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Initially identified as a T lymphocyte-elicited inhibitor of macrophage motility, macrophage
migration inhibitory factor (MIF) has since been found to be expressed by nearly every
immune cell type examined and overexpressed in most solid and hematogenousmalignant
cancers. It is localized to both extracellular and intracellular compartments and physically
interacts with more than a dozen different cell surface and intracellular proteins. Although
classically associated with and characterized as a mediator of pro-inflammatory innate
immune responses, more recent studies demonstrate that, in malignant disease settings,
MIF contributes to anti-inflammatory, immune evasive, and immune tolerant phenotypes in
both innate and adaptive immune cell types. This review will summarize the studies
describing MIF in tumor-specific innate and adaptive immune responses and attempt to
reconcile these various pleiotropic functions in normal physiology.

Keywords: migration inhibitory factor, cytokines, tumor immunity, immunotherapy, macrophages, lymphocytes,
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INTRODUCTION

Tumor immune responses are shaped and characterized by a number of factors (1) including
mutational burden, inflammatory response, differential expression of cytokines and chemokines,
and the presence and/or activation of both tumoral and stromal immune suppressive checkpoint
ligands and receptors.

Originally identified over 50 years ago as a secreted lymphocyte product associated with
macrophage-dependent delayed-type hypersensitivity (2, 3), MIF has become one of the most
enigmatic regulators of innate and adaptive immune responses. Following its initial cDNA cloning
in the late 1980s (4), further characterization studies identified MIF’s expression in myeloid lineage
cells (5) and discovered its functional importance in driving innate immune responses [reviewed in
(6)]. Although MIF was first discovered in the early 1960s, the first description of a functional role
for MIF in facilitating T cell responses came more than 30 years later (7).

Since these early findings, MIF has been shown to be involved—either as an autocrine or
paracrine-acting cytokine—in functional phenotypes associated with innate myeloid, neutrophil,
gamma delta (gd) T cell and adaptive Th1, Th2, Th17, NKT, and B cells. Because each of these cell
types influences the initiation, growth, progression, and/or metastatic dissemination of tumors, we
will attempt to summarize how MIF shapes tumor-associated immune responses focusing on
individual cell effectors and their relative contributions to pro/anti-tumor immunity.
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MIF’S MECHANISMS OF ACTION

MIF elicits bio-actions via both extracellular and intracellular
mechanisms (Figure 1). Prototypical outside-in signaling occurs
by extracellular MIF binding to receptor/co-receptor complexes
on the cell surface while intracellular MIF can act in a receptor-
independent manner by physically interacting with various
intracellular proteins and enzymes thereby modifying their
specific effector functions [reviewed in (8)]. It is likely that
MIF’s site of action—either extracellular or intracellular—as
well as which receptor/co-receptor or intracellular protein/
enzyme MIF interacts with, is ultimately responsible for
specific phenotypes elicited by MIF.

MIF expression and secretion is elevated in most solid and
hematogenous cancers and high MIF expression is a negative
prognostic indicator in several cancer types (9). The extent of
MIF expression is dependent on the tumor tissue type, stage, and
grade among other factors (10). For example, intratumoral MIF is
increased—versus normal tissue—three- and five-fold in
endometrial carcinoma and non-small cell lung carcinoma (11,
12), respectively, ten times in hepatocellular carcinoma (13) and
sixty times in colorectal cancer (14). In hepatocellular carcinoma, a
positive correlation was also identified between intratumoral MIF
FIGURE 1 | Mechanisms of MIF signal transduction. Paracrine/autocrine extracellula
cytosolic Jab1/CSN5 resulting in differential cullin-ring ligase (CRL) substrate proteaso
MIF independently interacts with CD74 in hetero-complex with CD44, CXCR2, CXCR
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and plasma MIF, suggesting that high tumor-associated MIF
expression may drive higher circulating levels of soluble MIF (13).

The current understanding by which MIF gets into or out of a
cell is rather limited and the findings so far suggest atypical
features. Intracellular MIF can be stored in the cytosol or
secreted into the extracellular space. As MIF does not have
an N-terminal signal peptide required for the classical ER/
Golgi-dependent secretory pathway, MIF is instead secreted in
a non-classical protein export route through ATP binding
cassette transporter subfamily 1 (ABCA1) (15). Additionally,
intracellular pools of MIF have also been suggested to be
generated, at least in part, through cellular uptake via clathrin-
mediated endocytosis with subsequent localization in lysosomal
and cytosolic compartments (16, 17). While the exact pathways
involved in how endocytosed MIF crosses endosomal or other
vesicular membranes remains enigmatic (18), cellular uptake
studies indicate that exogenous MIF is taken up by both immune
and non-immune cells with subsequent interactions with
cytosolic binding partners (16).

In addition to cancer cells, MIF is upregulated in myeloid and
lymphocyte lineage cell types in response to various activating
ligands as well as DAMPs (19), PAMPs (20, 21), and
environmental metabolic changes (8, 22). Once secreted, MIF can
r MIF or endogenously produced cytosolic MIF functionally interacts with
mal degradation and/or c-Jun phosphorylation/AP-1 activation. Extracellular
4, and/or CXCR7 to initiate downstream MAPK and/or PI3K pathway effectors.
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signal in either a paracrine or autocrine fashion by binding to
transmembrane receptors leading to intracellular transduction
cascades (22, 23). The Bucala group originally identified CD74,
the invariant chain of the major histocompatibility complex II
(MHCII), to be a primary cognate receptor for MIF (24).
Extracellular binding of MIF to cell surface CD74 initiates signal
transduction through the ERK MAP kinase cascade resulting in
cellular proliferation and prostaglandin E2 (PGE2) production (24).
Additional studies suggest that following CD74 receptor binding,
MIF undergoes endocytosis to sustain this signal transduction
cascade—while still in the endosome—through CD74-dependent
recruitment of b-arrestin1 and subsequent ERK activation (17).
Because CD74 does not possess a cytoplasmic tail capable of
instigating downstream signaling, MIF-bound CD74 forms a
hetero-complex with CD44 which then allows for canonical ERK
Map Kinase pathway activation (25).

