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LUNG INJURY, WOUND HEALING AND MYELOID CELLS

The lung is constantly exposed to the airborne microorganisms and particles present 
in the 10,000 liters of air that we breathe every day and is therefore susceptible to 
tissue injury. Thankfully, evolution has provided the mammalian lung with an elaborate 
immune system that in healthy conditions maintains the balance between immune 
responses protecting from infection and injury, without considerably affecting tissue 
structure and function. This makes the lung an interesting immune center and is 
therefore, the focus of this thesis.

Tissue repair is an essential process that allows the restoration of organ function 
and relies on the innate immune system. As illustrated in chapter 1, wound healing 
in adult mammals can only restore structure and function to some degree as we 
have a limited regenerative capacity. Ageing, 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. In older individuals, there is a strong 
proinflammatory response to stimuli, lower numbers of type 2 alveolar epithelial cells, 
and lower levels of growth factors, which worsen tissue damage and hamper repair. 
This is partly the reason why some diseases such as chronic obstructive pulmonary 
disease (COPD) and pulmonary fibrosis mostly develop at older age. In the case of 
pulmonary fibrosis there are changes in the number, polarization and/or function 
of myeloid innate immune cells, towards a prorepair phenotype that leads to an 
exaggerated response to injury.

Macrophages are key to lung homeostasis and change during wound healing 
and allergic inflammation. Their role in homeostasis is defined by their broad 
range of functions such as protecting from infection, removing cellular debris and 
extracellular matrix, and producing cytokines to regulate functions of other cells. 
They achieve this diverse functionality by changing phenotypes according to what 
the environment requires. This is why, as illustrated in chapter 1, they are important 
during the inflammatory, repair and resolution phases of tissue damage. Macrophage 
phenotypes can be broadly classified as proinflammatory (“M1”), prorepair (“M2”), 
and anti-inflammatory (“M2-like”). In pulmonary fibrosis, macrophages have a 
predominant M2 polarization, which reflects an exaggerated attempt to repair tissue 
damage, causing activation of fibroblasts and the accumulation of extracellular 
matrix.

Local lung macrophages originate during embryonic development from fetal 
monocytes that mature into self-renewing and long-lived alveolar macrophages, 
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which under inflammatory conditions can be supplemented by infiltrating 
monocytes. The origin of lung macrophages has been shown to influence their 
function and contribution in pathogenic conditions such as asthma1. Therefore, in 
chapter 5 we studied the kinetics of myeloid cells and macrophage polarization 
during the course of house dust mite (HDM)-induced allergic lung inflammation. 
By intranasal PKH26 staining of lung-resident macrophages we found that the 
macrophage population that develops during allergic lung inflammation is in its 
majority composed of lung-resident macrophages with little or no contribution from 
infiltrating monocytes. Moreover, we observed that local MHCIIloYM1- (non-polarized) 
macrophages selectively decrease, while YM1+ (“M2”) alveolar macrophages 
and MHCIIhi  interstitial macrophages increase during allergic lung inflammation. 
Given that the increase in local macrophages was not explained by an increase in 
proliferation, shown by Ki67 staining, YM1+ macrophages seem to have developed 
from proliferation and polarization of non-polarized alveolar and interstitial 
macrophages. Our results suggest that the maintenance of a polarized macrophage 
pool during allergic inflammation is mostly dependent on local proliferation and 
macrophage polarization, rather than recruitment of circulating monocytes. 

