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Abstract
Background: Agglomeration	of	myeloid-	derived	suppressor	cells	(MDSCs)	in	tumors	
impedes	 immunotherapeutic	effects.	Doxorubicin	 (DOX)	 is	currently	 the	most	spe-
cific	drug	used	for	the	selective	removal	of	MDSCs.	Here,	we	study	the	feasibility	and	
mechanism	of	 eliminating	MDSCs	by	DOX	 to	 improve	 antigen-	specific	 cytotoxic	T	
lymphocyte	(CTL)-	killing	neuroblastoma	(NB)	cells	in vitro.
Methods: CTL	and	MDSC	were	prepared;	 then,	CTLs,	NB	cells,	MDSCs,	 and	DOX	
were mixed and cultivated in different collocation patterns and divided into different 
groups. The levels of cluster of differentiation 3ζ	chain	(CD3ζ)	and	L-	selectin	in	CTL	in	
different	groups	were	detected.	Thereafter,	the	killing	rate	of	NB	cells	and	secretion	
of	interleukin-	2	and	interferon-	γ were measured and compared.
Results: By	real-	time	polymerase	chain	reaction	(PCR)	and	Western	blot	test	respec-
tively,	 the	proliferation	and	killing	effect	of	CTLs	on	NB	cells	were	all	 inhibited	by	
MDSC through downregulating CD3ζ	(p = 0.002; p =	0.001)	and	L-	selectin	(p = 0.006; 
p <	0.001).	However,	this	inhibitory	effect	was	reversed	by	DOX.	Significant	differ-
ences	were	observed	in	the	levels	of	interleukin-	2	(p <	0.001),	interferon-	γ	(p <	0.001),	
and	the	killing	rate	(p <	0.001)	among	the	groups,	except	between	the	CTL	+SK-	N-	SH	
and	CTL	+SK-	N-	SH	+DOX	groups	(p >	0.05).
Conclusions: Targeted	elimination	of	MDSCs	by	DOX	can	 improve	Ag-	specific	CTL	
killing	of	NB	cells	in vitro by upregulating CD3ζ	and	L-	selectin.	This	study	provides	a	
novel	method	to	enhance	the	immunotherapeutic	effects	of	NB.
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1  |  INTRODUC TION

Neuroblastoma	(NB)	is	the	most	common	pediatric	neuroendocrine	
tumor with high malignancy and early metastasis.1 The survival rate 
of	children	with	high-	risk	NB	 is	still	 less	than	40%,	although	many	
therapeutic	 methods,	 including	 surgery,	 radiotherapy,	 chemother-
apy,	and	stem	cell	transplantation,	have	been	adopted.1– 4	Although	
immunotherapy has recently been started for children with solid tu-
mors,	many	studies	have	shown	that	 immunotherapy	with	NB	can	
effectively remove tumor cells and reduce tumor recurrence and 
metastasis with higher specificity and less toxicity compared to tra-
ditional therapy.5,6

However,	 in	 the	 survival	microenvironment	of	NB,	many	 com-
plicated	 immunosuppressive	 factors	 impede	 therapeutic	 effects,	
resulting	 in	 immune	 tolerance,	 including	 downregulation	 of	HLA-	I	
antigen	and	accumulation	of	various	immunosuppressive	cells,	such	
as	 myeloid-	derived	 suppressor	 cells	 (MDSCs),	 regulatory	 T	 cells,	
and	 tumor-	associated	macrophages.7–	9	 Currently,	 new	 approaches	
targeting the tumor microenvironment hold promise for further im-
provements	in	survival	and	long-	term	quality	of	life.10	Furthermore,	
Jales et al. found that high expression of disialoganglioside on the 
surface	 of	 NB	 resulted	 in	 increased	 MDSC	 agglomeration	 in	 the	
tumor	 microenvironment,11 which triggered tumor immunosup-
pression and promoted the development and metastasis of tumors. 
Thus,	for	these	factors,	MDSC	may	be	the	main	impediment	to	NB	
immunotherapy. Some studies have shown that MDSCs cause disso-
ciation	between	T-	cell	receptor	(TCR)	and	cluster	of	differentiation	
3ζ	 (CD3ζ)	molecules,	 disrupting	 TCR	 complexes	 on	 T	 cells,	 which	
results	 in	Ag-	specific	CD8+	 T-	cell	 tolerance	 in	 cancer.12,13 MDSCs 
downregulate	L-	selectin	levels	in	naive	T	cells,	decreasing	their	abil-
ity to home to sites where they are activated.14,15

In	 recent	 years,	 the	 study	of	MDSCs	 as	 a	 regulatory	 target	 to	
improve the immune efficacy of tumors has gradually emerged.16,17 
Alizadeh	 et	 al.	 reported	 that	 doxorubicin	 (DOX)	 can	 be	 used	 as	 a	
potent	 immunomodulatory	 agent	 that	 selectively	 impairs	 MDSC-	
induced immunosuppression in breast cancer.18	 However,	 in	
neuroblastoma,	the	effective	removal	of	MDSCs	from	the	microen-
vironment	to	improve	the	effector	cell	killing	effect	on	tumor	cells	
has	rarely	been	studied.	Thus,	in	this	study,	the	feasibility	and	mech-
anisms	of	eliminating	MDSCs	by	DOX	to	enhance	antigen-	specific	
cytotoxic	T	 lymphocyte	 (CTL)	killing	of	NB	cells	were	explored,	 in	
order to provide a new method to enhance the immune therapeutic 
effects	of	NB.

