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Immune checkpoint blockade (ICB) has demonstrated an impressive outcome in patients with metastatic Received 7 October 2020
melanoma, yet, durable complete response; even with Ipilimumab/Nivolumab combo are under 30%. Accepted 2 November 2020

Primary and acquired resistance in response to ICB is commonly due to a tumor immune escape
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mechanism dictated by the tumor microenvironment (TME). Macrophage Migratory Inhibition Factor

Melanoma; Macrophage

(MIF) has emerged as an immunosuppressive factor secreted in the TME. We have previously demon- Migratory Inhibition Factor;
strated that blockade of the MIF-CD74 signaling on macrophages and dendritic cells restored the anti- tumor microenvironment;
tumor immune response against melanoma. Here, we report that inhibition of the MIF-CD74 axis immune checkpoint therapy;
combined with ipilimumab could render resistant melanoma to better respond to anti-CTLA-4 treatment. combined modality therapy

We provide evidence that blocking the MIF-CD74 signaling potentiates CD8+ T-cells infiltration and drives
pro-inflammatory M1 conversion of macrophages in the TME. Furthermore, MIF inhibition resulted in
reprogramming the metabolic pathway by reducing lactate production, HIF-1a and PD-L1 expression in
the resistant melanoma cells. Melanoma patient data extracted from the TCGA database supports the
hypothesis that high MIF expression strongly correlates with poor response to ICB therapy. Our findings
provide a rationale for combining anti-CTLA-4 with MIF inhibitors as a potential strategy to overcome
resistance to ICB therapy in melanoma, turning a “cold” tumor into a “hot” one mediated by the activation
of innate immunity and reprogramming of tumor metabolism and reduced PD-L1 expression in mela-
noma cells.

Introduction growth.>'""* In addition to its immunosuppressive effects on
innate immune cells, MIF can also modulate the adaptive
immune response through suppression of cytotoxic
T lymphocytes (CTL).'*"

We have previously demonstrated that blockade of the MIF-
CD74 signaling pathway on macrophages and dendritic cells
restored the anti-tumor immune response against metastatic
melanoma.” Blocking of the MIF-CD74 signaling on MOs and
DCs using peptide-based immunotherapy resulted in the
restoration of their pro-inflammatory and anti-tumor
functions.” MIF exerts its inhibitory effect on the adaptive
immune response by reducing the infiltration of both CD4+
and CD8+ T-cells.”” It promotes tumor growth through
increased Treg accumulation resulting from the modulation
of IL-2 production.'*

Previous evidence has shown the important correlation
between MIF overexpression and the poor survival of advanced
melanoma patients.'®'”  Ekmekcioglu et al.'” performed
a survival analysis in stage III melanoma patients, and have
shown a correlation between high MIF expression levels and
poor clinical prognosis.'” In a different study, Schoenfeld et al.-
'8 identified that late stage melanoma patients, who positively
responded to CTLA-4 blockade immunotherapy combined

The tumor microenvironment (TME) is an essential compo-
nent of the tumor structure'. The crosstalk between stromal
cells and those of the immune system provides an important
balance in the control of neoplasia development.’
Immunological escape is a key step in establishment and main-
tenance of tumor progression.” The interaction between cells
in the microenvironment is mainly mediated by secretion of
pro-tolerogenic factors resulting in functional losses of cells of
innate and adaptive immunity.* In recent vyears the
Macrophage Migration Inhibitory Factor (MIF) has been con-
sidered an important pro-tolerogenic factor secreted in the
TME.>® MIF was identified in 1966 by Bloom and Bennett as
a pro-inflammatory cytokine secreted by T cells, acting as
a strong inhibitor of the migration of macrophages.” MIF is
not only secreted by lymphocytes but also by other immune
cells such as macrophages and nonimmune cells such as
endothelial, epithelial, and tumor cells.””® Following its secre-
tion, in the TME, MIF can bind to its receptor CD74, which is
expressed on tumor associated macrophages,'® dendritic cells
(DC), regulatory T cells (Tregs) and myeloid-derived suppres-
sor cells (MDSC), promoting immunological escape and tumor

CONTACT Menashe Bar-Eli @ mbareli@mdanderson.org e Department of Cancer Biology, UT M.D. Anderson Cancer Center, , Houston, Texas 77030-4009, USA.
@ Supplemental data for this article can be accessed on the publisher's website.
© 2020 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1080/2162402X.2020.1846915
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2020.1846915&domain=pdf&date_stamp=2020-11-24

e1846915-2 (&) R.A.DE AZEVEDO ET AL.

with a GM-CSF vaccine, naturally developed auto-antibodies
against MIF.'® This study suggests that neutralization of MIF
activity may have supported these therapeutic response and
improved survival in these patients.'"® Given the fact that
CTLA-4 blockade improves outcomes in patients with meta-
static melanoma,'? it is possible that a combination therapeutic
approach of adaptive immune potentiating (anti-CTLA-4)
with reversal of innate immune suppressive mechanisms
(MIF inhibition) may yield synergistic clinical responses in
patients with advanced melanoma.

Here we report that inhibition of the MIF-CD74 axis com-
bined with ipilimumab can improve the therapeutic response
of immune checkpoint refractory melanoma to CTLA-4 block-
ade. We provide evidence that blocking the MIF-CD74 axis
potentiates CD8+ T cell infiltration and promotes macrophage
conversion to an M1-like phenotype in the TME. Furthermore,
MIF inhibition resulted in reprogramming of melanoma tumor
metabolism by reducing lactate production and decreasing
HIF-1a and PD-L1 expression in the resistant cells. These
data support the rationale of targeting MIF inhibition as
a potential strategy to overcome resistance to immune check-
point blockade in melanoma.

Material and methods
Cell lines and reagents

The murine melanoma cell line B16-BL6 TMT (sensitive to
anti-CTLA-4) and B16-BL6 31-F4 (completely resistant to anti-
CTLA-4) were obtained from Dr. Michael A. Curran (MD
Anderson Cancer Center, Houston, TX) and maintained in
RPMI 1640, supplemented with 10% FBS, 2 mM glutamine,
1% non-essential amino acids, and 1% antibiotics antimycotic.
Anti - CTLA-4 (clone 9H10), PD-L1 (clone 10F.9G2), and
IgG2b isotype control (clone MPC-11) were purchased from
BioXCell (West Lebanon, NH, USA).

Tumor injections and treatments

Six- to 8-wk-old male C57BL/6WT mice were purchased from
The Jackson Laboratory. Mice were injected subcutaneously
with 1 x 10° of TMT or 3I-F4 cells. Mice were then randomized
and treated with i.p. injection of anti-CTLA-4 100 pg or anti-PD
-L1 250 pg on days 3, 6, 9 and 12. The dosage of anti-CTLA-4
and anti-PD-L1 antibodies were doubled on day 3 (Figure 2a,f).
The small molecule 4-IPP (Sigma Aldrich 475846) was used to
inhibit the MIF/CD74 axis. 4-IPP (80 mg/Kg) was diluted in
corn oil and administered via i.p. as described in Figure 2a,f.
Mice were euthanized on day 15. Tumor volume was measured
every day using the following formula: (wide2) x (length) / 2 for
caliper measurements.

