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Abstract 42 
Macrophage migration inhibitory factor (MIF) is a pleiotropic cytokine that has been associated 43 
with many diseases. Most studies found in literature describe MIF as a proinflammatory cytokine 44 
involved in chronic inflammatory conditions, but evidence from last years suggests that many of 45 
its key effects are not directly related to inflammation. In fact, MIF is constitutively expressed in 46 
most human tissues and in some cases in high levels, which does not reflect the pattern of 47 
expression of a classic proinflammatory cytokine. Moreover, MIF is highly expressed during 48 
embryonic development and decreases during adulthood, which point towards a more likely role 49 
as growth factor. Accordingly, MIF knockout mice develop age-related spontaneous 50 
emphysema, suggesting that MIF presence (e.g. in younger individuals and wild-type animals) 51 
is part of a healthy lung. In view of this new line of evidence, we aimed to review data on the 52 
role of MIF in the pathogenesis of chronic lung diseases.  53 
  54 
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1. Introduction 55 
Macrophage migration inhibitory factor (MIF) is a conserved protein found across eukaryotes, as 56 
illustrated by (84), which in mammals is known by its function as a pleiotropic cytokine. In 57 
humans, the MIF gene is located on chromosome 22 and contains around 840 bp, which leads 58 
to 115 amino acids and a 12.5 kDa protein (9). From its crystal structure it is known that the MIF 59 

protein assembles into a homotrimer with each monomer containing a  motif (Fig.1). 60 
Unlike most cytokines, MIF has enzymatic activity as a phenylpyruvate tautomerase and D-61 
dopachrome tautomerase. Due to its sequence, structure and enzymatic activity, MIF was 62 
classified as a member of the tautomerase superfamily of proteins (20). To date it is still 63 
unknown whether the enzymatic activity of MIF plays a physiological role in mammals, and 64 
there are no known endogenous substrates for MIF enzymatic activity in mammals or other 65 
eukaryotes.  66 
 67 
In contrast to the physiological role of MIF’s enzymatic function in vivo, the role of its cytokine 68 
activity has been studied widely and it is known that MIF exerts many of its effects through 69 
binding to the surface receptors CD74, CXCR4, CXCR2 and CXCR7 (7, 54, 86). To date MIF 70 
has been investigated mainly in the context of inflammatory conditions. This particular focus is 71 
partly explained by how MIF was discovered. MIF was identified in the mid-1960s by Bloom and 72 
Bennett and was named after observing inhibition of macrophage migration due to a soluble 73 
substance produced by sensitized lymphocytes in the presence of an antigen (8). Despite its 74 
early discovery, most MIF studies started in the 1990s and most reports since then refer to MIF 75 
as a proinflammatory cytokine, although many other activities of MIF have been described since 76 
(35). Some authors have even questioned the key proinflammatory effect of MIF, i.e. MIF-77 

induced TNF- release (48). This effect is more likely to be caused by lipopolysaccharide 78 
contaminating the recombinant MIF used in studies showing proinflammatory effects of MIF. 79 
This suggestion supports the idea that MIF activity goes beyond inflammation and there is in 80 
fact evidence that MIF most frequently induces other effects such as induction of cell migration, 81 
induction of proliferation and inhibition of apoptosis. While these effects could indirectly promote 82 
inflammation when acting on proinflammatory cells, the effects per se are not proinflammatory. 83 
In addition to the evidence from research publications, the data available in protein databases 84 
(i.e. the Protein Atlas www.proteinatlas.org, the Proteomics Database www.proteomicsdb.org) 85 
suggest that MIF is primarily not a proinflammatory cytokine. When comparing MIF expression 86 
patterns to those of classic proinflammatory cytokines such as IL-6 it is clear that while IL-6 is 87 
expressed at intermediate levels and only in a few selected tissues, MIF is widely expressed 88 
across tissues and in some cases in high levels. While this evidence does not prove MIF’s 89 
biological function, it suggests that it may not be proinflammatory because constitutive 90 
ubiquitous high expression of a proinflammatory cytokine would hamper homeostasis and would 91 
lead to tissue dysfunction and a higher incidence of chronic proinflammatory diseases. It is 92 
expected, however, that proteins involved in basic cellular functions (i.e. proliferation, migration) 93 
or in protecting tissue integrity are widely found across tissues. Moreover, MIF has been shown 94 
to be highly expressed during embryonic development (77, 78), suggesting that MIF is more 95 
likely to behave as a growth and/or protective factor than as a proinflammatory cytokine.  96 
 97 
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Surprisingly, despite being an ubiquitous and constitutively expressed protein, MIF-deficient 98 
mice have a normal development, a normal size and behavior, are fertile and do not appear to 99 
present tissue abnormalities in several organs (10). They do, however, develop spontaneous 100 
age-related emphysema and respond differently to the development of diseases such as 101 
asthma, COPD and lung cancer (61, 64, 81). Additional evidence also supports that MIF exerts 102 
special protective roles in the lung. For instance, in contrast to cardiac tissue, MIF protein levels 103 
appear to decrease in the lungs of aged mice (60, 77, 81). MIF knockout mice display higher 104 
levels of senescence markers in the lung (p16, p19, p53 and p21) compared to wild type mice, 105 
especially in old age (81). Furthermore, bronchoalveolar lavage from MIF-deficient mice display 106 
a decreased antioxidant activity compared to that of wild-type mice and the differences in 107 
antioxidant activity increase further as the mice aged (60). This suggests that in the lung MIF 108 
may actually play a beneficial role by protecting from tissue senescence and damage. With that 109 
in mind, it is clear why MIF dysregulation can be implicated in the development of chronic 110 
diseases in the lung.  111 
 112 
Chronic lung diseases are conditions with persistent and long-lasting effects. They usually 113 
present with a complex pathogenesis, which complicates and delays their full understanding 114 
and the design of accurate therapies or cures. Chronic lung diseases affect millions of people 115 
worldwide and represent an economic burden for society by means of research, medical care, 116 
disabilities and deaths (1, 12, 36). Therefore, it is key to identify dysregulated pathways playing 117 
a role in chronic lung diseases that could be used in the future for the development of diagnostic 118 
tools or therapeutic strategies. 119 
 120 
Here we review the available data on MIF levels in chronic lung diseases and on the biological 121 
activity described for MIF with the aim of understanding the versatile function of MIF in chronic 122 
lung diseases. For the sake of clarity, we focused on the effect MIF has at a general cellular 123 
level and not as a modulator of responses of immune populations. Moreover, due to the 124 
presence of MIF homologues in microorganisms we have decided not to include any evidence 125 
from infectious diseases, for a clear identification of the effects of mammalian MIFs and not the 126 
ones from microbial MIF homologues. 127 
 128 
2. Chronic lung diseases and MIF 129 
The lung is the primary organ of the respiratory system, composed of specialized cell types that 130 
provide structure and perform the necessary tasks for the lung to function properly (reviewed in 131 
(65)). It is estimated that we breathe 10,000 liters of air every day and with it we also take in 132 
airborne particles that can injure the lung, which in many cases do not come out again during 133 
exhalation. In healthy conditions these threats do not necessarily cause a problem due to the 134 
fact that the lung has evolved to balance responses to maintain homeostasis, whereby it 135 
responds efficiently to threats without causing an exaggerated response that hampers the 136 
respiratory process. However, when the threat becomes repetitive and/or when the conditions 137 
alter basic cell functions (e.g. ageing, genetic predispositions, immune disorders) the response 138 
of the lung to tissue damage becomes distorted and may lead to lung diseases (Fig. 2). 139 
 140 
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MIF has been associated with several chronic lung diseases including chronic obstructive 141 
pulmonary disease (COPD), asthma, pulmonary fibrosis, lung cancer, and pulmonary 142 
hypertension. MIF’s association with pulmonary hypertension has been described in detail in an 143 
excellent recent review by Jalce and Guignabert, and is therefore not discussed in our review 144 
(40).  145 
 146 
There is broad evidence on altered MIF expression in chronic lung diseases compared to 147 
healthy conditions. However, the role that MIF plays in most of these chronic diseases has not 148 
been fully elucidated. In many cases MIF is thought to associate with the inflammatory 149 
processes that are part of these diseases, given that it is often described as a proinflammatory 150 
cytokine. However, the most frequently described activities for MIF in vitro or in vivo are 151 
induction of proliferation, promotion of cell survival by inhibition of apoptosis, and -unlike its 152 
name suggests- induction of cell migration. These effects have been described for lung cells but 153 
also for cells from other tissues (Table 1). The versatile effects of MIF can be caused by binding 154 
to surface receptors such as CD74 or by direct interaction with intracellular proteins such as 155 
p53, as shown in table 1 and discussed in a recent review by Jankauskas and colleagues (41). 156 
The overall contribution of MIF to the pathogenesis of these chronic diseases can therefore be 157 
due to one of these activities and will be defined by MIF’s effects on cells promoting the disease 158 
state. 159 
 160 