2  |  MATERIAL S AND METHODS

2.1  |  Cell lines and animals

SK-	N-	SH	cells,	obtained	from	the	Shanghai	Cell	Bank	of	the	Chinese	
Academy	 of	Medical	 Sciences,	were	maintained	 in	DMEM	 (P-	04–	
03590,	 Gibco)	 with	 10%	 fetal	 calf	 serum	 (10082–	147,	 Gibco)	 and	
cultivated	at	37°C	 in	a	5%	CO2	humidified	 incubator.	Six-	week-	old	

female	BALB/c	mice,	 each	weighing	 18–	20	 g	 (SCXK	Hebei	 2008–	
1–	003),	 were	 purchased	 from	 the	 Experimental	 Animal	 Center	 of	
Hebei	 Province	 (SPF	 grade,	 SYXK	Hebei	 2008–	0026)	 and	housed	
in	a	specific	pathogen-	free	facility.	Spirit,	diet,	and	defecation	were	
regularly	observed	and	recorded.	All	experiments	were	conducted	in	
accordance with the principles and procedures outlined in the guide-
lines	of	the	Institutional	Experimental	Animal	Review	Committee.

2.2  |  Separation and purification of MDSCs in vitro

BALB/c	 mice	 were	 sacrificed,	 and	 bone	 marrow	 cells	 were	 ex-
tracted	 and	 made	 into	 a	 single-	cell	 suspension.	 After	 red	 blood	
cells	 had	 been	 cracked,	 the	 cell	 suspension	was	 administrated	 by	
anti-	Gr-	1	 monoclonal	 Ab	 (mAb)	 (85–	11–	5320–	82,	 eBioscience),	
anti-	CD11b	 mAb	 (85–	12–	0113–	42,	 eBioscience),	 anti-	CD80	 mAb	
(85–	12–	0809–	42,	 eBioscience),	 anti-	F4/80	 mAb	 (bs-	7058R-	FITC,	
Bioss),	 anti-	CD11c	 mAb	 (85–	12–	0116–	42,	 eBioscience),	 and	 anti-	
MHC-	II	 mAb	 (85–	11–	5320–	82,	 eBioscience).	 Differentiation	 of	
MDSCs	and	the	proportion	of	Gr-	1+CD11b+MDSCs	were	analyzed	
by	 flow	 cytometry.	 IgG	 FITC,	 a	 homotypic	 control	 antibody,	 was	
used to set the gate strategy.

Bone	marrow	cells	were	suspended	in	PBS,	and	MDSCs	were	sep-
arated	by	Percoll	density	gradient	centrifugation	(P8370,	Solarbio).	
Subsequently,	cell	suspensions	were	collected	and	separated	using	
CD11b	magnetic	beads	(130–	049–	601,	Miltenyi,	Germany),	and	the	
purity	of	Gr-	1+CD11b+ MDSCs was verified by flow cytometry.

2.3  |  Preparation of NB antigen- specific cytotoxic 
T lymphocyte

2.3.1  |  Extraction	and	cultivation	of	BALB/c	mice	
bone	marrow-	derived	dendritic	cells

BALB/c	mice	were	sacrificed,	and	bone	marrow	cells	were	extracted	
and	made	into	a	single-	cell	suspension.	After	the	red	blood	cells	had	
lysed,	the	cell	suspension	was	cultivated	at	a	concentration	of	106/
ml	cells/mL.	Thereafter,	rmGM-	CSF	(20	ng/ml)	(300–	03,	PeproTech)	
and	rmIL-	4	(20	ng/ml)	(200–	04,	PeproTech)	were	added.	On	the	sixth	
day,	the	morphology	of	dendritic	cells	(DCs)	was	observed	by	phase-	
contrast	microscopy,	and	the	expression	rates	of	CD11c,	CD86,	and	
MHC-	II	were	 detected	 by	 flow	 cytometry.	 A	 homotypic	 IgG	 FITC	
antibody was used to set the gate strategy.

