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Abstract  Macrophage migration inhibitory factor (MIF) is a pleiotropic molecule 
with extensive reach and numerous important roles in shaping the immune response 
to a large variety of infections and inflammatory diseases. MIF was first identified 
as a factor capable of preventing random macrophage migration in vitro in 1966 
(Proc Natl Acad Sci U S A 56(1):72–77, 1966; Science 153(3731):80–82, 1966). 
Subsequent efforts to characterize the function of MIF have shown that the roles of 
this molecule extend far beyond the purview of macrophage migration and into 
antigen-specific responses (Cell Immunol 1:133–145, 1970) macrophage activation 
and survival (Proc Natl Acad Sci U S A 99(1):345–350, 2002), modulation of glu-
cocorticoid activity to promote inflammation (Ann N Y Acad Sci 210–220, 1999; 
Nature 377(6544):68–71, 1995), T cell activation (Proc Natl Acad Sci U S A 
93(15):7849–7854, 1996), and macrophage phagocytosis (Immunology 92(1):131–
137, 1997). MIF also is involved in the coordination between the innate and adap-
tive immune response. Due to the sheer number of functions performed by MIF 
during the immune response, its role during parasitic infections has come under 
increased scrutiny. Interestingly, MIF has been found to be a critical mediator of 
immunity against a broad range of parasite infections. Here we summarize the find-
ings relevant to the role of MIF during parasitic infections.
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1  �The Role of MIF in Malaria

Malaria is a vector-borne parasitic disease which is spread by the bite of female 
mosquitoes and is caused by organisms of the genus Plasmodium. According to the 
WHO, there were just under 165 million cases of malaria in 2013, with an estimated 
854,000 deaths, making malaria one of the most severe infectious diseases in the 
world. The vast majority of malaria-related deaths were children under the age of 5 
[1]. Plasmodium infects hepatocytes and erythrocytes in humans and by infecting 
these cells survives and avoids excessive exposure to the immune system [2–4].

Innate immunity to Plasmodium is minimal at best, and acquired immunity is 
often only observed in those with repeated exposure to the parasite [5, 6]. Complete 
resistance to malaria infection is often associated with genetic factors, as genes for 
sickle cell anemia as well as thalassemia and glucose-6-phosphate dehydrogenase 
deficiency are commonly associated with resistance [7]. Due to the lack of effective 
human resistance and the hemolytic nature of the disease, the parasite is often able 
to spread systemically and cause complications including cerebral malaria (CM) 
and severe anemia, especially in children who have not developed resistance through 
repeated exposure [8].

Experimental models of malaria have emphasized that the early immune response 
to Plasmodium has the potential to change the course of the disease and prevent or 
promote complications such as CM and anemia. Numerous studies have suggested 
a protective role against blood-stage Plasmodium parasites for pro-inflammatory, 
Th1-associated molecules in blood serum such as IL-12 [9], IFN-γ [10–12], and 
TNF-α [13]. These pro-inflammatory cytokines are primarily responsible for the 
induction of reactive oxygen species (ROS) and reactive nitrogen species (RNS) by 
macrophages and monocytes, which play an active role in the elimination of blood-
stage parasites during erythrocyte phagocytosis in the spleen [11, 13]. While there 
is a large amount of evidence to suggest a protective role for the generation of Th1-
type inflammation, numerous studies have paradoxically implicated higher serum 
concentrations of IFN-γ, IL-12, and TNF-α with enhanced pathology [6]. One study 
links high serum concentrations of the anti-inflammatory molecule IL-10 with pro-
tection from CM and anemia [14]. Indeed, some studies have indicated that mortal-
ity in children may not be due to a lack of exposure [15] and could be instead due to 
a systemic overproduction of inflammatory factors such as IFN-γ during reinfection 
[16, 17]. Thus elimination of Plasmodium requires a delicate balance in the immune 
response to avoid damage to the host and efficiently eliminate the parasite.

