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Abstract
Expression	 of	 programmed	 cell	 death	 ligand	1	 (PD-L1)	 on	 tumor	 cells	 contributes	
to	cancer	immune	evasion	by	interacting	with	programmed	cell	death	1	on	immune	
cells. γ-Interferon	(IFN-γ)	has	been	reported	as	a	key	extrinsic	stimulator	of	PD-L1	
expression,	yet	 its	mechanism	of	expression	 is	poorly	understood.	This	study	ana-
lyzed	the	role	of	CD74	and	its	ligand	macrophage	migration	inhibitory	factor	(MIF)	
on	PD-L1	expression,	by	immunohistochemical	analysis	of	melanoma	tissue	samples	
and	in	vitro	analyses	of	melanoma	cell	lines	treated	with	IFN-γ	and	inhibitors	of	the	
MIF-CD74	interaction.	Immunohistochemical	analyses	of	97	melanoma	tissue	sam-
ples	showed	significant	correlations	between	CD74	and	the	expression	status	of	PD-
L1	(P < .01).	In	vitro	analysis	of	2	melanoma	cell	lines,	which	are	known	to	secrete	MIF	
constitutively	 and	 express	 cell	 surface	 CD74	 following	 IFN-γ	 stimulation,	 showed	
upregulation	of	PD-L1	levels	by	IFN-γ	stimulation.	This	was	suppressed	by	further	
treatment	with	 the	MIF-CD74	 interaction	 inhibitor,	 4-iodo-6-phenylpyrimidine.	 In	
the	analysis	of	melanoma	cell	line	WM1361A,	which	constitutively	expresses	PD-L1,	
CD74,	and	MIF	 in	 its	non-treated	state,	treatment	with	4-iodo-6-phenylpyrimidine	
and	transfection	of	siRNAs	targeting	MIF	and	CD74	significantly	suppressed	the	ex-
pression	of	PD-L1.	Together,	the	results	indicated	that	MIF-CD74	interaction	directly	
regulated	the	expression	of	PD-L1	and	helps	tumor	cells	escape	from	antitumorigenic	
immune	responses.	In	conclusion,	the	MIF-CD74	interaction	could	be	a	therapeutic	
target	in	the	treatment	of	melanoma	patients.
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1  | INTRODUC TION

Programmed	cell	death	ligand	1	(PD-L1)	is	a	type	I	transmembrane	
protein	that	plays	a	major	role	in	suppressing	the	immune	response.1 

High	expression	of	PD-L1	is	frequently	observed	in	tumor	cells,	and	
its	interaction	with	programmed	cell	death	1	(PD-1)	on	immune	cells	
subsequently	leads	to	immune	cell	dysfunction	and	prevents	cyto-
toxic	T	cells	 from	targeting	tumor	cells.2	Programmed	cell	death	1	
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and	PD-L1	constitute	a	key	pathway	in	local	tumor	immunosuppres-
sion,	and	inhibition	of	the	PD-1-PD-L1	axis	has	been	reported	to	be	
an	effective	therapy	for	various	malignancies.3-6

Expression	of	PD-L1	in	tumor	cells	is	regulated	by	several	extrin-
sic	 and	 intrinsic	 factors.7,8	 In	 particular,	γ-interferon	 (IFN-γ)	 in	 the	
tumor	microenvironment	 has	 been	 reported	 to	 be	 a	 key	 extrinsic	
regulator	of	PD-L1	expression.	 IFN-γ	principally	activates	JAK	and	
STAT	signaling	pathways,	which	induce	the	direct	binding	of	its	tran-
scription	factor,	IFN	regulatory	factor	1,	to	the	promoter	region	of	
PD-L1.3-5,9	 However,	 expression	 of	 PD-L1	 by	 IFN-γ	 stimulation	 is	
mediated	 by	multiple	mechanisms.	 In	medulloblastomas,	 IFN-γ in-
duces	PD-L1	upregulation,	which	is	required	for	the	supportive	ef-
fect	of	cyclin-dependent	kinase	5.10

CD74,	also	known	as	MHC	class	II-associated	invariant	chain,	is	
a	type	II	transmembrane	glycoprotein.11	Part	of	this	glycoprotein	is	
exposed	on	the	cell	surface	and	functions	as	a	receptor	for	macro-
phage	migration	inhibitory	factor	(MIF).12-14	The	MIF-CD74	interac-
tions	induce	activation	of	RAS-RAF-MEK-ERK	MAPK	signaling	and	
the	PI3K-AKT	signaling	pathway.14,15	Stimulation	of	 IFN-γ has also 
been	reported	to	upregulate	the	expression	of	CD74.16	In	a	previous	
analysis	of	melanoma	patient	samples,	serum	IFN-γ	levels	and	CD74	
expression	levels	in	tumor	cells	showed	a	significant	correlation.	In	
addition,	treating	melanoma	cell	 lines	with	recombinant	IFN-γ	pro-
tein	resulted	in	upregulation	of	cell	surface	CD74	protein	levels.17

Based	on	these	findings	that	 IFN-γ	stimulation	upregulates	ex-
pression	levels	of	both	CD74	and	PD-L1,	we	hypothesized	that	ex-
pression	of	PD-L1	is	mediated	by	MIF-CD74	interactions.	Here	we	
showed	a	 significant	 association	between	 the	expression	 levels	of	
PD-L1	and	MIF-CD74	interactions.