2.3.2  |  Tumor	antigen	loading	DC

SK-	N-	SH	cells	in	the	logarithmic	phase	were	resuspended	and	adjusted	
to a concentration of 2 × 107/ml	cells/ml.	Cells	were	quickly	frozen	to	
−80	°C	and	then	rewarmed	in	37°C	water.	After	four	cycles,	the	cell	
suspension was centrifuged at 11180 × g	for	15	min,	and	the	superna-
tant	was	collected	and	cryopreserved	at	−80	°C.	The	lysate	equivalent	
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of 2 × 106 tumor cells was added per milliliter of DCs and cultivated for 
6	days.	Four	hours	 later,	 rmTNF-	α	 (300-	01A,	PeproTech)	was	added	
to	 the	 cell	 suspension	and	cultivated	 for	7th	day.	 Subsequently,	 the	
suspension	cells	were	collected	and	tumor	antigen-	loaded	DCs	were	
defined. The cell morphology of DCs was observed using a phase con-
trast	microscope.	Meanwhile,	 the	expression	rates	of	CD11c,	CD86,	
and	MHC-	II	were	detected	by	flow	cytometry.

2.3.3  |  Extraction,	identification,	and	cultivation	of	
CD3+ T cells

CD3+ T cells were extracted from mouse spleen lymphocyte sus-
pension using mouse CD3+	 T-	cell	 magnetic	 beads	 (130–	050–	101,	
Miltenyi).	Magnetic-	activated	cell	sorting	(MACS)	can	be	repeated	sev-
eral	times,	and	approximately	3	× 106 T lymphocytes can be extracted 
from	each	mouse	spleen.	Purified	lymphocytes	were	collected,	and	the	
purity of CD3+ T cells was determined. The concentration of cells was 
adjusted to 5×106/ml and cultivated for 2 days in medium containing 
rmIL-	2	(20	ng/ml)	(200–	02,	PeproTech).	Cell	morphology	was	observed	
under	 a	 phase-	contrast	 microscope	 (CKX41-	A32PH,	 Olympus),	 and	
cell	viability	was	tested	using	Trypan	blue	(T8070,	Solarbio).

2.3.4  |  Preparation	of	NB-	specific	CTL	and	cytokine	
release test

After	CD3+	T	cells	were	cultivated	for	2	days,	DCs	loaded	with	tumor	
antigen	and	DCs	non-	loaded	tumor	antigen	were	added,	according	to	
the proportion of DC:T =	1:20.	Thereafter,	the	morphology	of	the	T	
cells	was	observed	under	 an	 inverted	microscope.	After	T	 cells	 had	
been	activated	for	72	h,	the	supernatants	in	each	group	were	retained	
and	concentrations	of	interleukin-	2	(IL-	2)	and	interferon-	γ	(IFN-	γ)	were	
calculated according to the absorbance value and the standard curve 
measured	by	the	enzyme	standard	instrument.	IL-	2	and	IFN-	γ levels in 
the supernatants of the different groups were then compared.

2.4  |  MDSC inhibiting proliferation of NB antigen- 
specific CTL

The	 activated	 CTLs	 were	 stained	 with	 5,6-	carboxyfluorescein	
diacetate	 succinimidyl	 ester	 (CFSE)	 (21888-	25MG-	F,	 Sigma)	

(concentration	of	CFSE	was	5	μmol/L	19,20)	 and	divided	 into	 two	
groups.	 In	one	group,	CTLs	were	mixed	with	Gr-	1+CD11b+ MDSCs 
(4:1),	 separated	 by	MACS,	 and	 stimulated	 by	 CD3/CD28	 antibody	
(85–	11–	0036-	42/85-	12–	0289–	42,	 eBioscience).	Meanwhile,	 in	 an-
other	 group,	 everything	was	 the	 same,	 except	 for	 the	 absence	 of	
MDSC.	A	parallel	control	group	was	set	up	for	each	group	using	the	
same	method	as	the	experimental	group.	After	cultivation	for	4	days,	
the mixed cell system was observed by fluorescence microscopy 
(CX41-	32RFL,	Olympus,	 Japan)	 and	 cell	 proliferation	was	detected	
by	flow	cytometry.	A	homotypic	IgG	FITC	antibody	was	used	to	set	
the gate strategy.

2.5  |  Detection of CD3ζ and L- selectin in CTL by 
real- time polymerase chain reaction and western blot

CTL,	CTL	+	DOX(2	µmol/L),	CTL	+	MDSC(1:4),	and	CTL	+	MDSC(1:4)	+ 
DOX(2	µmol/L)	were	incubated.	The	contents	of	CD3ζ	and	L-	selectin	
in	CTLs	of	the	different	groups	were	assessed	and	compared	by	real-	
time	polymerase	chain	 reaction	 (PCR).	Total	RNA	was	 isolated	 from	
the	samples	using	an	ultra-	pure	RNA	extraction	kit,	according	to	the	
manufacturer's	 guidelines	 (CW0597S,	 Cwbio,	 Co.	 Ltd.).	 For	 reverse	
transcription,	 1	 μg	 of	 RNA	 was	 used	 to	 synthesize	 single-	stranded	
cDNA	 (HiFi-	MMLV	 cDNA	 first-	strand	 synthesis	 kit;	 CW0744M,	
Cwbio,	Co.	Ltd.),	according	to	the	manufacturer's	guidelines.	Real-	time	
PCR	was	performed	using	a	fluorescence	quantitative	PCR	amplifier	
(LightCycler	480	II,	Roche),	as	described	previously.	Triplicate	reactions	
were	set	up	for	each	gene	in	a	96-	well	plate.	The	reaction	information	
is	summarized	in	Table	1.	Amplification	was	performed	using	the	fol-
lowing	program:	 initial	denaturation	at	95°C	for	15	min,	followed	by	
40	cycles	of	95°C	for	10	s,	58°C	for	30	s,	and	72°C	for	30	s.	The	ex-
perimental data were expressed as relative expression using the 2−ΔΔCt 
equation,	as	described	previously.21