 161 
2.1 COPD 162 
COPD is one of the most common chronic lung diseases, and according to the WHO is the 163 
fourth cause of death worldwide (95). The primary cause of COPD is exposure to cigarette 164 
smoke and/or air pollution.  165 
 166 
The pathogenesis of COPD develops as an exaggerated inflammation in response to cell 167 
damage caused by the repetitive exposure to toxic components such as those found in cigarette 168 
smoke or air pollution (74). Exposure of lung epithelial cells to these toxic agents leads to 169 
epithelial cell injury. Due to the repetitive nature of the toxic exposure, persistent inflammatory 170 
and repair responses may occur, leading to the overall destruction of lung tissue, known as 171 
emphysema and to airway fibrosis associated with chronic bronchitis (89). The airflow limitation 172 
characteristic of COPD is therefore caused by a combination of bronchitis and emphysema, the 173 
presence of which varies between patients. COPD patients present with dyspnea, chronic 174 
cough, sputum production and a progressive decline of lung function determined by FEV1 175 
(Forced expiratory volume in 1 second) and FVC (Forced vital capacity), measured by 176 
spirometry. COPD is diagnosed as a lung function impairment when the FEV1/FVC ratio is lower 177 
than 0.7 (32). The severity of COPD is then classified according to the loss of FEV1 and is 178 
divided into four GOLD stages: 1 (mild), 2 (moderate), 3 (severe) and 4 (very severe). Additional 179 
to the progressive course of the disease, COPD patients can develop exacerbations, which are 180 
defined as acute worsening of respiratory symptoms, usually associated with respiratory viral 181 
infections, and often leading to hospitalization and death (92). 182 
 183 
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Many mediators are involved in the complex pathogenesis of COPD. Regarding the role of MIF 184 
in COPD, there are four studies in patients and four in mouse models, directly assessing this 185 
association. In humans, two studies found higher levels of MIF in COPD patients, in serum, 186 
sputum and bronchoalveolar lavage macrophages (39, 80), while the other two studies found 187 
lower levels of MIF in COPD patients in plasma and in serum (24, 81). These studies appear to 188 
show a trend towards higher MIF expression in lung-derived samples but lower levels of MIF in 189 
circulation in COPD patients. This could suggest a role for MIF directly in the area affected by 190 
the disease, i.e. the lung. Accordingly, one study evaluating gene expression signatures in 191 
peripheral blood mononuclear cells in COPD patients found that MIF gene expression in these 192 
cells (i.e. circulating cells) positively correlated with FEV1 and FEV1/FVC values, meaning MIF 193 
expression in these cells was the lowest in patients with COPD with the lowest FEV1 (4). 194 
Additionally, Russell and colleagues found that MIF levels in bronchoalveolar lavage 195 
macrophages and sputum (i.e. lung-derived samples) are the highest in COPD, intermediate in 196 
healthy smokers, and the lowest in non-smoking controls, suggesting that cigarette smoke is the 197 
cause of higher MIF levels (80). Results from in vitro studies are in line with this suggestion, as 198 
it has been shown that pulmonary endothelial cells exposed to cigarette smoke extract 199 
produced higher levels of MIF than untreated cells and that inhibition of MIF expression 200 
enhanced the sensitivity of these cells to cigarette smoke extract (19). This also suggests that 201 
the increase in MIF levels in the COPD lung may be a response to the cigarette smoke-related 202 
injury and that MIF release into the bronchoalveolar space is in fact aiming to protect cells from 203 
further damage.  204 
 205 
The studies with COPD patients also show that MIF levels are affected by disease severity. One 206 
of the studies showing lower MIF levels in COPD serum also showed even lower MIF levels in 207 
patients with more severe COPD (24). Another study found that the 5 repeats of the MIF -794 208 
CATT microsatellite, which leads to lower MIF gene expression, was associated with a decrease 209 
in diffusion capacity for carbon monoxide (DLCO), a measure of the gas exchange capacity of 210 
the alveoli (105). This is interesting because it has been shown that a lower DLCO is associated 211 
with more COPD symptoms (5). Additionally, MIF levels are also affected by exacerbations. 212 
Husebø and colleagues, who found higher MIF levels in COPD serum, showed that MIF levels 213 
were even higher during acute exacerbations (39). This suggests that an increase in levels of 214 
circulating MIF can be caused by an underlying exacerbation. Together, the observations in 215 
patients suggest that variations in MIF levels in COPD depend on the nature of the sample, 216 
GOLD stage, the types of components to which the patients were exposed (e.g. cigarette 217 
smoke), and whether patients presented exacerbations. Moreover, sample preparation has 218 
been shown to have an additional effect on the accurate and reproducible detection of MIF 219 
levels in human samples (83). 220 
 221 
In mice, two studies using a mouse model of ozone-induced COPD found higher MIF mRNA 222 
and protein levels in lungs and bronchoalveolar lavage from ozone-exposed mice compared to 223 
the air-exposed mice (80, 96). A third study using a mouse model of cigarette smoke-induced 224 
COPD found lower MIF mRNA and protein levels in lung samples from cigarette smoke-225 
exposed mice compared to air-exposed mice (24). The authors also found that MIF can protect 226 
endothelial cells from cigarette smoke-induced apoptosis. The fourth study found that the 227 
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response to cigarette smoke exposure was age-dependent and that while 3 month-old mice had 228 
higher MIF protein levels, 6 month-old mice had lower MIF protein expression in 229 
bronchoalveolar lavage (81). This study also found that MIF-KO mice develop age-related 230 
spontaneous emphysema and are also more susceptible to cigarette smoke-induced 231 
emphysema. This is supported by a study by Marsh and colleagues, in which they found that 232 
MIF induces type 2 alveolar epithelial cell proliferation via CD74, suggesting that in the absence 233 
of MIF the alveolar epithelium may not be efficiently replenished after damage (59). The data 234 
from these COPD mouse models suggest that MIF levels change depending on the model used 235 
and the age at the time of exposure. This is in agreement with what was observed in the COPD 236 
human studies, suggesting that MIF levels in COPD are affected by diverse variables. 237 
 238 
Altogether, the studies on MIF in COPD suggest that MIF levels vary according to age, disease 239 
severity, exacerbations and origin of the sample (local vs. circulatory) (Fig. 3). However, 240 
throughout the data there is a pattern indicating that MIF levels increase locally in lung tissue 241 
upon exposure to cigarette smoke, especially at a younger age. Moreover, the inhibition, 242 
decrease or absence of MIF leads to an increased sensitivity to apoptosis and to lung tissue 243 
destruction, highlighting the protective and non-inflammatory role of MIF in COPD. This could 244 
explain why COPD severity associates with lower MIF levels, suggesting that in more advance 245 
stages of the disease, or perhaps older age, the protective mechanisms of the lung are less 246 
active. Of note, in vitro studies have shown that MIF promotes proliferation of fibroblasts and 247 
smooth muscle cells (51, 101, 104). This suggests that while MIF release may promote alveolar 248 
epithelium proliferation, preventing emphysema, it may also induce proliferation of fibroblasts 249 
and smooth muscle cells, possibly promoting the development of bronchitis. Therefore, MIF 250 
appears to support a pro-repair response in COPD, although more studies are needed to fully 251 
elucidate MIF’s function and variable expression in the context of COPD. 252 
 253 
2.2 Asthma 254 
Asthma is a chronic inflammatory disease, affecting children and adults, characterized by airway 255 
obstruction and bronchial hyperresponsiveness (reviewed in (71)). Asthma is thought to develop 256 
as a complex gene-environment interaction in response to allergens, pollutants, microbes 257 
and/or oxidative stress. It is therefore a heterogeneous condition with diverse pathological 258 
features that lead to different endotypes of asthma. Overall, the different endotypes of asthma 259 
are all characterized by airway hyperresponsiveness, a consequence of immune and 260 
physiological responses to allergens or pollutants. The immune response in asthma patients 261 
may include activation of eosinophils, neutrophils, dendritic cells, macrophages, mast cells and 262 
CD4+ T cells of the T helper 2 type. Another distinctive pathophysiological feature of asthma is 263 
airway remodeling, characterized by thickening of the basement membrane, an increase in 264 
airway smooth muscle mass, bronchial epithelium damage and cilial dysfunction, goblet cell 265 
hyperplasia and increased mucus production. Together, in terms of airway function, these 266 
features translate to a hypercontractile airway with a poor barrier function and an immune 267 
system ready to respond. Consequently, asthma patients present with episodes of cough, 268 
wheeze, shortness of breath, and chest tightness (71). Although asthma has a lower fatality rate 269 
compared to other chronic lung diseases, it affects 300 million people world-wide and therefore 270 
is a major chronic disease (97).  271 
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 272 
Overall, the studies on MIF in asthma have found higher levels of MIF in asthmatic compared to 273 
control conditions. One study found higher MIF levels in bronchoalveolar lavage of asthma 274 
patients and found that activated eosinophils are an important source of MIF, as eosinophils 275 
stimulated with phorbol myristate acetate (PMA) produced high levels of MIF (79). Another 276 
study also found higher levels of MIF in serum and induced sputum of asthma patients, with the 277 
highest levels in symptomatic patients, intermediate in asymptomatic patients and the lowest in 278 
controls, suggesting that MIF levels are positively associated with disease severity (102).   279 
 280 
Genetic studies have shown that the -173 G/C single nucleotide polymorphism in the MIF 281 
promoter influences MIF gene expression, with the C nucleotide leading to higher MIF gene 282 
expression than the G nucleotide. Two studies in Egyptian and in Northeastern Chinese 283 
population found significantly higher frequency of the MIF -173CC genotype in children with 284 
asthma, compared to healthy children (23, 98). This supports what was observed in the 285 
aforementioned studies with asthma patients, in which they found higher levels of MIF in 286 
patients compared to controls. 287 
 288 
The studies in patients suggest that MIF levels are higher in asthma, and results from animal 289 
models for asthma not only agree with this finding but suggest that elevated MIF levels promote 290 
the pathogenic process. There are six studies using a mouse/rat model of ovalbumin-induced 291 
allergic lung inflammation. The majority of those studies found that ovalbumin-treated animals 292 
had higher levels of MIF than untreated animals and that upon MIF deficiency or inhibition, 293 
asthma features were significantly lower (i.e. eosinophil counts, neutrophil counts, airway 294 
hyperresponsiveness, airway smooth muscle thickness) (2, 13, 45, 58, 64). One of these 295 
studies also found that MIF-deficiency led to lower levels of Th2 cytokines (i.e. IL-5 and eotaxin) 296 
(64), but two other studies using anti-MIF antibodies did not observe an effect on the levels of 297 
these cytokines or IgE titers (45, 58). Additionally, one study using a model of house dust mite-298 
induced allergic lung inflammation found that the use of MIF inhibitor ISO-1 ameliorated airway 299 
hyperreactivity, neutrophil and eosinophil counts, but also decreased the levels of Th2 cytokines 300 
and IgE titers (50). Given the fact that this reduction in IgE levels was observed in a different 301 
model than the one from other animal studies described above, it is difficult to discern whether 302 
this effect is model-dependent. Furthermore, the contrasting results on Th2 cytokines could be 303 
due to differential effects of MIF inhibitors versus anti-MIF antibodies on intracellular MIF levels, 304 
as anti-MIF antibodies would only influence extracellular MIF levels, while MIF inhibitors could 305 
potentially influence both. Future studies should confirm this hypothesis. 306 
 307 
All together the studies of MIF in asthma, both in patients and in animal models, consistently 308 
show higher MIF expression in disease compared to control conditions (Fig. 4). Moreover, the 309 
data suggest that MIF expression positively correlates to disease severity and that MIF inhibition 310 
improves the pathological features. This is not surprising, as in vitro evidence suggests that MIF 311 
promotes the proliferation of airway smooth muscle and migration of eosinohils (22, 51), which 312 
can both contribute to asthma pathogenesis. However, it seems that MIF inhibition, unlike MIF-313 
deficiency, has no effect on atopy-related features (i.e. IgE levels). Since many asthma patients 314 
have an atopic background, it is necessary to evaluate whether MIF inhibition can be beneficial 315 
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for those patients. Considering that the pathogenesis of asthma in a majority of patients and in 316 
most animal model is predominantly Th2-driven, the positive association of MIF with asthma 317 
suggests a role for MIF in Th2-related responses. Therefore, MIF in asthma positively 318 
associates with a lung allergic inflammation and not necessarily with classic Th1 inflammation. 319 
 320 
2.3 Pulmonary fibrosis 321 
Pulmonary fibrosis is a type of interstitial lung disease characterized by the accumulation of 322 
extracellular matrix in the alveolar interstitium. It can develop as the end-stage of other diseases 323 
such as scleroderma, due to the exposure of toxic components such as silica, or as a side effect 324 
of chemotherapeutic drugs such as bleomycin, but often its cause is unknown and is called 325 
idiopathic pulmonary fibrosis (IPF) (99). Here we focus mostly on IPF because it is the best 326 
characterized interstitial lung disease, the most common of the idiopathic interstitial 327 
pneumonias, and the one with most research studies. 328 
 329 
Many types of pulmonary fibrosis, and especially IPF, do not present with an inflammatory 330 
component at the moment of diagnosis, but it is believed that fibrosis begins with lung injury 331 
(99). It is widely hypothesized that the pathogenesis of pulmonary fibrosis involves damage of 332 
alveolar epithelial cells and a subsequent exaggerated repair response (reviewed in (26)). The 333 
fibrotic lung is characterized by fibrotic foci formed by active and hyperproliferating fibroblasts 334 
that produce high amounts of extracellular matrix. Additionally, there is a predominant Th2 335 
cytokine profile (e.g., IL-4, IL-13), produced by mast cells and other cells, that promotes the 336 
polarization of macrophages towards a pro-repair phenotype. The accumulation of extracellular 337 
matrix in the interstitium thickens the alveolar wall, and decreases the oxygen uptake 338 
contributing to organ dysfunction and ultimately to a lethal respiratory failure. 339 
 340 
Pulmonary fibrosis is more likely to affect men than women and is more likely to occur in 341 
smokers. This disease has a prognosis of 3 to 5 years after diagnosis and to date there is no 342 
cure for this disease (76). Although in some cases lung transplantation is an option, this is not 343 
always possible or available for all patients. Additionally, there are two FDA-approved drugs for 344 
the treatment of IPF, i.e. nintedanib and pirfenidone, that slow down lung function decline 345 
although they do not fully halt the progression of fibrosis (72). There is thus an urgent need to 346 
identify therapeutic targets for this disease. 347 
 348 
Among the different chronic lung diseases associated with MIF, pulmonary fibrosis was the first 349 
one to be described. In 1976 Kravis and colleagues showed that in the presence of collagen, 350 
peripheral blood lymphocytes from IPF patients produced more MIF than lymphocytes from 351 
control individuals (47). Three decades later another study found higher levels of MIF in 352 
bronchoalveolar lavage of IPF patients compared to control individuals (6). They also found MIF 353 
staining in lung tissue to be stronger in bronchial epithelium, alveolar epithelium and in fibroblast 354 
foci in IPF patients. This pattern is confirmed by another study from the same group in which 355 
they showed MIF expression in IPF lung tissue to be high in alveolar epithelium, bronchial 356 
epithelium, in epithelial metaplastic areas and in areas of active fibrosis; there was higher MIF 357 
expression in the peripheral zones of the fibroblast foci rather than in the central areas (69). The 358 
high expression of MIF in fibrotic foci is also supported by in vitro studies showing that 359 
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bleomycin-treated fibroblasts have higher MIF mRNA levels and release more MIF protein (16). 360 
This suggests that MIF expression increases in areas directly affected by fibrosis. 361 
 362 
Two studies in a mouse model of bleomycin-induced pulmonary fibrosis have found higher MIF 363 
levels in lung tissue, serum, and bronchoalveolar lavage compared to controls (33, 85). Both 364 
studies assessed the impact of inhibiting MIF on the development of lung fibrosis. Tanino and 365 
colleagues used a neutralizing anti-MIF antibody and found less infiltration of inflammatory cells, 366 