2  | MATERIAL S AND METHODS

2.1 | Patients and tumor samples

The	 Surveillance	 Committee	 for	 Human	 Subjects	 Research	 at	 the	
School	of	Medicine	of	Keio	University	(Tokyo,	Japan)	approved	this	re-
search	project.	This	study	involved	97	histological	samples	(64	primary	
and	33	metastatic	samples)	obtained	from	70	patients	treated	at	the	
Department	of	Dermatology	of	Keio	University	Hospital	from	1993	to	
2014.	All	patients	gave	written	informed	consent	prior	to	participat-
ing	in	the	study.	Diagnoses	of	malignant	melanoma	were	histologically	
confirmed	for	all	samples	by	2	pathologists	(YM	and	MS).

2.2 | Immunohistochemical and 
immunocytochemical analyses

Formalin-fixed,	paraffin-embedded	sections	of	melanoma	tumor	sam-
ples	and	formalin-fixed	cytospin	sections	of	melanoma	cell	line	samples	
were	examined	 for	CD74	and	PD-L1	expression.	Mouse	monoclonal	
anti-human	CD74	Ab	(LN2;	Santa	Cruz	Biotechnology,	Santa	Cruz,	CA,	
USA),	rabbit	monoclonal	anti-human	PD-L1	Ab	(E1L3N;	Cell	Signaling	
Technology,	Danvers,	MA,	USA),	mouse	monoclonal	anti-human	Ki-67	
Ab	(MIB-1;	Santa	Cruz	Biotechnology),	and	rabbit	polyclonal	anti-human	

MIF	 Ab	 (Santa	 Cruz	 Biotechnology)	 were	 used	 as	 primary	 Abs.	
Immunostaining	was	carried	out	using	a	Leica	Bond-Max	Automation	
and	Leica	Red	Refine	detection	kit	(Leica	Biosystems,	Richmond,	VA,	
USA)	 following	 the	manufacturer's	 protocols.	 Slides	were	 incubated	
with	primary	Abs	 for	15 min	 (CD74	and	MIF)	or	45	min	 (PD-L1),	 fol-
lowed	by	treatment	with	hydrogen	peroxide	and	alkaline	phosphatase	
reagent	(Leica	Biosystems).	For	the	double	staining	of	PD-L1	and	Ki-67,	
immunostaining	of	PD-L1	was	undertaken	using	the	abovementioned	
method	 followed	 by	 incubating	mouse	monoclonal	 anti-human	Ki67	
Ab	 (MIB-1)	as	 the	primary	Ab	and	HRP-conjugated	goat	monoclonal	
anti-mouse	Ab	(Nichirei,	Tokyo,	Japan)	as	the	secondary	Ab.	Positive	
staining	was	visualized	using	diaminobenzidine	as	a	chromogen	(Muto	
Chemicals,	 Tokyo,	 Japan).	 Immunolabeling	 was	 scored	 by	 the	 per-
centage	of	melanoma	cells	with	positive	staining	after	treatment	with	
each	Ab	(CD74,	>1%;	PD-L1,	>1%).	All	specimens	were	manually	and	
independently	evaluated	by	2	investigators	(MI	and	KT)	without	prior	
knowledge	of	any	other	clinical	information,	and	any	discrepancies	in	
the	findings	were	subsequently	reconciled	by	a	third	investigator	(YM).

2.3 | Cell lines and reagents

The	 human	 melanoma	 A375	 cell	 line	 was	 obtained	 from	 ATCC	
(Manassas,	VA,	USA),	SB2	was	provided	by	Dr.	M.	Davies	(University	
of	 Texas	 MD	 Anderson	 Cancer	 Center,	 Houston,	 TX,	 USA),	 and	
WM1361A	 was	 provided	 by	 Dr.	 M.	 Herlyn	 (Wistar	 Institute,	
Philadelphia,	 PA,	 USA).	 All	 cell	 lines	 were	 grown	 in	 RPMI-1640	
medium	 supplemented	with	 10%	 (for	 A375	 and	 SB2)	 or	 20%	 (for	
WM1361A)	 heat-inactivated	 bovine	 serum,	 100	μg/mL	 glutamine,	
100	U/mL	penicillin,	and	100	U/mL	streptomycin	(all	from	Invitrogen,	
Carlsbad,	CA,	USA).	All	cells	were	grown	at	37°C	in	a	5%	CO2	atmos-
phere	and	cultured	to	30%-40%	confluence	a	day	before	the	start	
of	the	experiment.	The	cell	lines	were	validated	by	STR	DNA	finger-
printing	using	 the	AmpF/STR	 identifier	kit	according	 to	 the	manu-
facturer's	instructions	(Applied	Biosystems,	Foster	city,	CA,	USA).

Cells	were	treated	with	the	MIF	inhibitor,	4-iodo-6-phenylpyrimi-
dine	(4-IPP;	Sigma-Aldrich,	St.	Louis,	MO,	USA)	and	human		re	combinant	
IFN-γ	 protein	 (Invitrogen).	 For	 siRNA	 transfection,	 cells	were	 trans-
fected	with	5	μmol/L	nontargeting	siRNA	(OriGene-SR30004;	OriGene	
Technologies,	Rockville,	MD,	USA)	or	CD74-	and	MIF-targeting	siRNA	
(OriGene-SR300694	and	SR302900,	respectively)	using	Lipofectamine	
RNAiMAX	 Transfection	 Reagent	 (Invitrogen)	 according	 to	 the	man-
ufacturer's	protocol.	The	sequences	used	were	as	follows:	siCD74-1,	
rArGrUrCrGrGrArArCrArGrCrArGrArUrArArCrArArUrGCA;	siCD74-2,	
rArGrUrArUrGrGrCrArArCrArUrGrArCrArGrArGrGrArCCA;	 siMIF-1,	
rCrCrCrGrGrArCrArGrGrGrUrCrUrArCrArUrCrArArCrUAT;	 and	
siMIF-2,	rCrGrArCrArUrGrArArCrGrCrGrGrCrCrArArUrGrUrGrGGC.