Proteins	were	extracted	with	RIPA	lysis	buffer	(89901,	Thermo	
Fisher)	 and	 quantified	 using	 the	 BCA	 Protein	 Assay	 Kit	 (23225,	
Thermo	 Fisher).	 The	 samples	 were	 separated	 by	 12%	 SDS-	PAGE	
(A1054,	 Solarbio),	 transferred	 to	 a	 PVDF	membrane	 (ISEQ00010,	
Millipore),	 and	 blocked	with	 5%	BSA	 (SW3015,	 Solarbio).	 Primary	
antibodies	 against	 each	protein	were	 added	and	 incubated	 at	4°C	
overnight.	Subsequently,	the	secondary	antibodies	were	added	and	
incubated	for	4	h	at	20°C.	After	washing	the	membrane,	chemilumi-
nescence	was	detected	on	X-	ray	film	using	FluorChem®HD2	(Alpha	
Innotech),	with	GAPDH	as	the	internal	reference.

Gene Primer sequence Amplification, bp

CD3ζ Forward-	ATCATCACAGCCCTGTACC
Reverse-	TCATATTCCTCTCTTCGCC

119

L-	Selectin Forward-	CAACCCCCTCTTCATTCC
Reverse-	TGCCTTTTTTTAACCGCC

92

β-	Actin Forward-	GGCACCACACCTTCTAC
Reverse-	CTGGGTCATCTTTTCAC

107

Abbreviations:	CD3ζ,	cluster	of	differentiation	3	ζ	chain;	PCR,	polymerase	chain	reaction.

TA B L E  1 Real-	Time	PCR	information
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2.6  |  MDSCs regulating the killing effect of NB 
antigen- specific CTL in vitro

CTL,	DOX(2	µmol/L),	CTL	+	DOX(2	µmol/L),	CTL	+	MDSC	 (1:4),	
and	CTL	+	MDSC(1:4)	+	DOX(2	µmol/L)	were	mixed	with	SK-	N-	SH	
cells	and	incubated	(CTL:SK-	N-	SH	=	20:1).	At	the	same	time,	the	
blank	 control,	 target	 cell,	 and	 effector	 cell	 groups	were	 set	 up.	
CCK-	8	 (C0038,	 Biyuntian)	was	 added	 to	 the	 cell	 system	 (20	μl/
hole)	 after	 incubation,	 and	 the	 absorbance	 value	 (A	 value)	 was	
detected	at	450	nm	wavelength	using	an	enzyme	standard	instru-
ment. The cytotoxic activities of the effector cells were evaluated 
based	on	the	killing	rate.	The	killing	rate	of	effector	cells	was	cal-
culated	as	follows:	kill	rate	(%)	=	[A	value	of	target	cell	group	-		(A	
value	of	experimental	group	-		A	value	of	effector	cells	group)]/A	
value of target cell group ×100%.	Ten	visual	fields	were	observed	
in	each	group,	and	the	killing	rates	of	CTLs	to	SK-	N-	SH	cells	be-
tween the groups were evaluated and compared. The secretion 
levels	 of	 IL-	2	 and	 IFN-	γ in the supernatant between the groups 
were	detected	and	compared	using	enzyme-	linked	 immunosorb-
ent	assay	(ELISA).

2.7  |  Statistical analysis

All	data	were	analyzed	using	the	SAS	software	(ver.	8	for	Windows;	
SAS	 Institute	 Inc.).	 The	Wilcoxon	 two-	sample	 test	 and	 repeated-	
measures	 analysis	 of	 variance	 were	 used	 to	 analyze	 the	 results.	
Statistical significance was set at p < 0.05.

3  |  RESULTS

3.1  |  Extraction and identification of MDSCs, 
preparation of NB Ag- specific CTL, and cytokine 
release test