In addition to signaling through CD74/CD44 complexes, MIF
has also been shown to be a non-cognate ligand for the
chemokine receptors CXCR2, CXCR4, and CXCR7 and acts as
a chemokine-like molecule resulting in monocyte activation of
Gai- and integrin-dependent adhesion and recruitment (26–28).
Given that these receptors are variably expressed on numerous
immune cell types implicated in different aspects of tumor
immune responses, the effector function(s) and biological
activities elicited by extracellular MIF are likely highly
dependent on signals stemming from the microenvironment
and immune landscape within the tumor stroma that control
relative expression levels of each.

In addition to its extracellular receptor-dependent functions,
cytosolic MIF binds to several different intracellular proteins to
modulate their biological activities. The best characterized of
these intracellular effectors is the COP9-signalosome subunit 5
(CSN5), which is an important determinant of cullin-dependent
protein turnover (29, 30). CSN5 has also been shown to
dissociate from the CSN complex where it can facilitate
transactivation of c-Jun transcription and, in this context, is
also referred to as Jun-activation domain-binding protein (Jab1)
(31). Bernhagen’s group first identified that MIF negatively
regulates the activity of cytosolic Jab1 on both steady-state and
stimulus-induced AP-1-dependent transcription (18, 32). Given
that AP-1 is associated with activation of pro-inflammatory
responses in numerous immune cell types (33, 34), an anti-
inflammatory/immunosuppressive role for MIF might be
expected when intracellular MIF concentrations are at
sufficient levels to functionally inhibit Jab1/CSN5. In contrast
to intracellular MIF, extracellular MIF/CD74 interaction is
shown to functionally activate c-Jun phosphorylation and
increase AP-1-dependent transcription (35–37) so it is
conceivable, if not likely, that the relative balance between
extracellular and intracellular MIF levels in a tumor
microenvironment or the circulation at any given time dictates
the ensuing MIF-associated phenotype.

In addition to its AP-1 regulatory activities through Jab1
binding, MIF also modulates Jab1/CSN5-dependent
ubiquitylation/proteasomal degradation of a variety of proteins.
These include p27Kip1 (18), Cdc25A (38), E2F family members
Frontiers in Immunology | www.frontiersin.org 3
(38), and, more recently, HIF-1a (39, 40). In hypoxic tissues,
such as the tumor microenvironment, there is a reciprocally
synergistic relationship between MIF and HIF-1a; hypoxia-
driven HIF-1a stabilization and subsequent transcriptional
regulation promotes an enhanced expression of MIF (41). This
ensuing increase in MIF promotes interaction with CSN5 to
prevent the degradation of HIF-1a—either by sterically
preventing HIF1a prolyl-564 hydroxylation by direct binding
or by binding to VHL and preventing the recognition/
ubiquitination of hydroxylated HIF1a that is targeted for
proteasomal degradation (42)—which in turn amplifies the
transcriptional response of HIF-1a (39). Given the important
role of HIF-1a in regulating the phenotypes and relative
differentiation/maturation of multiple different immune cell
types (43), intracellular MIF-mediated HIF-1a stability may be
a centrally important mechanism of action responsible for
several of the MIF-associated pro/anti-tumor immune
phenotypes described below.
TUMOR-ASSOCIATED MACROPHAGES

Tumor-associated macrophages (TAMs) are innate immune cells
of the myeloid lineage that reside within the tumor following
infiltration as either immature monocyte/macrophages (44, 45)
or monocytic myeloid-derived suppressor cells (MDSCs)
(46). TAMs are increasingly being recognized as central
determinants in the shaping of the angiogenic, matricellular,
and immune composition of tumor microenvironments
[reviewed in (35–37)]—so much so that there are now
numerous active clinical trials seeking to modify or disrupt
TAM-dependent pro-tumorigenic phenotypes (47).

TAMs have a “yin-yang” relationship in tumor initiation and
progression depending on both the tumor stage and the
phenotype of the TAM. Intratumoral TAM polarization is
dictated by the composition of tumor-derived vs. immune cell-
derived cytokines (48, 49), growth factors (50, 51), oxygenation
(52, 53), and metabolic substrate composition (54, 55) among
many other factors. Combined, these factors govern whether
TAMs are differentially polarized towards a more pro-tumor
phenotype or anti-tumor phenotype although, in reality, there is
a broad spectrum of TAM activation/polarization profiles across
different tumors and even within the same lesions (56). Despite
this phenotypic heterogeneity, the classical M2 and M1 TAM
phenotype nomenclature can be useful in denoting anti-
inflammatory, pro-tumor vs. inflammatory, anti-tumor
behaviors, respectively (57).

“M1”-TAMs have an inflammatory/immunostimulatory
phenotype as they can activate adaptive immune responses and
produce inflammatory biomolecules (e.g. reactive oxygen and
nitrogen species—ROS and NOS), lipids (e.g. prostaglandins,
leukotrienes), and cytokines (e.g. IL-1b, TNF-a, IL-6). During
tumor initiation, early-stage metaplasia, and ensuing cancer-
related inflammation, M1-TAMs accumulate and promote the
elicitation of an inflammatory, anti-tumor response via
phagocytosis of tumor cells (58–60), tumor-antigen
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presentation (61, 62), and production of inflammatory
biomolecules and cytokines (63, 64). Conversely, anti-
inflammatory/immunosuppressive “M2” TAMs promote
wound healing and resolution of chronic inflammatory
responses that would otherwise drive tumor initiation (65), but
in the context of established tumors, M2-TAMs promote evasion
of anti-tumor immunity (66–72), de novo neoangiogenesis (73,
74), and extracellular matrix remodeling (75).

