonary fibrosis may be crucial 
for fibrosis development. This interaction could be mediated by chymase as it acts 
as an angiotensin II-forming enzyme that converts angiotensin I to angiotensin II. 
Angiotensin II has been found to stimulate fibroblast proliferation and therefore 
high chymase production could promote fibroblast proliferation226. Interestingly, 
chymase inhibition has been shown to attenuate pulmonary fibrosis by decreasing 
TGF-b expression and diminishing chymase-induced fibroblast proliferation208,227,228. 
Furthermore, Wygrecka and colleagues found higher levels of the mast cell activator 
SCF in IPF lung and IPF primary fibroblasts compared to healthy control subjects229. 
In their study, they co-cultured lung fibroblasts from IPF patients with mast cells and 
found that SCF produced by fibroblasts enhanced mast cell survival and proliferation. 
Additionally, activated/degranulated mast cells were shown to release high levels 
of tryptase, which increased lung fibroblast proliferation in a protease-activated 
receptor-2-dependent manner230. Together, the evidence suggests that there is a 
positive feedback loop between fibroblasts and mast cells in fibrotic lung tissue, 
which could contribute to the fibrotic process.

In summary, mast cells play an important role in hypersensitivity and allergic responses 
and they may also be important contributors to fibrotic disease. The interactions 
between mast cells and fibroblasts may be the most likely way of contributing to 
fibrosis development.

3.2.4. Basophils
Basophils are the rarest type of granulocytes. They are estimated to account for less 
than 1% of peripheral blood leukocytes and they also have a short lifespan of around 
2 days231,232. Their development begins with the common myeloid progenitor in bone 
marrow after stimulation with IL-3, IL-5, SCF, thymic stromal lymphopoietin, and GM-
CSF233,234. Mature basophils migrate to blood from which they can be recruited to 
tissues by an inflammatory response231. Little is known about which chemokines are 
responsible for basophil migration to tissues.

Basophils are well known for producing high levels of IL-4, IL-13, and histamine and 
for expressing high affinity IgE receptors, which is why they, like mast cells, associate 
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with hypersensitivity and allergic responses231,235. They have also been found in 
injured tissues during the repair phase, although their exact role in wound healing 
is not clear236. Nonetheless, they are known for being involved in Th2 responses by 
producing IL-4, which may influence the function of monocytes, macrophages, and 
other immune cells 231,237,238. To be noted, studies with basophil-deficient mice have 
shown that, despite their Th2 contribution, basophils are not necessary to establish 
a Th2 response. Ohnmacht et al. showed this in a basophil-deficient mouse model, 
which showed a normal recruitment of Th2 cells and eosinophils upon infection with 
the helminth Nippostrongylus brasiliensis239. However, in this model basophils were 
found to be essential in IgE-mediated chronic allergic dermatitis and protection 
against a second infection with N. brasiliensis. The association of basophils with 
allergic responses and immunity against parasites has also been reported by other 
authors (reviewed by Karasuyama & Yamanishi, and by Schwartz et al.231,240) and has 
been observed in the lung as well, but little is known about their actual role in wound 
healing239,241,242. A study using a model of basophil-dependent allergic skin responses 
showed that IL-4 produced by basophils recruited classical Ly6Chi monocytes and 
induced their differentiation towards M2 macrophages. These macrophages were 
beneficial in this model since the presence of M2 macrophages protected against 
allergic skin inflammation243. However, higher numbers or activity of M2 macrophages 
can also contribute to fibrotic processes and in that scenario basophils become 
potential promoters of fibrosis81. In addition, basophils have been suggested to 
promote cardiac fibrosis (i.e., cardiac transplant rejection induced fibrosis) via IL-4 
production and the activation of myofibroblasts244. Schiechl and colleagues depleted 
CD4+ T cells in this model of cardiac fibrosis as a way to discard the IL-4 produced by 
lymphocytes and still observed development of fibrosis, possibly through basophil-
produced IL-4. However, eosinophils are also known to produce this cytokine; 
therefore it is possible that in this model basophils alone or in combination with 
eosinophils were responsible for the development of fibrosis238. This means that 
basophils may contribute to the fibrotic process, but further investigation is required.