lower levels of TNF-, less lung injury, and less mortality, but not less collagen deposition. 367 
Günther and colleagues used MIF inhibitors in the bleomycin model and found that MIF 368 
inhibition led to less fibrosis (assessed by collagen deposition), lower pulmonary hypertension 369 
(assessed by percentage of muscularized pulmonary arteries) and fewer perivascular 370 
macrophages. These results suggest that MIF expression in fibrotic conditions is positively 371 
associated with features of a repair process (i.e. cell infiltration, cytokine levels and injury score) 372 
and may also be directly associated with fibrosis development, but that requires further testing. 373 
 374 
While both human and mouse studies found higher levels of MIF in fibrotic conditions, it is not 375 
completely clear what role MIF is playing in the development of fibrosis. The mouse studies 376 
suggest that MIF inhibition may be beneficial by hampering features of fibrosis development. 377 
Nonetheless, the bleomycin model used in these studies develops with an initial inflammatory 378 
phase that later transforms into fibrosis, which may resolve later (87). Since inflammation is not 379 
a contributing factor to IPF, at least at the diagnosis stage, the high MIF levels in these patients 380 
may have a different source than inflammatory processes seen in the bleomycin model. One 381 
hypothetical option is that the high levels of MIF originate from senescent cells, as MIF 382 
production is higher in these cells(25), and higher expression of senescence markers has been 383 
found in lung tissue of pulmonary fibrosis patients (49, 82). In addition, a mouse study from 384 
Schafer and colleagues showed that bleomycin induces senescence in lung epithelial cells and 385 
lung fibroblasts and that the elimination of senescent cells improves pulmonary function and 386 
physical health (82). Their results also show that senescent fibroblasts have a profibrotic 387 
secretome. Considering that MIF has been described as a protein secreted by senescent cells, 388 
it is possible that MIF also contributes to the profibrotic effect of the senescent cell secretome 389 
(15). This, however, is a hypothetical scenario and requires further experimentation.  390 
 391 
The evidence thus far points towards MIF playing a profibrotic and pathogenic role in pulmonary 392 
fibrosis (Fig. 5). Although based on a different pathogenesis, the evidence from asthma shows 393 
that MIF is associated with a Th2 (pro-repair) profile, which supports the association of MIF with 394 
fibrotic processes. This association could be pointing at a direct effect of MIF on fibrotic 395 
responses or at the fact that MIF influences other cells that contribute in some way to the fibrotic 396 
process. Such indirect effects could include MIF-induced migration and proliferation of immune 397 
cells that respond to lung injury, caused by bleomycin or otherwise. It is likely that MIF release 398 
influences different lung cells in various ways, as in vitro studies have shown that MIF can 399 
protect cells from cellular senescence and apoptosis (38, 70, 93, 100). While the high levels of 400 
MIF in pulmonary fibrosis could protect epithelial cells from senescence or cell death, the effect 401 
of MIF on immune cells and fibroblasts may be promoting a repair response that contributes to 402 
the development of fibrosis. However, we cannot conclude this with certainty yet and more 403 

Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.058.221) on April 7, 2020.