One of the factors which underlie this balance is macrophage migration inhibi-
tory factor (MIF). MIF has been shown to function directly in promoting activation 
and survival of innate immune cells [18–21] and has also been demonstrated to 
promote activation of T cells [22]. MIF’s activity has come under increased scrutiny 
due to research suggesting that protective immune responses to Plasmodium may be 
dependent on the early immune response by circulating lymphocytes [23]. 
Importantly, MIF has been shown to be essential in promoting systemic inflamma-
tion during the septic shock response [24, 25], underlining its potential importance 

C. Terrazas et al.



205

during blood-stage Plasmodium infections. Numerous studies have shown the 
importance of MIF during malaria. One study of severe malaria in children associ-
ated pathology with a decrease in circulating MIF and MIF transcripts and noted 
that enhanced MIF expression correlated with high concentrations of IFN-γ and 
IL-12 in plasma [26]. A separate study of Indian malaria patients noted that genetic 
abnormalities in the MIF-encoding region and subsequent decreases in MIF expres-
sion were correlated with susceptibility [27]. This finding was corroborated by a 
second genetic study in Kenyan children which focused on mutations in the pro-
moter of the MIF genetic locus, with a noted increase in rates of severe parasitemia 
among those with mutations in the MIF promoter [28]. Additionally, a study of 
children with histories of mild or severe malaria found that cases of mild malaria 
were associated with higher overall concentrations of MIF and MIF transcripts in 
blood [29, 30]. These studies have outlined a potentially critical role for host-derived 
MIF expression in limiting complications during malaria.

Interestingly, one study of circulating lymphocyte populations during experi-
mental infections with P. falciparum showed that MIF concentrations in sera were 
reduced precipitously along with concentrations of circulating lymphocytes at the 
start of the blood-stage of parasitic infection [31]. This raises the possibility that the 
parasite could downregulate concentrations of host-derived MIF during the start of 
its symptomatic phase, when it is exposed to circulating monocytes and lympho-
cytes and therefore vulnerable to immune attack.

As is the case with other pro-inflammatory molecules, MIF expression has also 
been correlated with the appearance of severe symptoms such as CM and anemia. 
A study of Indian cerebral malaria patients indicated that higher serum concentra-
tions of MIF in peripheral blood were associated with mortality [32]. Interestingly, 
in experimental models of malarial anemia, MIF also had an important role. In this 
model, MIF expression was enhanced by macrophages after hemozoin (malarial 
pigment) uptake and was correlated with inhibition of erythropoiesis during malaria. 
This study concluded that MIF expression likely contributed to the observed anemia 
in malaria patients by inhibition of erythropoiesis [33]. A separate study showed 
that mice genetically deficient in MIF were more resistant to malarial anemia and 
displayed a decreased mortality rate in comparison with wild-type controls [34]. 
However a study in humans showed that MIF levels decreased, while anemia sever-
ity augmented during the course of the infection. Diminished levels of MIF were 
associated with reduced MIF production by monocytes after hemozoin uptake [29, 
30]. Thus MIF may play a fundamental role in anemia caused by malaria and also a 
detrimental inflammatory role during cerebral malaria.

Interestingly Plasmodium, like several of the other parasites discussed in this 
chapter, express a MIF orthologue [35, 36] which is often referred to as Plasmodium 
MIF or PMIF. The expression of this orthologue has become a major topic among 
malaria researchers because of its potential to modulate the immune response 
through mimicry or nullification of MIF activity [37]. Recent work with murine 
infections with P. yoelii genetically deficient in MIF has revealed that these MIF 
orthologues may play a major role in regulation of the parasite’s growth, particu-
larly during the liver stage of infection. This study noted that PMIF−/− parasites 
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were viable and replicated normally in the mosquito vector but also found that the 
parasite’s infection of hepatocytes and subsequent establishment of infection were 
interrupted [38]. Murine infections with transgenic P. yoelii which overexpressed 
PMIF supported these findings and showed that the parasites were able to establish 
liver-stage murine infections but developed lower parasitemias with decreased mor-
tality [39].