Classically, MIF is best known as a centrally important driver
of local and systemic inflammation. Although MIF was initially
identified as a product of activated T cells that acts in a paracrine
manner to modulate the relative motility of myeloid lineage cells
(3), subsequent studies found that macrophages are also an
abundant and important source of MIF (5). MIF expression/
activity in macrophages has been implicated in the pathogenesis
of numerous inflammatory conditions including bacterial sepsis
(20, 76–78), rheumatoid arthritis (79, 80), acute respiratory
distress syndrome (ARDs) (81, 82), and atherosclerosis (79,
83). Consistent with these findings, MIF is instrumental in
driving maximal inflammation associated with carcinogenesis
and early-stage hyperplasia/carcinoma (84). This is especially
true for inflammatory colitis, which is an exceptionally common
pre-condition/pre-requisite for colorectal adenoma and
adenocarcinoma progression (85). Macrophage MIF is
transcriptionally induced and secreted by pro-inflammatory
cytokines, TNF-a, and IFN-g (5), and loss or inhibition of MIF in
differentiated macrophages exposed to E. coli lipopolysaccharide
(LPS) or S. aureus enterotoxin results in substantially reduced levels
of TNF-a, IL-6, iNOS, and Cox-2 (86, 87).

The first studies to suggest that MIF may also be involved in
governing the activation states of more “M2”-like macrophages
came from studies that identified non-small cell lung carcinoma
(NSCLC) cell-derived MIF is responsible for increased
angiogenic activity of co-cultured human monocytes (88).
These studies concluded that paracrine acting, tumor-derived
MIF is responsible for initiating monocyte/macrophage-
dependent angiogenesis and, likely, subsequent tumor
progression. Macrophage-derived MIF was later reported to
both sufficient and necessary for driving the angiogenic
contribution of bone-marrow-derived macrophages to teratoma
formation in mice suggesting a dominant functional role for
monocyte/macrophage-derived MIF in M2 macrophage
functional polarization (89). These findings were later
confirmed using mouse models of both primary and metastatic
melanoma in MIF+/+ and MIF−/− mice (90). In these studies,
macrophage-derived MIF was necessary for maximal angiogenic
growth factor expression in M2 alternatively activated
macrophages and required for the T cell immunosuppressive
capacity of melanoma-polarized TAMs. Importantly, both MIF-
deficient and MIF small molecule inhibitor 4-IPP-treated TAMs
were found to spontaneously revert to an M1-like polarization
profile (90, 91). Combined, these findings indicate that loss or
inhibition of MIF in solid tumor settings very efficiently re-
polarizes intratumoral TAMs from an immunosuppressive/
angiogenic pro-tumor phenotype to an immunostimulatory/
non-angiogenic anti-tumor phenotype (90).
Frontiers in Immunology | www.frontiersin.org 4
Although a unifying mechanism that explains how MIF
contributes to these seemingly divergent M1 (inflammatory/
immune-stimulatory) and M2 (anti-inflammatory/immune-
suppressive) macrophage phenotypes is still lacking but one
potential explanation could be that MIF provides an
amplification or general activation phenotype in macrophages
that acts to simply support generalized M1 or M2 gene
expression patterns. This could be through promoting
metabolic, transcriptional, and/or epigenetic pathways that
broadly contribute to the general activation properties of
infiltrating macrophages. It is also possible that differential
expression of MIF receptors governed by microenvironmental
polarization cues could explain the M1 vs. M2 effects of MIF.
While further investigations will help to elucidate these
mechanistic details, it is becoming increasingly evident that
MIF plays an important regulatory role in governing TAM-
dependent tumor initiation, progression, and metastatic
disease phenotypes.
MYELOID-DERIVED SUPPRESSOR CELLS

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous
population of highly suppressive immature myeloid cells found
in both the circulation and intratumoral space. Despite the name,
there are at least two different sources of MDSCs in human
cancer patients—the first arises from polymorphonuclear (PMN)
bone marrow precursors (PMN-MDSCs) and the second from
monocytic bone marrow precursors (M-MDSCs) (please see
comprehensive MDSC reviews (92–94)).

MIF was first reported to promote MDSC functional
accumulation as a consequence of breast cancer cell secretion and
paracrine activity towards M-MDSC differentiation in mouse
models of breast cancer (95). shRNA knockdown of MIF in
murine breast cancer cell lines diminished primary tumor
outgrowth and dramatically reduced numbers of lung micro-
metastases in immunocompetent Balb/c mice but not in immune-
deficient SCID mice. This anti-tumor phenotype associated with
MIF-deficient 4T1 breast cancer tumors was attributed to the
elicitation of significantly fewer intratumoral M-MDSCs in both
the in vivo breast cancer models and in an in vitro model of M-
MDSC differentiation. Interestingly, reconstitution of shRNA-
resistant wildtype MIF largely reverts the slow growth and
metastases-resistant phenotype of 4T1 MIF shRNA knockdown
cells and restores M-MDSC numbers while an enzymatically
inactive MIF mutant construct (MIF-P2G) does not (95).

An additional example of paracrine-acting MIF driving
MDSC phenotypes came from the Lathia group which
identified that glioblastoma (GBM) cancer stem cell (CSC)-
secreted MIF increases MDSC immune suppressive activity in
an arginase 1-dependent manner (96). Interestingly, only GBM
CSCs—but not non-stem GBM cells—were responsible for this
MIF-dependent MDSC phenotype even though MIF was
expressed (albeit variably and higher in CSCs) in both cell
types. In a follow-up study, infiltrating M-MDSCs were shown
to highly express the cognate MIF receptor, CD74, while G-
November 2020 | Volume 11 | Article 609948
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MDSCs primarily express the non-cognate CXCR2 receptor and
exhibit only minimal tumor infiltration (97). Importantly,
Ibudilast—which inhibits MIF enzymatic activity and MIF:
CD74 interactions (98)—reduces MDSC function and increases
CD8+ T cell infiltration in mouse models of GBM (97).