2.4 | Cell counting and cell viability assay

Cells	were	seeded	in	6-well	plates	at	1	×	105	cells/well	and	incubated	
as	described	above.	After	treatment,	cell	numbers	were	counted	every	
24	hours	up	to	72	hours	with	a	Bürker-Türk	counting	chamber	(Hausser	
Scientific,	Horsham,	PA,	USA)	by	staining	with	0.2%	Trypan	blue.
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2.5 | Extraction of RNA and quantitative real‐
time PCR

Total	cellular	RNA	was	 isolated	using	the	RNeasy	Mini	Kit	 (Qiagen,	
Valencia,	CA,	USA).	RNA	samples	were	treated	with	TURBO	DNase	
(Ambion,	 Carlsbad,	 CA,	 USA)	 to	 remove	 genomic	 DNA	 and	 con-
verted	 to	 first-strand	 cDNA	 using	 the	 PrimeScript	 RT	 reagent	 kit	
(Perfect	 Real	 Time;	 Takara	 Bio,	 Kusatsu,	 Japan).	 Quantitative	 real-
time	PCR	analysis	was	undertaken	using	a	Thermal	Cycler	Dice	Real	
Time	System	with	SYBR	Premix	Ex	Taq	 (Perfect	Real	Time;	Takara	
Bio).	 The	 primer	 sequences	 used	 were	 as	 follows:	 GAPDH	 for-
ward	 (5′–3′),	 ATCATCCCTGCCTCTACTGG;	GAPDH	 reverse	 (5′–3′),	
TTTCTAGACGGCAGGTCAGGT;	CD74	 forward	 (5′–3′),	GAGCTGTC 
GGGAAGATCAGA;	CD74	reverse	(5′–3′),	AGGAAGTAGGCGGTGGTG;	
PD-L1	 forward	 (5′–3′),	 TGCCGACTACAAGCGAATTACTG;	 PD-L1	
reverse	 (5′–3′),	 CTGCTTGTCCAGATGACTTCGG;	 MIF	 forward	
(5′–3′),	 CGGACAGGGTCTACATCAA;	 and	 MIF	 reverse	 (5′–3′),	
CTTAGGCGAAGGTGGAGTT.	GAPDH	was	used	as	an	internal	refer-
ence.	Fold-induction	values	were	calculated	using	the	2−ΔΔCt	method.

2.6 | Antibodies and western blot analysis

Mouse	 monoclonal	 anti-human	 CD74	 Ab	 (LN2;	 Santa	 Cruz	
Biotechnology),	 rabbit	 monoclonal	 anti-human	 PD-L1	 Ab	 (SP142;	
Spring	Bioscience,	Fremont,	CA,	USA),	rabbit	polyclonal	anti-human	
MIF	 Ab	 (Santa	 Cruz	 Biotechnology),	 and	 mouse	 monoclonal	 anti-
human	Hsp70	Ab	 (l1409;	 Santa	Cruz	 Biotechnology)	were	 used	 as	
primary	Abs	at	a	dilution	of	1:1000.	Horseradish	peroxidase-labeled	
anti-mouse	or	anti-rabbit	Abs	(1:1000;	Dako,	Carpinteria,	CA,	USA)	
were	used	as	secondary	Abs.	The	Amersham	ECL	western	blot	detec-
tion	reagent	 (GE	Healthcare,	Piscataway,	NJ,	USA)	was	used	to	de-
tect	protein	expression.	Whole	cell	extracts	(40	μg)	were	subjected	
to	SDS-PAGE	(NuPAGE	Bis-Tris	Gel;	Life	Technologies,	Gaithersburg,	
MD,	USA)	and	were	transferred	to	a	PVDF	membrane	(GE	Healthcare).	
The	membranes	were	incubated	with	ECL	immunoblotting	detection	
reagent	followed	by	exposure	to	hyperfilm	(GE	Healthcare).

2.7 | Flow cytometry analysis

Melanoma	 cells	 (1	 ×	 106)	 were	 allowed	 to	 grow	 in	 medium	
with	 or	 without	 IFN-γ	 (100	 IU/mL)	 or	 4-IPP	 for	 48	 hours.	
Cells	 were	 washed	 with	 ice-cold	 PBS	 and	 detached	 by	 gen-
tle	pipetting,	subsequently	 fixed	with	acetone.	Cells	were	 in-
cubated	with	mouse	monoclonal	 anti-human	 CD74	 Ab	 (LN2),	
rabbit	 anti-human	 PD-L1	 Ab	 (E1L3N)	 or	 its	 isotype	 control	
Abs;	normal	mouse	 IgG1	 (sc-3877;	Santa	Cruz	Biotechnology)	
and	rabbit	(DA1E)	mAb	IgG	XP	Isotype	Control	(Cell	Signaling	
Technology)	as	primary	Abs	followed	by	FITC-conjugated	rab-
bit	 anti-mouse	 immunoglobulins	 and	 swine	 anti-rabbit	 im-
munoglobulins	 (Dako	 Japan)	 as	 secondary	Abs.	 Ten	 thousand	
events	 per	 sample	 were	 collected	 with	 a	 Coulter	 Epics	 XL-
MCL	flow	cytometer	(Beckman	Coulter,	Miami,	FL,	USA).	Data	

analysis	was	performed	using	FlowJo	FACS	analysis	 software	
(Tree	Star,	Ashland,	OR,	USA).

2.8 | Focused protein array

The	expression	status	of	proteins	in	each	lysate	was	measured	using	
a	human	phospho-kinase	array	kit	(Proteome	Profiler;	R&D	Systems,	
Minneapolis,	MN,	USA).	The	lysates	of	WM1361A	cells	were	collected	
48	 hours	 after	 the	 treatment	 with	 or	 without	 4-IPP	 200	 μmol/L.	
Lysates	were	applied	to	a	human	phosphor-kinase	array	kit	according	
to	the	manufacturer's	protocol.	Protein	expression	dots	were	scanned	
using	a	computer	scanner,	and	dot	pixel	density	was	quantified	with	
Photoshop	CS5.1	software	(Adobe,	San	Jose,	CA,	USA).