In the experimental lung metastasis model, mice were
injected i.v. (tail vein) with 1 x 10° TMT or 31-F4 cells. Mice
were then treated as described for the subcutaneous model
(Figure 2a,f). After 14 days, mice were euthanized, lungs were
harvested and assessed for the number of lung colonies. The
number of lung metastases was quantified under a microscope
(Nikon, Tokyo). All animal experiments were conducted in
accordance with the American Association for Laboratory

Animal Science regulations with the approval of The
University of Texas MD Anderson Cancer Center
Institutional Animal Care & Use Committee.

Tissue paraffin immunofluorescence

Deparaffinization and antigen retrieval were performed in
murine melanoma subcutaneous tumors using Antigen
Retrieval Buffer (Abcam ab52488 and ab93684) and stained
as previously described.”® The following antibodies were used
for immune staining as described previously:’ anti-CD3
(ab16669), anti-CD4 (ab183685), anti-CD8 (ab22378), anti-
granzyme B (ab4059), anti-F4/80 (ab6640), anti-iINOS
(ab3523), anti-Arg.1 (ab91279), anti-LDHA (ab52488), and
Goat Anti-Rabbit Alexa 488 (ab150077), all antibodies were
purchased from Abcam. Images were obtained by using an
Axio Observer Light Microscope with the Apotome.2 (Zeiss).
Metastatic melanoma lesions were gated by generating a region
of interest, and threshold merged fluorescence limited to ROI
and calculated using the Image]J software.

Lactate assay

Lactate levels were measured using lactate colorimetric/
Fluorometric assay Kit (Biovision Incorporated K607) in
TMT and 3I-F4 melanoma cells under hypoxia or normoxia
culture conditions. Briefly, 5 x 10° cells were plated into 24-
wells plate, treated with 100 uM of 4-IPP, cultured in hypoxia
conditions (<1% O,) or normoxia condition and incubated for
24 hours. The medium was then collected and the lactate
production was measured as per the manufacturer’s instruc-
tion. The O.D. of each well was measured using Epoch (Bio
Tek) spectrophotometer. Measurements were performed in 5
replicas from 3 independents experiments.

Western blotting analysis

Protein samples were generated from TMT or 3I-F4 melanoma
cells treated with 4-IPP (100 uM) and cultured under hypoxia
or normoxia conditions for 24 hours. After incubation, cells
were subjected to SDS-PAGE and Western blotting (WB)
analysis. WB was performed to detect the following with the
respective antibodies: anti-HIF-1a (Abcam ab51608) and PD-
L1 (Abcam ab213480) and a-tubulin (Sigma T-5168). HRP-
conjugated secondary antibodies were used, followed by incu-
bation with the Western ECL blotting substrates (Bio-Rad
1705062).

TCGA and TIMER analysis

mRNA expression and clinical data of The Cancer Genome
Atlas (TCGA) GDC TCGA Skin Cancer Melanomas dataset
(SKCM) were downloaded from the Xena Functional
Genomics Explorer of University of California Santa Cruz
(https://xenabrowser.net).21 We extracted the biological path-
ways involved in the GDC TCGA SKCM cohort (n =477) or in
the anti-CTLA-4 therapy patient’s cohort (n = 26), and applied
the nCounter Pan-Cancer Immune Profiling gene set of 730
genes (NanoString technologies) on UCSC Cancer Genomics
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Browser to investigate the biological pathways correlated with
MIF expression levels. The results obtained were extracted in
the .csv format and analyzed by GraphPad Prism 8 for correla-
tion studies. The immune genes of the TCGA RNA-seq data set
were performed among those with significant Spearman’s cor-
relation to MIF expression in the SKCM patient’s cohort
included in an anti-CTLA-4 therapy. The genes were sorted
from the lowest rank (negative correlation) to the highest rank
(positive correlation). Those genes predicting significant survi-
val differences (p < .05) were selected for further immune
network analysis. Network plots were generated using the
NodeXL-basic add-on to Excel. These immune genes were
separated into different immune categories and divided into
columns. We also considered the low- and high-variance state
of these genes into TCGA-SKCM anti-CTLA-4 therapy cohort.
Therefore, high variance is associated with increased plasticity
(thicker lines) and low variance with diminished plasticity
(thinner lines) in response to MIF expression changes. We
calculated the expression variance (0°) of genes across the
TCGA SKCM anti-CTLA-4 therapy cohort to predict how
MIF expression impacts the expression of a particular gene
by applying the following formula ¢® = X(X-u)°/N, where
X represents the RNA-seq expression value of a particular
gene, y is the mean of the entire RNA expression for this
particular gene in the cohort and N is the distribution number
(TCGA-SKCM anti-CTLA-4 therapy, N = 26). Sphere size
represents the number of genes assigned to a given immune
category.

The correlation significance between immune genes and
high MIF expression in TCGA-SKCM cohort treated with anti-
CTLA-4 was also assessed in a volcano analysis. High MIF
expression profile was used to determine the cohort cutoft for
high and low immune gene expression in the TCGA-SKCM
cohort treated with anti-CTLA-4 therapy (MIF cutoff = 19.27).
The p value of high and low gene expression groups was
calculated for each gene using an unpaired, two-tail t-Test.
Further, the - logl0 (p value) was determined for each gene.
The fold change of each gene expression in the cohort was
calculated by determining the ratio between the averages of
high and low gene expression groups. Further, the log2 (fold
change) was calculated for each gene. Positive values for log2
(fold change) represent the upregulated genes and negative
log2 (fold change) values represent downregulated genes, fol-
lowing MIF high expression levels. A volcano plot was gener-
ated to analyze the significance (p <0.05, -logl0(p value) >
1.30) and log2(fold change) values lower than -0.2 and -
logl0(p value) higher than 1.3. Further, we used the GEPIA
(http://gepia2.cancer-pku.cn/#survival) to assess MIF expres-
sion levels in several cancer types, as well the overall survival
analyses based on the cancer type and cancer subtype to deter-
mine the significant prognostic impact of MIF expression
level.?? Also, we interrogated the Tumor IMmune Estimation
Resource (TIMER)> (https://cistrome.shinyapps.io/timer/) to
assess the correlation expression between MIF and T-regs and
exhausted markers signature expression levels. To assess the
impact of MIF expression in immune infiltration cells and
Tumor Immune Dysfunction and Exclusion, we used the
TIDE TCGA data base of patients in the ipilimumab program
cohort (http://tide.dfci.harvard.edu/). We also assessed the
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overall survival based on T cells exclusion as a prognosticator
. 24
cancer immunotherapy response.