Percoll density gradient centrifugation showed that the rates of 
Gr-	1+	MDSCs,	CD11b+	MDSCs,	CD11c+	MDSCs,	CD80+	MDSCs,	
F4/80+	 MDSCs,	 and	MHC-	II+	 MDSCs	 were	 70.4%,	 3.5%,	 4.8%,	
1.2%,	 0.3%,	 and	 2.1%,	 respectively	 (Figure	 1A),	 and	 the	 rate	 of	
Gr-	1+CD11b+	MDSCs	was	22.6%	(Figure	1B).	Furthermore,	MDSC	
suspension	was	sorted	by	CD11b	magnetic	beads,	and	purification	
of	Gr-	1+CD11b+	MDSCs	was	shown	to	be	84.6%	by	flow	cytome-
try	(Figure	1C).	By	flow	cytometry,	the	expression	rates	of	CD11c,	
CD86,	and	MHC-	II	on	antigen-	loaded	DCs	were	10.9%,	3.8%,	and	
27.9%,	respectively,	which	suggested	a	weaker	antigen-	presenting	
ability	 (Figure	1D).	Most	DCs	showed	adherent	growth	with	dif-
ferent	sizes,	star	or	spindle	shapes,	and	stretching	tubers.	At	the	
7th	 day,	 DCs	 were	 activated	 by	 the	 tumor	 antigen.	 DCs	 in	 the	
half-	adherent	state	increased	clearly,	with	radial	spikes	and	larger	
shapes.	The	expression	rates	of	CD11c,	CD86,	and	MHC-	II	were	
74.8%,	50.3%,	and	49.8%,	respectively,	indicating	the	presence	of	
mature	DCs	with	efficient	antigen	presentation	ability	(Figure	1E).	

CD3+	 T	 cells,	 extracted	 from	 spleen	 lymphocytes	 by	 MACS,	
reached	87.3%	by	flow	cytometry.	The	living	cell	rate	was	96.38%	
using	 the	Trypan	blue	 test.	After	3	 to	4	days	of	 cultivation	with	
antigen-	loaded	DCs,	antigen-	specific	CD3+ T cells were prepared 
and	gathered	into	many	small	colonies.	The	levels	of	interleukin-	2	
(IL-	2)	 (1.092	±	 0.010	ng/l)	 and	 interferon-	γ	 (0.855	±	 0.038	ng/l)	
in	 the	 supernatant	 of	 antigen-	loaded	 CD3+ T cells were signifi-
cantly	 higher	 than	 those	 of	 IL-	2	 (0.962	±	 0.007	 ng/l)	 and	 IFN-	γ 
(0.765	±	 0.010	ng/l)	 in	 the	 supernatant	of	CD3+ T cells without 
antigen	loading	(p <	0.05).

3.2  |  MDSC inhibiting proliferation of CTL

Under	fluorescence	microscopy,	the	number	of	CTLs	was	the	same	
in	 the	 two	 groups	 before	 cultivation	 (Figure	 2A).	 However,	 after	
cultivation	 for	 4	 days,	 the	 cells	 proliferated,	 but	 staining	 intensity	
weakened	in	the	CTL	group.	In	contrast,	in	the	CTL	+MDSC	group,	
the cell number scarcely increased and staining intensity remained 
strong	(Figure	2B).

Flow	cytometry	analysis	revealed	consistent	results.	In	the	CTL	
+MDSC	group,	CTLs	with	 strong	 fluorescence	 (87.6%)	were	much	
higher	than	those	with	weak	fluorescence.	However,	the	strong	flu-
orescence	CTLs	(44.1%)	were	less	abundant	than	the	weakly	fluores-
cent	CTLs	in	the	CTL	group	(Figure	2C).

3.3  |  Downregulation of CD3ζ and L- selectin in 
CTL by MDSC

The levels of CD3ζ	and	L-	selectin	 in	CTL	were	detected	and	com-
pared	 by	 real-	time	 PCR	 (Figure	 3A)	 and	 Western	 blot	 analysis	
(Figure	 3B).	 In	 the	 real-	time	 PCR	 test,	 significant	 differences	 in	
CD3ζ	(F =	71.981,	p <	0.001)	and	L-	selectin	(F =	80.712,	p <	0.001)	
were	observed	among	the	groups,	except	for	between	the	CTL	and	
CTL+DOX groups. Western blot analysis showed similar results. 
Significant differences in CD3ζ	(F =	33.098,	p <	0.001)	and	L-	selectin	
(F =	53.749,	p <	0.001)	were	also	observed	among	the	groups,	except	
for	the	CTL	and	CTL+DOX groups.