The mechanisms by which PMIF might modulate the immune response during 
P. yoelii infection were recently investigated using recombinant PMIF. One study by 
Zhang et al. noted that in vitro incubation with recombinant PMIF inhibited random 
migration of CD11b+ cells, as is MIF’s canonical function, but noted that the release 
of IL-12, IL-10, TNF-α, and IL-6 by these cells was neither elicited by PMIF incu-
bation nor modulated by PMIF when it was incubated alongside LPS. Additionally, 
this study reported that the recruitment of inflammatory monocytes from the spleen 
was altered when PMIF was administered prior to P. yoelii infection and noted that 
populations of activated inflammatory monocytes in both the spleen and serum of 
infected mice were greatly enhanced by immunization against PMIF [39]. A study 
by Shao et al. determined that PMIF, like mammalian MIF, elicits a chemotactic 
response by monocytes in vitro [40]. Another study by Cordery et al. determined 
that treatment of monocytes with PMIF from P. falciparum decreased membrane 
expression of TLR2 and TLR4, as well as the costimulatory molecule CD86. 
Additionally, monocyte migration was inhibited in PMIF-treated monocytes. 
Importantly, this study also noted that PMIF itself was not sufficient to elicit cyto-
kine release from monocytes, which matched the trends observed by Zhang et al. 
[35, 39]. Localization of PMIF showed that PMIF was excreted from P. falciparum 
during its intraerythrotic stage and accumulated in red blood cells prior to hemoly-
sis. This finding points to an immunomodulatory role for the PMIF which is released 
when the erythrocyte bursts and the parasite once again comes into contact with the 
host immune system [35].

In human infections, the study by Cordery et al. showed that PMIF elicits an 
antibody response but noted that the serum concentration of PMIF antibodies did 
not correlate with the stage of the disease. The antibody titers of patients followed 
over the course of this study fell significantly after the resolution of the infection, 
which suggests that humoral immunity to PMIF may be transient at best [35]. 
However, a study by Han et al. showed that higher concentrations of PMIF were 
associated with increased disease severity in human infections with P. falciparum 
and P. vivax [41].

While the role of MIF in Plasmodium infections is complex and further compli-
cated by the presence of both human and Plasmodium orthologues, the research 
surrounding MIF has indicated that its role is quite extensive. The exact mecha-
nisms of MIF and PMIF activity have yet to be fully elucidated, but early work has 
shown that MIF’s role in counteracting glucocorticoid suppression may be crucial 
to the development of a balanced immune response to Plasmodium parasites. The 
numerous roles and responsibilities which have been attributed to MIF have ensured 
that it will be a major topic of investigation by malaria researchers for years to 
come.
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2  �The Role of MIF in Toxoplasmosis

Toxoplasma gondii is an intracellular protozoan parasite which infects most warm-
blooded animals, including humans, and is the causative agent of the disease toxo-
plasmosis. Cats and other felines serve as the definitive host in which the sexual 
cycle of the parasite takes place. In humans, the parasites invade a broad range of 
tissues, including the brain and muscles, and are usually found forming cysts [42, 
43]. It is estimated that almost one third of the human population is infected with 
Toxoplasma [44]. Disease transmission is accomplished by several means, includ-
ing the consumption of undercooked or contaminated meat, consumption of con-
taminated water, and exposure to contaminated cat feces, and also by congenital 
transmission [43, 45].

Most Toxoplasma infections in humans are asymptomatic, owing largely to the 
parasite’s intracellular lifestyle and its adaptation to life inside of the human host. 
Symptomatic infections occur in approximately 10–20% of patients, with common 
clinical manifestations including lymphadenopathy, fever, headaches, and general-
ized myalgias [42]. Immunocompromised patients, as well as pregnant women and 
newborns, are at increased risk of severe complications. In severe cases, toxoplas-
mosis can disseminate to other areas of the body and damage the brain, heart, skel-
etal muscle, and intestines [44].

