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Twenty-five years ago marked the publication of the first report describing a functional confribution by the cytokine,
macrophage migration inhibitory factor (MIF), to fumor-associated angiogenesis and growth. Since first appearing, this report has
been cited 304 times (as of this writing), underscoring not only the importance of this landmark study but also the importance of
MIF in fumor neovascularization. Perhaps more importantly, this first link between MIF and stromal cell-dependent tumor angio-
genesis presaged the subsequent identification of MIF in mediating protfumorigenic contributions fo several solid tumor stromal
cell types, including monocytes, macrophages, T lymphocytes, NK cells, fibroblasts, endothelial progenitors and mesenchymal
stem cells. This refrospective review will broadly evaluate both past and present literature sternming from this initial publication,
with an emphasis on cellular sources, cellular effectors, signal fransduction mechanisms and the clinical importance of MIF-de-

pendent fumor vascularization.
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HISTORICAL PERSPECTIVE

In the mid-1990s, studies led by
Richard Bucala demonstrated that mi-
gration inhibitory factor (MIF) was a
proinflammatory cytokine produced by
macrophages that was not only required
to mount innate immune responses but
also was a major mediator of septic
shock (1). A postdoctoral fellow in
Bucala’s laboratory, Michael Bacher,
had surprisingly discovered that MIF
also was abundantly produced by
T cells and was required for their acti-
vation and proliferation (2). During the
course of his studies, he examined the
relative secretion of MIF by primary
and transformed macrophages and
T cells and, in unpublished studies, ob-
served that transformed hematopoietic

cells secrete markedly elevated MIF rel-
ative to their nontransformed counter-
parts. The dual observations that MIF
supported T-cell proliferation and was
abundantly secreted by transformed
cells led us to hypothesize that MIF
may serve as an autotrophic growth
factor for cancer cells.

A potent monoclonal antibody spe-
cific for MIF was found to be effective
in preventing mortality from LPS-
induced sepsis in mice and, given the
translational goals of our laboratory, we
initially elected to investigate the effi-
cacy of this antibody in the 38C13
mouse B lymphoma model in vivo (be-
fore directly testing our hypothesis in
vitro). We observed a marked reduction
in B lymphoma growth in vivo and as-
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sumed that this was due to the effects
of MIF inhibition on the proliferation of
the B lymphoma cells (as had been es-
tablished for T-cell proliferation). How-
ever, when we analyzed the B-cell lym-
phoma cells for MIF expression, we
found that they did not express signifi-
cant levels of MIF and, furthermore, the
anti-MIF antibody had no effect on
B-cell lymphoma proliferation (3). Per-
plexed, we examined the tumors after
staining with hematoxylin and eosin
and noticed a marked reduction in the
clusters of residual red blood cells pres-
ent in the vasculature after anti-MIF
treatment. This result led us to stain the
tumors for microvascular endothelial
cells by using anti-CD31, which re-
vealed a significant reduction in vascu-
lar density after anti-MIF administra-
tion. We then examined human
endothelial cells for MIF secretion and
for sensitivity to anti-MIF and discov-
ered that the endothelial cells, unlike
the B-cell lymphoma cells, were in fact
secreting high levels of MIF, which in
turn was required for their prolifera-
tion. On the basis of these studies, we
concluded that the antitumor effects
caused by MIF inhibition were due in
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part to the effects of MIF inhibition on
angiogenesis (3).

Importantly, this study was the first
demonstration that MIF may be a valid
target for the development of anticancer
agents. Today, a phase I trial of an anti-
MIF antibody is underway in patients
with advanced solid malignancies.
Louis Pasteur famously stated that
“chance favors the prepared mind,” but
the truth is that we were simply lucky
to observe the reduction in vasculature
caused by the anti-MIF antibody.