11  

research is necessary to clarify the actual role of MIF in pulmonary fibrosis and the cell type-404 
dependent effects that MIF can have in the context of fibrosis and fibrosis-associated 405 
senescence. 406 
 407 
2.4 Lung Cancer 408 
Lung cancer is the excessive and uncontrolled cell proliferation of lung epithelial cells (in most 409 
cases), eventually leading to impairment of tissue function, tissue failure, and death. A healthy 410 
cell can become cancerous after DNA damage leads to alterations in genes associated with 411 
DNA repair and regulation of cell growth (63). Such mutations can be caused by extrinsic 412 
factors (e.g. cigarette smoke) and intrinsic factors (e.g. radical oxygen species). Cancer cells 413 
will then have a characteristic uncontrolled growth, a higher invasive capacity, and an inability to 414 
respond to apoptotic stimuli. This will be accompanied by an increased ability to induce 415 
vascularization (angiogenesis) for the direct supply of nutrients to the tumor area (53). 416 
 417 
Lung cancer is highly heterogeneous arising in many different sites in the lung, and can be 418 
classified as small cell lung carcinoma (10%-15% of lung cancer cases) or non-small cell lung 419 
carcinoma (85%-90% of lung cancer cases). Non-small cell carcinomas can be further classified 420 
as squamous cell carcinoma, usually originating in the main bronchi, adenocarcinomas, arising 421 
in peripheral bronchi, or large cell carcinomas, more proximal in location and with a rapid 422 
spread. Small cell lung cancers, on the other hand, derive from hormonal cells in the lung, are 423 
the most dedifferentiated cancers and are extremely aggressive (53). 424 
 425 
According to the WHO, cancer is the second leading cause of death worldwide, and lung cancer 426 
is the most common type of cancer with an estimated 2,09 million cases in 2018. The survival 427 
rate for lung cancer is lower than for many other cancers and according to the U.S. National 428 
Institute of Health, more than half of the people with lung cancer die within one year of diagnosis 429 
(37). These statistics reflect the persistent need to develop appropriate tools for early diagnosis 430 
and therapeutic strategies for this disease. 431 
 432 
Regarding MIF expression levels in lung cancer, there is a clear pattern of higher expression in 433 
cancer compared to healthy conditions. Studies on non-small cell lung cancer patients 434 
consistently show higher levels of MIF mRNA and protein in tumorous lung tissue, compared to 435 
regions of healthy tissue or to lung tissue from control individuals (30, 43, 88). Additionally, one 436 
of these studies found that higher MIF mRNA expression in patients with non-small cell lung 437 
cancer was associated with unfavorable prognosis (88). High MIF levels have also been shown 438 
to correlate with higher levels of angiogenic chemokines and higher vascularity and a 439 
subsequent increase in the risk of lung cancer recurrence (94). Interestingly, a study by Nolen 440 
and colleagues found that serum MIF levels in patients with non-small cell lung cancer can be 441 
used within a biomarker panel, including prolactin and thrombospondin, to effectively identify 442 
control individuals and lung cancer patients (67). This three-biomarker diagnosis model was 443 
shown to identify even control individuals according to the presence of pulmonary nodules with 444 
low and high levels of suspicion with around 90% specificity, showing its potential for the early 445 
diagnosis of lung cancer.  446 
 447 
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The evidence of higher MIF levels and correlation with poor prognosis in lung cancer patients 448 
demonstrates the importance of MIF in a clinical context but does not definitely prove that MIF is 449 
promoting cancer. Nonetheless, mouse studies on lung cancer show that if MIF levels are low, 450 
fewer or smaller tumors develop and that the presence of MIF during lung injury creates a 451 
suitable environment to potentiate the carcinogenic potential of mutated cells. One of such 452 
studies, by Arenberg and colleagues, was performed using mouse models of bleomycin- or 453 
naphthalene-induced lung injury. They found that injured lungs had high MIF levels and bigger 454 
orthotopic tumors (Lewis lung carcinoma, injected after lung injury) due to higher levels of 455 
proliferation and reduced apoptosis (3). This effect of increased tumor growth was not observed 456 
after lung injury in MIF-deficient mice, and MIF overexpression was sufficient to accelerate the 457 
growth of orthotopic tumors. Mawhinney and colleagues also confirmed the boosting effect that 458 
MIF has on cancer development with another mouse study of Lewis lung carcinoma. Their 459 
results show that primary tumor growth was significantly attenuated in MIF-deficient mice or 460 
mice containing a MIF variant with a mutation that blocks its enzymatic activity (61). While the 461 
relevance of MIF’s enzymatic activity has yet to be elucidated, it is possible that a mutation that 462 
lowers this activity also affects MIF’s conformation and/or its interactions with its receptors and 463 
other proteins. Moreover, in vitro studies with various lung cancer cell lines have shown that MIF 464 
overexpression promotes cell proliferation and that MIF inhibition or downregulation leads to a 465 
decrease in cell proliferation, cell migration and adhesion and to a higher apoptosis rate (18, 34, 466 
56, 75, 107). Interestingly, MIF can be a target of miRNAs, some of which are expressed at 467 
lower levels in lung cancer tissue (and in lung cancer cell lines) compared to healthy tissue (e.g. 468 
miR-608 and miR-146a) (91, 103). Furthermore, a study by Yu and colleagues showed that the 469 
use of an inhibitor for miR-608 led to higher invasion and migration of cancer cells, which 470 
decreased significantly when MIF was downregulated (103). This evidence supports the 471 
observation that MIF promotes the invasion and migration of cancer cells and shows the 472 
potential of miRNAs as tools to decrease MIF levels and the pathogenicity of lung cancer cells. 473 
The positive effects of MIF on cell proliferation, apoptosis inhibition and cell migration have been 474 
shown in other cancer cell lines and in healthy conditions as well (Table 1). Combined these 475 
studies provide evidence that in the context of lung cancer, MIF can lead to promote the 476 
pathogenic features of lung cancer cells (i.e. proliferation, migration and adhesion), explaining 477 
the higher levels of MIF in cancer patients with a corresponding poor prognosis.  478 
 479 
All human, mouse and in vitro studies on MIF in cancer consistently show that MIF levels are 480 
higher in lung cancer, that MIF presence is potentiating the proliferation and migration of lung 481 
cancer cells, and that MIF levels can be used as part of a biomarker panel for the diagnosis of 482 
lung cancer (Fig. 6). Therefore, it is wise that future studies test the use of MIF inhibition as a 483 
therapy to directly target cancer cells in the lung. Considering the roles MIF can play in healthy 484 
conditions, future tests of MIF inhibitory therapies for cancer treatment should also study the 485 
possible effects occurring from off-target MIF inhibition in healthy cells/tissues of cancer 486 
patients. Of note, MIF levels and its effects in cancer appear to be consistent across tissues 487 
(reviewed in (66)), suggesting that MIF inhibition is likely a therapeutic alternative for cancer in 488 
other tissues too. 489 
 490 
3. Concluding remarks 491 
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The evidence presented here shows that MIF plays an important role in the pathogenesis of 492 
chronic lung diseases and that its role is not always proinflammatory as suggested before. MIF 493 
appears to be produced/released during tissue damage and can protect cells from toxicity of 494 
certain agents. In fact, there seems to be a stronger association of MIF with a pro-repair 495 
response (Th2) than with a proinflammatory response (Th1). This is observed in the 496 
pathogenesis of asthma and pulmonary fibrosis and confirmed by the fact that in the absence of 497 
MIF emphysema develops in mice. MIF release can also stimulate the migration and 498 
proliferation of immune cells, but does not necessarily lead to the production of proinflammatory 499 
cytokines.  500 
 501 
While in some diseases like lung cancer the role of MIF is clearly pathogenic and there is 502 
potential for the development of a diagnostic or therapeutic tool, there is also a need for more 503 
research to fully elucidate the role of MIF in COPD, pulmonary fibrosis and asthma. A summary 504 
of the general conclusions regarding MIF and each of these diseases is shown in Figure 7. Due 505 
to the focus of this review we did not discuss the different effects MIF may have directly on 506 
immune cells. It is therefore important to elucidate whether manipulation of MIF levels may 507 
affect immune responses before moving forward with any MIF-related therapeutic strategy. 508 
 509 
Moreover, MIF is not the only member of this protein family that appears to be involved in 510 
human diseases. The MIF homologue D-dopachrome tautomerase (DDT, also known as MIF-2) 511 
has been shown to share some activities with MIF, probably due to its ability to bind to MIF 512 
receptor CD74. In fact, there is evidence that MIF and DDT can work in a synergistic manner 513 
and there are a few studies showing a positive association of DDT with lung cancer (11, 14). 514 
However, DDT and MIF only share 34% sequence identity despite the fact that they have similar 515 
overall structures. It is therefore likely that MIF and DTT participate in different molecular 516 
interactions and signaling cascades. This highlights the importance of future studies elucidating 517 
the role of DDT in other chronic lung diseases as well and discovering how it functions together 518 
with or in comparison to MIF. 519 
 520 
Future studies on MIF in lung diseases should also consider studying the cell-specific effect of 521 
MIF and whether the role of MIF differs in disease endotypes. Moreover, it is important to 522 
evaluate whether MIF can be used as a therapeutic strategy for chronic lung diseases. There is 523 
currently an ongoing clinical trial of an anti-MIF antibody for the treatment of solid intestinal 524 
tumors (ClinicalTrials.gov Identifier: NCT01765790); it is thus likely that there are more MIF-525 
related trials on the horizon. Given the evidence shown here, future research in these areas 526 
should consider and test the possibility that MIF inhibition in the lung may promote the 527 
development of emphysema or other lung alterations. Further investigation in this area should 528 
elucidate in what way MIF manipulation can work as a therapeutic strategy for chronic lung 529 
diseases. 530 
 531 
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FIGURE LEGENDS 536 
 537 
Figure 1. MIF structure and  motif. A) MIF tertiary structure viewed from the top. Each color 538 
represents one monomer. B) MIF tertiary structure viewed from the side. C) Representation of a beta 539 
strand-alpha helix-beta strand motif () present in proteins from the tautomerase superfamily. The 540 
structure of MIF (PDB ID 1MIF)3 was obtained from the RCSB protein database (www.rcsb.org).  541 
 542 
Figure 2. Structure and composition of a healthy lung and alterations leading to chronic lung 543 
diseases. The lung is composed of alveoli and airways. The airway epithelium is composed of 544 
specialized cells such as ciliated cells, goblet cells and basal cells. The alveoli are formed by type I and 545 
type II alveolar epithelial cells. The lung also contains macrophages that patrol the tissue and air spaces 546 
to protect from infections and harmful particles. They are found in the alveolar space -alveolar 547 
macrophages- or in the interstitial space -interstitial macrophages-. Exposure to cigarette smoke, air 548 
pollution, carcinogenic components and allergens can lead to alterations in lung structure and function 549 
and to the development of pathogenic conditions. Alterations in the alveolar structure are associated with 550 
pulmonary fibrosis and COPD. Airway alterations are associated with COPD and asthma. An uncontrolled 551 
proliferation of lung epithelial cells, caused by mutagens, is associated with lung cancer. 552 
 553 
Figure 3. Pathological features of COPD and evidence of MIF expression in COPD from human, 554 
mouse and in vitro studies. BAL: Bronchoalveolar lavage. MIF-KO: MIF knockout (mouse). CS: 555 
Cigarette smoke. 556 
 557 
Figure 4. Pathological features of asthma and evidence of MIF expression in asthma from human, 558 
mouse and in vitro studies. BAL(F): Bronchoalveolar lavage (fluid). PMA: Phorbol myristate acetate. 559 
OVA: Ovalbumin. HDM: House dust mite. MIF-KO: MIF knockout (mouse).   560 
 561 
Figure 5. Pathological features of pulmonary fibrosis and evidence of MIF expression in 562 
pulmonary fibrosis from human, mouse and in vitro studies. BAL: Bronchoalveolar lavage 563 
 564 
Figure 6. Pathological features of lung cancer and evidence of MIF expression in lung cancer from 565 
human, mouse and in vitro studies. 566 
 567 
Figure 7. Overall (non-inflammatory) contribution of MIF to the pathogenesis of COPD, asthma, 568 
pulmonary fibrosis and lung cancer 569 
 570 
  571 
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Table 1. Most frequently described functions of MIF and cell types it affects in the lung and in 572 
other organs.  573 

 Lung Other organs 

 
Cell type 

Mechanism / 
pathway reported 

* 
Species Reference Cell type 

Mechanism / 
pathway reported * 

Species Reference 

P
ro

lif
er

at
io

n
 

Lung cancer 
cell lines 

H524, H358, 
JL-1, DM-3, 
H28, H2052, 

H2452, 
MSTO, A549 

and H460 

Via CD74 Human 
(18, 34, 56, 

75) 

Cancer cell lines 
293T, MCF7, 

HCT116, Capan 2 
and Panc1, MGC-
8226, Hela, SiHa, 

RPMI-8226, 
Glioblastoma cells. 