3.4  |  DOX inhibits MDSC and then enhances the 
killing effect of CTL in vitro

Under	 an	 inverted	 microscope,	 the	 killing	 process	 of	 CTLs	 to	
SK-	N-	SH	 cells	was	 clearly	 observed	 in	 each	 group.	 From	Day	1	
to	Day	10,	we	found	that	 in	the	CTL	+SK-	N-	SH	+MDSC	groups,	
SK-	N-	SH	cells	were	still	 scattered,	with	a	 relatively	 regular	out-
line.	However,	in	the	CTL	+SK-	N-	SH,	CTL	+SK-	N-	SH	+DOX,	and	
CTL	+SK-	N-	SH	+MDSC +	 DOX	 groups,	 nearly	 all	 the	 SK-	N-	SH	
cells	 exhibited	 apoptosis	 or	 necrosis,	 and	 CTLs	 also	 decreased	
significantly.	During	 the	whole	 period,	 in	 the	 SK-	N-	SH	 and	 SK-	
N-	SH	+DOX	 groups,	 tumor	 cells	 proliferated	 continuously	 and	
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remained	active	(Figure	4A).	Thus,	these	results	proved	that	the	
toxicity	of	 low-	dose	DOX	to	the	NB	cells	alone	was	not	serious,	
but	 that	 doxorubicin	 inhibited	MDSCs	 and	 enhanced	 the	 killing	
effect	of	CTL	on	SK-	N-	SH	cells.	The	killing	rates	were	determined	
based on the results obtained on Day 10. There was a signifi-
cant	difference	in	the	killing	rate	between	the	groups	(F =	36.494,	
p <	0.001),	except	between	the	CTL	+SK-	N-	SH	and	CTL	+SK-	N-	SH	
+DOX	 groups	 (p =	 0.217)	 (Figure	 4B).	 Levels	 of	 IL-	2	 and	 IFN-	γ 
in	 the	 supernatant	 were	 detected	 by	 ELISA.	 The	 results	 of	 re-
peated measurement analysis of variance showed that there were 
significant	differences	in	the	secretion	levels	of	IL-	2	(F =	188.589,	
p <	0.001)	and	IFN-	γ	(F =	631.433,	p <	0.001)	among	the	groups,	

except	for	the	CTL	+SK-	N-	SH	and	CTL	+SK-	N-	SH	+DOX groups 
(Figure	4C	and	Figure	4D).

4  |  DISCUSSION

At	present,	the	most	effective	method	of	immunotherapy	for	NB	is	
the	adoptive	 transfer	of	chimeric	GD2	antigen	 receptors	CTL.22,23 
However,	 some	phase	 III	 clinical	 trials	 have	 found	 that	 some	 chil-
dren	with	 high-	risk	NB	who	 underwent	 adoptive	 cell	 transfer	 im-
munotherapy	of	chimeric	GD2	antigen	 receptor	CTLs	still	 showed	
recurrence	 and	 metastasis,	 although	 the	 survival	 rates	 improved.	

F I G U R E  1 Extraction,	identification,	and	purification	of	myeloid-	derived	suppressor	cell	and	cultivation	of	dendritic	cell.	(A)	Cells	were	
extracted	from	the	bone	marrow	of	BALB/c	mice	and	stained	by	monoclonal	antibodies.	Under	flow	cytometry,	the	expressive	rate	of	
Gr-	1+MDSC,	CD11b+MDSC,	CD11c+MDSC,	CD80+MDSC,	F4/80+MDSC,	and	MHC-	II+MDSC	were	70.4%,	3.5%,	4.8%,	1.2%,	0.3%,	2.1%	
respectively.	(B)	The	expressive	rate	of	Gr-	1+CD11b+MDSC	was	22.6%.	(C)	After	MACS	by	CD11b	magnetic	bead,	purification	of	Gr-	
1+CD11b+MDSC	reached	84.6%.	(D)	Most	non-	antigen-	loaded	dendritic	cells	grew	adherently,	with	different	sizes,	star	or	spindle	shape,	
and	stretching	tubers,	but	some	of	the	cells	seemed	to	have	adopted	a	half-	adherent	state	with	rough	surface.	The	expressive	rates	of	
CD11c,	CD86,	and	MHC-	II	on	DCs	were	10.9%,	3.8%,	and	27.9%,	respectively,	by	flow	cytometry.	(E)	On	the	7th	day,	DCs	were	stimulated	
and	activated	by	tumor	antigens.	DCs	in	the	half-	adherent	state	increased	obviously	with	radial	spikes	and	bigger	shape.	The	expressive	
rates	of	CD11c,	CD86,	and	MHC-	II	were	74.8%,	50.3%,	and	49.8%,	respectively,	by	flow	cytometry.	IgG	FITC,	a	homotypic	control	antibody,	
was used to set the gate strategy. Scale bar = 100 μmol/liter.	MDSC,	myeloid-	derived	suppressor	cell;	MACS,	magnetic-	activated	cell	sorting;	
DC,	dendritic	cell;	CD,	cluster	of	differentiation
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F I G U R E  2 Myeloid-	derived	suppressor	cells	inhibit	the	proliferation	of	neuroblastoma	antigen-	specific	cytotoxic	T	lymphocyte.	
Neuroblastoma	antigen-	specific	CTLs	in	the	two	groups	were	stained	by	CFSE.	(A)	Under	fluorescence	microscopy,	the	same	number	
of	CTLs	was	seen	in	the	CTL	and	CTL	+MDSC	groups	before	cultivation	(200	times	magnification).	(B)	After	cultivation	for	4	days,	cell	
proliferation	progressed,	but	fluorescent	intensity	weakened	in	the	CTL	group.	However,	in	the	CTL	+	MDSC	group,	the	cell	fluorescent	
intensity	remained	strong,	while	the	cell	number	scarcely	increased	(200	times	magnification).	(C)	Flow	cytometry	showed	results	consistent	
with	those	obtained	by	microscopy.	After	cultivation,	in	the	CTL	+	MDSC	group,	the	rate	of	CTLs	with	strong	fluorescence	was	87.6%.	
However,	only	44.1%	of	CTLs	with	strong	fluorescence	were	found	in	the	CTL	group.	IgG	FITC,	a	homotypic	control	antibody,	was	used	to	
set the gate strategy. Scale bar = 100 μmol/liter.	CTL,	cytotoxic	T	lymphocyte;	CFSE,	5,6-	carboxyfluorescein	diacetate	succinimidyl	ester;	
MDSC,	myeloid-	derived	suppressor	cell