MACROPHAGE MIGRATION INHIBITORY FACTOR (MIF) IN THE LUNG 

MIF is a pleiotropic cytokine that plays important roles in healthy lung and its 
function is not always proinflammatory as suggested before. Among the first 
studies on MIF’s activity, in the 1990’s, it was suggested that MIF induced the release 
of TNF-a from mouse macrophages2,3. Since then and for decades MIF has thus 
been mostly described as a proinflammatory cytokine. Naturally, we began our 
research following the evidence described thus far but we soon encountered that 
we could not see this MIF-induced TNF-a effect in our experiments (Fig. 1a). To be 
noted, this effect was also not observed with a commercially available recombinant 
MIF, suggesting that it was not only the case for our in house-produced protein. 
Considering that the recombinant MIFs used in previous studies and in our research 
are produced in bacteria, there is a possibility that the induction of TNF-a observed 
by others was in fact caused by leftover lipopolysaccharide (LPS) in the recombinant 
MIF samples. By including boiled samples of our recombinant MIFs we could prove 
that our MIF preparations did not contain LPS, because LPS resists high temperatures 
while MIF does not. Additionally, to confirm that our cells were responsive to stimuli, 
we treated them with increasing concentrations of LPS and found a clear dose-
dependent release of TNF-a after LPS treatment (Fig. 1b) and significantly higher 
levels when treating with 1.25 ng/ml or higher concentrations of LPS. Kudrin and 
colleagues also reported that MIF has no TNF-a-inducing properties but that it can 
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induce the release of IL-8 in leukocytes from human blood and significantly boost the 
proinflammatory effect of LPS4. This suggests that MIF could act as proinflammatory 
cytokine on certain cells and/or by having an indirect effect in a proinflammatory 
environment.

Figure 1. TNF-a release by Raw264,7 (mouse) macrophages after 24 h of stimulation with MIF or 
LPS. A) We tested the release of TNF-a after stimulation with 100ng/ml of either commercially available 
human MIF (Comm.hMIF; Peprotech. Ref: 300-69), our own in-house recombinant human MIF (hMIF) and 
mouse MIF (mMIF). A sample of boiled recombinant proteins was also included. B) Cells were treated with 
increasing concentrations of LPS (0.15-10 ng/ml). Graphs show median of 3 experiments per treatment, 
with each point representing an independent experiment. Differences between each treatment and the 
untreated cells were calculated by a one-way ANOVA and Dunnett’s correction for multiple comparisons. 
A p-value below 0.05 is considered statistically significant. Ns= Not significant.

In addition to its effects as a cytokine, MIF is also recognized as an atypical chemokine. 
Its name already gives an indication of its effect on macrophages, although MIF 
can also induce cell migration. This dual behavior may appear contradicting at first 
but is actually suggesting that the MIF produced in an injured area diffuses in a 
gradient, induces migration by guiding cells from lower to higher concentrations 
all the way to the area of the injury where immune cells should remain and act. It 
is thus understandable why MIF can be recognized as an alarmin-type mediator or 
as a multitasking cytokine. However, the high expression of MIF during embryonic 
development and the ubiquitous and constitutive expression of MIF in healthy lung 
and other tissues suggest that MIF may have other or more sophisticated functions 
than just acting as a proinflammatory cytokine or an alarmin.

As explained in chapter 2, evidence from mouse and patient studies suggest that 
in healthy lung the nature of MIF is in fact more protective than proinflammatory. 
For instance, Kevill and colleagues showed that preterm MIF-deficient mice have 
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a significantly lower survival rate and are more susceptible to respiratory distress 
syndrome compared to preterm wild-type mice. In contrast, full-term MIF-deficient 
mice do not suffer from respiratory distress, showing an important role of MIF during 
lung maturation5. Additionally, a study by Sauler and colleagues suggests that 
the absence of MIF is detrimental for healthy lung function, as MIF-deficient mice 
develop age-related spontaneous emphysema6. Interestingly, MIF protein levels 
in lung decrease in mice while aging6. This association has not been definitively 
established in humans yet, but we found the same significant negative correlation 
between MIF protein levels in lung lysates and age in control non-COPD patients 
with normal lung function (chapter 4). This correlation was not observed in COPD 
patients, suggesting that MIF expression in COPD is altered by additional variables. 

MIF is involved in the pathogenesis of chronic lung diseases. As described in chapter 
2, the evidence clearly shows that MIF is associated with COPD, asthma, pulmonary 
fibrosis and lung cancer. In these conditions, MIF appears to be produced/released 
during tissue damage and can protect cells from toxicity of certain agents. In fact, 
there seems to be a stronger association of MIF with prorepair responses (Th2) 
than with proinflammatory responses (Th1). This is observed in the pathogenesis of 
asthma and pulmonary fibrosis and confirmed by the fact that in the absence of MIF, 
emphysema develops. The most frequently reported non-inflammatory activities 
of MIF are induction of cell migration, promotion of cell survival, and inhibition of 
apoptosis. In some diseases like lung cancer, in which MIF levels are consistently 
reported to be high, and the role of MIF is clearly pathogenic, there is potential for 
the development of MIF-related diagnostic or therapeutic tools. However, there is 
also a need for more research to fully elucidate the role of MIF in COPD, pulmonary 
fibrosis and asthma, and its potential as therapeutic target. Therefore, in this thesis 
we studied the regulation of MIF expression in lung tissue and and its potential 
implications on the pathogenesis of asthma and COPD.