Stabilizes the p53-Mdm2 
binding, avoiding p53 

phosphorylation; Induces 
the expression of cyclin 

D1; inhibition of 
p27(Kip1) expressionl via 

the PI3K/Akt pathway 

Human 
(28, 29, 42, 44, 

55, 90) 

Primary human 
umbilical artery 

smooth muscle cells 
  Human (27) 

Neural stem 
progenitor cells & 
Cardiac stem cells 

By increasing nuclear β-
catenin expression;  By 

activation of the 
PI3K/Akt/mTOR and 

AMPK pathways 

Mouse (17, 68, 106) 

Smooth 
muscle cells 

By p21 
downregulation; 

cyclin D1, cyclin D3, 
and Cdk6 

upregulation; MEK, 
ERK1/2 and JNK 
phosphorylation 

Rat (51, 104) 
Retinal pigment 
epithelial cells; 
Keratinocytes 

Via phosphorylation of 
p38 and ERK signaling 

pathways 
Human (31, 73) 

Type II 
alveolar 
epithelial 

cells 

Via CD74 Mouse (59) Cardiac fibroblasts 
Via Src kinase signaling 

pathway 
Rat (101) 

C
el

l s
u

rv
iv

al
 / 

p
ro

te
ct

io
n

 / 
an

ti
-a

p
o

p
to

si
s 

Human 
pulmonary 

macrovascul
ar endothelial 

cell 

Via p53 inhibition Human (19) 

Cancer cell lines 
MCF-12A, MCF7, 

ZR-75-1, MDA-MB-
468, HepG2, 

HCT116, Hela, 
Capan2 and Panc1 

Via MIF-CD74 interaction 
and subsequent 

activation of PI3K/Akt; 
Via regulation of Bax, 

Bcl-xL, Bcl-2, Bad, Bax, 
and p53 

Mouse / 
Human 

(21, 29, 57) 

Neural stem 
progenitor cells 

Via Bcl-2 and Bcl-xl 
activation 

Mouse (68) 

Smooth 
muscle cells 

By increasing Bcl-xl 
and decreasing Bax 

Rat (51) 

Mesenchymal stem 
cell 

By inhibiting oxidative 
stress and activating the 

PI3K-Akt signaling 
pathway 

Rat (100) 

Cardiomyocites / 
Cardiac fibroblasts 

  Mouse (46, 62) 

M
ig

ra
ti

o
n

 

Smooth 
muscle cells 

By upregulating the 
expression of MMP-2 

Rat (51) 

Primary Human 
Umbilical Artery 
Smooth Muscle 

Cells 

  Human (27) 

Cancer cell lines 
Capan 2,  Panc1, 
Hela, SiHa, JJ012 

By decreasing e-cadherin 
and increasing Vimentin; 

By increasing avb3 
integrin through 
PI3K/Akt/NF-kB  

Human (29, 52, 90) 
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Eosinophils 
 

Human (22) 

Neural stem 
progenitor cells 

Via CD74 Mouse (68) 

* Mechanism / pathway reported by at least one of the studies 574 
 575 
 576 
  577 

Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.058.221) on April 7, 2020.



17  

REFERENCES 578 
 579 
1.  Aggarwal A, Lewison G, Idir S, Peters M, Aldige C, Boerckel W, Boyle P, Trimble 580 

EL, Roe P, Sethi T, Fox J, Sullivan R. The State of Lung Cancer Research: A Global 581 
Analysis. J Thorac Oncol 11: 1040–1050, 2016. 582 

2.  Amano T, Nishihira J, Miki I. Blockade of macrophage migration inhibitory factor (MIF) 583 
prevents the antigen-induced response in a murine model of allergic airway inflammation. 584 
Inflamm Res 56: 24–31, 2007. 585 

3.  Arenberg D, Luckhardt TR, Carskadon S, Zhao L, Amin MA, Koch AE. Macrophage 586 
Migration Inhibitory Factor Promotes Tumor Growth in the Context of Lung Injury and 587 
Repair. Am J Respir Crit Care Med 182: 1030–1037, 2010. 588 

4.  Bahr TM, Hughes GJ, Armstrong M, Reisdorph R, Coldren CD, Edwards MG, 589 
Schnell C, Kedl R, LaFlamme DJ, Reisdorph N, Kechris KJ, Bowler RP. Peripheral 590 
Blood Mononuclear Cell Gene Expression in Chronic Obstructive Pulmonary Disease. 591 
Am J Respir Cell Mol Biol 49: 316–323, 2013. 592 

5.  Balasubramanian A, MacIntyre NR, Henderson RJ, Jensen RL, Kinney G, Stringer 593 
WW, Hersh CP, Bowler RP, Casaburi R, Han MK, Porszasz J, Barr RG, Make BJ, 594 
Wise RA, McCormack MC. Diffusing Capacity of Carbon Monoxide in Assessment of 595 
COPD. Chest ( July 25, 2019). doi: 10.1016/j.chest.2019.06.035. 596 

6.  Bargagli E, Olivieri C, Nikiforakis N, Cintorino M, Magi B, Perari MG, Vagaggini C, 597 
Spina D, Prasse A, Rottoli P. Analysis of macrophage migration inhibitory factor (MIF) in 598 
patients with idiopathic pulmonary fibrosis. Respir Physiol Neurobiol 167: 261–267, 2009. 599 

7.  Bernhagen J, Krohn R, Lue H, Gregory JL, Zernecke A, Koenen RR, Dewor M, 600 
Georgiev I, Schober A, Leng L, Kooistra T, Fingerle-Rowson G, Ghezzi P, Kleemann 601 
R, McColl SR, Bucala R, Hickey MJ, Weber C. MIF is a noncognate ligand of CXC 602 
chemokine receptors in inflammatory and atherogenic cell recruitment. Nat Med 13: 587–603 
596, 2007. 604 

8.  Bloom BR, Bennett B. Mechanism of a Reaction in Vitro Associated with Delayed-Type 605 
Hypersensitivity. Science (80- ) 153: 80–82, 1966. 606 

9.  Bloom J, Sun S, Al-Abed Y. MIF, a controversial cytokine: a review of structural 607 
features, challenges, and opportunities for drug development. Expert Opin Ther Targets 608 
20: 1463–1475, 2016. 609 

10.  Bozza M, Satoskar AR, Lin G, Lu B, Humbles AA, Gerard C, David JR. Targeted 610 
disruption of migration inhibitory factor gene reveals its critical role in sepsis. J Exp Med 611 
189: 341–6, 1999. 612 

11.  Brock SE, Rendon BE, Xin D, Yaddanapudi K, Mitchell RA. MIF family members 613 
cooperatively inhibit p53 expression and activity. PLoS One 9: e99795, 2014. 614 

12.  Burney P, Jarvis D, Perez-Padilla R. The global burden of chronic respiratory disease in 615 
adults. Int J Tuberc Lung Dis 19: 10–20, 2015. 616 

13.  Chen P-F, Luo Y, Wang W, Wang J, Lai W, Hu S, Cheng KF, Al-Abed Y. ISO-1, a 617 
macrophage migration inhibitory factor antagonist, inhibits airway remodeling in a murine 618 
model of chronic asthma. Mol Med 16: 400–8, 2010. 619 

14.  Coleman AM, Rendon BE, Zhao M, Qian M-W, Bucala R, Xin D, Mitchell RA. 620 
Cooperative regulation of non-small cell lung carcinoma angiogenic potential by 621 
macrophage migration inhibitory factor and its homolog, D-dopachrome tautomerase. J 622 
Immunol 181: 2330–7, 2008. 623 

15.  Coppé J-P, Patil CK, Rodier F, Sun Y, Muñoz DP, Goldstein J, Nelson PS, Desprez 624 
P-Y, Campisi J. Senescence-associated secretory phenotypes reveal cell-625 
nonautonomous functions of oncogenic RAS and the p53 tumor suppressor. PLoS Biol 6: 626 
2853–68, 2008. 627 

Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.058.221) on April 7, 2020.



18  

16.  Corallo C, Paulesu L, Cutolo M, Ietta F, Carotenuto C, Mannelli C, Romagnoli R, 628 
Nuti R, Giordano N. Serum levels, tissue expression and cellular secretion of 629 
macrophage migration inhibitory factor in limited and diffuse systemic sclerosis. [Online]. 630 
Clin Exp Rheumatol 33: S98-105, 2015. http://www.ncbi.nlm.nih.gov/pubmed/26005773 631 
[14 Sep. 2019]. 632 

17.  CUI J, ZHANG F, WANG Y, LIU J, MING X, HOU J, LV B, FANG S, YU B. Macrophage 633 
migration inhibitory factor promotes cardiac stem cell proliferation and endothelial 634 
differentiation through the activation of the PI3K/Akt/mTOR and AMPK pathways. Int J 635 
Mol Med 37: 1299–1309, 2016. 636 

18.  D’Amato-Brito C, Cipriano D, Colin DJ, Germain S, Seimbille Y, Robert JH, Triponez 637 
F, Serre-Beinier V. Role of MIF/CD74 signaling pathway in the development of pleural 638 
mesothelioma. Oncotarget 7: 11512–25, 2016. 639 

19.  Damico R, Simms T, Kim BS, Tekeste Z, Amankwan H, Damarla M, Hassoun PM. 640 
p53 mediates cigarette smoke-induced apoptosis of pulmonary endothelial cells: 641 
inhibitory effects of macrophage migration inhibitor factor. Am J Respir Cell Mol Biol 44: 642 
323–32, 2011. 643 

20.  Davidson R, Baas B-J, Akiva E, Holliday GL, Polacco BJ, LeVieux JA, Pullara CR, 644 
Zhang YJ, Whitman CP, Babbitt PC. A global view of structure–function relationships in 645 
the tautomerase superfamily. J Biol Chem 293: 2342–2357, 2018. 646 

21.  De R, Sarkar S, Mazumder S, Debsharma S, Siddiqui AA, Saha SJ, Banerjee C, Nag 647 
S, Saha D, Pramanik S, Bandyopadhyay U. Macrophage migration inhibitory factor 648 
regulates mitochondrial dynamics and cell growth of human cancer cell lines through 649 
CD74–NF-κB signaling. J Biol Chem 293: 19740–19760, 2018. 650 

22.  de Souza HS, Tortori CA, Lintomen L, Figueiredo RT, Bernardazzi C, Leng L, 651 
Bucala R, Madi K, Buongusto F, Elia CCS, Castelo-Branco MTL, Bozza MT. 652 
Macrophage migration inhibitory factor promotes eosinophil accumulation and tissue 653 
remodeling in eosinophilic esophagitis. Mucosal Immunol 8: 1154–65, 2015. 654 

23.  El-Adly TZ, Kamal S, Selim H, Botros S. Association of macrophage migration 655 
inhibitory factor promoter polymorphism –173G/C with susceptibility to childhood asthma. 656 
Cent Eur J Immunol 3: 268–272, 2016. 657 

24.  Fallica J, Boyer L, Kim B, Serebreni L, Varela L, Hamdan O, Wang L, Simms T, 658 
Damarla M, Kolb TM, Bucala R, Mitzner W, Hassoun PM, Damico R. Macrophage 659 
Migration Inhibitory Factor Is a Novel Determinant of Cigarette Smoke–Induced Lung 660 
Damage. Am J Respir Cell Mol Biol 51: 94–103, 2014. 661 

25.  Feys L, Descamps B, Vanhove C, Vral A, Veldeman L, Vermeulen S, De Wagter C, 662 
Bracke M, De Wever O. Radiation-induced lung damage promotes breast cancer lung-663 
metastasis through CXCR4 signaling. Oncotarget 6, 2015. 664 

26.  Florez-Sampedro L, Song S, Melgert BN. The diversity of myeloid immune cells 665 
shaping wound repair and fibrosis in the lung. Regeneration 5: 3–25, 2018. 666 

27.  Fu H, Luo F, Yang L, Wu W, Liu X. Hypoxia stimulates the expression of macrophage 667 
migration inhibitory factor in human vascular smooth muscle cells via HIF-1alpha 668 
dependent pathway. BMC Cell Biol 11: 66, 2010. 669 

28.  Fukaya R, Ohta S, Yaguchi T, Matsuzaki Y, Sugihara E, Okano H, Saya H, Kawakami 670 
Y, Kawase T, Yoshida K, Toda M. MIF Maintains the Tumorigenic Capacity of Brain 671 
Tumor-Initiating Cells by Directly Inhibiting p53. Cancer Res 76: 2813–2823, 2016. 672 

29.  Funamizu N, Hu C, Lacy C, Schetter A, Zhang G, He P, Gaedcke J, Ghadimi MB, 673 
Ried T, Yfantis HG, Lee DH, Subleski J, Chan T, Weiss JM, Back TC, Yanaga K, 674 
Hanna N, Alexander HR, Maitra A, Hussain SP. Macrophage migration inhibitory factor 675 
induces epithelial to mesenchymal transition, enhances tumor aggressiveness and 676 
predicts clinical outcome in resected pancreatic ductal adenocarcinoma. Int J Cancer 677 
132: 785–794, 2013. 678 

Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.058.221) on April 7, 2020.