These data are consistent with our lab’s finding that MIF-
stromal deficiency and the small molecule MIF enzymatic
inhibitor, 4-IPP (99), reduce melanoma primary and metastatic
tumor growth in a manner that coincides with reduced M-
MDSC and PMN-MDSC (aka, G-MDSCs)-dependent immune
suppression (90). An important difference, however, is that
stromal MIF—as opposed to tumor cell or CSC-derived MIF—
is responsible for maximally driving M-MDSC and G-MDSC
immune-suppressive activities despite the very high MIF
expression/secretion still present in the melanoma cell lines
used for the tumor implantation studies (90). This requirement
for stromal MIF in promoting tumor burden phenotypes is
consistent with other reports showing that loss of stromal MIF
reduces MDSC accumulation and/or tumor growth in de novo
oral carcinogenesis (100) and human melanoma (101). It is
presently unclear why different syngeneic tumor cell lines have
differential tumor cell MIF requirements but it seems plausible
that endogenous, autocrine acting myeloid cell MIF and
paracrine acting tumor cell MIF are both capable of promoting
MDSC differentiation and immune suppression (101). However,
the fact that MIF P2G mutants and 4-IPP-mediated MIF
inhibition (4-IPP specifically interacts with and disrupts the
Pro-2 in MIF (99)) abolishes MIF-dependent effects on
MDSCs (90, 95) suggests that the cognate MIF receptor CD74
—which can still interact with and signal by MIF-P2G mutants
(102) and 4-IPP-inhibited MIF (103)—is not centrally involved.

More recent studies revealed that MDSC-derived autocrine
MIF is necessary for maximal immunosuppression of primary
M-MDSCs isolated from the peripheral blood of stage III-IV
metastatic melanoma patients (101). 4-IPP phenocopies its
mouse MDSC inhibitory effects in human CD14+/HLA-DRlow

monocytic MDSCs and suppresses antigen-independent
proliferation of autologous T cells and IFN-g production.
Perhaps more importantly, exposure of patient MDSCs to 4-
IPP for longer periods of time results in reductions in the
expression of MDSC markers CD14 and PD-L1 and a
simultaneous increase in the expression of dendritic cell (DC)
markers CD80, CD83, CD86, and CD40 (101). Notably, this
apparent induction of MDSC!DC phenotypic differentiation by
4-IPP results in functional DC maturation/activation and
subsequent antigen-dependent T cell activation—an effect that
is phenocopied by MIF−/− MDSCs (101).

Other studies identifying a contributory role for MIF in
MDSC-dependent tumor progression include a finding that an
IG-CDR-based peptide that disrupts MIF-CD74 signaling is
sufficient to reduce M-MDSC accumulation in metastatic
melanoma lesions (104). This supports the GBM study
suggesting a MIF-CD74 specific function in driving M-MDSC
intratumoral accumulation and, likely, immune suppression
(97). Also consistent with a paracrine function for tumor-
derived MIF, M-MDSC differentiation is induced by human
Frontiers in Immunology | www.frontiersin.org 5
pediatric rhabdomyosarcoma and multiple myeloma cell lines in
a MIF-dependent manner (105, 106) and that MIF induces the
recruitment and accumulation of M-MDSCs into bladder cancer
lesions (107). Interestingly, this study—in contrast to GBM and
metastatic melanoma studies—found that the non-cognate MIF
receptor CXCR2 was responsible for this activity.

Collectively, these studies clearly point to a centrally important
role for MIF in driving tumor-associated MDSC phenotypes.
What is far less clear is the mechanism and respective sources of
MIF that are used to maintain these MDSC activities which range
from homing, motility, expansion, differentiation, and immune-
suppressive function. More studies are needed to delineate the
respective mechanism(s) for MIF in driving these MDSC
phenotypes, but we can tentatively conclude that soluble,
extracellular MIF likely signals through at least CD74—perhaps
in concert with chemokine co-receptors to control some MDSC
phenotypes associated with homing, motility and expansion (108–
110). It is also conceivable—given that the CD74-binding
competent MIF-P2G mutant (102) and 4-IPP-inhibited MIF
(103)—that intracellular MDSC MIF may be independently
involved in dictating MDSC differentiation and immune-
suppressive gene expression patterns.
DENDRITIC CELLS

Dendritic cells (DCs) are professional antigen-presenting cells
(APCs) that can either promote anti-tumor immunity through
presentation of tumor-associated antigens (TAAs) or drive
tolerance of anti-tumor immune responses by promoting T cell
anergy (111). Several studies investigating potential roles for MIF
in DC-dependent anti-tumor immunity suggest that MIF
functionally impairs the ability of DCs to present TAAs to T
cells leading to a dampening of anti-tumor responses.

One such study found that loss of tumor-derived MIF
significantly enhances DC tumor accumulation, effector functions
and, anti-tumor immunity (112). Knockdown of MIF in 4T1 cells
increased intratumoral infiltration of CD11c+/CD8+/CD103+ DCs
and increased the expression of DC co-stimulatory CD40 and CD86
receptors. This phenotype corresponded to increased CD4+ and
CD8+ T cell tumor-infiltration and resultant increases in anti-tumor
T lymphocyte IFN-g production. The mechanism by which loss of
tumor-derived MIF increased DC tumor accumulation was
attributed to enhanced tumor cell cytolysis and ensuing tumor-
associated antigen release (112).

Similar DC-inhibiting phenotypes associated with MIF have
also been shown to regulate DC intratumoral infiltration, DC
maturation, and DC migration all of which conspire to reduce T
cell effector functions (112–114). In one such report, the effects of
MIF on directly suppressing Th1 T cell activation was ruled out
using neutralizing anti-MIF antibodies which were found to be
unable to attenuate tumor supernatant-induced suppression of T
cell proliferation in vitro (115).