CELL SOURCES OF MIF-DEPENDENT
TUMOR ANGIOGENESIS

As described above, our study sug-
gested that the primary source of solu-
ble, extracellular MIF in 38C13 subcuta-
neous tumors was not from the tumor
cells themselves but rather from en-
dothelial cells in CD31" microvessels
within tumor stroma (3). This result
was somewhat surprising given the re-
cent descriptions at the time that MIF is
overexpressed in primary and metasta-
tic human (4) and murine (5) tumors
and tumor cell lines. In contrast, our
study found no evidence of MIF expres-
sion or functional activity in the 38C13
B-cell lymphoma cell line. The appar-
ently unintended use of a very low to
null MIF-expressing cell line for those
studies turned out to be fortuitous,
since this allowed for the discovery of
functional MIF expression in tumor-as-
sociated endothelium (3). Because anti-
MIF treatment effectively inhibited mi-
crovascular endothelial cell (EC)
proliferation and Matrigel-implanted
neovascularization, we concluded that
autocrine-acting EC-derived MIF is nec-
essary for maximal tumor-associated
angiogenesis.

Several published (5-11) and unpub-
lished (Mitchell laboratory) studies find
that MIF is highly expressed in the vast
majority of human and mouse solid tu-
mors and tumor cell lines. In a study
that was published shortly after our
study, Shimizu et al. (10) reported that
MIF is expressed in human melanoma
cell lines and anti-MIF reduces

xenografted melanoma-associated an-
giogenesis in a dorsal air sac implant
study. Unlike our prior finding demon-
strating that EC-derived MIF is neces-
sary for 38C13 tumor outgrowth, the
implication from the Shimizu study
was that tumor-derived MIF was acting
in a paracrine fashion to promote mi-
crovessel maturation. Although it is
possible that the anti-human MIF used
in the Shimizu study sufficiently neu-
tralized the mouse EC-derived MIF,
thus accounting for the observed phe-
notypes, it is more likely that paracrine-
acting, tumor-derived MIF was in fact
responsible for promoting the observed
angiogenic phenotypes (10).

Further complicating the issue and re-
minding us that the macrophage was
the first effector cell type described for
MIF-dependent activities (12,13), White
et al. (14) reported that human
non-small-cell lung carcinoma
(NSCLC)-derived MIF activates cocul-
tured macrophages to express and se-
crete angiogenic chemokines such as in-
terleukin (IL)-8, ENA-78 and chemokine
(C-X-C motif) ligand 1 (CXCL-1). This
study was notable for three indepen-
dent reasons. First, it was the first de-
scription of monocyte/macrophage cell
populations being demonstrated as tar-
gets of MIF-mediated angiogenesis. Sec-
ond, and perhaps more importantly, it
foretold of the subsequent identification
of MIF as a central determinant of
tumor-associated macrophage (TAM) al-
ternative activation (15). Third, this was
the first description of MIF being over-
expressed and functionally active in
human NSCLC cells, a tumor type that
is now well documented to require MIF
for a number of tumor-promoting
processes (16-20).

One of the most profound examples of
MIF-dependent neovascularization stems
from the finding that bone marrow—
derived macrophages (BMDMs) re-
cruited to the stroma of teratomas ex-
press and secrete MIF that, in turn, dic-
tates the vast bulk of microvessel density
within tumor lesions (21). In this study,
syngeneic embryonic stem cells injected

into MIF-deficient mice grew tumors that
were a fraction of the size of those devel-
oping in MIF wild-type mice, a finding
that was attributed to profoundly defec-
tive teratoma vascularization. Impor-
tantly, reconstitution of MIF wild-type
bone marrow into MIF-deficient mice re-
stored microvessel density within the ter-
atomas and, accordingly, restored tumor
burden (21). Perhaps even more strik-
ingly, MIF-deficient bone marrow recon-
stitution dramatically reduced tumor
burden in adoptively transferred MIF
wild-type mice. Phenotypes associated
with bone marrow reconstitution were
found not to be due to endothelial cell
progenitors that populate bone marrow
but rather due to BMDMs. Specifically,
mobilized BMDMs that infiltrated devel-
oping teratomas were shown to express/
secrete high levels of MIF that, in turn,
directly promote pericyte differentiation
and endothelial cell proliferation (21).