19  

30.  Gámez-Pozo A, Sánchez-Navarro I, Calvo E, Agulló-Ortuño MT, López-Vacas R, 679 
Díaz E, Camafeita E, Nistal M, Madero R, Espinosa E, López JA, Vara JÁF. 680 
PTRF/Cavin-1 and MIF Proteins Are Identified as Non-Small Cell Lung Cancer 681 
Biomarkers by Label-Free Proteomics. PLoS One 7: e33752, 2012. 682 

31.  Gesser B, Rasmussen MK, Raaby L, Rosada C, Johansen C, Kjellerup RB, 683 
Kragballe K, Iversen L. Dimethylfumarate inhibits MIF-induced proliferation of 684 
keratinocytes by inhibiting MSK1 and RSK1 activation and by inducing nuclear p-c-Jun 685 
(S63) and p-p53 (S15) expression. Inflamm Res 60: 643–653, 2011. 686 

32.  Global Initiative for Chronic Obstructive Lung Disease (GOLD). 2020 GLOBAL 687 
STRATEGY FOR PREVENTION, DIAGNOSIS AND MANAGEMENT OF COPD. 688 
Available from:https://goldcopd.org/gold-reports/. 2020. 689 

33.  Günther S, Bordenave J, Hua-Huy T, Nicco C, Cumont A, Thuillet R, Tu L, 690 
Quatremarre T, Guilbert T, Jalce G, Batteux F, Humbert M, Savale L, Guignabert C, 691 
Dinh-Xuan A-T. Macrophage Migration Inhibitory Factor (MIF) Inhibition in a Murine 692 
Model of Bleomycin-Induced Pulmonary Fibrosis. Int J Mol Sci 19: 4105, 2018. 693 

34.  Guo Y, Hou J, Luo Y, Wang D. Functional disruption of macrophage migration inhibitory 694 
factor (MIF) suppresses proliferation of human H460 lung cancer cells by caspase-695 
dependent apoptosis. Cancer Cell Int 13: 28, 2013. 696 

35.  Harris J, VanPatten S, Deen NS, Al-Abed Y, Morand EF. Rediscovering MIF: New 697 
Tricks for an Old Cytokine. Trends Immunol 40: 447–462, 2019. 698 

36.  Holtze C, Flaherty K, Kreuter M, Luppi F, Moua T, Vancheri C, Scholand MB. 699 
Healthcare utilisation and costs in the diagnosis and treatment of progressive-fibrosing 700 
interstitial lung diseases. Eur Respir Rev 27: 180078, 2018. 701 

37.  Howlader N, Noone A, Krapcho M, Miller D, Brest A, Yu M, Ruhl J, Tatalovich Z, 702 
Mariotto A, Lewis D, Chen H, Feuer E, Cronin K. SEER Cancer Statistics Review, 703 
1975-2016 [Online]. Natl. Cancer Institute. Bethesda, MD: 2019. 704 
https://seer.cancer.gov/csr/1975_2016/. 705 

38.  Hu Y, Xia W, Hou M. Macrophage migration inhibitory factor serves a pivotal role in the 706 
regulation of radiation-induced cardiac senescencethrough rebalancing the microRNA-707 
34a/sirtuin 1 signaling pathway. Int J Mol Med 42: 2849–2858, 2018. 708 

39.  Husebø GR, Bakke PS, Grønseth R, Hardie JA, Ueland T, Aukrust P, Eagan TML. 709 
Macrophage migration inhibitory factor, a role in COPD. Am J Physiol Lung Cell Mol 710 
Physiol 311: L1-7, 2016. 711 

40.  Jalce G, Guignabert C. Multiple roles of macrophage migration inhibitory factor in 712 
pulmonary hypertension. Am J Physiol Lung Cell Mol Physiol 318: L1–L9, 2020. 713 

41.  Jankauskas SS, Wong DWL, Bucala R, Djudjaj S, Boor P. Evolving complexity of MIF 714 
signaling. Cell Signal 57: 76–88, 2019. 715 

42.  Jung H, Seong H-A, Ha H. Critical Role of Cysteine Residue 81 of Macrophage 716 
Migration Inhibitory Factor (MIF) in MIF-induced Inhibition of p53 Activity. J Biol Chem 717 
283: 20383–20396, 2008. 718 

43.  Kamimura A, Kamachi M, Nishihira J, Ogura S, Isobe H, Dosaka-Akita H, Ogata A, 719 
Shindoh M, Ohbuchi T, Kawakami Y. Intracellular distribution of macrophage migration 720 
inhibitory factor predicts the prognosis of patients with adenocarcinoma of the lung. 721 
[Online]. Cancer 89: 334–41, 2000. http://www.ncbi.nlm.nih.gov/pubmed/10918163 [4 722 
Sep. 2019]. 723 

44.  Klasen C, Ziehm T, Huber M, Asare Y, Kapurniotu A, Shachar I, Bernhagen J, El 724 
Bounkari O. LPS-mediated cell surface expression of CD74 promotes the proliferation of 725 
B cells in response to MIF. Cell Signal 46: 32–42, 2018. 726 

45.  Kobayashi M, Nasuhara Y, Kamachi A, Tanino Y, Betsuyaku T, Yamaguchi E, 727 
Nishihira J, Nishimura M. Role of macrophage migration inhibitory factor in ovalbumin-728 
induced airway inflammation in rats. Eur Respir J 27: 726–734, 2006. 729 

Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.058.221) on April 7, 2020.



20  

46.  Koga K, Kenessey A, Powell SR, Sison CP, Miller EJ, Ojamaa K. Macrophage 730 
Migration Inhibitory Factor Provides Cardioprotection During Ischemia/Reperfusion by 731 
Reducing Oxidative Stress. Antioxid Redox Signal 14: 1191–1202, 2011. 732 

47.  Kravis TC, Ahmed A, Brown TE, Fulmer JD, Crystal RG. Pathogenic mechanisms in 733 
pulmonary fibrosis: collagen-induced migration inhibition factor production and 734 
cytotoxicity mediated by lymphocytes. J Clin Invest 58: 1223–1232, 1976. 735 

48.  Kudrin A, Scott M, Martin S, Chung C, Donn R, McMaster A, Ellison S, Ray D, Ray 736 
K, Binks M. Human Macrophage Migration Inhibitory Factor. J Biol Chem 281: 29641–737 
29651, 2006. 738 

49.  Kuwano K, Araya J, Hara H, Minagawa S, Takasaka N, Ito S, Kobayashi K, 739 
Nakayama K. Cellular senescence and autophagy in the pathogenesis of chronic 740 
obstructive pulmonary disease (COPD) and idiopathic pulmonary fibrosis (IPF). Respir 741 
Investig 54: 397–406, 2016. 742 

50.  Lan H, Luo L, Chen Y, Wang M, Yu Z, Gong Y. MIF signaling blocking alleviates airway 743 
inflammation and airway epithelial barrier disruption in a HDM-induced asthma model. 744 
Cell. Immunol. ( August 16, 2019). doi: 10.1016/j.cellimm.2019.103965. 745 

51.  Lan H, Wang N, Chen Y, Wang X, Gong Y, Qi X, Luo Y, Yao F. Macrophage migration 746 
inhibitory factor (MIF) promotes rat airway muscle cell proliferation and migration 747 
mediated by ERK1/2 and FAK signaling. Cell Biol Int 42: 75–83, 2018. 748 

52.  Lee C-Y, Su M-J, Huang C-Y, Chen M-Y, Hsu H-C, Lin C-Y, Tang C-H. Macrophage 749 
migration inhibitory factor increases cell motility and up-regulates αvβ3 integrin in human 750 
chondrosarcoma cells. J Cell Biochem 113: n/a-n/a, 2011. 751 

53.  Lemjabbar-Alaoui H, Hassan OU, Yang Y-W, Buchanan P. Lung cancer: Biology and 752 
treatment options. Biochim Biophys Acta - Rev Cancer 1856: 189–210, 2015. 753 

54.  Leng L, Metz CN, Fang Y, Xu J, Donnelly S, Baugh J, Delohery T, Chen Y, Mitchell 754 
RA, Bucala R. MIF Signal Transduction Initiated by Binding to CD74. J Exp Med 197: 755 
1467–1476, 2003. 756 

55.  Li G-Q, Xie J, Lei X-Y, Zhang L. Macrophage migration inhibitory factor 757 
regulatesproliferation of gastric cancer cellsvia the PI3K/Akt pathway. World J 758 
Gastroenterol 15: 5541, 2009. 759 

56.  Li J, Zhang J, Xie F, Peng J, Wu X. Macrophage migration inhibitory factor promotes 760 
Warburg effect via activation of the NF�κB/HIF�1α pathway in lung cancer. Int J Mol Med 761 
41: 1062–1068, 2017. 762 

57.  Lue H, Thiele M, Franz J, Dahl E, Speckgens S, Leng L, Fingerle-Rowson G, Bucala 763 
R, Lüscher B, Bernhagen J. Macrophage migration inhibitory factor (MIF) promotes cell 764 
survival by activation of the Akt pathway and role for CSN5/JAB1 in the control of 765 
autocrine MIF activity. Oncogene 26: 5046–5059, 2007. 766 