Given the similarities, it is tempting to speculate that the
requirement for MIF in maintaining M-MDSC differentiation/
restraining spontaneous DC differentiation, described above (101),
November 2020 | Volume 11 | Article 609948
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may also be participating in these observed increases in intratumoral
DC functions upon loss of MIF. If true, we would anticipate that the
observed increases in DC function would be accompanied by a
reduction in intratumoral M-MDSCs (90, 101, 116).

DCs present antigens to CD4+ T cells via MHC-II or cross-
present antigens to CD8+ T cells via MHC-I. Consistent with a
MIF-dependent inhibition of antigen presentation, co-culture of
purified CD8+ T cells with MIF-treated, tumor antigen-pulsed
DCs reduced the ability of CD8+ to lyse tumor cells (104).
Given that DCs cross-present antigens to CD8+ T cells via
MHC-I (117), this finding indicates that MIF promotes
immunosuppression, in part, by dampening DC cross-
presentation of tumor antigens. Additionally, studies that
looked at DC MHC-II expression found that MIF promotes
downregulation of MHC-II (104, 112), which further suggests
that MIF may also impair tumor antigen presentation of DCs to
CD4+ T cells. Combined, these findings suggest that MIF
promotes tumor-associated immune evasion by inhibiting DC
infiltration, maturation, and antigen presentation; all of which
are inherently required for the development of anti-tumor CD4+

and CD8+ T cell effector functions.
TUMOR-ASSOCIATED NEUTROPHILS
(TANS)

Similar to TAMs, tumor-associated neutrophils (TANs) exhibit
plasticity in the tumor microenvironment and can exist as
various phenotypic subtypes depending on the composition
and makeup of the tumor microenvironment (118). While the
functional role for MIF in TAN biology has not been fully
characterized, studies indicate that MIF influences TAN
tumoral infiltration and TAN functional phenotypes.

In head and neck cancer (HNC) specimens, high levels of MIF
correlate with CD66b (marker of granulocytes/neutrophils),
lymph node metastasis, and reduced overall survival (119).
Mechanistically, tumor-derived MIF promotes neutrophil
chemotaxis through outside-in CXCR2 signaling and increases
the production of neutrophil-derived CCL4 and MMP9 (119).
MIF-induced CCL4 and MMP9 production in TANs may have
tumor autonomous effects by promoting lymphangiogenesis as
well as tumor-stromal remodeling (120, 121). Additionally,
CCL4 can also increase tumor infiltration of a variety of
immune cell types including T lymphocytes, by signaling
through CCR5 (122). Whether MIF-dependent CCL4
expression in TANs has pro- or anti-tumorigenic effects likely
depends on which immune cells infiltrate and how the tumor
microenvironment specifically activates these cells.

In another study (please see Table 1 for a summary of noted
studies used for this review and corresponding references)
investigating a non-melanoma skin cancer (NMSC) mouse
model induced by chronic UVB exposure (123), MIF-deficient
mice exhibited reduced tumor growth that corresponded to
significant reductions in dermal neutrophil infiltration and
associated myeloperoxidase activity. This finding is particularly
interesting as NMSC tumor initiation is largely due to enduring
Frontiers in Immunology | www.frontiersin.org 6
inflammatory responses and highlights the fact that MIF’s effect
as a pro-inflammatory cytokine can also promote tumor growth
in the context of chronic inflammation. Further studies
employing additional time points of MIF-dependent regulating
TAN biology and effector functions will likely reveal additional
examples by which MIF promotes TAN-dependent tumor
initiation in early-stage tumors through chronic inflammation
and, likely, as tumors progress and develop, this phenotype may
switch to tumor-associated MIF in driving TAN-associated
immune evasion.
NATURAL KILLER (NK) CELLS

NK cells are an innate immune subset of lymphocytes that exhibit
potent anti-tumor cell activity both through their cytolytic function
as well as by regulating adaptive immune responses. As such, NK
cells are increasingly being utilized clinically for induction of anti-
tumor immune responses (124, 125).

Cancer cells evade anti-tumor adaptive immune responses, in
part, by downregulating MHC class I (MHC-I) molecules which
are required for CD8+ cytotoxic T lymphocyte (CTL)-dependent
activation and cytotoxicity. In MHC-Ilo tumors, anti-tumor
CTL responses are lost and thus immune checkpoint inhibitor
(ICI) immunotherapies are often ineffective. In contrast to
CTLs, NK cells specifically recognize and lyse cells that do
not express MHC-I. While substantial efforts have been made
to restore MHC-I expression on tumors to allow for more
effective CTL-mediated immunotherapy (126), harnessing the
cytotoxic activity of NK cells in MHC-Ilo tumors represents a
very attractive alternative to initiate or boost anti-tumor
immunity (125).

One of the very first descriptions of an immune-suppressive
function for MIF came from a study where an NK cell inhibitory
activity was discovered in the aqueous humor (AH) of the eye
which, when micro-sequenced, was identified to be MIF (127).
Subsequent validation experiments found that neutralizing anti-
MIF attenuated the NK inhibitory activity in the AH and purified
recombinant mouse MIF recapitulated the AH NK inhibitory
activity. Importantly, neither AH nor rMIF had any direct effect
on CTL mediated lysis of allogeneic cells, and rMIF’s inhibition
of NK activity corresponded to inhibition of perforin granule
release by NK—but not CTL—cells.

Subsequent studies by the same group speculated that uveal
melanoma—the most common intraocular cancer in adults (128)
—may similarly utilize secreted MIF to evade NK-mediated
cytolysis at the site of primary outgrowth and at sites of
metastatic dissemination. Local and metastatic uveal melanoma
cell lines were found to secrete copious amounts of MIF with
metastatic lines averaging more than 2x the MIF secretion as
primary cells and this melanoma-derived MIF was protective in
two of the cell line supernatants tested.

