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Macrophage migration inhibitory factor (MIF) is a pleiotropic cytokine that plays a key role in several diseases, including
cancer. Preclinical and clinical studies in NB patients convergently indicate that MIF exerts pro-tumorigenic properties in
NB. MIF is upregulated in NB tumor tissues and cell lines and it contributes to NB aggressiveness and immune-escape.
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| 1. Neuroblastoma (NB)

NB represents the most frequent extracranial pediatric tumor, with an incidence of 10.5 cases per million children among 0
and 14 years of age, in North America and Europe . There are no relevant geographic differences in incidence @.
However, African American and Native American patients are more likely to have worse outcomes, thus showing ethnic
disparities (. The majority of NB patients are diagnosed before 5 years of age, with a median age at diagnosis of 19
months . In addition, NB is responsible for 12%-15% of cancer-related mortality in children [,

NB arises from primordial neural precursor cells of the sympathetic nervous system and mainly develops in the adrenal
medulla and/or in the paraspinal sympathetic ganglia of the neck, chest, abdomen or pelvis El. About half of patients
develop distant metastases and the most frequent metastatic sites are bones, bone marrow, and liver 2.

NB is characterized by heterogeneous clinical course and presentation !, While some NBs regress spontaneously, others
may aggressively spread &l. Moreover, signs and symptoms are very different, depending on tumor site and biology and
on the eventual presence of metastasis or paraneoplastic syndromes 4,

According to the International NB Staging Series (INSS), which relies on surgical observations, NB is classified by risk
level, tumor location and dissemination, and MYCN (proto-oncogene protein) amplification 2. The International NB Risk
Group (INRG) Staging System was more recently designed in order to find homogeneous pretreatment risk groups,
considering clinical criteria and tumor imaging €. The INRG classification takes into account several factors, such as
tumor stage and differentiation, patient age, histology, MYCN oncogene status, DNA ploidy, and segmental chromosomal
anomalies, in particular chromosome 11q aberration €. According to the INRG classification, the patients are stratified in
groups with different outcomes and risks including very low, low, intermediate, and high risk €. While very low-risk
patients have a 5-year event-free survival (EFS) higher than 85%, high-risk patients show a 5-year EFS less than 50% [©!,

According to the risk classification, there are different therapeutic approaches for NB patients, such as observation,
surgical tumor removal, chemo- and radiotherapy, autologous hematopoietic stem cell transplantation (AHSCT),
differentiation therapy, and immunotherapy . In particular, the antidisialoganglioside (anti-GD2) immunotherapy has
recently been successfully incorporated into the standard of care treatment for high-risk NB patients [&. Moreover, a
recent randomized clinical trial (NCT00567567) has demonstrated that tandem autologous stem cell transplant with
thiotepa/cyclophosphamide followed by carboplatin/etoposide/melphalan resulted in a significantly better EFS than single
transplantation with carboplatin/etoposide/melphalan in high-risk NB patients under 30 years of age 2. Several innovative
strategies aimed at targeting the tumor microenvironment, the noradrenaline transporter, and the genetic pathways are
being developed with promising effects in NB diagnosis and treatment .

| 2. The Macrophage Migration Inhibitory Factor (MIF) Family of Cytokines

2.1. MIF



Macrophage Migration Inhibitory Factor (MIF) is a multipotent cytokine discovered in 1966 and is characterized as a T
cell-derived mediator, with the peculiar property to inhibit the random movement of macrophages 19,

However, MIF is also expressed by different cell lines such as epithelial, endothelial, and immune cells 1. Unlike many
other cytokines that are secreted upon antigenic stimulation, MIF is constantly expressed and stored in intracellular pools
[ |n addition to cytokine function, MIF also exhibits pleiotropic characteristics of enzyme, hormone, and chaperone
protein 1. MIF plays an important role in the regulation of different physiological functions. Harper et al. reported that MIF
regulates energy metabolism through its neuroendocrine effects on insulin signaling pathways in the pancreas, muscle,
and adipocytes 12, Furthermore, MIF has been observed to have effects on the hypothalamic—pituitary—adrenal (HPA)
axis. In vivo studies in rodents indicate that MIF is released in association with adrenocorticotropin (ACTH) from the
pituitary gland during a period of physiological stress 23, It was reported that MIF-knockout (KO) mice are fertile, their
progeny develop and age normally without showing spontaneous diseases 11, Moreover, Toso et al. reported in a model
that MIF knockout (KO) mice or mice treated with anti-MIF show normal blood glucose levels, lactate response, and liver
glycogen content after the administration of endotoxin or TNF-or (141,