2.9 | Statistical analysis

To	assess	the	correlation	between	the	expression	levels	of	CD74	and	
PD-L1	by	 immunohistochemistry,	Fisher's	exact	tests	were	applied.	
For	all	in	vitro	experiments,	statistical	analyses	were	carried	out	using	
Student's	t	test.	All	P	values	were	2-sided,	and	a	value	of	P < .05	was	
considered	statistically	significant.	All	statistical	analyses	were	per-
formed	using	Excel	software	(Microsoft,	Redmond,	WA,	USA).

3  | RESULTS

3.1 | Significant correlation between CD74 and PD‐
L1 expression in melanoma tissue samples

To	 examine	 the	 CD74	 and	 PD-L1	 expression	 levels	 in	 melanoma	
tissue	samples,	we	undertook	 immunohistochemical	staining	 in	97	
melanoma	 samples	 obtained	 from	 70	 patients	 (patient	 character-
istics	are	summarized	 in	Table	1).	Anti-CD74	stained	positively	 for	
both	the	cytoplasm	and	membrane	of	melanoma	cells,	and	anti-PD-
L1	stained	positively	only	 for	 the	membrane	 (cytoplasmic	 localiza-
tion	was	considered	to	be	negative).	Representative	positive	staining	
results	of	CD74	and	PD-L1	are	shown	in	Figure	1A.	The	PD-L1	ex-
pression	 in	 tumor	 cells	 was	 confirmed	 by	 the	 double	 staining	 of	
PD-L1	and	Ki-67,	as	PD-L1	can	be	expressed	not	only	in	tumor	cells	
but	also	in	myeloid	cells	infiltrated	around	tumor	cells	(Figure	S1A).	
Expression	of	each	sample	was	evaluated	as	positive	by	the	percent-
age	of	melanoma	cells	with	positive	staining	(CD74	>1%,	PD-L1	>1%).	
We	then	analyzed	the	correlation	between	the	expression	levels	of	
CD74	 and	 PD-L1,	 which	 showed	 significant	 correlations	 in	 all	 97	
analyzed	samples	(χ2,	12.44;	P < .01),	and	in	64	primary	tumor	sam-
ples	(χ2,	13.97;	P < .01)	and	33	metastatic	tumor	samples	(χ2,	9.03;	
P < .01)	(Figure	1B).	In	the	further	analysis	evaluating	expression	of	
each	sample	as	positive	by	the	percentage	of	melanoma	cells	with	
positive	staining	 (CD74	>50%,	PD-L1	>50%),	 increased	percentage	
of	PD-L1	expression	was	significantly	correlated	with	that	in	CD74	
expression	(P < .01;	Figure	S1B).	In	the	correlation	analysis	between	
those	expression	levels	and	tumor	progression,	PD-L1	positivity	sig-
nificantly	correlated	with	tumor	progression	(P < .05;	Figure	S1C).
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3.2 | Upregulated expression of CD74 by IFN‐γ 
stimulation

On	 the	 basis	 of	 previous	 findings	 that	 IFN-γ	 upregulates	 both	
PD-L1	and	cell	surface	CD74	expression,17	we	hypothesized	that	
the	MIF-CD74	interaction	mediated	the	expression	of	PD-L1	after	
stimulation	by	IFN-γ.	To	test	this	hypothesis,	we	treated	2	mela-
noma	cell	 lines,	A375	and	SB2,	with	 IFN-γ	 and	an	antagonist	of	
the	MIF-CD4	 interaction,	4-IPP.	Although	A375	and	SB2	harbor	
different	mutational	backgrounds	(A375	has	a	BRAF	mutation	and	
SB2	has	an	NRAS	mutation),	both	cell	lines	expressed	MIF	and	se-
creted	 it	 into	 the	 culture	 supernatant	 and	 also	 upregulated	 cell	
surface	CD74	levels	 in	response	to	IFN-γ	 treatment,	to	augment	
the	 MIF-CD74	 interaction.17	 Initially,	 viability	 of	 both	 cell	 lines	
was	 evaluated	 under	 the	 IFN-γ	 and/or	 4-IPP	 treated	 condition.	
The	IFN-γ	100	IU/mL	treatment	alone	did	not	affect	the	cell	pro-
liferation	 in	 either	 cell	 line,	 and	 4-IPP	 100	μmol/L	 treatment	 or	
combined	 treatment	 of	 IFN-γ	 100	 IU/mL	 and	4-IPP	100	μmol/L	
suppressed	 the	 cell	 proliferation,	 yet	 viable	 cells	 continued	 to	

proliferate	 (Figure	 2A).	 Under	 such	 conditions,	 expression	 of	
CD74	was	 upregulated	when	 stimulated	with	 IFN-γ,	 in	 terms	 of	
mRNA	 (Figure	 2B),	 protein	 (Figure	 2C),	 and	 cell	 surface	 expres-
sion	levels	(Figure	2D).	Further	treatment	with	4-IPP	did	not	sup-
press	the	CD74	expression	level	(Figure	2B-D).	In	addition,	neither	
IFN-γ	nor	4-IPP	affected	the	expression	level	of	MIF	(Figures	2C	
and	S2A).