Subsequent studies found that MIF-dependent NK cell
inhibitory functions are not restricted to the aqueous humor
and uveal melanoma cells of the eye. MIF overexpression in
ovarian cancer cell lines also promotes immune evasion in NK
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cells; in this case by inducing the transcriptional downregulation
of ovarian tumor target cell NKG2D that triggers NK-mediated
tumor cell cytolysis (129).

An alternative mechanism for MIF-dependent inhibition of
NK cell-mediated cytolysis was proposed following the fortuitous
discovery that native—but not denatured —MIF is specifically
recognized by a rat MHC class I monoclonal antibody and
polyclonal anti-MIF antibodies bind to MHC class I (130).
Recombinant MIF blocks MHC class I tetramer binding to NK
cells suggesting that MIF may block NK function by competing
for NK MHC class I molecules. The implication of this finding is
that MIF contains an MHC class I structural motif that is capable
of competing for HLA proteins thereby minimizing de novo NK
cytolytic activities. Interestingly and perhaps relatedly, the
cognate MIF receptor, CD74, is also known as the MHC class
II invariant chain (24), which transports MHC class II molecules
from the ER to the Golgi to allow for efficient late endosome
peptide loading onto class II proteins (131–133). Finally, a
recombinant HLA-DR protein was recently developed that was
found to act by binding with high affinity to cell surface-
associated CD74 which serves to actively disrupt MIF binding
resulting, ultimately, in significantly reduced disease severity in
models of experimental autoimmune encephalomyelitis (134).
T LYMPHOCYTES

T lymphocytes are essential effectors of anti-tumor immunity and
are the primary targets of ICI immunotherapies (135). Multiple T
lymphocyte subtypes are recruited to and infiltrate tumor stroma
which, when combined, ultimately determines relative tumor
immunity. These subtypes include: CD8+ cytotoxic T lymphocytes
(CTL) (136), CD4+ helper T cells (137), FOXP3+ regulatory T cells
(Tregs) (138), Th17 lymphocytes (139), and gd T cells (140).

The first description of a functional role for MIF in T cell
activation reported that murine splenocytes co-cultured with
neutralizing anti-MIF antibody and activated by antigen, PMA/
Ionomycin, or anti-CD3 exhibited significantly reduced IL-2
expression and concurrent reductions in T cell proliferation
(7). MIF expression was further shown to be induced primarily
in Th2 T lymphocyte subsets and was necessary for maximal
antigen-specific antibody generation in vivo.

A subsequent study looking at the re-activation and relative CTL
activity of in vivo primed splenocytes found that anti-MIF
specifically increases CTL activity against the same irradiated
syngeneic tumor cell line in vitro while control mAb and rMIF
had no effect (141). While this study suggested that CTL-derived
MIF directly inhibited anti-tumor CTL activity of primed
lymphocytes, a separate finding indicated that tumor-derived MIF
is similarly inhibitory to T cell activation and acts by inducing
activation-induced T cell death via an IFN-g-dependent
pathway (114).

Regulatory T cells (Treg)
CD4+CD25+FOXP3+ effector regulatory T cells (Tregs) infiltrate into
the tumor stroma as well as tumor-draining lymph nodes and
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potently suppress anti-tumor immunity (138, 142). Suppressive
mechanisms include inhibiting IL-2 production (143), expressing/
secreting immune-suppressive cytokines (e.g. IL-10, IL-35, TGF-b)
(144–146), CTLA-4-dependent downregulation of co-stimulatory
molecules (i.e. CD80 and CD86) on APCs (147) resulting in T cell
anergy (148), ectonucleotidases that hydrolyze ATP to adenosine
(149) and direct lysis of effector T cells through perforin-dependent
cytotoxicity (150).

In mouse models of mammary and colon carcinoma, MIF
promotes the generation/expansion of CD4+CD25+FOXP3+ Tregs
by increasing IL-2 expression in activated splenocytes (151). Loss of
host-derived MIF resulted in a decrease in intrasplenic and
intratumoral Tregs following tumor inoculation and this
corresponded with an increase in splenic CD4+ and CD8+ T cells
and a decrease in tumor outgrowth. Interestingly, complete tumor
rejection was observed in a subset of MIF−/− mice that coincided
with significant decreases in Tregs and corresponding increases in
splenic CD4+ and CD8+ lymphocytes. No changes in the expression
of functional Treg markers (i.e. CTLA-4, GITR, IFN-g, TGF-b, and
IL-10) from MIF-deficient mice suggesting that MIF regulates
Treg via expansion/generation rather than modulation of Treg

effector functions.

Gamma Delta T Cells (gd T)
gd T cells are a rare T cell subtype that express the g and d (versus a
and b) chains of the T cell receptor (TCR). These cells—similar to
CD4+ T cells—have effector functions that can either support or
suppress anti-tumor immunity (140). gd T cells that positively
influence anti-tumor immunity express IFN-g that serves to both
activate antigen-experienced CD4+ and CD8+ ab T cells (152) and
increase the expression of MHC-I molecules on tumor cells (153).
In this context, IFN-g+gd T cells that co-express NKG2D can
directly lyse cancer cells through recognition and interaction with
MICA and MICB on tumor cells (154, 155). In contrast, gd T cells
that suppress anti-tumor immunity are characterized by reduced
IFN-g expression and high expression of interleukin 17 (IL-17)
(156). gd T17 cell-elicited IL-17 promotes tumorigenesis by
increasing tumor infiltration of TAMs and MDSCs (157, 158),
inducing autocrine immune-suppressive PD-L1 expression and on
neighboring tumor cells (159) and directly promoting endothelial
cell activation resulting in increased angiogenesis (160). In
pancreatic ductal adenocarcinoma gd T17 cells express high levels
of PD-L1 resulting in the active suppression of anti-tumor ab
T cells resulting in increased tumor progression (161).