58.  Magalhães ES, Mourao-Sa DS, Vieira-de-Abreu A, Figueiredo RT, Pires AL, Farias-767 
Filho FA, Fonseca BPF, Viola JPB, Metz C, Martins MA, Castro-Faria-Neto HC, 768 
Bozza PT, Bozza MT. Macrophage migration inhibitory factor is essential for allergic 769 
asthma but not for Th2 differentiation. Eur J Immunol 37: 1097–1106, 2007. 770 

59.  Marsh LM, Cakarova L, Kwapiszewska G, von Wulffen W, Herold S, Seeger W, 771 
Lohmeyer J. Surface expression of CD74 by type II alveolar epithelial cells: a potential 772 
mechanism for macrophage migration inhibitory factor-induced epithelial repair. Am J 773 
Physiol Cell Mol Physiol 296: L442–L452, 2009. 774 

60.  Mathew B, Jacobson JR, Siegler JH, Moitra J, Blasco M, Xie L, Unzueta C, Zhou T, 775 
Evenoski C, Al-Sakka M, Sharma R, Huey B, Bulent A, Smith B, Jayaraman S, 776 
Reddy NM, Reddy SP, Fingerle-Rowson G, Bucala R, Dudek SM, Natarajan V, 777 
Weichselbaum RR, Garcia JGN. Role of Migratory Inhibition Factor in Age-Related 778 
Susceptibility to Radiation Lung Injury via NF-E2–Related Factor–2 and Antioxidant 779 
Regulation. Am J Respir Cell Mol Biol 49: 269–278, 2013. 780 

Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.058.221) on April 7, 2020.



21  

61.  Mawhinney L, Armstrong ME, O’Reilly C, Bucala R, Leng L, Fingerle-Rowson G, 781 
Fayne D, Keane MP, Tynan A, Maher L, Cooke G, Lloyd D, Conroy H, Donnelly SC. 782 
Macrophage Migration Inhibitory Factor (MIF) Enzymatic Activity and Lung Cancer. Mol 783 
Med 20: 729–735, 2014. 784 

62.  Miller EJ, Li J, Leng L, McDonald C, Atsumi T, Bucala R, Young LH. Macrophage 785 
migration inhibitory factor stimulates AMP-activated protein kinase in the ischaemic heart. 786 
Nature 451: 578–582, 2008. 787 

63.  Miller YE. Pathogenesis of lung cancer: 100 year report. Am J Respir Cell Mol Biol 33: 788 
216–23, 2005. 789 

64.  Mizue Y, Ghani S, Leng L, McDonald C, Kong P, Baugh J, Lane SJ, Craft J, 790 
Nishihira J, Donnelly SC, Zhu Z, Bucala R. Role for macrophage migration inhibitory 791 
factor in asthma. Proc Natl Acad Sci U S A 102: 14410–5, 2005. 792 

65.  Murray JF. The structure and function of the lung. [Online]. Int J Tuberc Lung Dis 14: 793 
391–6, 2010. http://www.ncbi.nlm.nih.gov/pubmed/20202294 [13 Nov. 2019]. 794 

66.  Nobre CCG, de Araújo JMG, Fernandes TAA de M, Cobucci RNO, Lanza DCF, 795 
Andrade VS, Fernandes JV. Macrophage Migration Inhibitory Factor (MIF): Biological 796 
Activities and Relation with Cancer. Pathol Oncol Res 23: 235–244, 2017. 797 

67.  Nolen BM, Langmead CJ, Choi S, Lomakin A, Marrangoni A, Bigbee WL, Weissfeld 798 
JL, Wilson DO, Dacic S, Siegfried JM, Lokshin AE. Serum biomarker profiles as 799 
diagnostic tools in lung cancer. Cancer Biomarkers 10: 3–12, 2012. 800 

68.  Ohta S, Misawa A, Fukaya R, Inoue S, Kanemura Y, Okano H, Kawakami Y, Toda M. 801 
Macrophage migration inhibitory factor (MIF) promotes cell survival and proliferation of 802 
neural stem/progenitor cells. J Cell Sci 125: 3210–3220, 2012. 803 

69.  Olivieri C, Bargagli E, Inghilleri S, Campo I, Cintorino M, Rottoli P. Macrophage 804 
migration inhibitory factor in lung tissue of idiopathic pulmonary fibrosis patients. Exp 805 
Lung Res 42: 263–266, 2016. 806 

70.  Palumbo S, Tsai T-L, Li W-J. Macrophage Migration Inhibitory Factor Regulates AKT 807 
Signaling in Hypoxic Culture to Modulate Senescence of Human Mesenchymal Stem 808 
Cells. Stem Cells Dev 23: 852–865, 2014. 809 

71.  Papi A, Brightling C, Pedersen SE, Reddel HK. Asthma. Lancet 391: 783–800, 2018. 810 
72.  Pleasants R, Tighe RM. Management of Idiopathic Pulmonary Fibrosis. Ann 811 

Pharmacother 53: 1238–1248, 2019. 812 
73.  Qin D, Jiang Y, Jin X. Effect of macrophage migration inhibitory factor on inflammatory 813 

cytokines and fibrogenic gene expression in human RPE cells. Mol Med Rep 20: 830–814 
836, 2019. 815 

74.  Rabe KF, Watz H. Chronic obstructive pulmonary disease. Lancet (London, England) 816 
389: 1931–1940, 2017. 817 

75.  Rendon BE, Roger T, Teneng I, Zhao M, Al-Abed Y, Calandra T, Mitchell RA. 818 
Regulation of Human Lung Adenocarcinoma Cell Migration and Invasion by Macrophage 819 
Migration Inhibitory Factor. J Biol Chem 282: 29910–29918, 2007. 820 

76.  Richeldi L, Collard HR, Jones MG. Idiopathic pulmonary fibrosis. Lancet 389: 1941–821 
1952, 2017. 822 

77.  Roger T, Schlapbach LJ, Schneider A, Weier M, Wellmann S, Marquis P, Vermijlen 823 
D, Sweep FCGJ, Leng L, Bucala R, Calandra T, Giannoni E. Plasma Levels of 824 
Macrophage Migration Inhibitory Factor and d-Dopachrome Tautomerase Show a Highly 825 
Specific Profile in Early Life. Front Immunol 8: 26, 2017. 826 

78.  Rolandsson Enes S, Andersson Sjöland A, Skog I, Hansson L, Larsson H, Le Blanc 827 
K, Eriksson L, Bjermer L, Scheding S, Westergren-Thorsson G. MSC from fetal and 828 
adult lungs possess lung-specific properties compared to bone marrow-derived MSC. Sci 829 
Rep 6: 29160, 2016. 830 

79.  Rossi AG, Haslett C, Hirani N, Greening AP, Rahman I, Metz CN, Bucala R, Donnelly 831 

Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.058.221) on April 7, 2020.



22  

SC. Human circulating eosinophils secrete macrophage migration inhibitory factor (MIF). 832 
Potential role in asthma. J Clin Invest 101: 2869–2874, 1998. 833 

80.  Russell KE, Chung KF, Clarke CJ, Durham AL, Mallia P, Footitt J, Johnston SL, 834 
Barnes PJ, Hall SR, Simpson KD, Starkey MR, Hansbro PM, Adcock IM, Wiegman 835 
CH. The MIF Antagonist ISO-1 Attenuates Corticosteroid-Insensitive Inflammation and 836 
Airways Hyperresponsiveness in an Ozone-Induced Model of COPD. PLoS One 11: 837 
e0146102, 2016. 838 

81.  Sauler M, Leng L, Trentalange M, Haslip M, Shan P, Piecychna M, Zhang Y, 839 
Andrews N, Mannam P, Allore H, Fried T, Bucala R, Lee PJ. Macrophage migration 840 
inhibitory factor deficiency in chronic obstructive pulmonary disease. Am J Physiol Cell 841 
Mol Physiol 306: L487–L496, 2014. 842 

82.  Schafer MJ, White TA, Iijima K, Haak AJ, Ligresti G, Atkinson EJ, Oberg AL, Birch 843 
J, Salmonowicz H, Zhu Y, Mazula DL, Brooks RW, Fuhrmann-Stroissnigg H, 844 
Pirtskhalava T, Prakash YS, Tchkonia T, Robbins PD, Aubry MC, Passos JF, 845 
Kirkland JL, Tschumperlin DJ, Kita H, LeBrasseur NK. Cellular senescence mediates 846 
fibrotic pulmonary disease. Nat Commun 8: 14532, 2017. 847 

83.  Sobierajski J, Hendgen-Cotta UB, Luedike P, Stock P, Rammos C, Meyer C, 848 
Kraemer S, Stoppe C, Bernhagen J, Kelm M, Rassaf T. Assessment of macrophage 849 
migration inhibitory factor in humans: protocol for accurate and reproducible levels. Free 850 
Radic Biol Med 63: 236–242, 2013. 851 

84.  Sparkes A, De Baetselier P, Roelants K, De Trez C, Magez S, Van Ginderachter JA, 852 
Raes G, Bucala R, Stijlemans B. Reprint of: The non-mammalian MIF superfamily. 853 
Immunobiology 222: 858–867, 2017. 854 

85.  Tanino Y, Makita H, Miyamoto K, Betsuyaku T, Ohtsuka Y, Nishihira J, Nishimura M. 855 
Role of macrophage migration inhibitory factor in bleomycin-induced lung injury and 856 
fibrosis in mice. Am J Physiol Cell Mol Physiol 283: L156–L162, 2002. 857 

86.  Tarnowski M, Grymula K, Liu R, Tarnowska J, Drukala J, Ratajczak J, Mitchell RA, 858 
Ratajczak MZ, Kucia M. Macrophage Migration Inhibitory Factor Is Secreted by 859 
Rhabdomyosarcoma Cells, Modulates Tumor Metastasis by Binding to CXCR4 and 860 
CXCR7 Receptors and Inhibits Recruitment of Cancer-Associated Fibroblasts. Mol 861 
Cancer Res 8: 1328–1343, 2010. 862 

87.  Tashiro J, Rubio GA, Limper AH, Williams K, Elliot SJ, Ninou I, Aidinis V, 863 
Tzouvelekis A, Glassberg MK. Exploring Animal Models That Resemble Idiopathic 864 
Pulmonary Fibrosis. Front Med 4: 118, 2017. 865 

88.  Tomiyasu M, Yoshino I, Suemitsu R, Okamoto T, Sugimachi K. Quantification of 866 
macrophage migration inhibitory factor mRNA expression in non-small cell lung cancer 867 
tissues and its clinical significance. [Online]. Clin Cancer Res 8: 3755–60, 2002. 868 
http://www.ncbi.nlm.nih.gov/pubmed/12473586 [5 Aug. 2019]. 869 

89.  Tuder RM, Petrache I. Pathogenesis of chronic obstructive pulmonary disease. J Clin 870 
Invest 122: 2749–2755, 2012. 871 

90.  Wang Q, Wei Y, Zhang J. Combined Knockdown of D-dopachrome Tautomerase and 872 
Migration Inhibitory Factor Inhibits the Proliferation, Migration, and Invasion in Human 873 
Cervical Cancer. Int J Gynecol Cancer 27: 634–642, 2017. 874 

91.  Wang W-M, Liu J-C. Effect and molecular mechanism of mir-146a on proliferation of lung 875 
cancer cells by targeting and regulating MIF gene. Asian Pac J Trop Med 9: 806–811, 876 
2016. 877 

92.  Wedzicha JA, Singh R, Mackay AJ. Acute COPD Exacerbations. Clin Chest Med 35: 878 
157–163, 2014. 879 

93.  Welford SM, Bedogni B, Gradin K, Poellinger L, Broome Powell M, Giaccia AJ. 880 
HIF1alpha delays premature senescence through the activation of MIF. Genes Dev 20: 881 
3366–71, 2006. 882 

Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.058.221) on April 7, 2020.