To the best of our knowledge there is no evidence pointing at a role for basophils 
in the pathogenesis of either pulmonary fibrosis or more general fibrotic processes. 
A short report from 1987 mentions the presence of “basophilic cells” in the lavage 
fluid of lungs of IPF patients245. However, the “basophilic cells” referred to in this 
report were cells that were positive for basophilic intracellular granules, which could 
also apply to mast cells. Therefore it is not clear whether this study actually described 
basophils. In fact, the role of basophils in many functions and dysfunctions is still 
unknown because of their low frequency in blood and the absence of basophilic 
cell lines for experimentation 231. Research on basophils has also been affected 
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by studies into their granulocyte fellow mast cells. Basophils and mast cells share 
morphological and functional features, but due to the scarcity of basophils in blood 
more expensive and time-consuming isolation techniques are required, making 
mast cells easier to study231,246–248.

To conclude, it is still unclear what the level of involvement of basophils in wound 
repair is and there is not enough evidence pointing at an involvement in fibrosis in 
general or more particularly in the lung.

4. WOUND HEALING IN THE AGEING LUNG

Ageing is the process of living organisms changing over time due to internal and 
external forces that affect the state of their systems and organs. These changes 
lead to a gradual decline in body functions and commonly lead to diseases. In the 
lung, pulmonary fibrosis and COPD are two common age-related diseases as their 
onset usually presents after middle age249. Although age is a known risk factor, it 
is not clear how it affects the pathogenesis of fibrotic diseases such as pulmonary 
fibrosis. The general hypothesis is that fibrosis develops after persistent low-grade 
inflammation, possibly due to repetitive exposure to an insult, causing continuous 
tissue damage. The body attempts to fix the damage with deposition of excessive 
ECM, which actually remodels the tissue to an extent that its architecture and its 
function become impaired. However, most of the mouse studies used to formulate 
this hypothesis have been performed using young animals and it is not known how 
fibrosis develops in an ageing immune system. Nonetheless, analyzing evidence 
on how the aged immune system responds to other conditions could help us 
understand what is hampering tissue repair and promoting development of fibrosis 
in the ageing lung.

It is well known that the immune system changes with age and there is evidence 
that this phenomenon known as “immunosenescence” is contributing to the 
development of age-related diseases, including pulmonary fibrosis32,250,251. One of 
the best-known characteristics of an aged immune system is the low-grade chronic 
proinflammatory state known as “inflammageing”251. This state is associated with 
production of high levels of proinflammatory cytokines (i.e., IL-1b, IL-6, TNF-a) 
that are thought to contribute to many diseases and to mortality in the elderly 
population32. Senescence is another important player in age-related diseases and 
it has been postulated that premature ageing and cellular senescence are features 
of pulmonary fibrosis250. Interestingly, it was reported that senescence-associated 
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changes in lung tissue begin to appear already in middle age 252. Calvi et al. showed 
in a longitudinal study of ageing murine lungs that the development of airspace 
enlargement, an age-related feature, is marked by an increase in oxidative stress, cell 
death, and elastase activation252. This profile imposes stress on the tissue, which is 
followed by an immune response characterized by B-cell activation, immunoglobulin 
deposition, and the infiltration of macrophages. This suggests that changes in the 
immune system and lung homeostasis might precede the development of age-
related diseases, although the cause and origin of these changes are still unknown.

With respect to innate immune cell alterations, the most relevant for the lung are 
changes to neutrophils, monocytes, and macrophages32,253. Neutrophils of older 
individuals may either have impaired migration or show a highly reactive response32. 
Upon cigarette smoke exposure, for instance, aged mice have significantly higher 
lung infiltration of neutrophils, which is accompanied by increased levels of 
keratinocyte-derived chemokine and CXCL2 in comparison to young mice254. As 
mentioned earlier, neutrophilia could contribute to the development of pulmonary 
fibrosis.

Ageing was also found to be associated with phenotypic and functional changes 
in human monocytes255,256. Hearps and colleagues performed a cross-sectional 
study with 146 healthy individuals and they found that age was associated with a 
higher proportion of intermediate CD14+CD16+ and non-classical CD14+CD16++ 
monocytes 256. Moreover, they found that all monocyte subsets from older individuals 
exhibited shorter telomeres, higher intracellular TNF-a levels at baseline and after LPS 
stimulation (except for the classical subset), and impaired phagocytosis compared to 
young individuals. An in vitro study by Merino and colleagues evaluated the functional 
and phenotypical characteristics of the intermediate monocyte subset that was 
obtained by culturing human classical CD14++CD16− monocytes in the presence of 
GM-CSF, IL-4, and IL-10 255. They found that intermediate CD14+CD16+ monocytes, 
compared to the classical CD14++CD16− subset, have a senescent phenotype 
(i.e., higher counts and levels of b-galactosidase) and a higher proinflammatory 
activity in terms of chemokine receptor expression (i.e., CCR5, CCR7, CX3CR1) and 
adhesion to endothelial cells. Together these studies suggest that the proportion 
of the intermediate CD14+CD16+ monocyte subset is higher with older age and 
that this subset is characterized by a senescent and proinflammatory phenotype. 
Therefore their accumulation in older individuals could be contributing to chronic 
inflammation and possibly to inflammatory diseases. Additionally, Suchy and 
colleagues showed that LPS stimulation of monocyte-derived macrophages from 
young healthy individuals resulted in expression of both classical activation markers 
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(i.e., nitric oxide and reactive oxygen species) and alternative activation markers (i.e., 
suppressor of cytokine signaling 1 and arginase-1) 257. Conversely, in elderly healthy 
individuals only the classical activation markers were present, suggesting that 
monocyte-derived macrophages of young individuals are more capable of eliciting 
a balanced response to inflammatory stimuli than the elderly.