MIF quantification

The MIF concentration was determined in TMT or 3I-F4
melanoma cells under hypoxia or normoxia culture conditions.
Briefly, 5 x 10> cells were plated into 24-wells plate, treated
with 100 uM of 4-IPP, cultured in hypoxia conditions (< 1%
O,) or normoxia conditions for 24 h. The medium was col-
lected and fifty microliters was used for MIF quantification
using the Mouse MIF DuoSet Sandwich ELISA kit (R&D
Systems DY1978) in accordance with the manufacturer’s
instructions. Samples were read in an Epoch microplate spec-
trophotometer at 405 nm (BioTek). Each sample has 5 replicas
from 3 independent experiments.

Microarray analysis

The microarray analysis from TMT and 3I-F4 cells were per-
formed as previously described in Jaiswal et al.>* Briefly, tumor
cells (TMT or 31-F4) were sorted from mice tumor using flow
cytometry. Total RNA was extracted using the RNeasy Mini Kit
(Quiagen, MD). Microarray analyses were performed from
four independent RNA samples from tumor cells using
MouseRef-8 bead chip arrays (Illumina). Microarray data was
normalized as per manufacturer’s instructions and processed
in R (version 3.4.1). Differential expression between resistant
and parental tumor cells was performed by a fold-change in
absolute value equal.

Quantification and statistical analysis

All data were analyzed using GraphPad Prism 8.0 (GraphPad
Software, Inc) and are presented as the means + standard
deviation. The significant differences in the immune gene
expression along MIF', MIF™ and MIF™ groups were esti-
mated by using one-way analysis of variance followed by
Bonferroni’s multiple comparisons test. Survival analysis was
performed in Xena Browser using Kaplan-Meier assay and was
compared using the log-rank test. The correlation between
different mRNA expression and overall survival (OS) of
TCGA-SKCM patients was evaluated by nonparametric
Spearman’s correlation, two-tailed, where *0.01 < p < .05,
**0.001 < p < .01; **0.0001 < p < .001 and ****p < .0001
indicated the ranges of significant differences.

Results

Elevated MIF expression levels are correlated with poor
overall survival and poor response to checkpoint blockade
in metastatic melanoma cohorts

We first focused our studies on mining the TCGA data for the
association between MIF expression, melanoma progression,
and survival. We found that MIF is highly expressed in many
cancer types, but particularly in melanoma patients (Figure
Sla). Analysis of data from 230 melanoma patients demon-
strated that high MIF expression correlated with poor survival
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(cutoff 19.78 for MIF expression, and 300 months as default
end point) (Figure la). Using cohort GDC TARGET GTEX
(n = 1025) of melanoma patients, we found that MIF expres-
sion in Skin Cancer Melanoma (SKCM) was significantly
higher than in with normal skin (Figure 1b). Next, we analyzed
MIF expression levels in GDC TCGA melanoma patients
(n = 477) following therapeutic treatments (chemotherapy or
immunotherapy). MIF expression level was significantly higher
in a poor prognosis patient’s cohort, (i.e. patients with clini-
cally progressive disease) compared to patients experiencing
complete responses (Figure 1c). When we assessed metastatic
melanoma cohorts, we found that high MIF expression level
was also associated with a significantly decreased survival in
metastatic patients (cutoff 20.28 for MIF expression, and
10,000 days as default end point), indicated by the red curve
on the Kaplan-Meier statistical test results (Figure 1d). Mining
the cohort of patients receiving ipilimumab therapy (anti-
CTLA-4 antibody), we found that high MIF expression level
was associated with poor response in terms of overall survival
(OS) (Figure 1le), as well as in progression free survival (PFS)
analyses (Figure S1b). Lastly, we examined a cohort of patients
who received anti-PD-1 therapy (n = 37), indicating that high
MIF expression levels were associated with significantly poor

Kaplan-Meier Survival Analysis of MIF

Cohort: GDC TARGET

response and survival (Figure 1f). Taken together, these find-
ings confirmed that high MIF expression level is strongly
associated with poor survival prognosis in SKCM, and showed
that high expression is strongly correlated with poor response
in patients receiving in immune-checkpoint blockade therapy,
which led us to hypothesize that combination of immune-
checkpoint blockage therapy with MIF inhibitors might
improve patient outcome.

MIF/CD74 axis inhibition overcomes resistance to
anti-CTLA-4 therapy and inhibits melanoma growth and
metastasis

The chief MIF-binding receptor is CD74 which is expressed in
melanoma cells,”'" as well as on immune cells such as macro-
phages, DC and B cells.>'*?® To evaluate the therapeutic asso-
ciation between MIF/CD74 axis inhibition and the immune-
checkpoint blockade, we used 4-IPP, a small molecule that
prevents MIF binding to its receptor CD74,%” in combination
with either anti-CTLA-4 or anti-PD-LI antibodies. For the
in vivo studies, we utilized the B16/BL6 TMT (tdTomato+)
melanoma model (responsive to CTLA-4 immunotherapy) and
the derivative B16/BL6 3I-F4 cells (completely resistant to
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Figure 1. High MIF expression correlates with poor overall survival in melanoma patient cohorts (a) Kaplan-Meier analysis performed in public TCGA database (http://
gepia2.cancer-pku.cn/#index) correlating the high MIF expression levels with poor overall survival in SKCM patients (n = 230). (b) Comparison of MIF expression levels in
normal versus SKCM patients sorted from public GDC TARGET GTEX cohort (Xena Browser, University of California) (n = 1025). (c) High MIF expression correlates with
clinical progressive disease based on data from GDC TCGA SKCM assessed from GDC TCGA melanoma cohort (Xena Browser, University of California) (n = 477). (d)
Overall survival by Kaplan-Meier analysis sorted in GDC TCGA SKCM metastatic cohort (Xena Browser, University of California) (n = 352). (e) Kaplan-Meier analysis
assessed from TIDE (Tumor Immune Dysfunction and Exclusion) database correlating the MIF high expression levels with poor Overall Survival (OS) in SKCM patients
cohort receiving anti-CTLA-4 therapy (red curve) (n = 26). (f) Inverse correlation between high MIF expression and Progression Free Survival in SKCM patient cohort
treated with anti-PD-1 antibody therapy (n = 37). ANOVA t-test was used for statistical analysis. *P < .05, **P < .01, and ****P < .0001.
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A synergistic approach combining of the MIF/CD74 axis inhibition with and
ICB overcomes immune-resistance and improve anti-CTLA-4 efficacy

=

3 5 8 g 8 8 ¢

g
E
L
g
Treatment/days =
A Stop >
| 5
B :
=
1 6 7 8 91011121314 1516 17
D .
1 Day 3 — anti-CTLA-4 200 pg; or ~—
o Day 3 —anti-PD-L1 500 pg g
10" ,'1_\“__ oF Days 6,9, and 12 — anti-CTLA-4 100 pg; or E/wnv
i ¥ s e N o
3LF4 Days 6,9, and 12 — anti-PD-L1 250 pg E o
1 4IPP80 mg/Kg EL
5
£
5 w
=
] G
Treatment/days
F = Stop o0
=
2.2
i |
12 11112111‘11 ss
=2 9
I l Day 3 — anti-CTLA-4 200 pg; or g =
T Day3—antiPD-L1 500 pg 7.
l[l.s :l'\/IT' . Days 6,9, and 12 — anti-CTLA-4 100 pg; or
eV sioN Days 6,9, and 12 — anti-PD-L1 250 pg
31-F4
1 4IPP80 mg/Kg &

TMT - ,....*- ","‘. !