TA B L E  1  Characteristics	of	melanoma	patients	analyzed	in	this	
study

 N (%)

Sex

Male 24	(34.3)

Female 46	(65.7)

Age	(y)

Mean	±	SD	(range) 60.31	±	14.96	
(15-86)

Median 61

Primary	lesion,	n 64

Tumor	subtype

ALM 25	(39.1)

SSM 18	(28.1)

NM 23	(35.9)

LMM 1	(1.6)

Mucosal 2	(3.1)

In	situ 1	(1.6)

Tumor	site

Extremity 39	(61.0)

Trunk 13	(20.3)

Head	and	neck 8	(12.5)

Mucosal 4	(6.3)

Genital 2	(3.1)

Metastatic	lesion,	n 33

Lymph	node,	n 21

Skin	metastasis,	n 12

Data	are	presented	as	n	(%)	or	mean	±	SD	(range)	unless	otherwise	
indicated.
ALM,	acral	lentiginous	melanoma;	LMM,	lentigo	maligna	melanoma;	
NM,	nodular	melanoma;	SSM,	superficial	spreading	melanoma.

F I G U R E  1  Expressions	of	CD74	and	programmed	cell	death	
ligand	1	(PD-L1)	in	melanoma	tissue	samples.	A,	Representative	
immunohistochemical	staining	of	CD74	(left	panels)	and	(PD-L1;	
right	panels)	in	melanoma	tissue	samples.	Magnification,	200×.	
Positive	staining	is	visualized	by	red	staining.	Upper	left	panel:	
metastatic	melanoma	sample	stained	positively	for	CD74	in	both	
the	cytoplasm	and	cell	membrane.	Upper	right	panel:	the	same	
metastatic	melanoma	sample	in	the	upper	left	panel	stained	
positively	for	PD-L1	in	the	cell	membrane.	Positive	staining	in	the	
cytoplasm	was	considered	to	be	negative	in	the	present	study.	
Lower	left	panel:	primary	melanoma	sample	stained	negatively	
for	CD74.	Lower	right	panel:	same	primary	melanoma	sample	in	
the	lower	left	panel	stained	negatively	for	PD-L1.	B,	Correlation	
analysis	of	CD74	and	PD-L1	expression	status	in	all	97	samples	
(upper	table),	64	primary	samples	(middle	table),	and	33	metastatic	
samples	(lower	table).	The	χ2	values	were	12.44	(P < .01),	13.97	
(P < .01),	and	9.03	(P < .01)	in	all	samples,	primary	lesions,	and	
metastatic	lesions,	respectively,	suggesting	a	high	correlation	
between	the	expression	levels	of	CD74	and	PD-L1

χ

(A)

(B)

χ

χ
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F I G U R E  2   γ-Interferon	(IFN-γ)	stimulation	upregulates	the	expression	of	CD74	in	melanoma	cells.	A375	and	SB2	cells	were	treated	with/
without	IFN-γ	and/or	4-iodo-6-phenylpyrimidine	(4-IPP).	A,	Cell	viability	analysis.	A375	(upper	panel)	and	SB2	(lower	panel).	Treatment	with	
IFN-γ	100	IU/mL	alone	did	not	affect	the	cell	proliferation	in	either	cell	line.	However,	4-IPP	100	μmol/L	treatment	alone	or	combined	with	
IFN-γ	100	IU/mL	suppressed	cell	proliferation.	B,	Quantitative	real-time	PCR	analysis	to	measure	mRNA	levels	of	CD74	in	A375	cells	(upper	
panel)	and	SB2	cells	(lower	panel).	Stimulation	with	IFN-γ-	upregulated	the	expression	of	CD74,	which	was	not	affected	by	further	treatment	
with	4-IPP.	Shown	are	representative	data	from	1	of	3	experiments.	C,	Western	blot	analysis	of	CD74	protein	expression	in	A375	cells	(upper	
panel)	and	SB2	cells	(lower	panel).	Stimulation	with	IFN-γ	upregulated	the	expression	of	CD74.	Further	treatment	of	A375	cells	with	4-IPP	
showed	further	upregulation	of	CD74	expression,	possibly	due	to	a	compensatory	mechanism.	MIF,	macrophage	migration	inhibitory	factor.	
D,	Flow	cytometry	analysis	of	cell	surface	CD74	protein	in	A375	cells	(upper	panel)	and	SB2	cells	(lower	panel).	IFN-γ	stimulation	upregulated	
the	expression	of	cell	surface	CD74	protein	level	in	both	cell	lines.	Further	treatment	of	A375	cells	with	4-IPP	showed	further	upregulation	
of	CD74	expression.	Mean	fluorescence	intensity	(MFI)	of	each	condition	was	as	follows.	A375	cells:	isotype	control,	0.26,	nontreated	(NT),	
0.30;	IFN-γ	100	IU/mL,	0.48;	IFN-γ	100	IU/mL	and	4-IPP	100	μmol/L,	0.69.	SB2	cells:	isotype	control,	0.16;	NT,	0.19;	IFN-γ	100	IU/mL,	0.34;	
IFN-γ	100	IU/mL	and	4-IPP	100	μmol/L,	0.25
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3.3 | Upregulated expression of PD‐L1 by IFN‐γ 
stimulation suppressed by inhibition of MIF‐CD74 
interaction

Next	we	evaluated	the	expression	levels	of	PD-L1	under	IFN-γ and/
or	 4-IPP	 treated	 conditions.	 Expression	 of	 PD-L1	was	 negative	 in	

both	 cell	 lines	 under	 normal	 culture	 conditions,	 but	 was	 dramati-
cally	 upregulated	when	 stimulated	with	 IFN-γ,	 in	 terms	 of	mRNA	
(Figure	3A),	 protein	 (Figure	3B),	 and	 cell	 surface	 expression	 levels	
(Figure	3C,D).	After	addition	of	4-IPP,	the	expression	of	PD-L1	was	
suppressed	 in	 a	 dose-dependent	manner,	 in	 terms	 of	 both	mRNA	
(Figure	 3A)	 and	 protein	 levels	 (Figure	 3B).	 Suppression	 of	 PD-L1	