MIF activates the signaling complex by binding the protein cluster of differentiation (CD) 74 and the signal transducer
CD44 or by interacting with the intracellular receptor JAB1 (151, At the same time, MIF can activate the family of CXC
chemokine receptors (CXCR2, CXCR4, and CXCR7) 5. The role of the interaction between MIF and CXCR?7 through
Akt-dependent signaling has been recently studied 28, MIF receptors establish four different receptor complexes to
transduce the signaling pathway: CD74/CD44, CD74/CXCR2, CD74/CXCR4, and CD74/CXCR4/CXCR7 1. Genetic
ablation or anti-CD74 treatment abolishes MIF signaling in CD44-, CXCR2-, CXCR4-, or CXCR7-expressing cells L4,
CD44 is a co-receptor of CD74 and is pivotal for MIF signal transduction 28, Upon engagement of MIF with the CD74—
CD44 complex, the Src kinase is activated 17, leading to the phosphorylation of the extracellular-signal-regulated kinase
% (ERK1/2) and the inhibition of tumor suppressor protein 53 (p53) expression 29, The phosphorylation of extracellular
signal-regulated kinase-1 (ERK1) and extracellular signal-regulated kinase-2 (ERK2) of mitogen-activated protein (MAP)
kinases is closely related to the transduction of the MIF signal and its interaction with the CD74/CD44 complex 12, The

interaction of MIF and CD74 also promotes the activation of the AKT pathway through the mediation of kinases SRC and
PI3K [l20]21],

The activation of AKT leads to the phosphorylation and inactivation of the pro-apoptotic proteins BCL2 associated agonist
of cell death (BAD) and Bcl-2-associated X protein (BAX), allowing the cells to resist apoptosis 2. Furthermore, in
lymphoid cells, the activation of AKT, related to an increase of nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB) function, promotes the expression of the anti-apoptotic proteins Bcl-xL and Bcl-2 29,

2.2. d-Dopachrome Tautomerase (DDT)

The second member of the MIF family, named DDT or MIF-2, was described in 1997 (221 | ocated on the human
chromosome 22011.23, DDT has a homology of 34% with MIF and has a common homotrimer structure (23, Both
homologs have common biological characteristics, such as the enzymatic activity represented by a catalytic proline
residue 22!, |ike MIF, DDT is able to interact with the CD74 receptor. However, the absence of a binding domain does not
allow interaction with CXCR2.

Similarly to MIF, DDT activates the cascade of the MAP kinase ERK1/2 via the activation of the CD74/CD44 complex. This
interaction leads to the activation of protein kinase A (PKA), which subsequently phosphorylates SCR and mediates
ERK1/2 L1,

It is worth mentioning that DDT was also shown to bind JAB1/CSNS5 intracellularly &4,

| 3. The Role of MIF Family in Cancer
3.1. MIF and Cancer

We and others have shown that MIF and DDT are involved in several diseases of different origins such as

immunoinflammatory and autoimmune diseases, neurodegenerative and neuropsychiatric diseases, and cancer [24(231(26]
[27][28][29][30][31]

In addition, evidence generated during the last 15 years has also supported a pro-oncogenic role of MIF in certain types of
cancers [29BJBY  \MIF may upregulate several tumorigenic processes, including tumor growth, invasiveness, and
angiogenesis B2 primarily, but not exclusively, through its angiogenetic action, its AKT mediated antiapoptotic effects, and
the inhibition of p53 function.



Strictly related to vessel growth and cell proliferation is the ability of MIF to activate hypoxia-induced factor-1a (HIF-1a) £
through the extracellular and intracellular environment B3 When MIF binds to CD74, it leads to the direct HIF1la
activation, while in the intracellular domain, MIF binds Jab1l/CSN5, which regulates the functionality of HIFla by
counteracting its hydroxylation and leads to the expression of pro-angiogenic factors, such as IL-8 and vascular
endothelial growth factor (VEGF) B3], At the intracellular level, MIF is also able to modulate AP-1 activity and the cell cycle,
synergistically with Jab1/CSN5 interaction, inactivating the tumor suppressor p53 24! (Figure 1).

extracellular

CXCR2/4/7

intracellular

Figure 1. Macrophage migration inhibitory factor (MIF) and cancer pathway. MIF activates the signaling complex binding
CD74, CD44 and the chemokine receptors CXCR2, CXCR4, and CXCRY7. The Protein Tyrosine Kinase Src is activated by
MIF. Upon the engagement of the CD74-CD44 complex, the Src kinase is activated, leading to phosphorylation of the
extracellular-signal-regulated kinase ERK/MAP and inhibition of p53 expression. The interaction of MIF and CD74 also
promotes the activation of the AKT/PI3K pathway with the consequent inactivation of the pro-apoptotic proteins BAD and
BAX and promotes the expression of the anti-apoptotic proteins Bcl-xL and Bcl-2. MIF induces HIF1a activation through
extracellular and intracellular interaction. MIF binding to CD74 leads to HIF1a activation. In the intracellular domain, MIF
binds Jab1/CSNS5, activating HIF1a and leading to the expression of proangiogenic factors IL-8 and VEGF. MIF modulates
AP-1 activity and cell proliferation with Jab1/CSNS5 interaction and inactivating p53.