Although there are no reports of MIF driving gd T cell effector
functions in the context of tumorigenesis, MIF has been shown to
regulate gd T cell expression of IL-17 following stimulation with
IL-1b and IL-23 in a mouse model of Gram-positive toxic shock
syndrome (162). Interestingly, addition of recombinant MIF to
lymph node-derived cells directly increases IL-17 production
further supporting an amplification role for MIF in the
regulation of gd T17 cell-expressed IL-17 (163). Given that MIF
can influence either pro- or anti-inflammatory phenotypes in
other cell types depending on the type and severity of disease,
further studies into whether, and if so how, MIF controls variable
gd T cell functions (i.e. via specific induction of either IFN-y, IL-17
and/or PD-L1) in models of tumor progression are needed.
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T Helper 17 (Th17) Cells
As their name implies, Th17 cells are a subset of IL-17-producing
CD4+ helper T cells that arise when naïve CD4+ cells are exposed
to specific cytokine signals such as TGF-b, IL-1b, and/or IL-6
and are further maintained by IL-21 and IL-23 (139). Similar to
gd T cells, Th17 lymphocytes have a variety of functions in the
context of tumorigenesis (164). Pro-inflammatory Th17
responses drive colitis-induced cancer initiation/progression
via chronic inflammation (165) while soluble IL-17-
derived from Th17 cells increases tumor-associated de novo
angiogenesis and tumor growth (166). Th17 responses have
also been linked to the recruitment and immunosuppressive
activity of Cd11b+Gr-1+ MDSCs (167), and suppression of CD4+
and CD8+ T effector functions via ectonucleotidase expression
(168). In contrast, Th17-derived IL-17 is also shown to promote
anti-tumor immunity by enhancing IFN-g+ NK- and effector T
cell activation (169) and CCL20-dependent tumor and draining
lymph node infiltration of DCs resulting in increased antigen-
specific activation of CTLs (170). At least some of these apparent
discrepancies may be due to the differential expression of IL-17
isoforms, IL-17A vs. IL-17F, the site of malignancy, and other
Th17-elicited cytokines (164, 171).

The first description of MIF-dependent regulation of Th17
responses came from studies showing that rMIF addition to a
heterogeneous population of nodal lymphocytes results in a
dramatic increase of IL-17 expression (163). Subsequent
studies found that tumor-derived MIF increases the expansion
and migration of anti-tumor Th17 cells in nasopharyngeal
carcinoma through CXCR4 which ultimately was associated
with a more favorable clinical outcome (172). Conversely,
clinical analysis of circulating cytokines in women with breast
cancer found that MIF expression is increased in later stage and
more aggressive molecular cancer subtypes and strongly
correlates with IL-17 (173). MIF has also been implicated in
non-tumor associated IL-17 expression in a variety of
autoimmune disorders including Hashimoto’s thyroiditis (174)
and rheumatoid arthritis (RA) (175) where Th17 responses are
well-characterized to drive pro-inflammation.

MIF has two functional promoter polymorphisms that
increase the transcription of MIF and both are associated with
susceptibility to rheumatoid arthritis (176, 177). Not
coincidentally, the addition of rMIF to RA patient-derived
PBMCs increases IL-17 expression to levels similar to that
observed with PBMCs from an individual with a high
expression MIF polymorphism haplotype (175). Finally, using
a murine model of psoriasiform dermatitis induced by IL-23—a
critical determinant of Th17 lymphocyte responses (178)—MIF-
deficiency resulted in a dramatic reduction of disease
progression (179).
B LYMPHOCYTES

Although not traditionally thought of as central determinants in
driving tumor immunity, several recent studies implicate specific
B cell subtypes and tertiary lymphoid structures (TLS) in
Frontiers in Immunology | www.frontiersin.org 8
facilitating anti-tumor immune responses and immune
checkpoint blockade (ICB) efficacy in various cancer types
(180–182).

In the early 1980s, Ishizaka and colleagues described a soluble
polypeptide secreted by antigen-stimulated splenocytes that
inhibited the de novo glycosylation of T cell-associated IgE-
binding factor (later identified as the low-affinity IgE Fc receptor,
CD23). This soluble protein was called glycosylation-inhibiting
factor (GIF) for obvious reasons but the net effect of this GIF
activity on decreasing CD24 glycosylation was a selective
suppression of IgE synthesis on B lymphocytes (183, 184). Not
coincidentally, upon purifying and micro-sequencing the
isolated GIF polypeptide, it was found to be identical to the
MIF amino acid sequence and when the cDNA was cloned, it was
identical to the translated MIF cDNA apart from one amino acid
residue in the c-terminus that was later found to be due to a
technical error in the original cDNA sequencing of MIF.
Interestingly, recombinant MIF has no GIF activity which led
to the discovery that GIF/MIF suppressive activities on IgE
antibody responses requires a post-translational modification
(185) later identified as a cysteinylation of Cys-60 in GIF/MIF
proteins (186).

The bulk of studies investigating MIF in B cell biology have
stemmed from those evaluating the functional significance of
the MIF/CD74 interaction in B cell lymphoma. Initial studies by
the Shachar group showed that MIF-dependent CD74
activation drives IL-8 expression that acts to sustain chronic
lymphocytic leukemia (CLL) cell survival (187). Subsequent
studies found that Tap63, VLA4, and Bcl-2 are additional MIF/
CD74 effectors responsible for driving CLL cell survival and
homing to the bone marrow (188, 189). Less clear from these
findings in B cell lymphoma is whether MIF/CD74 interactions
are important in de novo B cell antibody responses and/or anti-
tumor immunity.

Interestingly, CD74 and MIF’s non-cognate receptor (and
CD74 co-receptor) CXCR4 are differentially expressed in
transitional (CD19+CD27-CD38hiCD24hi) and naïve mature
(CD19+CD27-CD38int) vs. activated class-switched memory
(CD19+CD27+IgG+) B cells, which suggests that MIF may be
important for the differentiation and/or activation of these B cell
subsets (190). Although these findings were in the context of
autoimmunity (190), the more recent findings that patients that
respond to ICB treatment have a higher intratumoral frequency
of un-switched and switched memory (CD19+CD27+IgD−/+) B
cells (181) suggests that further and more detailed investigation
of whether/how MIF affects B cell class switching during
tumorigenesis is warranted.