23  

94.  White ES, Flaherty KR, Carskadon S, Brant A, Iannettoni MD, Yee J, Orringer MB, 883 
Arenberg DA. Macrophage migration inhibitory factor and CXC chemokine expression in 884 
non-small cell lung cancer: role in angiogenesis and prognosis. [Online]. Clin Cancer Res 885 
9: 853–60, 2003. http://www.ncbi.nlm.nih.gov/pubmed/12576459 [4 Sep. 2019]. 886 

95.  WHO. What is COPD? https://www.who.int/news-room/q-a-detail/what-is-chronic-887 
obstructive-pulmonary-disease-(copd) (accessed Feb 3, 2020). 2020. 888 

96.  Wiegman CH, Li F, Clarke CJ, Jazrawi E, Kirkham P, Barnes PJ, Adcock IM, Chung 889 
KF. A comprehensive analysis of oxidative stress in the ozone-induced lung inflammation 890 
mouse model. Clin Sci 126: 425–440, 2014. 891 

97.  World health Organization. Chronic respiratory diseases. Key facts of asthma. 892 
https://www.who.int/news-room/fact-sheets/detail/asthma (Accessed Feb 6, 2020). 2020. 893 

98.  Wu J, Fu S, Ren X, Jin Y, Huang X, Zhang X, Bai J, Fu S. Association of MIF promoter 894 
polymorphisms with childhood asthma in a northeastern Chinese population. Tissue 895 
Antigens 73: 302–306, 2009. 896 

99.  Wynn TA. Integrating mechanisms of pulmonary fibrosis. J Exp Med 208: 1339–1350, 897 
2011. 898 

100.  Xia W, Hou M. Macrophage migration inhibitory factor rescues mesenchymal stem cells 899 
from doxorubicin-induced senescence though the PI3K-Akt signaling pathway. Int. J. Mol. 900 
Med. ( November 23, 2017). doi: 10.3892/ijmm.2017.3282. 901 

101.  Xue Y, Deng C, Wei W, Liu F, Yang H, Liu Y, Li X, Wang Z, Kuang S, Wu S, Rao F. 902 
Macrophage migration inhibitory factor promotes cardiac fibroblast proliferation through 903 
the Src kinase signaling pathway. Mol. Med. Rep. ( December 12, 2017). doi: 904 
10.3892/mmr.2017.8261. 905 

102.  Yamaguchi E, Nishihira J, Shimizu T, Takahashi T, Kitashiro N, Hizawa N, 906 
Kamishima K, Kawakami Y. Macrophage migration inhibitory factor (MIF) in bronchial 907 
asthma. Clin Exp Allergy 30: 1244–9, 2000. 908 

103.  Yu H-X, Wang X-M, Han X-D, Cao B-F. MiR-608 exerts tumor suppressive function in 909 
lung adenocarcinoma by directly targeting MIF. Eur Rev Med Pharmacol Sci 22: 4908–910 
4916, 2018. 911 

104.  Zhang B, Shen M, Xu M, Liu L-L, Luo Y, Xu D-Q, Wang Y-X, Liu M-L, Liu Y, Dong H-912 
Y, Zhao P-T, Li Z-C. Role of Macrophage Migration Inhibitory Factor in the Proliferation 913 
of Smooth Muscle Cell in Pulmonary Hypertension. Mediators Inflamm 2012: 1–10, 2012. 914 

105.  Zhang C, Ramsey C, Berical A, Yu L, Leng L, McGinnis K, Song YS, Michael H, 915 
McCormack M, Allore H, Morris A, Crothers K, Bucala R, Lee PJ, Sauler M. A 916 
Functional Macrophage Migration Inhibitory Factor (MIF) Promoter Polymorphism is 917 
Associated with Reduced Diffusing Capacity. Am. J. Physiol. Cell. Mol. Physiol. ( 918 
December 6, 2018). doi: 10.1152/ajplung.00439.2018. 919 

106.  Zhang X, Chen L, Wang Y, Ding Y, Peng Z, Duan L, Ju G, Ren Y, Wang X. 920 
Macrophage Migration Inhibitory Factor Promotes Proliferation and Neuronal 921 
Differentiation of Neural Stem/Precursor Cells through Wnt/β-Catenin Signal Pathway. Int 922 
J Biol Sci 9: 1108–1120, 2013. 923 

107.  Zhao S, Zhao Y, Li S, Zhao J, Zhang G, Wang H, Ng TB. A novel lectin with highly 924 
potent antiproliferative and HIV-1 reverse transcriptase inhibitory activities from the edible 925 
wild mushroom Russula delica. Glycoconj J 27: 259–265, 2010. 926 

 927 
 928 

Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.058.221) on April 7, 2020.



Figure 1.

Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.058.221) on April 7, 2020.



Healthy lung

COPDPulmonary  
fibrosis Asthma

Lung 
cancer

Type I alveolar 
epithelial cell

Alveolar  
macrophage

Endothelial cell

Erythrocyte

Chronic lung diseases

Alveoli Airways

Ciliated cell

Basal cell

Goblet cell

Club cell

Mucus layer

Capillary

Alveolar lumen

Interstitium

Uncontrolled cell  
proliferation 

 of mutated cells
Airway  

remodelling
Airway  

remodelling
Alveolar  
damage

Excessive &  
 uncontrolled  
alveolar repair

Airway lumen

Lamina propria
Smooth 
muscle

Type II alveolar 
epithelial cell

Interstitial  
macrophage

Figure 2.

Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.058.221) on April 7, 2020.



COPD
•Sputum* 
•BAL macrophages* 
•Serum# 

* COPD>smokers>controls 
# even higher with exacerbations

•Plasma 
•Serum* 

* Even lower with high GOLD stages

•Ozone model (lung, BAL) 
•CS model (young mice)

•CS model  
•Old mice

• Alveolar destruction 
• Loss of elastic recoil

MIF levels

Emphysema

Chronic 
bronchitis

• Airway inflammation 
• Peribronchiar fibrosis 
• Smooth muscle hyperplasia 
• Mucus hypersecretion

• MIF induces proliferation of fibroblasts,  
smooth muscle cells, type II alveolar epithelial cells 

• MIF protects from CS-induced cell death

MIF-KO mice: susceptible to emphysema

Effects of MIF / MIF manipulation

Figure 3.

Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.058.221) on April 7, 2020.



Asthma

•OVA model (Lung, BALF) 
•HDM model (BALF)

• MIF induces proliferation of fibroblasts 
• MIF induces proliferation of smooth muscle cells 
• MIF induces migration of eosinophils & neutrophils

MIF levels

• Smooth muscle hyperplasia 
• Goblet cell hyperplasia 
• Mucus hypersecretion 
• Subepithelial fibrosis 
• Bronchial hyperresponsiveness

•BAL (high in PMA-stimulated eosinophils) 
•Serum* 
• Induced sputum* 
* symptomatic>asymptomatic>controls

MIF-KO /MIF inhibition led to lower:  
- Airway hyperresponsiveness 
- Tissue eosinophilia 
- Mucus metaplasia 
- Levels of IL-13, eotaxin, cysteine 

leukotrienes and IL-5

Effects of MIF / MIF manipulation

-173 CC genotype (high MIF expression): 
More frequent in asthmatic children

MIF genetics

Figure 4.

Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.058.221) on April 7, 2020.



Pulmonary 
fibrosis

• MIF induces proliferation of fibroblasts

• Interstitial fibrosis 
• Fibroblast foci 
• Increased tissue stiffness

•Peripheral blood lymphocytes 
•BAL

•Bleomycin model  
    - Lung  
    - BAL 
    - Serum

MIF inhibition led to lower: 

- Cells infiltrating the alveoli 
- Lung injury 
- Mortality 
- Perivascular macrophages 
- Fibrosis (collagen deposition)

MIF levels

Effects of MIF / MIF manipulation

Figure 5.

Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.058.221) on April 7, 2020.



Lung 
cancer

MIF inhibition reduces cancer cell proliferation, 
migration, and adhesion

• Excessive and uncontrolled 
proliferation of lung cells

•Lung tissue 
•Tumor area (vs. healthy region) 
•Serum

•Bleomycin-induced lung injury 
•Naphthalene-Induced lung injury

MIF inhibition: Attenuates tumor growth

Effects of MIF / MIF manipulation

MIF levels

• High MIF levels: worse prognosis 

• MIF can be used as part of a panel to 
identify lung cancer patients

MIF in prognosis / diagnosis

Figure 6.

Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.058.221) on April 7, 2020.



COPDPulmonary  
fibrosis

Asthma
MIF

Lung  
cancer

MIF induces cell proliferation and protects 

from cell death. It can protect from 


emphysema and promotes 

a pro-repair response, which

may contribute to bronchitis


and airway remodeling 

MIF promotes the migration,

proliferation and adhesion of 

lung cancer cells. MIF levels 

can be used as a diagnosis 

and prognosis tool in lung cancer

MIF induces fibroblast proliferation and 

is associated with fibrotic features. 

MIF may also be associated with

cell senescence related to

pulmonary fibrosis

Polymorphisms leading to 

high MIF expression are 


frequent in asthmatics. MIF 

inhibition ameliorates features 


of allergic lung inflammation in mice

Figure 7.

Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.058.221) on April 7, 2020.


	Article File
	Figures