F I G U R E  3   γ-Interferon	(IFN-γ)	stimulation	upregulates	the	expression	of	programmed	cell	death	ligand	1	(PD-L1)	in	melanoma	cells	
through	macrophage	migration	inhibitory	factor	(MIF)-CD74	interaction.	A375	and	SB2	cells	were	treated	with	4-iodo-6-phenylpyrimidine	
(4-IPP)	for	48 h	under	IFN-γ	stimulatory	conditions.	A,	Quantitative	real-time	PCR	analysis	to	measure	mRNA	levels	of	PD-L1	in	A375	cells	
(upper	panel)	and	SB2	cells	(lower	panel).	IFN-γ	stimulation	upregulated	expression	of	PD-L1,	which	was	suppressed	by	further	treatment	
with	4-IPP.	*P < .05;	**P < .01.	Shown	are	representative	data	from	1	of	3	experiments.	B,	Western	blot	analysis	of	PD-L1	protein	expression	
in	A375	cells	(upper	panel)	and	SB2	cells	(lower	panel).	IFN-γ	stimulation	upregulated	the	expression	of	PD-L1,	which	was	suppressed	by	
further	treatment	with	4-IPP.	C,	Flow	cytometry	analysis	of	cell	surface	PD-L1	protein	in	A375	cells	(upper	panel)	and	SB2	cells	(lower	
panel).	IFN-γ	stimulation	upregulated	the	expression	of	cell	surface	PD-L1	protein	level	in	both	cell	lines.	Further	treatment	with	4-IPP	
showed	downregulation	of	CD74	expression.	Mean	fluorescence	intensity	of	each	condition	was	as	follows.	A375	cells:	isotype	control,	
0.86;	nontreated	(NT),	0.87;	IFN-γ	100	IU/mL,	2.57;	IFN-γ	100	IU/mL;	and	4-IPP	100uM,	1.77.	SB2	cells:	isotype	control,	0.90;	nontreated	
(NT),	0.91;	IFN-γ	100	IU/mL,	3.90;	IFN-γ	100	IU/mL	and	4-IPP	100	μmol/L,	1.16.	D,	Immunocytochemistry	of	A375	cells	(left	panels)	and	
SB2	cells	(right	panels)	PD-L1	was	negative	under	normal	culture	conditions	(upper	panels).	IFN-γ	stimulation	upregulated	the	membrane	
staining	of	PD-L1	(middle	panels),	and	cell	staining	was	suppressed	by	further	treatment	with	4-IPP	(lower	panels)	in	both	cell	lines.	Shown	
are	representative	data	from	1	of	3	experiments
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expression	by	4-IPP	was	also	confirmed	using	flow	cytometry	analy-
sis	and	immunocytochemistry	(Figure	3C,D).

3.4 | Inhibition of MIF‐CD74 interaction suppressed 
expression of PD‐L1, phosphorylation of STAT2 
[Y689], and phosphorylated c‐JUN [S63] in WM1361A 
cells, which constitutively express PD‐L1

To	confirm	that	autocrine	MIF-CD74	interaction	directly	regulated	the	
expression	of	PD-L1,	we	 initially	attempted	 to	establish	CD74-over-
expressing	A375	cells	and	SB2	cells	by	transfecting	CD74	expression	
vectors	 in	 these	 cell	 lines.	 However,	 although	 transfection	 showed	
overexpression	of	CD74	mRNA	and	proteins,	it	did	not	show	upregula-
tion	of	cell	surface	CD74	levels	(data	not	shown).	Therefore,	we	studied	
the	WM1361A	melanoma	cell	line,	which	constitutively	expressed	PD-
L1,	CD74,	and	MIF	under	untreated	conditions	(Figure	4A).	Cell	surface	
expression	 of	CD74	was	 also	 confirmed	by	 flow	 cytometry	 analysis	

(Figure	4B).	In	the	evaluation	of	WM1361A	cell	viability	under	the	4-
IPP	treated	condition,	4-IPP	50	or	200	μmol/L	treatment	suppressed	
cell	proliferation,	yet	viable	cells	continued	to	proliferate	(Figure	4C).	
Under	this	treatment	condition,	phosphorylation	or	expression	of	the	
several	signaling	molecules,	as	well	as	the	expression	level	of	PD-L1,	
was	evaluated.	 In	the	analysis	of	protein	array,	treatment	with	4-IPP	
200 μmol/L	 suppressed	 expression	 level	 of	 several	 signaling	 mole-
cules,	including	STAT2	(Y689)	and	c-JUN	(S63),	and	upregulated	STAT3	
(S727)	and	p53	(S392)	(Figure	4D).	Treatment	with	4-IPP	decreased	the	
expression	of	PD-L1,	in	terms	of	both	mRNA	(Figure	5A)	and	protein	
levels	(Figure	5B),	in	a	dose-dependent	manner.	Downregulation	of	cell	
surface	expression	of	PD-L1	by	4-IPP	treatment	was	also	confirmed	
by	flow	cytometry	analysis	and	immunocytochemistry	(Figure	5C,D).	
However,	4-IPP	treatment	did	not	affect	the	expression	levels	of	CD74	
or	MIF	 (Figures	 4C	 and	5B).	We	 also	 undertook	 siRNA	 targeting	 of	
CD74	 and	MIF.	 Transfection	 of	 2	 siRNA	 sequences	 targeting	 CD74	
decreased	the	expression	levels	of	CD74	by	40.7%	and	3.8%.	Under	