31-F4 Snovcion
E oy 4
-

-CTLAS + 4-TPP.

Tumor volume

Days after challenge

o E @ 1¢G + Corn Ol
I S o N -
ki £ o roiiseare
® wirpLieswr S
E
M = .
E +
; E]
: =
> S
_ e >
b o ; g
- =
(=
Days after challenge
o T™T i 31-F4
MR . o
dJ =
w| 1O -~ S S 9 oo o o
y 19 5 &% -
2s o ] o ©
o g Em "o o 1
SR | S B &[]
° 9% i z 2
Qos\ RIS e’\} & PSS q\} &
& S P
& S &> & O
&Y & G &\)?' Lo 0,\’
& & A2 £ &
& ¥ & &

Figure 2. MIF/CD74 axis inhibition enhances immune-checkpoint blockade therapy efficacy. (a) Experimental design using subcutaneous models. Mice were injected on
the right flank with 1 x 10° TMT (sensitive anti-CTLA-4 antibody) or 3I-F4 (resistant anti-CTLA-4 antibody) and followed up for 16 days. Green arrows represent anti-CTLA
-4 or anti-PD-L1 injections, while blue arrows indicating 4-IPP injections. (b) Treatment with anti-CTLA-4 alone significantly decreased tumor growth in TMT S.C. model
(p < .0001). The combination of anti-CTLA-4 with 4-IPP treatment proved to be significantly more effective than treatment with anti-CTLA-4 alone (p <.01); (c) anti-CTLA
-4 alone had no effect in the resistant 3I-F4 tumor cells, however, when combined with 4-IPP, a decrease in tumor growth was observed (p < .001); (d, e) Treatment with

anti-PD-L1 alone or in combination with 4-IPP significantly inhibited tumor growth

in both TMT or 3I-F4 tumor cells. No advantage was observed in the combination

treatment; (f) Experimental design using intravenous (i.v.) model. Mice were injected in the tail vein with 10° TMT or 3I-F4 and followed up for 14 days. Green arrows
represent anti-CTLA-4 or anti-PD-L1 treatment, while blue arrows represent 4-IPP treatment. (g) Effect of anti-CTLA-4 alone or in combination with 4-IPP on TMT tumor
cells significantly reduced the lung nodules number as compared with the vehicle (corn oil) plus IgG2 control. The combination treatment was significantly more
effective than treatment with anti-CTLA-4 alone (p < .01). The anti-PD-L1 treatment alone or in combination with 4-IPP showed no effect in TMT LV. model. (h)
Treatment with anti-CTLA-4 alone had no effect on 3I-F4 lung colonies number, however, when combined with 4-IPP, a significant decrease in the lung colonies number
was observed (p < .01). The anti-PD-L1 alone or combined with 4-IPP had no effect in 3I-F4 .V. model. Data are cumulative of one experiment with five mice per group.

Error bars represent the mean + SEM. *P < .05, **P < .01, and ****P < .0001 using

CTLA-4 immunotherapy) either subcutaneously (s.c., tumor
growth) or intravenously (i.v., experimental lung metastasis
assay).”” In the subcutaneous model we injected 10°> melanoma
cells in the right flank of the mice, and 3, 6, 9 and 12 days later,
mice were injected ip. with anti-CTLA-4 antibody (clone
9H10), or anti-PD-L1 antibody (clone RMP1-14) alone or in
combination with 4-IPP. The treatment regimen is depicted in
Figure 2a. 4-IPP was injected seven times (marked as blue
arrows) starting on day 6. The treatment protocol also included
4 injections of anti-CTLA-4 antibody or anti-PD-L1 antibody
(marked with green arrows) as shown in Figure 2a. The
immune-check point antibody doses were given at double the
amount for the 1st dose compared to subsequent doses
(Figure 2a).

We found that treatment with anti-CTLA-4 antibody alone
(blue curve in Figure 2b), significantly reduced tumor growth
only in the sensitive melanoma line (TMT) but not in the
resistant cells (3I-F4) (blue curve in Figure 2c). When anti-
CTLA-4 was combined with 4-IPP, we observed a significantly
lower tumor size in both sensitive (TMT) and resistant (31-F4)

t-Test statistical analysis.

cell lines (red curves in Figure 2b,c respectively). The actual
tumor sizes in these experiments are depicted in Figure S2a,b.
We also evaluated the association between 4-IPP and anti-PD-
L1 antibody treatment alone or in combination with 4-IPP.
The PD-L1 antibody alone exhibited antitumor activity redu-
cing tumor size in the TMT model (Figures 2d and S2c). The
3I-F4 cells also responded to anti-PD-L1 alone therapy with
a modest reduction in tumor size (Figures 2e and S2d).
Furthermore, the combination treatment of anti-PD-L1 and
4-IPP, although it showed a trend toward improved antitumor
response on TMT cells, did not significantly improve outcome
compared with antibody alone (Figure 2d). This therapeutic
combination, however, did significantly improve the antitumor
response in the checkpoint resistant 3I-F4 cells, when com-
pared to the antibody alone, in reducing tumor size (Figures 2e
and S2d).

Next, we studied the combination of anti-CTLA-4 or anti-
PD-L1 antibodies with 4-IPP in the experimental lung metas-
tases model. To that end, 7 daily injections were given, starting
on day 6 daily for 12 days (depicted in Figure 2f). On day 15,
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after i.v. challenge of tumor cells, the animals were euthanized,
and lung metastatic nodules were quantified. We found that
anti-CTLA-4 antibody alone reduced lung metastases number
in the sensitive TMT melanoma cell line (Figure 2g). As
expected, anti-CTLA-4 alone did not show anti-metastatic
response in the resistant cells (Figure 2h). The combination
treatment of anti-CTLA-4 and 4-IPP, however, significantly
reduced the number of lung metastases in both cell lines
(shown in green Figure 2gh). The anti-PD-L1 alone or in
combination did not affect the number of lung metastases of
both sensitive and resistant models (Figure 2g,h marked in
green). Taken together, these data reveal that anti-CTLA-4
antibody in combination with 4-IPP can overcome immune-
checkpoint resistance, suggesting a new therapeutic approach
by adding 4-IPP to anti-CTLA-4 aiming to improve patient’s
outcomes.