Once the parasite has infected the host, T. gondii is able to infect phagocytic cells 
and nonprofessional phagocytes [46]. The parasite infects the cell in an active inva-
sion process which mediates the formation of the parasitophorous vacuole which is 
related with successful infection. Also, phagocytosis of the parasite is a common 
route of infection for professional phagocytes [47, 48].

The immune response which confers protection against toxoplasmosis is largely 
associated with an optimal CD4+ and CD8+ T cell response. The innate-derived 
cytokine IL-12 is a major player in resistance against toxoplasmosis. This cytokine 
is mainly released by dendritic cells and plays a fundamental role inducing IFN-γ 
by natural killer (NK) cells and CD4+ and CD8+ T cells [49]. IFN-γ promotes host 
protection via multiple mechanisms including induction of immunity-related 
GTPases (IRGs) and guanylate-binding proteins (GBPs). The release of IFN-γ also 
triggers the induction of nitric oxide and reactive oxygen species and is responsible 
for changes in host metabolism that restrict T. gondii replication [50].

Factors which modulate inflammation are critical to the clearance of Toxoplasma 
from the host. MIF, as a potent regulator of the inflammatory response, has been 
shown to be important in resistance against this parasite. Animal studies conducted 
using both BALB/c and C57BL/6 mice genetically deficient in MIF have shown a 
possible protective role for MIF during T. gondii infection. MIF−/− mice from both 
genetic backgrounds were more susceptible to intraperitoneal infection with both 
the highly virulent RH and the moderately virulent ME49 strains of T. gondii. 
Additionally, it was noted that MIF-deficient mice develop significantly greater 
liver and brain pathology than wild-type controls [51]. Another study using orally 
infected BALB/c MIF−/− mice showed similar results, demonstrating that MIF is 
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essential to resistance in both intraperitoneal and oral parasitic inoculations. 
Interestingly in MIF-deficient mice, dendritic cells from mesenteric lymph node 
displayed a less mature phenotype (decreased MHCII, CD80, and CD86 expres-
sion) and low IL-12 production compared with WT DCs. In vitro complementary 
studies by this group showed that bone marrow-derived dendritic cells lacking MIF 
had an impaired response to Toxoplasma-soluble antigens in vitro, strongly suggest-
ing that autocrine MIF production is required for an efficient response of DCs to this 
pathogen since exogenous MIF restored MIF−/− DC function [52]. In agreement 
with these findings, oral infection with T. gondii in C57BL/6 MIF−/− mice resulted 
in increased parasitic loads in the intestine accompanied with reduced intestinal 
inflammation. Of note, oral infection with T. gondii in C57BL/6 mice causes inflam-
matory bowel disease, and the mice died after 15 days of infection, contrary to 
BALB/c mice which survive [53]. Surprisingly the absence of MIF in C57BL/6 
mice also resulted in increased survival compared with MIF-sufficient mice, which 
died early and showed intestinal inflammation and pathology [54]. This indicates 
that in this genetic background, MIF can be deleterious for the host, promoting 
exacerbated inflammation. Interestingly, patients who died from cerebral toxoplas-
mosis showed little MIF expression in the brain [51].

Because of the potential for severe complications in pregnant women and fetuses, 
there is significant interest in understanding the immune response to T. gondii dur-
ing pregnancy. Studies have shown an important role for MIF in controlling 
Toxoplasma in placental explants. In vitro infections of human placental explants 
from the first trimester displayed increased concentrations of MIF and a reduction 
in the total number of Toxoplasma parasites. Explants from the third trimester were 
more susceptible than those from the first trimester and did not produce MIF. Addition 
of exogenous MIF was sufficient to decrease parasite loads in both first and third 
trimester explants [55]. It has also been observed that MIF acts on trophoblasts to 
control T. gondii infection in vitro. Addition of exogenous MIF to infected tropho-
blasts resulted in reduced parasitic loads when MIF was added at higher concentra-
tions [56].