Alveolar macrophages are also affected by ageing. For instance, they were shown to 
have decreased efferocytosis (phagocytosis of apoptotic cells), which can lead to a 
prolongation and spreading of inflammation258,259. Moreover, alveolar macrophages 
from old mice were found to produce lower levels inflammatory cytokines (i.e., TNF-a 
and IL-6) in response to stimuli, which was also observed in splenic macrophages 
of old mice260–264. It has been suggested that the high levels of proinflammatory 
cytokines that characterize “inflammageing” are constantly activating macrophages 
to a point where further stimulation with PAMPs or other relevant stimuli is not 
achieved and proper responses to these stimuli is not possible anymore265.

In addition to changes in immune cells, the overall regenerative capability has been 
shown to decrease with ageing. A study by Paxson and colleagues evaluated the 
regenerative ability of the lungs after pneumonectomy in young (3 months), middle-
aged (9 months), and old mice (24 months). They found that young mice were able to 
fully restore the lung volume and alveolar surface by day 21, while the middle-aged 
mice showed a limited recovery in the same time and the old mice had a total lack of 
recovery253. The authors found significantly lower baseline numbers of type 2 alveolar 
epithelial cells (AECII) in older mice and even lower numbers after pneumonectomy, 
compared to the young mice. Since AECII are progenitor cells for the pneumocytes 
lining the alveoli, a decrease in AECII denotes a lower alveolar regenerative capacity 
after injury. Additionally, various growth factors are expressed at lower levels with 
age (i.e., VEGF, PDGF, epidermal growth factor [EGF]), which could contribute to a 
delay or a deficiency in re-epithelialization and overall tissue regeneration266.

Altogether, the evidence suggests that ageing entails extensive changes in the 
immune system that influence inflammatory and repair responses in the elderly 
lung. These changes include dysregulation in numbers or functions of neutrophils, 
monocytes, and macrophages. Moreover, a decline in the proliferative and 
regenerative abilities of AECII contributes to the poor or altered healing response in 
aged lungs. Table 1 summarizes the most important findings reviewed in this section. 
It is not clear whether these immune changes are the cause of pulmonary fibrosis, 
but they may contribute to its pathogenesis and to the development of other age-
related diseases.
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          Table 1. Features of immunosenescence in the context of myeloid cells

5. CONCLUDING REMARKS

Altogether the evidence shows that myeloid cells are not only leading players in 
tissue repair, but they are also tightly associated with the development of fibrosis in 
the lung. The evidence connecting myeloid cells with fibrosis development is strong 
for neutrophils, monocytes, macrophages, and fibrocytes in particular.

The dynamics of the innate immune system in the fibrotic lung suggests that fibrosis 
develops as an exaggerated repair phenotype following injury with continuous 
feedback loops among cells and a poorly balanced response leading to chronic 
progressive disease. Due to their common background, fibrosis and tissue repair 
share characteristic cellular markers, although these two processes are not equal. 

Cell type Changes with age

Neutrophils
Significantly higher neutrophil infiltration upon 
cigarette smoke exposure in comparison to 
young individuals

Monocytes

Higher proportions of intermediate and 
nonclassical monocytes 

Higher TNF-𝛼𝛼 levels at baseline and impaired 
phagocytosis (All subsets)

Monocyte-derived 
macrophages

Only classical activation upon stimulation with 
LPS, in comparison to both classical and 
alternative activation in cells of young 
individuals