High MIF expression levels correlate with tumor
microenvironment immunosuppressive networks

To investigate the role of high MIF expression levels in immune
network regulation within the TME, we expanded our analysis
by interrogating the TCGA-SKCM RNA-seq data using a panel
of 730 immune genes defined by the nCounter Pan Cancer
immune panel (NanoString, Seattle). Using Spearman’s

Genes significantly moduled with MIF expression
in SKCM ipilimumab program cohort (n=26)

A

12
PIN1
o
0 0 10 )
Log2 (Fold change]
™y ECSIT
= 9
b
e RORA SIGIRR
\{\ HRAS
g ) ¢ 2ZNF205
2 6 [ 28
‘Iﬂ CREB1 G C
b SBNO2
< o—
Py cp28 ® GPr
e J KR RAG}\( & O ® oo o
S TNFSF18 [) INF143 g
o) 3| CTAGEL CCR3
' IRGM?;Z LTBR
E MAGEA4 _y 22 cD276
g f TLRY PSMB7
0 f
L L L
-10° 0 10°

Log2 MIF (fold change)

Kaplan-Meier analysis correlating the T-cell

C dysfunctions with MIF expression
in SKCM cohort
) T S—— <.
g 2 : 52
= ! =
22 : S
= S i -
=3 (| S S . =
¢ R 3
& = : 2 s .
& . : Z o
5 «| MIF high : = a| MIF low ",
wn < ' wn S 4,
CTLhigh (n=5) : CTL high (n=154) more
o | CTLlow (n=5) ' o | CTLlow (n=153) -
s — e = - - - - -
0 50 100 150 200 250 300 0 50 100 150 200 250
OS (month) OS (month)

correlation analysis, we identified one hundred and ninety-five
immune related genes that are correlated with high MIF expres-
sion levels in a cohort of patients receiving anti-CTLA-4 therapy.
Amongst the 195 identified genes, 160 genes were negatively
correlated, while 35 genes were positively correlated (r score
varying from —0.6 to 0.70) (Figure S3). We then performed
a volcano plot analysis, to assess the relationship between the
p-value of a statistical test of each gene in the cohort of patients
receiving anti-CTLA-4 therapy versus the magnitude in expres-
sion value of the MIF represented by the fold change (log2 MIF
expression). Figure 3a depicts a color grade corresponding to the
variance from negative to positive fold change relative to MIF
expression. Interestingly, our findings show modulation of mul-
tiple genes involved in innate and/or adoptive immune path-
ways (represented by black arrows), the arrowed genes include
CD276 (B7-H3) which has been reported to promote tumor
progression by inhibiting the function of CD8+ T cells and
NK cells;?® CTAGE1 which is a cutaneous-T-cell-lymphoma-
specific tumor antigen found in melanoma,” MAGE-A4,
a cancer-testes antigen which has previously been targeted in
adoptive T cell therapy;*® PIN1,a modulator of type-1 immune
responses that increases production of pro-inflammatory cyto-
kines including IFN-y, IL-2 and CXCL-10;>" and TLR9 which
can act to promote DC maturation and to boost CTL responses
against tumor antigens®>>> (Figure 3a). These results indicate
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categories, respectively. (c) Kaplan-Meier analysis correlating the T-cell dysfunctions with MIF expression levels in melanoma patients treated with anti-CTLA-4 therapy
sorted from public TCGA TIDE (Tumor Immune Dysfunction and Exclusion) database (MIF high n = 10; MIF low n = 307). (d) Spearman’s correlation analysis between MIF
expression levels and Treg markers (FOXP3 and IL2RA) were sorted from the TIMER (Tumor IMmune Estimation Resource) database using metastatic melanoma patient
cohort (N = 368). MIF expression levels showed a significantly positive correlation with FOXP3 and IL2RA expression levels.
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that high MIF expression levels are correlated with an immune
suppressive TME gene signature.

We then used network analysis, which was performed in the
non-responding anti-CTLA-4 treated patients, to categorize
immune genes following high MIF expression levels, that levels
that demonstrated the highest correlation with immune sup-
pression within the tumor microenvironment. All immune
genes correlated with high MIF expression were simulta-
neously sorted in different subcategories of the immune
response, which were used to build an interactive transcrip-
tomic network for visualization of the predominant immune
profile driven by SKCM with high MIF expression levels. We
performed a gene immune response network analysis based on
major immune categories subdivided as follows: immune acti-
vation categories (green marker); immune suppression cate-
gories (red marker); and general immune categories (blue
marker) (Figure 3b). In this analysis, the variance of gene
expression (o) is represented by the thickness of the connect-
ing lines, indicating the plasticity of the network toward high
MIF expression levels.

Our findings show that most of the modulated immune
genes correlate with a dominance of immune-suppressive
pathways, represented by red lines predominantly with high
expression variance (thick lines), including Treg function, Th1
suppression, Th2 activation, T cell tolerance responses, den-
dritic cells suppression, M2 macrophages, and immune-
checkpoint receptors (ICRs). Immune networks related to
effective anti-tumor response are indicated by the green lines,
and are predominantly associated with low-expression var-
iance (thickness) (Figure 3b), whereas the immune suppressive
networks are indicated by red lines, which are predominantly
associated with high expression variance (thickness). Taken
together these analyses indicate that high MIF expression in
melanoma patients after anti-CTLA-4 therapy is correlated
with the presence of a highly immunosuppressive
environment.

We next expanded our analysis by interrogating the TIDE
(Tumor Immune Dysfunction and Exclusion) and TIMER
(Tumor IMmune Estimation Resource) data bases. Both are
computational frameworks developed to evaluate the potential
of tumor immune escape and the gene expression profiles in
the cancer cells.?>** First, we used TIMER to analyze the
correlation between high MIF expression levels versus immune
cell infiltration profiles (CD4, CD8 T cells and macrophages) in
primary and metastatic melanoma patient cohorts. We found
that in the metastatic patient cohort, the high MIF expression
levels are negatively correlated with CD4 Teffector cells, CD8
T cells, and macrophage immune infiltration (Figure S4). By
mining the TIDE database,?* we found that there is an inverse
correlation between MIF expression levels and cytotoxic
T lymphocytes (CTL) infiltration. Our analysis revealed that
low MIF expression associates with high CTL infiltration lead-
ing to a better survival response in the SKCM metastatic
patient cohort (n = 317) (Figure 3c). Using the TIMER data-
base, we attempted to correlate MIF expression and Treg
markers (FoxP3 and IL2RA) and markers of a T cell exhaustion
signature (HAVCR2, TIGIT, LAG3, PDCD1, CXCL13 and
CTLA-4) in the metastatic melanoma patient cohort
(n = 368). We observed that high MIF expression levels are
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positively correlated with FoxP3 and IL2RA expression levels
(Figure 3d), and are also positively correlated with HAVCR2,
TIGIT, LAG3, PDCDI1, CXCL13, and CTLA-4 expression
levels (Figure S5). Taken together, these results suggest that
high MIF expression is correlated with inhibition of immune
cell infiltration and may cause immune tolerance in the SKCM
metastatic patient cohort.