Overall, the experimental data suggest that MIF is an important mediator of pro-
tection during toxoplasmosis. MIF could act enhancing microbicidal mechanisms 
of macrophages and also increasing their response to cytokines related with protec-
tion, for example, by overexpression of TNF-αR and IFN-γR [53]. Together these 
studies shown that MIF is an important molecule mediating resistance against 
Toxoplasma gondii infection.

3  �The Role of MIF During Trypanosomiasis

Trypanosomiasis is a vector-borne disease caused by protozoan parasites of the 
genus Trypanosoma. Trypanosoma cruzi is the causative agent of Chagas disease in 
the Americas, and Trypanosoma brucei causes African sleeping sickness. T. cruzi 
transmission occurs when infected triatomine feces contaminate a bite site or mucous 
membranes. Entering trypomastigotes invade macrophages and differentiate into the 
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replicative amastigote form before disseminating into the heart, skeletal muscles, and 
brain. T. brucei is transmitted by the bite of an infected tsetse fly. Following the bite, 
trypomastigotes enter the bloodstream where they replicate extracellularly.

Resistance to T. cruzi is dependent on the activation of the innate and adaptive 
immune responses as mediated by NK cells and macrophages and CD4+ T cells, 
CD8+ T cells, and B cells, respectively [57, 58]. Pro-inflammatory cytokines that 
regulate NK cell and macrophage activity like IFN-y, IL-12, and TNF-α play an 
important role in disease resolution, as does NO production [59–61].

Several groups have examined the role of MIF during trypanosomiasis. Using 
genetically MIF-deficient mice, Reyes et  al. found that MIF−/− BALB/c mice 
infected with T. cruzi displayed increased mortality and higher levels of parasitemia in 
skeletal muscle and cardiac tissue. Serum from MIF−/− infected mice showed 
reduced production of the pro-inflammatory cytokines IL-12, TNF-α, IFN-y, IL-1β, 
and IL-18, with the most pronounced differences at early time points of the infection. 
Despite severe pathology, hearts from MIF−/− mice had lower mRNA expression of 
iNOS, IL-12 p35, IL-12 40, and IL-23, suggesting that decreased production of pro-
inflammatory cytokines may be responsible for susceptibility. A deficiency in Th1 
polarization was reflected by decreased titers of IFN-γ-associated IgG2a [62]. 
Interestingly, serum levels of the anti-inflammatory cytokines IL-10 and IL-4 were not 
elevated in MIF−/− mice, eliminating the possibility that a switch of a protective Th1 
to Th2 permissive response was the cause of the observed increase in mortality. These 
data suggest that MIF is necessary for the upregulation of pro-inflammatory cytokines 
and the generation of a Th1 response during experimental Chagas disease.

Terrazas et al. corroborated the finding that MIF−/− BALB/c mice infected with 
T. cruzi develop increased parasitemia and mortality. In this study, the authors eval-
uated the early response against T. cruzi. Interestingly, MIF levels in serum were 
increased as early as 12 h post-infection and gradually rose during the first 3 days of 
infection. In line with early production of MIF during T. cruzi infection, other pro-
inflammatory cytokines such as IL-1β, IL-12, TNF-α, and IFN-γ were induced early 
during the infection; however the serum levels of all these cytokines were signifi-
cantly reduced in MIF-deficient mice.

As a possible cause of the initial impaired inflammatory response in MIF-
deficient mice, they found that MIF had an important role during DC activation 
in  vivo and found that DCs had reduced expression of MHC-II, CD80, CD86, 
OX40L, and IL-12 in the absence of MIF. The authors confirmed these findings in 
MIF−/− bone marrow-derived DCs in vitro, showing that MIF-deficient DCs had 
the same reduction in costimulatory molecules as well as impaired IL-12 and TNF-α 
production in response to T. cruzi antigen. Interestingly, addition of exogenous MIF 
to MIF−/− DCs restored the ability of these cells to efficiently respond to T. cruzi 
antigens in a p38 MAPK-dependent pathway. The inability of MIF-deficient DCs to 
fully mature and produce IL-12 could help to explain the impaired Th1-associated 
response observed in mice [63]. However, it is still unknown whether MIF regulates 
the accumulation or trafficking of DCs or their precursors in vivo or whether MIF 
affects the activation of a particular subset of DCs.