The BMDM study findings were in
line with results from a study designed
to directly evaluate the relative contri-
butions of tumor-derived MIF versus
stromal-derived MIF in mouse models
of melanoma (22). In this study, B16-F10
melanoma cells were rendered MIF-
deficient by using small hairpin RNA
(shRNA), and MIF-competent and MIF-
deficient B16-F10 cells were implanted
subcutaneously into MIF*/* and MIF~/~
mice. Interestingly, tumor-derived MIF
was found to be almost entirely dispen-
sable for tumor outgrowth in MIF*/*
mice, whereas the growth of MIF-con-
taining and MIF-deficient B16-F10 cells
were equally retarded when implanted
into MIF/~ mice. Reductions in the size
of implantable melanoma lesions in
MIF~~ mice correlated with substantial
reductions in microvessel density
within the tumor lesions of these mice.
These findings suggested a critical role
for stromal-derived, but not tumor-
derived, MIF in B16-F10 melanoma-
induced angiogenesis and accompany-
ing tumor outgrowth (22).

Combined, results from these studies
indicate that the cellular sources of MIF
may be distinctly different depending on
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the tumor type, and perhaps the location,
of the malignant lesion. Endothelial cells,
tumor cells and tumor-infiltrating
macrophages can independently pro-
duce, respond to, and secrete copious
amounts of extracellular MIF that, in
turn, can promote tumor neovasculariza-
tion in a variety of ways.

CELL EFFECTORS OF MIF-DEPENDENT
TUMOR ANGIOGENESIS

Regardless of which cells are responsi-
ble for MIF release into tumor microenvi-
ronments, early studies clearly indicated
a role for MIF as an endothelial cell-acti-
vating proangiogenic cytokine that acts
directly on ECs to enhance proliferation
(3), motility (14) and, ultimately, neovas-
cularization. Although this paradigm is
undoubtedly true and functional within
most, if not all, malignant lesions, MIF-
dependent tumor angiogenesis is made
up of a number of other indirect factors
that, cumulatively, serve to coordinate
tumor-associated neovascularization.
One example discussed above is that of
tumor-derived MIF-activating stromal
macrophages, in a paracrine fashion, to
secrete additional angiogenic cytokines
and growth factors that, in turn, can
efficiently and directly recruit and acti-
vate tumor ECs (14). In this case,
macrophages activated by paracrine-
acting, tumor-derived MIF significantly
upregulate the expression and secretion of
angiogenic CXC chemokines that can in
turn activate ECs independently of MIF.
This illustrates yet another mode of action
by which tumor stroma-associated MIF
can promote neovascularization in devel-
oping neoplasms.

As discussed above, MIF can promote
effector cell activation as both an au-
tocrine-acting and a paracrine-acting cy-
tokine. In another example of autocrine-
dependent neoangiogenic promotion,
MIF overexpressed in malignant human
NSCLC cell lines was found to be neces-
sary for the maximal expression and se-
cretion of vascular-endothelial cell
growth factor (VEGF) and IL-8 (17).
Notably, this was the first description
of a redundant, additive function for