Immune checkpoint-blockade therapy combined with
4-IPP enhances M1-like macrophage phenotype and
decreases M2-like phenotype

Macrophages (MOs.) play a central role in modulating the
immune response against cancer.” In melanoma, as well as in
other solid tumors, pro-inflammatory M1 MOs are suppressed
by tumor cells and lose their ability to trigger and support the
immune response against cancer.>>3¢ In the TME, TAM com-
monly acquire an M2-like phenotype that abrogates the anti-
tumor immune response and supports tumor development,
metastasis, and resistance to therapies.”>>” We investigated
the M1/M2 MOs balance within the TME from our subcuta-
neous in vivo study, using TMT (anti-CTLA-4 sensitive) or 3I-
F4 (anti-CTLA-4 resistant) in the syngeneic mouse melanoma
model receiving either anti-CTLA-4 or anti-PD-L1 antibody
alone or in combination with 4-IPP as described before (Figure
2a). Our findings show that anti-CTLA-4 antibody alone (indi-
cated in blue bar) enhanced significantly M1-like (F4/80+iNOS
+) MO phenotype infiltration only in TMT tumors (Figures 4a
and S6a), but not in 3I-F4 tumors (Figures 4b and S6c). When
we assessed the M2-like (F4/80+Argl+) MO phenotype, we
found a decrease of M2-like TAM infiltration only in the TMT
tumors (Figures 4c and S6b). Anti-CTLA-4 treatment alone
did not modulate the M2-like phenotype in 3I-F4 tumors
(Figures 4d and S6d).

The M1-like and M2-like populations were then evaluated
in animals treated with a combination of immune-checkpoint
blockade and 4-IPP. The results showed that anti-CTLA-4
combined with 4-IPP (represented in brown bar) increased
M1-like phenotype in both TMT (Figures 4a and S6a) and 3I-
F4 tumors (Figures 4b and S6¢). As expected, we also found
that combination therapy decreased significantly the M2-like
phenotype in both TMT (Figures 4c and S6b) and 3I-F4 tumors
(Figures 4d and S6d).

The same analyses were performed in mice treated with
anti-PD-L1 antibody alone (represented in blue bar) or com-
bined with 4-IPP (represented in brown bar) therapy in TMT
and 3I-F4 tumors (Figure 4e-h). We observed a significant
increase of Ml-like phenotype in both models of TMT
(Figures 4e and S6a), and 3I-F4 tumors (Figures 4f and Sé6c).
In addition, we found that a combination treatment of anti-PD
-L1 with 4-IPP resulted in a decrease of M2-like phenotype in
both melanoma models, TMT (Figures 4g and S6b), and 3I-F4
(Figures 4h and S6d). These findings suggest that the combina-
tion treatment of immune-checkpoint blockade and 4-IPP
increased the M1-like macrophage population thus, providing
critical innate immune support for an adaptive antitumor
immune response in both checkpoint-sensitive and, more
importantly, checkpoint-resistant melanoma cells.
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Figure 4. Immune-checkpoint blockade therapy, combined with 4-IPP, enhance M1-like macrophage and triggers antitumor effect. Subcutaneous tumors from TMT or
31-F4 tumor cells were stained using anti-F4/80 and anti-iNOS as markers for the M1-like macrophage population while anti-F4/80, and anti-Arg.1 were used to identify
the M2-like macrophage population. (a) Quantification of M1-like macrophages infiltration after treatment with anti-CTLA-4 alone or in combination with 4-IPP showed
an increase in M1-like MO in TMT tumors; (b) Quantification analysis of anti-CTLA-4 alone had no effect on 3I-F4 tumors, whereas when combined with 4-IPP it induced
an increase in M1-like macrophage infiltration in the TME. (c) Quantification of M2-like macrophages after anti-CTLA-4 therapy alone or combined with 4-IPP showed
a decrease in M2-like macrophages in the TMT tumors. (d) Quantification of M2-like macrophages after treatment with anti-CTLA-4 alone showed no effect in 3I-F4
tumor cells, whereas the combination with 4-IPP significantly reduced the M2-like macrophage phenotype; (e, f) Quantification of M1-like macrophages after treatment
with anti-PD-L1 therapy alone or combined with 4-IPP significantly increased the M1-like macrophage infiltration in both models (TMT) and (3I-F4) tumors. (g, h)
Quantification of M2-like macrophage phenotype after treatment with anti-PD-L1 therapy alone or combined with 4-IPP showed a significant decrease of M2-like
macrophage infiltration in both models (TMT) and (31-F4) tumors; N = 5 mice per group; at least three fields assessed per sample. Graphs show quantification of positive

F4/80+ Arg1+ or F4/80+ Arg.1 +. Error bars represent the mean + SEM. *P < .05, **P < .01, and ***P < .001 using a two-tailed unpaired t-test.

MIF/CD74 axis inhibition combined with
immune-checkpoint blockade therapy increase CD8" TIL
and triggers antitumor responses

Previous data showed that patients with large number of TIL
demonstrated a better response to immune-checkpoint block-
ade therapy. We therefore assessed the TIL in the subcutaneous
model using TMT and 3I-F4 cells (Figure 2a). We found that
CTLA-4 antibody alone (represented in red bar) significantly
increased the CD3" TIL (Figures 5a and S7a), CD4 (Figures 5b
and S7b) and CD8" T cells (Figures 5¢ and S7c), as well as
granzyme B expression (Figures 5d and S7d) only in TMT, but
not in the 31-F4 tumor cells (Figures 5e-h and S7e-h). Notably,
we found that anti-CTLA-4 antibody combined with 4-IPP
(represented in brown bar) significantly induced TILs in both
models, showing increases in the CD3*, CD4", and CD8"
infiltrates and granzyme B expression (Figures 5a-h and S7a-
h). The anti-PD-L1 antibody alone or combined with 4-IPP
was able to increase TIL in both models, displaying enhanced
CD3, CD4, CD8 infiltrates and granzyme B expression (Figures
5a-h and S7a-h). Taken together, these findings suggest that
combination treatment of immune-checkpoint blockade ther-
apy with 4-IPP restored the adaptive immune response by
increasing the CD8" TIL frequency and triggering antitumori-
genic functions in resistant melanoma tumors.

MIF/CD74 axis inhibition down-regulates the lactate
metabolic pathway

We have previously reported that MIF is secreted by BI6F10
melanoma cells and is highly expressed in lung metastatic
lesions.” Here, we used an ELISA to measure the secretion of
MIF in TMT and 3I-F4 cells. MIF expression was significant
higher in resistant 31-F4 cells than in the anti-CTLA-4 sensitive
cells (Figure 6a). Moreover, gene expression profiling of par-
ental cells vs 31-F4 revealed that resistant cell lines showed
increase of CD74, MIF4GD, CD274 (PD-L1), HIF-1la and
LDHA expression levels as compared to the sensitive cell
lines (Supplementary 8C).