F I G U R E  3 Expressions	of	cluster	
of differentiation 3ζ	and	L-	selectin	in	
antigen-	specific	cytotoxic	T	lymphocytes.	
The levels of CD3ζ	and	L-	selectin	in	CTL	
were	detected	and	compared	by	real-	
time	PCR	and	Western	blot	analysis,	
respectively.	(A)	In	real-	time	PCR	test,	
significant difference of CD3ζ	(p <	0.001)	
and	L-	selectin	(p <	0.001)	were	found	
between	the	groups,	except	for	the	CTL	
and	CTL	+DOX	groups	(p =	0.160).	(B)	
Western blot analysis showed a significant 
difference in CD3ζ	(p <	0.001)	and	L-	
selectin	(p <	0.001)	among	the	groups,	
except	for	the	CTL	and	CTL	+DOX 
groups	(p =	0.054).	*p <	0.05;	**p < 0.01; 
#p > 0.05. CD3ζ,	cluster	of	differentiation	
3 ζ	chain;	PCR,	polymerase	chain	reaction;	
CTL,	cytotoxic	T	lymphocyte;	DOX,	
doxorubicin
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This	 suggests	 that	 this	 kind	 of	 passive	 immunotherapy	 needs	 to	
improve its curative effect by adjusting the immunosuppressive 
microenvironment.6,24

In	the	tumor	microenvironment,	accumulation	of	a	variety	of	im-
munosuppressive	 cells,	 including	MDSCs,	 is	 the	main	 immunosup-
pressive factors and results in immune tolerance and disability of 
the immune system.25,26 MDSCs are a group of innate immune cells 
that originate from myeloid cells which play a negative immune reg-
ulatory role in tumor progression.27,28 MDSCs inhibit the body's nat-
ural	immune	and	T-	cell	adaptive	immune	responses.29,30	Therefore,	
MDSCs induce tumor immune tolerance and are thus the main im-
pediment to immunotherapy.

The	role	of	MDSCs	in	NB	remains	unclear,	although	the	mech-
anism of MDSCs in other tumors has been extensively explored. In 
the	 present	 study,	NB	Ag-	specific	 CTLs	were	 stained	with	 CFSE.	
The cytoplasm with fluorescent protein was evenly distributed to 

the	 next	 generation	 of	 cells,	 and	 the	 fluorescence	 intensity	 was	
reduced	 by	 half	 when	 cells	 proliferated	 continuously.	 Thus,	 the	
greater	the	generation	of	cell	division,	the	weaker	the	cell	fluores-
cence	 intensity.	 Therefore,	 the	 fluorescence	 intensity	 of	 CTL	 be-
came	weaker	and	the	number	of	CTLs	increased	in	CTLs	cultivated	
without	MDSC.	 In	 contrast,	 cell	 proliferation	decreased	 and	 fluo-
rescence	intensity	remained	unchanged	when	CTLs	were	cultivated	
with MDSCs. The results show that MDSCs inhibit the proliferation 
of	NB	Ag-	specific	CTLs.

In	further	studies,	the	expression	of	CD3ζ	and	L-	selectin	 in	Ag-	
specific	CTLs	decreased	significantly	when	CTLs	were	cultivated	with	
MDSCs,	 but	 the	 expression	 of	 these	 two	 proteins	 increased	 again	
after	DOX	administration.	As	a	chain	of	CD3	molecules,	CD3ζ plays a 
key	role	in	signal	transmission	inside	and	outside	the	cell.12,13 The in-
creased expressive activity of the ζ	chain	promotes	TCR-	identified	in-
tracellular	immune	signal	transmission,	which	leads	to	activation	of	T	