Though endowed with proinflammatory activities, several lines of evidence also suggest that at the tumor site MIF may act
as a soluble immune checkpoint inhibitor, thus favoring the establishment of immune-evasion in the microenvironment [
via induction of myeloid-derived suppressor cells B2l and inhibition of T cells activation 8, M1 polarization B2 and
reduction of natural killer (NK) cell cytotoxicity 28!,

MIF may be implicated in certain forms of tumorigenesis as suggested by genetic studies showing that the single
nucleotide polymorphism (SNP) -173 G/C (rs755622) on MIF gene is associated to MIF hyperproduction and correlates
with cancer 22,

A meta-analysis by Vera et al. has shown an association between the -173C MIF promoter polymorphism and an
increased risk of cancer, particularly for prostate cancer and other solid tumors 49, Moreover, the genetic polymorphism
MIF-173 was associated with a higher risk of early cervical cancer and lymph node metastasis 24 and also with the risk of
gastrointestinal cancer and hematological malignancy 2. In addition, Lin et al. found that MIF rs755622 polymorphism
correlated with breast cancer susceptibility in Chinese population, particularly in elderly patients 43!,

Numerous preclinical and clinical studies have demonstrated that MIF is overexpressed and may correlate with tumor
aggressiveness in many different types of human cancers such as prostate , bladder, and kidney cancer B9, cervical
cancer 29, ovarian cancer #4435l preast cancer (22, gastric cancer 22, hepatocellular carcinoma 8], colon cancer 47481,
pancreatic cancer 499 gallbladder cancer B, lung cancer 2252 melanoma [, head and neck cancer [, acute
myeloid leukemia B3IB4] glioblastoma LEIB5IB6] and NB BABEILI6A  Voreover, elevated MIF expression is correlated with
a worse patient overall survival in a large variety of cancers such as breast cancer 24, gastric cancer 29, hepatocellular
carcinoma 61 pancreatic cancer (49150 ' metastatic melanoma B, head and neck cancer 22, esophageal squamous cell
carcinoma €2, acute myeloid leukemia 2], glioblastoma (22581 and NB B4, However, conflicting results have also been



reported and other studies have shown that, in other types of tumors, endogenous MIF may possess a beneficial
anticancer activity.

For example, low nuclear MIF expression conferred a poor prognosis to patients with lung adenocarcinoma &2,
Differently, high levels of MIF were correlated with reduced drug responsiveness and with poorer outcomes in lung cancer
patients 22, Conflicting results on the role of MIF in breast cancers have been reported with a study claiming to a
correlation between positive MIF expression and a better overall and recurrence-free survival 3 and others
demonstrating that positive MIF expression levels correlated with a worse prognosis B4l85]. Contradictory results also
exist for colon cancer patients 44 with one study showing that MIF expression was associated with tumor grade and
hepatic metastases 68 and another indicating that the elevated MIF expression correlated with better survival in Dukes C
or D colorectal tumors 2,

It has also been shown that increased MIF expression in tumor-infiltrating lymphocytes (TILs) within tumor
microenvironments was associated with better outcomes in nasopharyngeal carcinoma (NPC) patients [€8],

Taken as a whole, these data seem to indicate that the MIF possesses both pro and antioncogenic activities that may
depend on the phenotype and site of the tumor and possibly the genetic background of the patients and other yet
unidentified cofactors. The data seem to indicate that, for certain types of tumors, both local expression of MIF and its
circulating blood levels seem to be promising prognostic and predictive biomarkers and tailored anti-MIF therapies may be
beneficial (L],

3.2. DDT (MIF2) and Cancer

There are only a few studies on the role of DDT in cancer. It has been shown that the knockdown of DDT and MIF in the
pancreatic cell line, PANC-1, correlated with reduced activation of ERK1/2 and AKT, augmented p53 expression, and
inhibited tumor growth in vitro and in vivo 2869, The DDT interaction with CD74 stimulates the expression of VEGF and
CXCL8 and counteracts the 5" AMP-activated protein kinase (AMPK) activation in human non-small cell lung carcinoma
(A7 |nterestingly, in contrast to the ability of MIF and DDT to activate AMPK in non-transformed cells, they cooperatively
inhibited the activation of AMPK in LKB1 mutant human non-small cell lung cancer (NSCLC) cell lines 41, Furthermore,
treatment with the dual inhibitor of MIF and DDT, 4-iodo-6-phenylpyrimidine (4-IPP), decreased in vitro proliferation and in
vivo tumor growth in a mouse xenograft model 2. Moreover, in the melanoma cancer cell line B16F10, treatment with
small interfering RNAs (siRNA)/DDT suppressed cell proliferation and stimulated apoptosis, and in a xenograft model
treatment with anti-DDT antibodies reduced tumor growth (22, DDT has also been reported in colorectal cancer, showing
to regulate the transcriptional factor B-catenin, in a manner partly dependent on COX-2 expression (2], In DDT-deficient
colorectal cells, the B-catenin expression is reduced 3. These data suggest that DDT may play an overlapping role with
MIF, thus suggesting possible therapeutic actions aimed at inhibiting the two homologs.
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