Most recently, several studies have pointed to the glycolytic
metabolism as a key pathway involved in triggering immune
suppression, and consequently, resistance to immuno
therapy.”®”” Metabolic changes can be induced by rapidly divid-
ing tumor cells, which exhibit complex and dynamic metabolic
reprogramming and a high rate of glucose consumption.**~*!
This phenomenon is called the “Warburg effect” and is recog-
nized as one of the hallmarks of cancer.*>** A previous study has
indicated that the “Warburg effect” can be triggered by the
activation of the MIF/CD74 axis.** Based on this rationale, we
performed an in vitro study to assess the lactate production
generated by TMT and 3I-F4 cells after treatment with 4-IPP.
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Figure 5. Immune-checkpoints blockade combined with MIF/CD74 axis inhibition enhance T-cell infiltration. TMT or 3I-F4 tumors were stained with anti-CD3*, anti-
CD4*, anti-CD8™ cells and anti-Granzyme b. All quantifications were performed in mice treated with anti-CTLA-4 or anti-PD-L1 antibodies alone or in combination with
4-IPP. (a) Quantification of CD3 T-cells infiltration in TMT tumors; (b) Quantification of CD4 T-cells infiltration in TMT tumors; (c) Quantification of CD8 T-cells infiltration in
TMT tumors; (d) Quantification of Granzyme b secretion in TMT tumor microenvironment. All quantifications showed that immune-checkpoint blockade antibodies
alone or combined with 4-IPP induced an increase in T-cell infiltration in TMT tumor microenvironment. (e) Quantification of CD3 T-cells infiltration on 3I-F4 tumors; (f)
Quantification of CD4 T-cells infiltration in 3I-F4 tumors; (g) Quantification of CD8 T-cells infiltration in 31-F4 tumors; (h) Quantification of Granzyme b secretion in 3I-F4
tumor. All quantifications showed that anti-CTLA-4 alone did not induce T-cell infiltration, but when combined with 4-IPP a significant increased of T-cell infiltration in
31-F4 tumors was observed. The anti-PD-L1 antibody alone or combined with 4-PP, significantly increased T-cell infiltration in 3I-F4 tumors; N = 5 mice per group; at least
three fields assessed per sample. Graphs show quantification of positive CD3*, or CD4*, CD8" T cells or gramzyme b. Error bars represent the mean + SEM. *P < .05,

**P < .01, and ***P < .001 using a two-tailed unpaired t-test.

We found that treatment of TMT or 3I-F4 with 4-IPP signifi-
cantly decreased lactate production (Figure 6b). We also ana-
lyzed the amount of lactate production after MIF/CD74 axis
inhibition under hypoxic conditions and we found that 3I-F4
cells secreted significantly more lactate than TMT cells (Figure
6¢), and when treated with 4-IPP, both cell lines showed sig-
nificantly reduced lactate production (Figure 6d,e).

A close correlation between glycolytic products, i.e. pyru-
vate, lactate, and HIF-la expression levels has also been
documented.*> This study has reported on a feed-forward
mechanism in which HIF-la induces a glycolytic metabolic
pathway with elevated pyruvate/lactate concentration, which in
turn increases HIF-1a activity.*> We therefore investigated if
the MIF/CD74 axis inhibition, that reduces lactate production,
would interfere with HIF-1a expression. A Western blotting
analysis using TMT and 3I-F4 cells under hypoxic conditions
showed that 4-IPP treatment significantly decreased HIF-1la
expression in both cell lines (TMT) and (31-F4) (Figure 6f).

HIF-1a is associated with immune resistance by directly
regulating programmed cell death-1 protein (PD-L1) expres-
sion levels in multiple cancer types.46 Moreover, recently,
Imaoka et al.” showed that MIF/C74 axis inhibition can induce

downregulation of PD-L1 expression in melanoma cells.” In
addition, the MIF/CD74 axis was associated with increased
HIF-1a expression levels, and was closely correlated with PD-
L1 expression in tumor cells.” We therefore decided next to
assess the PD-L1 expression levels in TMT and 3I-F4 cell lines
under hypoxic condition after 4-IPP treatment. We found that
4-IPP significantly reduced the PD-L1 expression levels in both
cell lines (Figure 6g).

To validate our hypothesis that MIF/CD74 axis inhibition
can modulate lactate production, we evaluated the Lactate
Dehydrogenase A (LDHA) expression levels in the subcuta-
neous model as shown in Figure 2a. LDHA is responsible for
the rapid conversion of pyruvate into lactate supporting the
high glycolytic rates of cancer cells in which lactate is trans-
ported across the plasma membrane and accumulated in the
extracellular space.*” Our results showed that anti-CTLA-4
alone significantly reduced LDHA production only in TMT
tumor cells (Figures 6h and S8a) but did not reduce the
LDHA production in 3I-F4 tumor cells (Figures 6i and
S8b). More importantly, combination treatment of anti-
CTLA-4 with 4-IPP decreased the LDHA production in
both tumor models (TMT) and (3I-F4) (Figures 6h,i and
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MIF/CD74 axis inhibition down-regulates lactate production and PD-L1 in melanoma cells
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Figure 6. MIF/CD74 axis inhibition down-regulates lactate production levels in vitro and in vivo. (a) Secretion of MIF under normoxia condition in the TMT and 3I-F4
tumor cell cultures incubated for 24 h, in ELISA kit. (b) Quantification of lactate concentration in media under normoxia condition from TMT and 3I-F4 tumor cells
cultured for 24 hours using ELISA kit. (c) Quantification of lactate concentration in media under hypoxia condition in TMT and 3I-F4 tumor cells cultured for 24 hours
using ELISA kit. (d) Quantification of lactate concentration in media under hypoxia condition in TMT cells treated with 100 uM of 4-IPP and incubated for 24 h, inELISA
kit. (e) Quantification of lactate concentration in media under hypoxia condition in 3I-F4 cells treated with 100 uM of 4-IPP and incubated for 24 hours. (f) Western
blotting analysis of HIF-1a expression in TMT or 3I-F4 cell lines after treatment with 100 pM of 4-IPP for 24 h under hypoxia condition. (g) PD-L1 expression analysis by
Western blotting analysis in TMT or 3I-F4 cell lines after treatment with 100 uM of 4-IPP for 24 hours under hypoxia condition. All in vitro data represent three
biologically independent experiments. (h) The Immunofluorescence (IF) staining was examined from the subcutaneous model using TMT tumor cells. Tissue samples
were stained using anti-LDHA. Quantifications were performed in mice treated with anti-CTLA-4 or anti-PD-L1 alone or in combination with 4-IPP. (i) Quantification of
LDHA expression was performed in the subcutaneous model using the 3I-F4 tumors; N = 5 mice per group; at least three fields were examined per sample. Graphs show
quantification of positive LDHA expression. Error bars represent the mean + SEM. *P < .05, **P < .01, and ***P < .001 using a two-tailed unpaired t-test.