F I G U R E  4  Macrophage	migration	
inhibitory	factor	(MIF)-CD74	interaction	
regulates	activity	of	several	signaling	
molecules	in	the	WM1361A	melanoma	
cell	line.	A,	Immunocytochemical	analysis.	
WM1361A	cells	were	confirmed	to	
express	programmed	cell	death	ligand	1	
(PD-L1)	(left	panel),	MIF	(middle	panel),	
and	CD74	(right	panel)	in	untreated	
cultures.	B,	Flow	cytometry	analysis.	
WM1361A	cells	showed	cell	surface	
expression	of	CD74.	Mean	fluorescence	
intensity	of	each	condition	was	as	
follows.	Isotype	control,	0.47;	nontreated	
(NT),	0.71;	4-iodo-6-phenylpyrimidine	
(4-IPP)	200	μmol/L,	0.65.	C,	Cell	viability	
analysis.	4-IPP	treatment	suppressed	the	
proliferation	of	WM1361A	cells	in	a	dose-
dependent	manner.	D,	Protein	array.	4-IPP	
treatment	for	48	h	decreased	expression	
of	phosphorylated	(phospho-)AMPKa2	
(T172)	(a),	phospho-STAT2	(Y689)	(b),	
phospho-STAT6	(Y461)	(c),	β-catenin	
(d),	and	phospho-c-JUN	(S63)	(e),	and	
increased	expression	of	phospho-P53	
(S392)	(f)	and	phospho-STAT3	(S727)	(g).	
Right	panel,	relative	dot	density	of	protein	
array analysis
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this	CD74	knockdown	condition,	the	expression	levels	of	PD-L1	were	
suppressed	by	55.2%	and	34.9%,	respectively	(Figure	5E).	Cell	surface	
expressions	 of	 CD74	 and	 PD-L1	 were	 also	 suppressed	 by	 2	 siRNA	

sequences	targeting	CD74	(Figure	5F).	In	a	similar	manner,	transfection	
of	2	sequences	of	siRNA	targeting	MIF	decreased	the	expression	levels	
of	MIF	by	45.7%	and	7.1%,	and	the	expression	levels	of	PD-L1	were	

F I G U R E  5  Macrophage	migration	inhibitory	factor	(MIF)-CD74	interaction	regulates	expression	of	programmed	cell	death	ligand	
1	(PD-L1)	in	the	WM1361A	melanoma	cell	line.	WM1361A	cells	were	treated	with	4-iodo-6-phenylpyrimidine	(4-IPP)	for	72	h.	A,	
Quantitative	real-time	PCR	analysis.	The	mRNA	level	of	PD-L1	was	suppressed	in	a	dose-dependent	manner	by	74.4%	when	treated	with	
50	μmol/L	4-IPP,	and	suppressed	by	60.7%	with	200	μmol/L	4-IPP.	**P < .01.	B,	Western	blot	analysis.	The	expression	level	of	PD-L1	
protein	was	suppressed	in	a	dose-dependent	manner.	C,	Flow	cytometry	analysis.	Cell	surface	PD-L1	expression	was	positive	in	untreated	
condition.	4-IPP	treatment	decreased	its	expression	level.	Mean	fluorescence	intensity	of	each	condition	was:	isotype	control,	5.74;	
nontreated	(NT),	17.9;	4-IPP	200	μmol/L,	12.5.	D,	Membrane	staining	of	PD-L1	was	suppressed	when	treated	with	200	μmol/L	4-IPP.	
Number	of	PD-L1	positive	cells	from	5	different	randomly	selected	areas	were	counted	using	a	high-powered	field	(400×	magnification),	
and	the	average	of	the	5	sums	was	calculated.	The	mean	number	of	PD-L1-positive	cells	were	21.8	in	the	untreated	condition	and	4.6	
in	the	4-IPP	200	μmol/L	treated	condition.	E,	WM1361A	cells	were	transfected	with	siRNA	targeting	CD74,	and	the	expression	levels	
of	CD74	(upper	panel)	and	PD-L1	(lower	panel)	were	analyzed	by	quantitative	real-time	PCR	48	h	after	transfection.	Transfections	
of	2	sequences	of	siRNA	targeting	CD74	decreased	the	expression	levels	of	CD74	by	40.7%	(siCD74-1)	and	3.8%	(siCD74-2).	E,	Flow	
cytometry	analysis.	Expression	of	cell	surface	CD74	(upper	panel)	and	PD-L1	(lower	panel)	were	analyzed	72	h	after	the	transfections	of	2	
sequences	of	siRNA	targeting	CD74.	Both	sequences	decreased	expression	level	of	CD74	and	PD-L1.	Mean	fluorescence	intensity	of	each	
condition	was	follows.	CD74:	siNT,	0.51;	siCD74-1,	0.43;	siCD74-2,	0.40.	PD-L1:	siNT,	7.20;	siCD74-1,	4.78;	siCD74-2,	4.12.	Shown	are	
representative	data	from	1	of	3	experiments
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suppressed	by	50.0%	and	26.4%,	respectively	(Figure	S2B).	Together,	
these	results	suggested	that	the	MIF-CD74	interaction	directly	regu-
lated	the	expression	of	PD-L1	in	melanoma	cells.

4  | DISCUSSION

Melanoma	 is	 the	most	 aggressive	 form	 of	 skin	 cancer	 and	 is	 be-
lieved	to	have	a	highly	immunogenic	potential.	Recent	advances	in	
therapy	have	provided	immune	checkpoint	inhibitors	that	show	im-
pressive	clinical	benefits	in	patients	with	metastatic	melanoma.18-21 
However,	 blockade	 of	 the	 PD-1-PD-L1	 interaction	 does	 not	 in-
duce	 tumor	 regression	 in	 all	 patients.20,21	 Further	 understanding	
of	 the	molecular	mechanisms	underlying	 immune	evasion	of	 can-
cers,	as	well	as	the	mechanisms	for	controlling	PD-L1	expression,	
will	therefore	be	important	in	improving	the	efficacy	of	antitumor	
immunotherapy.