the only known homolog of MIF,
D-dopachrome tautomerase. Individual
siRNA targeted knockdown of either MIF
or D-dopachrome tautomerase (D-DT) in
human NSCLC cells reduces NSCLC
cell-derived VEGF and IL-8 expression
by ~30%, but simultaneous knockdown
reduces angiogenic growth factor expres-
sion and resultant NSCLC supernatant-
induced human umbilical vein endothe-
lial cell tube formation by 70-80%.
Importantly, MIF and D-DT were equally
efficient at rescuing the siRNA pheno-
types in add-back studies, indicating a
shared mode of action. It should be
noted that a subsequent study by
Tarnowski et al. (23) also described a cen-
tral requirement for MIF in dictating the
expression of IL-8 and VEGF expression
in human rhabdomyosarcoma cell lines.
An additional example of autocrine-
acting, MIF-dependent, angiogenic
growth factor production is that of
monocyte/macrophage-derived MIF.
Unlike tumor-derived MIF acting as an
autocrine-acting factor (as described
above) or paracrine MIF activating
tumor stromal macrophages (14), mono-
cyte/macrophage-derived MIF was re-
cently discovered to be a critical deter-
minant of TAM angiogenic growth
factor production (15). By using models
of primary and metastatic melanoma
tumor growth in syngeneic mice, Yad-
danapudi et al. (15) discovered that
TAMs purified from MIF”~ mice exhibit
profound defects in angiogenic growth
factor expression compared with TAMs
purified from MIF*/* mice. Interestingly,
this result occurred even though both
B16-F1- and B16-F10-implanted tumor
cells express copious amounts of both
intracellular and secreted MIF. Addi-
tional evidence to support a conclusion
that monocyte/macrophage-derived
MIF is responsible for the defective pro-
duction of angiogenic growth factors
and chemokines in these cells came from
the use of a small molecule inhibitor of
MIE, 4-iodo-6-phenylpyrimidine (4-IPP)
(15,18). Addition of 4-IPP to MIF*/*
TAMs purified from B16-F1 tumors re-
sults in a dramatic re-polarization of M2
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(alternatively activated) to M1 (classi-
cally activated) TAM phenotype, which
effectively phenocopies MIF”~ TAMs.
These TAMs exhibit profoundly defec-
tive angiogenic growth factor expression
(15).

The studies described above indicating
a dominant role for macrophage-derived
MIF in dictating TAM angiogenic poten-
tial independent of tumor-derived MIF
brings up an interesting and as yet un-
resolved question regarding how
autocrine/paracrine activities of this
cytokine exert their respective pheno-
types. Two independent studies (both
evaluating B16 melanoma cell lines im-
planted into syngeneic mice) describe a
tumor-independent MIF-mediated stro-
mal contribution to melanoma angiogen-
esis and tumor progression (15,22). The
primary question raised by these studies
is why MIF, secreted at high levels into
the extracellular space by tumor cells,
does not rescue loss of stromal MIF. As-
suming that loss of extracellular MIF is,
in fact, responsible for the phenotypes
observed with MIF stromal deficiency
(15,22), there are at least two possible ex-
planations that could explain how this
might occur, although neither has been
rigorously tested as of yet. The first pos-
sibility is that MIF secretion is coupled
with the trafficking of a highly dynamic
MIF receptor/receptor complex that is
sensitive to time- and/or concentration-
dependent ligand activation. In this sce-
nario, MIF secretion may be coupled to
CD74 receptor membrane localization,
where the receptor is only transiently ex-
pressed on the cell surface before being
internalized. If MIF is not cosecreted
during CD74 membrane localization, ef-
ficient receptor ligation may not occur
and unoccupied CD74 could be reinter-
nalized without an accompanying MIF-
activation signal (24,25).

Another possible explanation could lie
in differential processing and/or post-
translational modification of MIF in
tumor cells versus stromal monocytes/
macrophages. In this scenario, tumor-
derived secreted MIF could be modified
or could be lacking a modification that
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does not allow for the subsequent
paracrine activation of receptors/recep-
tor complexes on stromal cells. Because
MIF has been found to be post-transla-
tionally modified in a manner that is
suggested to influence its extracellular
activation properties (26-28), it is cer-
tainly feasible that this may be a possible
explanation for why tumor-derived MIF
cannot functionally compensate for loss
of stromal MIF. Regardless of the under-
lying mechanism, it is clear that much
more study is needed to delineate the
differential regulation of this important
signaling paradigm that exists between
tumor- and stromal-derived MIF.