All things combined, MIF influences B cell activation
pathways at multiple stages of development and maturation
but whether these activation phenotypes occur during
tumorigenesis and extrapolate to tumor immunity is largely
unexplored. Since MIF influences B cell proliferation, class
switching, and cytokine production—concurrent with the
seminal discoveries of the roles of B cells and TLS in ICB
therapeutic efficacy—a better understanding of MIF’s role in B
cell biology specifically as it relates to tumor immunity will likely
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reveal additional and important functional roles for MIF in
governing tumor immune responses.
DISCUSSION

MIF is unusual among traditional cytokines. It lacks a traditional
amino acid leader secretory sequence (191), it has reasonably
high steady-state expression in most naïve, un-activated immune
effector cells (5, 7), and it contains a very well-conserved
enzymatic active site (192). MIF’s functions in eliciting either
pro- or anti-tumor immune responses in individual effector cell
FIGURE 2 | Known and putative effects of MIF on tumor-infiltrating immune cells. Gr
Sources of intratumoral MIF include both paracrine acting tumor-secreted and autocr
on individual cell types are listed next to each corresponding arrow to each cell type,
that those activities validated using recombinant MIF sources are noted with an aster
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types are numerous and often context-dependent. Generally
speaking, during early tumor initiation and outgrowth, MIF
supports pro-inflammatory immune phenotypes governed by
early infiltrating or resident macrophages and inflammatory IL-
17 producing T lymphocytes that, collectively, increase
inflammation and, likely, cell and tissue damage. As tumors
progress into bulkier, more immune-suppressive advanced-stage
disease, MIF phenotypes begin to more closely resemble that of
wound resolution activities and, in this context, MIF—both
tumor cell-derived and immune effector cell-derived—switches
to initiating pro-tumorigenic immune evasion and neovascular
processes in a variety of immune cell types (Figure 2).
aphical depiction of immune effector cells known to be influenced by MIF.
ine acting immune cell-secreted MIF. Phenotypes ascribed to tumor-derived MIF
while autocrine-associated activities are noted next to each cell with the caveat
isk.
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It is still not entirely clear how these individual MIF functions
are governed and why they are frequently dependent on both the
disease state and course/severity of the pathology. Multiple lines
of evidence indicate that MIF’s site of action—via either cell
surface receptor engagement or direct intracellular protein-
protein interaction, is responsible for eliciting specific effector
functions observed in individual immune cell types. One possible
scenario involves a model where differential expression of CD74
and/or its various MIF co-receptors change as a result of tumor
stage, immune effector cell infiltration, metabolic imbalance,
and/or relative oxygenation; all of which would be expected to
alter the relative phenotypic effects of soluble tumor-derived or
immune effector cell-derived MIF in outside-in signaling. Less
clear is whether and/or how intracellular MIF activities are
differentially regulated and whether the MIF involved in these
processes is from an intracellular cytosolic pool or an
extracellular pool that is translocated into the cytosol (18).

An important consideration not discussed in this review is the
respective role and contributions of the MIF ortholog, MIF-2, in
tumor immunity. MIF-2 cooperatively signals with MIF in
outside-in signaling by shared interactions with CD74 (36,
193–195), so it is plausible that where MIF-2 is co-expressed
with MIF in either immune cell effectors or in tumor cells, the net
effect is enhanced phenotypic tumor immunity as discussed with
each of the cell types above. There is a lot to be learned about
MIF-2’s differential expression in various immune effector cell
types—whether MIF-2 shares similar binding activities with
other MIF co-receptors and what, if any, intracellular binding
proteins are shared with MIF.

Clearly MIF (and likely MIF-2) represents an intriguing and
potentially clinically efficacious immunotherapeutic target for
the management of malignant diseases. Several clinical trials
have been undertaken and/or are currently underway
investigating prospective MIF or MIF receptor inhibition in
human cancers. A phase 1 study (NCT01765790) assessed the
safety, pharmacokinetics, tolerability, and antitumor activity of a
humanized anti-MIF monoclonal antibody (Imalumab) against
solid cancers consisting primarily of colorectal carcinoma (50%),
ovarian carcinoma (20%), and non-small cell lung carcinoma
(NSCLC—14%) (196). Despite some toxicity issues with grade 3
allergic alveolitis, stable disease was observed in 26% of patients
treated. Intriguingly, the tumor types that responded best to
Imalumab were immune responsive tumors like NSCLC,
ovarian, and esophageal-perhaps supporting the possibility that
neutralizing MIF therapies may provide immunotherapeutic
Frontiers in Immunology | www.frontiersin.org 10
protections (196). Unfortunately, follow-up phase I/IIa and
phase IIa studies were prematurely terminated for logistical
reasons (poor study design and enrollment) and overall
benefit-risk assessment, respectively.

An antibody targeting CD74 (Milatuzumab) underwent clinical
trials (NCT00504972) and has been granted Orphan Drug
Designation by the FDA for the treatment of CLL and multiple
myeloma (197, 198). A CXCR4 inhibitor was previously approved to
mobilize hematopoietic cells for transplantation in patients with
multiple myeloma and non-Hodgkin’s lymphoma (199).
Interestingly, a Phase II study (NCT02826486) is currently
investigating the utility of another CXCR4 antagonist in
combination with Pembrolizumab (anti-PD-1) immunotherapy for
the treatment of metastatic pancreatic ductal adenocarcinoma (200).

As MIF small molecule inhibitor targeting is further refined
and optimized (98, 99, 201), additional studies will explore both
monotherapeutic and combination immune therapeutic
targeting of MIF. Given that MIF functionally regulates the
infiltration, expansion, and immune-suppressive phenotypes of
such a variety of immune cell subtypes that collectively govern
tumor immunity, further translational studies will be
exceptionally informative.
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