A study looking at expression profiles in cardiac and skeletal muscle tissue of 
T. cruzi-infected BALB/c mice found high levels of MIF mRNA at early and late 
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time points. In agreement with the study conducted by Terrazas et al., high MIF 
expression was observed prior to the induction of TNF-α, IFN-y, or iNOS, suggest-
ing that MIF is part of the primary immune response to T. cruzi and is upstream to 
the expression of pro-inflammatory genes. Histological analysis identified infiltrat-
ing lymphocytes as major producers of MIF [64]. Further study is needed to eluci-
date the role of MIF in different immune cell populations.

Fewer studies have examined the role of MIF in T. brucei infection. During 
T. brucei infection, a strong Th1 immune response is required for initial parasite 
control; however, a persistent pro-inflammatory immune response during the 
chronic stage is associated with tissue damage, anemia, and increased pathogenicity 
[65–67]. During the acute phase of T. brucei infection in C57BL/6 mice and rats, 
MIF has been found to be upregulated along with pro-inflammatory genes [68].

A single study by Stijlemans et al. examined the role of MIF in chronic T. brucei 
infection. Similar to T. cruzi infection, C57BL/6 MIF−/− mice infected with 
T. brucei had lower serum concentrations of pro-inflammatory IFN-γ and TNF-α at 
all time points. MIF−/− mice lived an average of 10 days longer than WT mice 
before succumbing to infection, although no difference was observed in the degree 
of parasitemia. The same results were achieved using anti-MIF IgG treatment. 
During the chronic stage of infection, MIF−/− mice had higher serum IL-10 pro-
duction, reduced liver pathology, and reduced infiltration of inflammatory mono-
cytes and neutrophils into the liver. The altered cell populations were likely due to 
the reduced expression of the chemokines CCL2, CXCL1, and CXCL5 [69]. It is 
worth noting that another study looking at the acute stage of T. brucei infection 
showed no reduction of monocyte egress in MIF-deficient mice at 6 days post-
infection [70]. Stijlemans et al. isolated neutrophils and monocytes from WT mice 
with chronic T.  brucei infection and adoptively transferred them into infected 
MIF−/− mice (24 dpi). Adoptive transfer of WT neutrophils, but not inflammatory 
monocytes, into MIF−/− mice increased MIF concentrations and restored MPO 
activity and TNF-α production. Transfer of WT neutrophils also increased ALT and 
AST levels in the sera, indicating increased hepatocyte damage. These data suggest 
that the mechanism for liver injury is MIF dependent for neutrophils, but not for 
inflammatory monocytes. Additionally, MIF−/− mice had reduced red blood cell 
death, increased iron bioavailability, and more robust erythropoiesis during later 
time points of infection. Overall, this study showed a modestly detrimental role of 
MIF during the chronic stage of T. brucei infection [69]. These studies demonstrate 
an important role for MIF to control T. cruzi infection however also indicate that 
MIF production can result in pathology during T. brucei infection.