SIGNALING DETERMINANTS OF
MIF-DEPENDENT TUMOR
ANGIOGENESIS

Although MIF was one of the first
cytokine activities ever described
(12,13), a cell surface receptor for MIF
was not identified until nearly 40 years
after the initial discovery of MIF (29).
Since its identification (29), the type I
cell surface receptor, CD74, has been
repeatedly validated as being a central
determinant of outside-in signaling
initiated by MIF (30). CD74 activation
has been linked to MIF and D-DT-
dependent autocrine regulation of
VEGF and IL-8 transcription in human
lung adenocarcinoma cells (17). In this
study, MIF and/or D-DT-mediated
VEGF and IL-8 expression in NSCLC
cells required CD74-dependent c-Jun
N-terminal kinase/stress-activated
protein kinase activation and subse-
quent c-Jun/AP-1-dependent tran-
scription (17).

In a separate study evaluating au-
tocrine MIF-dependent proangiogenic
growth factor expression in rhab-
domyosarcoma cell lines, MIF was found
to similarly support VEGF and IL-8 ex-
pression but did so via the activation of
CXCR2, CXCR4 and/or CXCR7
chemokine receptor(s) (23). Interestingly,
while several reports indicate that non-
canonical MIF-mediated chemokine re-
ceptor activation requires the functional
interaction of CXCR2 and/or CXCR4 with

MIF’s primary cell surface receptor CD74
(31-33), rhabdomyosarcoma cells were
found to not express CD74 (23). This re-
sult suggests that outside-in signaling by
MIF (and likely D-DT) can proceed using
a number of different CD74, CXCR?2,
CXR4 and/or CXCR7 receptor/coreceptor
combinations. This receptor promiscuity
in initiating signal transduction pathways
may provide some insight into the highly
pleiotropic nature of MIF and its physio-
logic and pathophysiologic activities (34),
especially those associated with neovas-
cularization (35).

Stabilization of hypoxia-inducible fac-
tor-alpha (HIF-a) transcription factors by
low oxygen tension in developing tu-
mors is arguably the most important de-
terminant of solid tumor neovasculariza-
tion (36). MIF was first linked to tumor
hypoxic responses when it was reported
that MIF mRINA levels are induced by
low oxygen tensions in human squa-
mous carcinoma cell lines (37). Although
subsequent studies confirmed these find-
ings (38—40), it was not until a report by
Baugh et al. (41) that MIF was confirmed
as a direct target of HIF-mediated tran-
scription. The first description of hy-
poxia-induced MIF acting as a functional
effector of HIF-dependent hypoxic adap-
tation came when Winner et al. (6) re-
ported that hypoxia-induced VEGF ex-
pression is dramatically reduced in
MIF-deficient cells. This defect in HIF-
lo—dependent VEGF transcription was
found to be due to an inherent require-
ment for MIF in hypoxia-induced HIF-1a
protein stabilization creating, in essence,
an amplification loop between hypoxia,
MIF and HIF-1a (6). Consistent with
these findings, MIF overexpression in
human breast cancer cell lines was found
to promote hypoxia-induced HIF-1a sta-
bilization (42). Interestingly, this study
revealed that CD74 is necessary for MIF-
dependent HIF-1a stabilization.

TRANSLATIONAL/CLINICAL RELEVANCE
OF MIF-DEPENDENT TUMOR
ANGIOGENESIS

As discussed above, both normoxic
and hypoxia-induced VEGF expression is

significantly reduced in MIF-deficient
cells and increased in MIF overexpressing
malignant cells (6,17,23,42). Consistent
with a requirement for MIF in dictating
maximal tumor-derived VEGF expres-
sion, numerous reports demonstrate that
MIF intratumoral expression correlates
with VEGF expression, tumor vessel den-
sity and risk of recurrence after resection
in a variety of human cancers (43-49). In
mouse models, MIF-deficient mice
crossed to adenomatous polyposis coli
(ApcMin/+) oncomice are characterized
by significant reductions in both the
number and size of adenomas that corre-
spond to diminished tumor microvessel
density (50). Moreover, MIF-deficient
mice show a 45% reduction in chronic ul-
traviolet B (UVB) irradiation-induced
epidermal tumorigenesis (51). The de-
creased tumor incidence and delayed
tumor outgrowth in these MIF-deficient
mice exposed to UVB correlated with sig-
nificantly less VEGF expression and in-
tratumoral microvessel density (51).
Thus, one of the most consistent pheno-
types associated with loss or inhibition of
MIF in tumorigenesis is decreased angio-
genic growth factor expression leading to
microvascular density.