MIF gene expression can be genetically regulated by single nucleotide 
polymorphisms (SNPs). In chapter 3 we identified SNPs significantly influencing 
MIF gene expression and showed that COPD patients have a significantly higher 
MIF gene expression than controls. Since the SNPs identified in our study were 
not reported by genome-wide association studies for COPD, they do not seem to 
predispose for the development of COPD. Considering the lack of SNPs regulating 
MIF expression in the context of COPD, the high MIF gene expression levels in 
COPD lung tissue could be caused by environmental conditions and/or epigenetic 
changes. Interestingly, the -173 G/C SNP, which is associated with SNPs found in 
our study, has been shown to have a cell type-specific effect on MIF levels8. This 
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could mean that a particular SNP, such as those described by us, may not predispose 
for the development of a disease in general, but may contribute to diverse MIF-
associated effects in a cell type-specific manner.

MIF expression is high in COPD lung tissue and is associated with cellular senescence. 
In chapter 3 we showed that MIF gene expression was significantly higher in 
COPD patients compared to non-COPD individuals. A similar trend was observed 
in the cohort described in chapter 4, although the difference was not statistically 
significant. This may be due to the fact that this cohort had less than 30 individuals 
per group, while the cohort reported in chapter 3 had more than 200 individuals. 
However, this near-significant difference in mRNA expression was associated with 
a significantly higher expression of MIF protein in lung tissue homogenates of 
COPD patients compared to controls. The fact that an increase in MIF protein levels 
does not correspond to high MIF gene expression levels, suggests that there are 
mechanisms stabilizing MIF mRNA strands, allowing for several translation rounds 
from one strand. Considering the fact that MIF is constitutively expressed and stored 
in vesicles for its fast release7, it would make sense that MIF mRNA strands remain 
stable for longer time periods, to increase protein production efficiency.

A study from Sauler and colleagues showed that MIF deficiency in older mice led 
to higher counts of macrophages in bronchoalveolar lavage, a higher susceptibility 
to cigarette smoke-induced apoptosis of lung cells and higher expression of 
senescence-associated markers (i.e. p53, p21, p16, p19). Curiously, we did not find 
evidence for a direct link between MIF deficiency and senescence induction. In 
chapter 4 we showed that MIF expression increased during the development of 
cellular senescence in A549 cells, a cellular model for type 2 alveolar epithelial cells. 
We showed that despite the increase in MIF levels, MIF is not causing senescence or 
interfering with the senescence-associated cell cycle arrest in these cells. Moreover, 
we showed that there is higher MIF expression in COPD tissue and that cellular 
senescence is also predominant in these samples. This suggests that the high MIF 
expression in the COPD lung may be an epiphenomenon of cellular senescence and 
MIF in fact may have other functions associated with senescence. 

MIF expression changes throughout the development of allergic lung inflammation. 
In chapter 6, we showed that MIF and CD74 shared a similar expression pattern 
during induction of allergic lung inflammation: significantly higher levels of mRNA 
expression in the first week for HDM-exposed mice compared to control and no 
differences between HDM-exposed mice and control for week 2. Moreover, we 
found that MIF protein presence was significantly lower in the parenchyma and 
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slightly lower in the airway of HDM-exposed mice, compared to control mice. 
Additionally, HDM-exposed mice had low MIF protein presence in goblet cells. 
This pattern was consistent with that observed in single-cell sequencing data from 
human airway wall biopsy of asthmatic patients and healthy individuals. MIF gene 
expression in asthmatic samples was lower in goblet cells, compared to healthy 
individuals. It is unknown whether the lower expression of MIF in goblet cells is 
directly associated with the phenotypic and functional change of these cells during 
allergic inflammation. Of note, the single-cell lung database also showed higher MIF 
gene expression levels in B cells, cycling cells, lung macrophages, and (activated) 
dendritic cells. Given that these cell types promote the pathogenesis of asthma 
and that MIF has been shown to induce cell proliferation, it is worth investigating 
whether MIF plays a pathogenic role in asthma through the induction of proliferation 
of these cells. In fact, this could explain why studies using mouse models of asthma 
have reported a decrease in allergic-inflammatory features upon MIF deficiency or 
inhibition. However, the overall long-term implications of MIF inhibition on allergic-
inflammatory features, alveolar integrity or lung function remain to be studied.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES 