Alveolar 
macrophages

Reduced efferocytosis 

Less TNF-𝛼𝛼 and IL-6 production in response to 
stimuli

Alveolar  
epithelial cells type 2

Lower AECII numbers in older individuals than 
in young individuals

Growth factors Lower levels of VEGF, PDGF and EGF in older 
individuals than in young individuals
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For instance, fibroblasts and macrophages may present a very similar phenotype 
during tissue repair and in fibrosis (i.e., myofibroblast activation and M2 polarization, 
respectively), and mediators such as TGF-b and IL-4 are present in both conditions. 
However, while in tissue repair these traits are transitory, in fibrosis they persist. Even 
if these phenotypes can point to the development of fibrosis, other characteristics 
should be taken into consideration for the accurate assessment of fibrosis 
development. So, when is it accurate to call it fibrosis and when is it simply a repair 
response? In animal models and in patients with pulmonary fibrosis it is possible to 
identify fibrosis through physiological and histological characteristics, such as excess 
ECM deposition, alterations in lung architecture, the formation of fibroblast foci, 
and a poor or absent proinflammatory aspect. However, some of these features are 
more difficult to reproduce during in vitro studies, as these models cannot represent 
all the possible variables found in vivo. It is therefore of importance to keep this 
in mind when interpreting in vitro experiments, since what one could consider as 
a fibrotic response could simply be the activation of a repair response. The use of 
patient samples, human and animal precision-cut tissue slices, and animal models 
can provide more accurate information about the dynamics of fibrosis development.

The inflammatory phase is not considered to play an important role in the 
pathogenesis of fibrosis, or at least not during advanced stages of the disease. This 
has been suggested by the observation that using corticosteroids for treating fibrosis 
can be detrimental for patients267. The study from Gibbons and colleagues suggests 
that the undesirable effects of corticosteroid treatment could be due to a boost of 
M2 macrophages that are directly associated with the development of pulmonary 
fibrosis70. In this scenario, although a proinflammatory profile is inhibited by this 
treatment, the induction of M2 polarization may stimulate fibrosis development. We 
also showed this in a model for liver fibrosis, in which Kupffer-cell-specific delivery 
of the corticosteroid dexamethasone during induction of liver fibrosis exacerbated 
the deposition of ECM in the liver83. Nevertheless, the evidence included here shows 
that many cells and mediators with proinflammatory activity positively correlate with 
fibrosis development. This proinflammatory activity may actually be important for 
resolution of an injury and be a desperate attempt of the system to resolve and its 
failure to do so, thus correlating with the severity of the fibrotic process. In this case, 
the worsening or lack of improvement in patients with pulmonary fibrosis upon anti-
inflammatory treatments could be due to a decrease in the attempt to resolve the 
fibrosis. It still remains to be elucidated whether particular polarization stages of 
proinflammatory cells, such as N1 or N2 neutrophils, are predominantly present in 
fibrosis.
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The evidence supporting the essential role of innate immune cells in the development 
of fibrosis is currently leading to therapeutic developments targeting myeloid cells. 
For instance, an anti-galectin-3 drug called TD139 is going to enter a phase IIB trial268. 
Galectin-3 is a b-galactoside-binding lectin crucial for macrophage M2 polarization 
and was found to be expressed more in alveolar macrophages of IPF patients 
compared to those of control subjects269,270. Prevention of M2 polarization through 
inhibiting galectin-3 may inhibit fibrosis development as these macrophages are 
strongly associated with fibrosis development269.

The study of smaller animals like salamanders may also help with finding alternative 
therapeutic strategies against the development of fibrosis, as these amphibians 
have the ability of scar-free repair with full tissue regeneration after tissue damage. 
Interestingly, the study by Godwin and colleagues shows that, although many features 
of inflammation of the salamander resemble those of mammals, these amphibians 
present a more dynamic response to injury with a simultaneous induction of the 
inflammatory and the anti-inflammatory phases in the first 24 h28. Identification of 
similarities and differences between the amphibian and mammalian response to 
tissue injury may provide targets for fibrosis regulation. It is already known that one 
of the differences between salamanders and mammals is the fact that salamanders 
lack adaptive immunity. It has been suggested that this contributes to fibrosis 
development but it is still unclear how. It is possible that the cells of the adaptive 
immunity are involved in an autoimmune-like response against lung antigens, 
triggered by repetitive tissue damage. In fact, features of autoimmunity have 
been described for IPF and are thought to contribute to IPF exacerbation, since 
autoantibody-reductive therapies have been shown to improve the lung function of 
IPF patients during acute exacerbation271. These and other studies have shown that 
there are indeed alterations in the adaptive immune system of pulmonary fibrosis 
patients compared to healthy individuals272. Nonetheless, the evidence included 
here also shows that innate immunity (i.e., myeloid cells) is key in the development 
of fibrosis. Therefore, it is of interest for future studies to elucidate the interaction 
between the innate and the adaptive immune system and to find the dysfunctional 
connection between these two parts that leads to this pathological condition in 
humans.
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