In	the	present	study,	we	showed	that	the	MIF-CD74	interaction	
regulated	the	expression	of	PD-L1,	especially	under	the	stimulatory	
conditions	of	IFN-γ	treatment	(Figure	6).	Immunohistochemistry	of	
melanoma	tissue	samples	showed	a	significant	correlation	between	
the	expression	levels	of	CD74	and	PD-L1.	A375	and	SB2	cells	showed	
upregulation	of	PD-L1	and	CD74	levels	by	IFN-γ	stimulation,	and	the	
PD-L1	level	was	suppressed	by	further	treatment	with	4-IPP.	In	fur-
ther	analyses	of	WM1361A	cells,	treatment	with	4-IPP	and	transfec-
tion	of	siRNAs	targeting	MIF	and	CD74	significantly	suppressed	the	
expression	levels	of	PD-L1.

Expression	of	PD-L1	is	regulated	by	several	genomic,	epigenetic,	
and	 transcriptional	mechanisms.7,8	Genomic	 rearrangements,	 includ-
ing	gene	amplification	and	translocation	in	chromosomes,	have	been	
reported	to	upregulate	PD-L1	expression	in	several	malignancies.22-24 
Epigenetically,	 bromodomain-containing	 protein	 425,26	 and	 histone	
methyltransferase	MLL1	 have	 been	 associated	 with	 the	 expression	
of	PD-L1.27	Regarding	 its	 regulation	at	 the	 transcriptional	 level,	 var-
ious	 signaling	 pathways,	 including	 the	 JAK-STAT,5	 NF-κB,28	 MAPK,	
and	PI3K-AKT	signaling	pathways29,30	have	been	reported	to	be	up-
stream	 regulators	 of	 PD-L1	 expression.	 In	 this	 study,	 protein	 array	
analysis	of	signaling	molecules	in	WM1361A	cell	treated	with/without	
4-IPP	 identified	 that	 inhibition	 of	MIF-CD74	 interaction	 suppressed	
phosphorylation	 of	 STAT2	 (Y689)	 and	 c-JUN	 (S63),	 and	 upregulated	
phosphorylation	 of	 STAT3	 (S727).	 Reportedly,	 STAT2	 is	 one	 of	 the	
mediators	to	promote	PD-L1	transcription.5	Additionally,	STAT3	plays	
an	important	transcriptional	role	of	PD-L1,31	and	c-JUN	has	been	re-
ported	 to	promote	 its	 transcription	by	acting	 together	with	STAT3.8 
However,	S-727	phosphorylation	of	STAT3	has	been	reported	to	have	
an	intrinsic	mechanism	for	shortening	the	duration	of	STAT3	activity,32 
hence	S-727	phosphorylation	 is	expected	to	regulate	PD-L1	expres-
sion	negatively.	These	results	suggest	that	MIF-CD74	interaction	reg-
ulates	expression	of	PD-L1	in	tumor	cells	by	augmenting	activation	of	
the	IFN-γ-JAK-STAT	signaling	pathway.

CD74	has	dual	 functional	 roles.	 It	has	usually	been	 identified	as	
a	chaperone	of	MHC	class	II	Dα and Dβ	chains,33	but	a	small	propor-
tion	of	CD74	 is	 found	on	the	cell	 surface	 independent	of	 the	MHC	
class	II	complex,12	where	it	functions	as	a	receptor	for	MIF.12-14	CD74	

F I G U R E  6  Schematic	image	of	this	study.	γ-Interferon	(IFN-γ)	stimulation	upregulates	expression	levels	of	programmed	cell	death	
ligand	1	(PD-L1)	mediated	by	the	activation	of	macrophage	migration	inhibitory	factor	(MIF)-CD74	interactions,	which	is	induced	by	the	
upregulation	of	cell	surface	CD74	expression	by	IFN-γ	stimulation
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has	been	reported	to	be	expressed	in	various	malignancies	and	serves	
as	a	prognostic	factor,	disease	progression	marker,	and	promoter	of	
invasion	 and	metastasis.17,34-38	 Interaction	 between	MIF	 and	CD74	
has	 been	 reported	 to	 regulate	 the	 expression	 of	 various	 genes,	 in-
cluding	IL‐6, IL‐8,	and	BCL‐2.17,39,40	Expression	of	BCL‐2	contributes	to	
apoptosis	and	chemotherapy	resistance.41 IL‐6 and IL‐8	are	associated	
with	 the	 invasiveness	 and	 metastatic	 potential	 of	 tumor	 cells.42,43 
Additionally,	secretion	of	both	IL‐6 and IL‐8	from	tumor	cells	has	been	
reported	 to	enrich	 the	Foxp3+	CD4-regulatory	T-cell	 subset	among	
T	cells	migrating	toward	melanoma,	thereby	creating	an	immunosup-
pressive	microenvironment.44	Together	with	its	regulatory	role	in	PD-
L1	expression	in	tumor	cells,	activation	of	the	MIF-CD74	interaction	
plays	a	critical	role	in	melanoma	cells	by	causing	immune	evasion	and	
promoting	 survival	 in	 the	microenvironment	of	 the	 antitumorigenic	
immune	reaction.

In	 conclusion,	MIF-CD74	 interaction	 is	 a	 regulator	 of	 PD-L1	 ex-
pression	and	plays	a	key	role	 in	maintaining	an	advantageous	tumor	
microenvironment	for	tumor	cells.	The	MIF-CD74	interaction	is	there-
fore	a	possible	target	for	effective	treatment	of	melanoma	patients.
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