Is MIF the “good guy” or the “bad guy” in the lung? 
The gene for MIF’s receptor CD74 has one of the highest levels of expression in 
lung tissue, according to the data from the GTEx database9. This points at the 
importance of lung cells responding to MIF in healthy conditions. This is also evident 
from mouse studies showing that MIF deficiency promotes neonatal pulmonary 
dystress syndrome in preterm mice5, and the development of spontaneous age-
related emphysema in older mice6. These studies suggest that MIF is required for 
a healthy lung function through life, and would lead us to think that MIF is a “good 
guy”. However, MIF is associated with chronic lung diseases and in many cases 
this association is not due to MIF deficiency, and it actually involves a higher MIF 
expression such as it occurs with lung cancer. However, MIF expression levels in 
the lung do not always reflect its role in disease: It is all in the context and cellular 
patterns of expression. This is the case for COPD, in which higher levels of MIF are 
found compared to controls, but its high expression does not cause features of the 
disease such as cellular senescence. Therefore, while MIF could be acting as a “bad 
guy” in lung cancer, this is not necessarily the case for other chronic lung diseases 
and it cannot be catalogued as only good or bad. It all depends on the cellular 
context and the molecular processes that drive each pathogenesis.



D
is

c
u

ss
io

n

GENERAL DISCUSSION

211

Acknowledging the versatile nature of MIF, and its activities beyond inflammation 
in chronic lung diseases, is key for the development of more accurate therapeutic 
strategies. MIF’s association with a variety of chronic lung diseases, and the 
inflammatory aspects of many of these conditions, often leads to the assumption 
that the role of MIF is the promotion of inflammation. The data in literature and in 
this thesis show that MIF indeed associates with inflammatory chronic lung diseases, 
but that in many cases MIF seems to have a stronger association with prorepair 
responses than with proinflammatory responses. In addition, the data from this thesis 
show that MIF has additional associations with cellular processes such as cellular 
senescence, cell proliferation, apoptosis, and possibly autophagy. While they all can 
occur in the lung, the particular effect that will take place will depend on the cell 
type, the cellular state, and the context of the tissue at that moment.

Future studies should focus on the cell-specific effects of MIF and the differences in 
function between intracellular and extracellular MIF. Whether MIF contributes or 
hampers disease progression will be determined by the effect MIF has on a given 
cell, and the role that each of those cells plays in a disease. It is thus important 
to understand how MIF affects each cell and how this is influenced by the cellular 
context. Moreover, due to the diversity of MIF interactions, the roles of intracellular 
MIF may differ from those of its soluble version. This is something that has not been 
studied in detail and should be the focus of future studies. Additionally, considering 
the particular immune regulation the lung requires, MIF expression and function 
in the pulmonary context may differ from that in other organs. It is possible that 
MIF has proinflammatory effects in certain tissue microenvironments or in other 
organs, or perhaps it is solely enhancing the effect of components with an actual 
proinflammatory nature, as has been observed for lipopolysaccharide4,10.

The evidence in the lung shows that the absence of MIF is associated with alveolar 
destruction and that MIF may be required for epithelial regeneration11. Consequently, 
the design of MIF inhibitors for the treatment of lung diseases should bear in mind 
that the proper function of lung cells such as type II alveolar epithelial cells may be 
hindered by untargeted MIF inhibition. Therefore, understanding the levels, sources, 
causes, and consequences of MIF expression in the lung and in pulmonary diseases 
is crucial to unveil the true therapeutic potential of MIF.
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