4  �The Role of MIF in Leishmaniasis

Leishmania is a protozoan parasite transmitted by the bite of the sand fly of the 
genus Phlebotomus and Lutzomyia. Leishmania promastigotes are subdermally 
inoculated into the host by infected sand flies and are rapidly phagocytosed by 
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recruited neutrophils. Infected neutrophils then die by apoptosis and are phagocy-
tosed by macrophages or dendritic cells [71]. Once inside the macrophage, the para-
site undergoes a morphological switch to its amastigote form, which replicates 
inside of the phagocyte and causes ulcers in the skin (cutaneous leishmaniasis) or 
spreads to the bone marrow, spleen, and liver (visceral leishmaniasis) depending of 
the Leishmania species. It is well accepted that the elimination of the parasite relies 
on the ability of the macrophage to produce nitric oxide. However, the levels of 
nitric oxide are usually low when the macrophages are infected with Leishmania 
in vitro. The elimination of the parasite requires further stimulation of the infected 
macrophage with IFN-γ, which triggers nitric oxide production and subsequent 
elimination of the parasite [72–74]. Studies in experimental models of leishmania-
sis have indicated the importance of MIF in parasite elimination. In vitro experi-
ments first demonstrated that stimulation of macrophages with recombinant MIF 
enhanced parasite killing of Leishmania major. The leishmanicidal activity of MIF 
was dependent on enhanced TNF-α and nitric oxide production [75]. In agreement 
with this report, MIF-deficient mice were susceptible to L. major infection, display-
ing larger lesions and higher parasite numbers than control mice. Interestingly, the 
absence of MIF did not affect IFN-γ and IL-4 production during the course of the 
disease. However, MIF-deficient macrophages displayed reduced nitric oxide and 
superoxide production in response to IFN-γ compared to MIF-sufficient macro-
phages. These defects were reflected in the impaired ability of MIF−/− macro-
phages to eliminate L. major in vitro [76]. Thus, in this model, MIF did not affect 
the Th1 or Th2 response but rather affected macrophage function. Importantly, 
MIF-producing CD4+ T cells were shown to play an important role mediating pro-
tection against Leishmania pifanoi after experimental vaccination [77]. The pres-
ence of MIF during leishmaniasis has been corroborated in humans. In one study on 
patients with cutaneous leishmaniasis, MIF levels in serum were elevated [78]. 
Also, patients with active visceral leishmaniasis caused by Leishmania infantum 
had elevated levels of MIF in serum; however, those patients in remission showed 
decreased levels of MIF in circulation [79]. As with other parasites, Leishmanias 
also express MIF orthologues. L. major secretes two isoforms of MIF that bind to 
CD74 on macrophages and induce ERK1/ERK2 activation. This pathway reduces 
apoptosis of infected macrophages and extends parasite survival [80]. Together, 
these studies show an important role of MIF during leishmaniasis where MIF not 
only acts by promoting accumulation of macrophages but also has an active role 
inducing parasite killing.

5  �The Role of MIF in Helminth Infections

Helminthes are macroparasites which commonly cause nonlethal disease. However, 
they usually establish chronic infections in their host. They invade a broad range of 
organs including the intestine, lungs, liver, lymph nodes, and brain. Despite signifi-
cant helminth diversity, the immune response mounted against helminth parasites is 
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most frequently a polarized Th2 response, with elevated production of IL-4, IL-5, 
and IL-13. These parasites also enhance the production of the regulatory cytokine 
IL-10. The accumulation of eosinophils and the polarization of macrophages toward 
an alternatively activated state is also hallmark of helminth infections [81]. Despite 
the importance of MIF in different infections, there are few reports about how MIF 
participates in immunity against these macroparasites.