F I G U R E  4 Eliminating	myeloid-	derived	suppressor	cell	with	doxorubicin	to	improve	killing	efficacy	of	cytotoxic	T	lymphocyte.	(A)	On	
the	1st	day,	CTLs	or	DOX	was	mixed	with	SK-	N-	SH	cells,	and	no	difference	was	seen	between	the	groups.	On	the	2nd	day,	in	the	CTL	+	SK-	
N-	SH	group,	CTL	+	SK-	N-	SH	+	DOX	group,	and	CTL	+	SK-	N-	SH	+MDSC +	DOX	group,	CTLs	and	SK-	N-	SH	cells	gathered	and	began	to	
interact;	however,	CTLs	and	SK-	N-	SH	cells	scattered	in	view	in	CTL	+	SK-	N-	SH	+MDSC	group.	On	the	4th	day,	in	CTL	+	SK-	N-	SH	+ MDSC 
group,	CTLs	and	SK-	N-	SH	cells	all	proliferated.	However,	in	the	other	three	groups,	CTLs	proliferated	but	SK-	N-	SH	cells	began	to	deform.	
On	the	7th	day,	in	CTL	+	SK-	N-	SH	group,	CTL	+	SK-	N-	SH	+	DOX	group,	and	CTL	+	SK-	N-	SH	+ MDSC +	DOX	group,	SK-	N-	SH	cells	further	
deformed	and	lost	their	cellular	shape,	while	the	number	of	CTLs	began	to	decrease.	However,	SK-	N-	SH	cells	kept	a	regular	shape	in	the	
CTL	+	SK-	N-	SH	+ MDSC group. On the 10th	day,	in	the	CTL	+	SK-	N-	SH	+	MDSC	groups,	SK-	N-	SH	cells	still	scattered	in	view	with	regular	
outline.	However,	in	the	other	three	groups,	nearly	all	of	the	SK-	N-	SH	cells	appeared	to	be	apoptotic	or	necrotic,	while	the	number	of	CTLs	
also	decreased	significantly.	During	the	whole	period,	in	SK-	N-	SH	group	and	SK-	N-	SH	+DOX	group,	the	tumor	cells	kept	their	active	state.	
The	red	“a”	denotes	SK-	N-	SH	cells	with	a	regular	outline,	while	the	blue	“b”	denotes	apoptotic	or	necrotic	cell	fragments.	B,	A	significant	
difference	existed	in	the	killing	rate	between	the	groups	(p <	0.001),	except	for	between	the	CTL	+SK-	N-	SH	group	and	the	CTL	+	SK-	N-	SH	
+DOX	group	(p =	0.217).	C	and	D,	IL-	2	and	IFN-	γ	in	the	supernatant	were	detected	by	ELISA.	By	repeated	measurement	analysis	of	variance,	
there	were	significant	differences	in	the	levels	of	IL-	2	(p <	0.001)	and	IFN-	γ	(p <	0.001)	among	the	groups	except	CTL	+	SK-	N-	SH	group	
and	CTL	+SK-	N-	SH	+DOX	group.	*p < 0.05; #p > 0.05. Scale bar = 100 μmol/liter.	CTL,	cytotoxic	T	lymphocyte;	MDSC,	myeloid-	derived	
suppressor	cell;	DOX,	doxorubicin;	IL-	2,	interleukin-	2;	IFN-	γ,	interferon-	γ
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cells	and	production	of	cytokines,	such	as	IL-	2	and	IFN-	γ.31	Moreover,	
L-	selectin	is	an	important	molecule	involved	in	the	extravasation	of	
lymphocytes from blood and lymphatic vessels and their homing to 
lymph nodes and tumors.14,15	 Therefore,	 the	 results	 indicate	 that	
DOX could effectively reverse the inhibitory role of MDSCs on CD3ζ 
and	L-	selectin	in	Ag-	specific	CTLs,	which	can	promote	the	activation	
and	migration	of	Ag-	specific	CTLs	and	effectively	kill	NB	cells.

In	 recent	 years,	 some	 studies	 have	 pointed	 out	 that	 CTL	 pro-
duces	cytotoxicity	to	target	cells	in	two	separate	ways,	namely	the	
perforin and PCD pathways mediated by Fas antigen molecules.32,33 
Of	these,	 the	perforin	pathway	plays	a	significant	 role	 in	antiviral,	
intracellular	 bacteria,	 tumor,	 and	 immune	 pathology.33 During the 
course	of	perforin	treatment,	CTL	killed	the	tumor,	while	the	cyto-
kines	IL-	2	and	IFN-	γ	were	released.	The	more	obvious	the	killing	ef-
fect,	the	higher	the	concentrations	of	the	cytokine,	and	vice	versa.	
In	 the	 present	 study,	 the	 killing	 rate	 of	NB	 cells	 and	 the	 levels	 of	
IL-	2	and	IFN-	γ	in	the	supernatant	decreased	significantly	when	CTLs	
were	cultivated	with	MDSC.	However,	the	inhibitory	role	of	MDSCs	
can be reversed by DOX administration.

In	the	present	study,	DOX	reversed	the	inhibition	of	MDSCs	and	
improved	the	killing	effect	of	CTL,	but	the	toxicity	of	low-	dose	DOX	
to	the	NB	cells	alone	was	not	serious.	Some	studies	have	shown	that	
DOX	can	selectively	eliminate	MDSCs,	promote	 the	activity	of	 im-
mune	effector	cells,	and	 improve	the	therapeutic	efficacy	of	adop-
tively transferred T lymphocytes.34	 Therefore,	 in	 this	 study,	 we	
demonstrated the underlying mechanism by targeting the inhibition 
of	MDSC	by	DOX	to	enhance	Ag-	specific	CTLs	killing	NB	cells	in	vitro.
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