8a,b). Also, the combination therapy resulted in a significant
reduction in LDHA expression (Figures 6h,i and S8a,b).
Lastly, we utilized TIMER (Tumor IMmune Estimation
Resource), a public TCGA database, to evaluate the correla-
tion between MIF and LDHA or CD274 (PD-L1) expression
levels in the metastatic melanoma patients cohort (n =368).
This analysis showed that MIF expression levels were posi-
tively correlated with both LDHA and CD274 expression
levels (Supplementary 8D). Taken together, these results
suggest that MIF/CD74 axis inhibition can red
uce the lactate levels generated by the resistant cell line (31I-
F4). Our findings support a mechanistic model (Figure 7) in
which MIF/CD74 axis inhibition decreases HIF-1a and PD-
L1 expression levels causing metabolic reprogramming of
the TME, and, supporting restoration of sensitivity to
immune checkpoint blockade.

Discussion

In previous studies, we have utilized an Ig-CDR-based peptide
(C36L1) that binds directly to the MIF receptor (CD74) and

blocks MIF-CD74 signaling. Blockade of MIF-CD74 signaling
on macrophages and dendritic cells restored their anti-tumor
immune activity against metastatic melanoma.” Other studies
have also highlighted the role of MIF within the TME with an
emphasis on the suppression of innate cells.>>'"1¢2%4549 Ag
MIF has been largely linked to immune suppression of innate
immunity, the possibility of inhibiting the MIF-CD74 axis to
act synergistically with checkpoint inhibitors is the subject of
the current study.

Our TCGA analysis also confirmed that high MIF expression
levels are associated with poor survival in the metastatic mela-
noma cohort and was associated with poor responses in patients
receiving anti-CTLA-4 therapy. These findings and the previous
reports confirmed that the high MIF expression in stage II mel-
anoma is associated with tumor progression.”” Immuno
suppressive networks from TCGA analysis, in correlation with
MIF expression, may not only influence the quality and quantity
of local anti-tumor immune response, but also affect immu-
notherapy outcome using ICB, leading to regulation or exclusion
of Teffector lymphocytes, and also to the alternative polarization
of macrophages toward a tolerogenic phenotype in the TME. Our
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Mechanism model of how inhibition of the MIF/CD74 axis can contribute to overcoming immune resistance in resistant melanoma cells
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Figure 7. Mechanistic model of how inhibition of the MIF-CD74 axis overcomes resistance of melanoma cells to immune checkpoint blockade. Inhibition of MIF signaling
reduces HIF-1a expression levels in resistant cell line (3I-F4) causing reprogramming of the glycolytic pathway by reducing lactate production influencing the TME

structure to increase the efficacy of ICB.

TCGA analysis detected several key immune biomarkers, such as
CD276, ACTAGE1, MAGE-4, PIN1, and TLR9, which correlated
with high MIF expression levels in melanoma patients treated
with anti-CTLA-4 therapy.”>*****>* These immune biomarkers
are associated with innate immune suppressive pathways, suggest-
ing that high MIF expression contributes to switching off the
innate immune response contributing to immune resistance.

Pharmacologic blockade of MIF/CD74 interaction
restores the TME immunogenic profile, as well as the effec-
tive anti-tumor immune response against metastatic mela-
noma and glioblastoma.>" The CD74 monoclonal blocking
antibody milatuzumab is currently approved by the Food
and Drug Administration (FDA) in the United States for
the treatment of multiple myeloma, non-Hodgkin lympho-
mas, and other CD74 positive cancers.”>*® Also imalumab
(Bax69), a novel recombinant monoclonal antibody that
targets oxMIF, has been evaluated in a phase 1 clinical
study in patients with advanced solid tumors.”* Our current
study combining immune-checkpoint blockade with MIF/
CD74 axis inhibition to restore the immunogenic pheno-
type and to overcome immune resistance is, however, the
first to be reported.

Combination therapy between immune-checkpoint blockade
and MIF/CD74 axis inhibition has been evaluated by assessing
tumor growth in a experimental lung metastatic model (Figure
2a,b), using TMT cells (sensitive to anti-CTLA-4 antibody) and
31-F4 cells (completely resistant to anti-CTLA-4 antibody). To
modulate innate immunity, we used 4-IPP, a small-molecule
that covalently binds to the catalytically active NH2-terminal
proline, and irreversibly prevents MIF from binding to its
receptor CD74,”” with and without immune checkpoint block-
ade. By utilizing such novel therapeutic approach, we were able
to restore an effective immune response, mainly in resistant
melanoma tumor cells (3I-F4), by increasing infiltration of M1
macrophages, along with CD3", CD4", CD8" T cells and secre-
tion of Granzyme B in the TME, thus, reducing tumor growth.
These findings corroborate our TCGA data analysis demonstrat-
ing a positive correlation between MIF expression levels and
FOXP3 and IL2RA (Treg signature genes),”® as well as the

exhausted T-cell signature (HAVCR2, TIGIT, LAG3, PDCD1,
CXCL13 and CTLA-4).7*

Although the main focus of our work is to mobilize both
innate and adaptive immunity with MIF/CD74 axis inhibition,
we cannot rule out other pathways that can also contribute to
restore the immunogenicity of the tumor. In this regard, we
focused our attention on the close correlation between products
generated from glycolytic metabolism and immune
resistance.>®3%°%%0 The “Warburg effect” was considered, as
a hallmark of the tumor metabolism modulating the microen-
vironment promoting tumor progression and immune
escape.'***®! Previous work suggested that the Warburg phe-
nomenon can be orchestrated via MIF/CD74 axis activation, by
triggering a metabolic imbalance.** This is supported by our
present observation that lactate production increased in CTLA-
4-resistant 31-F4 cells. In addition, the in vivo inhibition of the
MIF/CD74 axis combined with immunotherapy modulated
LDHA expression, an enzyme that catalyzes the conversion of
pyruvate and L-lactate, suggesting a direct correlation between
less lactate and the more effective therapeutic response.

Several metabolic pathways and factors can orchestrate the
production of pyruvate and lactate. Hypoxia, induced in the
course of progression by many solid tumors, is a key factor
influencing this metabolic imbalance.***"**> The cellular
response to hypoxia is mainly mediated by the hypoxia-
inducible factor (HIF) family of transcription factors, which
regulate the expression of multiple genes,” including tran-
scriptional induction of MIF expression.®” Zhu et al.** showed
that HIF-1a/MIF axis regulates the migration, differentiation
and pro-angiogenic function of CD11b"Gr-1" myeloid cells
supporting tumor growth of head and neck squamous cell
carcinoma (HNSCC).*

In summary, we provide here the basis for the rationale to
combine anti-CTLA-4 immune checkpoint blockade with inhi-
bition of the MIF-CD74 axis. We provide evidence that inhibi-
tion of the MIF-CD74 axis resulted in the activation of innate
immunity and reprogramming of tumor metabolism and
reduced PD-L1 expression in melanoma cells (Figure 7).
Thus, our findings show that targeting the MIF/CD74 axis
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could provide a new strategy for overcoming resistance to
immune checkpoint blockade therapy in melanoma.
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