MIF was first reported to be produced in response to experimental schistosomiasis 
by splenocytes after 8 weeks of infection; however MIF levels were not sustained 
and decreased over the time [82]. The importance of MIF during schistosomiasis was 
tested later, where administration of blocking antibodies against MIF resulted in 
elevated numbers of adult worms but decreased ova production. This effect was seen 
only when MIF was blocked after 4–6 weeks post-infection [83]. The importance of 
MIF has been also investigated during cestode infection. During experimental cysti-
cercosis with the metacestode Taenia crassiceps, MIF-deficient mice displayed 
enhanced susceptibility, presenting increased parasitic burdens after 8 weeks post-
infection. Interestingly, MIF−/− mice produced similar levels of IL-4 and IFN-γ 
than their WT counterparts. The susceptibility of MIF-deficient mice against this 
helminth was associated with the inability of MIF−/− macrophages to produce 
inflammatory cytokines and nitric oxide [84]. A well-known mechanism of defense 
against pathogens is the formation of the granuloma, which is commonly structur-
ated with macrophages at its core and surrounded with a variety of immune cells. 
This structure restricts the spreading or migration of the invading organisms. 
Interestingly, the granulomas formed in the liver of S. japonicium- and in the brain of 
T. crassiceps-infected mice showed enhanced MIF expression [85]. As of yet, it is 
not known whether MIF deficiency affects granuloma formation or function during 
helminth infections and has to be further investigated. Apart of the mammalian host, 
MIF is also important for protection against helminth infection in other organisms. 
Recently, MIF was detected in snails, a host for schistosomas. Of note, circulating 
hemocytes expressed MIF, and knockdown of MIF expression in the snail resulted in 
increased parasite burdens [86], indicating the preserved evolutionary function of 
MIF as an important molecule for immune function.

Similar to protozoan parasites, helminth parasites express MIF orthologues. 
Helminth parasite-derived MIF has been shown to interact with the immune system 
and exert immunomodulatory functions. The filarial parasite Brugia malayi secretes 
MIF, which has 40% homology to human MIF. Similar to human MIF, filarial MIF 
has the ability to inhibit macrophage migration and also function as a monocyte/
macrophage chemoattractant [87]. In addition, B. malayi MIF was able to upregulate 
Ym1 expression, an alternatively activated macrophage-associated gene, and 
enhance the recruitment of eosinophils in vivo [88]. Filarial MIF also upregulated 
the expression of IL-4 receptor on macrophages, thus enhancing their response to 
IL-4 [89].

In line with the anti-inflammatory properties of helminth-derived MIF, the 
administration of secreted MIF from Anisakis simplex had a beneficial effect in a 
model of allergic airway inflammation and colitis by augmenting IL-10 production 
in mice [90, 91]. Also, Anisakis-derived MIF downregulated the production of Th2 
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cytokines in an in vitro culture of peripheral blood mononuclear cells from asth-
matic patients [92]. Interestingly, host-derived MIF plays a detrimental role during 
inflammation, by exacerbating the immune response [93]. In this context, it is pos-
sible that parasite-derived MIF competes for the receptors of mammalian MIF, 
blocking its inflammatory activity. This could be a strategy for the parasite to 
dampen the host immune response and survive. An evidence of this thought is that 
a DNA-based vaccine expressing Trichinella spiralis MIF promoted a Th1 response 
and conferred partial protection against T. spiralis infection [94], strongly suggest-
ing that parasite-derived MIF could be one of the multiple mechanisms of immune 
evasion used by helminths. Interestingly, there are no data regarding the role of MIF 
during helminth intestinal infection, which represents the more common manifesta-
tion associated with these organisms. Together these findings identify MIF as an 
important molecule in the immune response against helminth parasites.

6  �Final Remarks

Macrophage migration inhibitory factor (MIF) which is expressed by a variety of 
immune cells such as monocytes, macrophages, dendritic cells, B cells, T cells, 
neutrophils, eosinophils, mast cells and basophils was discovered in 1966 and stud-
ied as a mediator of delayed type hypersensitivity reactions [95–99]. Here we have 
presented evidence of the key role of MIF during parasitic infections. In most sce-
narios, MIF is important to efficiently eliminate parasitic infections, mainly by pro-
moting an efficient response by macrophages and dendritic cells. However, during 
malaria or T. brucei infection, MIF production appears to have an especially com-
plex role, enhancing the inflammatory response and promoting tissue damage. The 
source of MIF during parasitic infections is still a matter of investigation, but the 
available evidence points to an early innate immune cell population which initially 
encounters the pathogen, triggering the release of MIF and promoting an appropri-
ate expression of pattern recognition receptors and the subsequent activation of the 
cytokine response. Finally, detailed mechanisms of how MIF helps to restrain para-
site infections remain to be investigated.
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