In addition to the clinical relevance of
MIF overexpression in malignant cells
and its highly correlative relationship to
tumoral microvascular density, there is
also evidence to suggest that MIF-
dependent modulation of TAMs pro-
vides equally, if not more, clinically rele-
vant contributions to human metastatic
cancer disease progression. In a study by
the Dranoff group, late-stage melanoma
and ovarian cancer patients showing du-
rable objective responses to an experi-
mental immunotherapeutic were found
to have circulating autoantibodies that
specifically neutralize MIF-dependent,
proangiogenic TAM responses (52).
Patients responsive to anti-cytotoxic
T lymphocyte-associated protein 4
(anti-CTLA-4; ipilimumab) plus a granu-
locyte-macrophage colony-stimulating
factor (GM-CSF) vaccine (GVAX) had
high levels of naturally occurring, anti-
MIF autoantibodies that functionally

§22 | CHESNEY AND MITCHELL | MOL MED 21 (SUPPLEMENT 1), S19-S24, 2015



* M2 polarization
* P-Stat3
* VEGF, MMP9, ARG

* EC proliferation
* EC migration

* EC tube formation

* M2 polarization
* VEGF expression

* EC Chemokines

e
MIF;
O -
BMDM
% H

1 wypoxia
4 miF/oDT

q%

Endothelial Cell

q%

MIF

h

TAM

Tumor

Figure 1. Schematic of autocrine and paracrine MIF angiogenic confributions to and
from various cell effectors. ARG, arginase |; MMP9, matrix metalloprotease 9.

inhibited MIF-dependent Tie-2 and ma-
trix metalloprotease-9 (MMP9) expression
in human TAMs. Autoantibodies were
proposed to trigger tumor vasculopathies
characterized by disrupted tumoral vas-
culature, lymphocyte/granulocyte infil-
trates and, by extension, a significantly
improved prognosis (52). Combined

with preclinical mouse models that essen-
tially phenocopy these findings in late-
stage melanoma patients (15,21), it is not
unreasonable to conclude that MIF is
critically and centrally involved in
monocyte/macrophage-dependent solid
tumor vascularization.

Given the abundance of preclinical and
clinical evidence suggesting a dominant
functional contribution by MIF to human
solid tumor vascularization and subse-
quent disease progression, it is highly
conceivable that therapeutic targeting of
MIF (either alone or in combination)

MOL

could provide significant clinical efficacy.
Toward this goal, a phase I clinical trial
testing a humanized anti-MIF antibody is
currently being evaluated in patients
with advanced malignant disease in a va-
riety of cancers (ClinicalTrial.gov protocol
NCTO01765790). Additionally, small mole-
cule inhibitors of MIF also demonstrate
significant efficacy in disrupting tumor
neovascularization and ensuing primary
and metastatic disease progression in pre-
clinical disease models (15,53).

CONCLUSIONS

In the 25 years since the first report de-
scribing a functional role for MIF in
tumor-associated angiogenesis was pub-
lished in Molecular Medicine, literally
hundreds of studies have validated and
expanded on this initial observation. It is
now abundantly evident that MIF se-
creted from numerous cell sources and
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acting, in both autocrine and paracrine
manners, on numerous cell types is cen-
trally important in promoting tumor-
associated angiogenesis (Figure 1). Per-
haps more importantly, MIF-dependent
tumor neovascularization likely allows
for primary and metastatic disease pro-
gression and ultimately contributes to in-
creased patient mortality. It is hoped that
the wealth of data that has been gathered
and disseminated since this first report
characterizing the contributions of MIF
to angiogenesis will lead to new and im-
proved chemotherapeutic targeting strat-
egies designed to increase objective re-
sponse rates and overall survival in
patients with solid cancer malignancies.
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