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ARTICLE INFO ABSTRACT

Keywords: This study is sought to determine the physiological mechanisms by which exosomes-encapsulated TIM-3 derived
Mv3 cells from melanoma cells might mediate CD4" T cell immune function and macrophage M2 polarization in mela-
Exosomes noma. Initially, exosomes were isolated from the human skin-derived melanoma cell line MV3for analysis of TIM-
Eglﬁloma 3 expression pattern. Next, the exosomes sourced from MV3 cells manipulated with sh-TIM-3 were co-incubated

with CD4" T cells to detect CD4"™ T cell proliferation and MV3 cell migration and invasion, to observe the
macrophage M2 polarization, and to determine levels of several EMT-related factors. Finally, melanoma nude
mouse models were established to study the in vivo modulatory effects of TIM-3 from MV3 cells-derived exo-
somes. MV3 cells-derived exosomes inhibited CD4" T cell immune function and promoted macrophage M2
polarization in melanoma. Our results revealed the abundance of TIM-3 in MV3 cells-derived exosomes. Of
importance, silencing of TIM-3 shuttled by MV3 cells-derived exosomes improved CD4" T cell immune function
and inhibited macrophage M2 polarization to attenuate the growth and metastasis of melanoma cells. Collec-
tively, MV3 cells-derived exosomes-loaded TIM-3 suppressed CD4" T cell immune function and induced
macrophage M2 polarization to improve occurrence and development of melanoma, therefore providing us with
a potential therapeutic target for effectively combating melanoma.

Cd4+ t cell immune function
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Introduction CD4™T cells mediated the anti-tumor effect [6]. Moreover, as macro-

phages can facilitate tissue repair and immune response to pathogens,

Melanoma is an invasive skin cancer associated with high incidence
and mortality [1]. The high mortality rates of melanoma are prevalent
due to its highly metastatic nature, while the depth of invasion is asso-
ciated with poor prognosis and disease dissemination [2]. Statistically,
the incidence of melanoma has been alarmingly increasing worldwide
over the past 5 decades [3]. Recently, treatment with molecular targeted
therapy and immunotherapy have elicited notable application as new
effective therapies for the treatment of advanced melanoma [4]. How-
ever, the immunosuppressive microenvironment induced by regulatory
T (Treg) cells has emerged as a major obstacle to the success of tumor
immunotherapy [5]. A recent study reported that the reduction of
CD4™T cells could result in almost complete elimination of the
anti-tumor effect of the vaccine in melanoma, thus illustrating that

and its extensive functionality is apparent as it can adapt and regulate
the requirements of the tissue microenvironment [7]. Moreover,
depending on function, they can be classified as M1-polarized macro-
phages with anti-tumor functions and M2 tumor-associated macro-
phages (TAMs) that can radically induce tumor growth [8]. Currently,
TAMs have been proposed as a promising therapeutic target for tumor
immunotherapy, and targeted drug delivery of tumor promoted M2 like
TAMs is challenging in the treatment of melanoma [9]. Therefore, the
recovery of immune function of CD4'T cells and inhibition of
M2-polarized macrophages will provide insight for the development of
novel immunotherapies against melanoma.

Exosomes are small membrane vesicles (30 - 100 nm) originated
from the Iluminal membranes of multivesicular bodies, and
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constitutively are secretions produced by fusion with the cell membrane
[10]. Fundamentally, xxosomes can function are modulators of trans-
port proteins for regulation of the intercellular communication within
the tumor microenvironment [2]. Exosomes serve as a key mediator to
affect cancer cell proliferating capability, epithelial-mesenchymal
transition (EMT) process, and immune-evasion [11]. Exosomes can be
derived from cancer cells, which can promote tumor progression while
the melanoma-derived exosomes can mediate immune suppression in
melanoma [12, 8]. Moreover, an existing study identified the ability of
exosomes loaded with proteins, DNA, and coding or non-coding RNAs to
function as intracellular cell-cell transmitters [13]. T-cell immunoglob-
ulin and mucin domain 3 (TIM-3) mediated by exosomes could boost the
migration, invasiveness, epithelial-mesenchymal transition (EMT), and
metastatic potential of cancer cells [14]. TIM-3, encoded by the hepatitis
A virus cellular receptor 2 gene (HAVCR2), is a trans-membrane receptor
expressed by multiple cells including T lymphocytes and innate immune
cells [15]. Principally, TIM-3 was discovered during identification of
novel cell surface molecules that would mark interferon (IFN-y) pro-
ducing CD4" T helper 1 (Th1) and CD8" T cytotoxic 1 (Tc1) cells [16].
TIM-3, a member of the TIM family of genes has been genetically
mapped in syntenic chromosomal regions in human (5q33.2) and mouse
(11B1.1) involved in both allergy and autoimmune disease [17]. An
existing study has implicated the dys-regulation ofTIM-3 in immune
suppression in melanoma [18]. However, the mechanism by which MV3
cells-derived exosome communication influences the immune function
of CD4™T cells and inhibition of M2-polarized macrophages in mela-
noma by interaction with TIM-3 remains elusive, highlighting a major
gap in literature eliciting the significance of MV 3 cells-derived exosomes
against metastasis in the treatment of melanoma. Hence, we speculated
that the transfer of TIM-3 via MV3 cells-derived exosomes might influ-
ence the growth and metastatic properties of melanoma cells.

Methods
Ethics statement

The current study was conducted with approval of the Ethic Com-
mittee of The First Affiliated Hospital of Soochow University. The ani-
mal experimentation was strictly designed and performed conforming to
the Guide for the Care and Use of Laboratory Animal by the US National
Institutes of Health. Adequate measures were taken to minimize the
suffering of the enrolled animals.

Bioinformatics analysis

Melanoma-related RNA-seq data GSE98394 was obtained from the
Gene Expression Omnibus (GEO) database. A total of 78 samples were
identified in GSE98394, comprising of 51 tumor samples and 27 normal
samples. The “edge” package of R language was employed to screen the
differentially expressed genes (DEGs) with |logfc| > 2 and FDR < 0.01 as
threshold. The top 100 immune related genes (IRG) were retrieved from
the GeneCards database. Exosome proteome was obtained from the
STRING database. The TCGA database (http://gepia2.cancer-pku.
cn/#index) was used for comprehensive analysis of the differential
expression genes of skin melanoma (SKCM) in TCGA (|Log2FC| Cutoff =
1 and p-value Cutoff = 0.01).

Cell culture

Human skin-derived melanoma cells MV3 and A375 (American Type
Culture Collection [ATCC], VA, USA) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM, Gibco, Carlsbad, California, USA)
containing a combination of 10% fetal bovine serum (FBS, Gibco), 100
U/mL penicillin, and 100 U/mL streptomycin (Sigma-Aldrich, St Louis,
MO, USA). Human monocytes (THP-1, ATCC) were cultured in Roswell
Park Memorial Institute (RPMI)—1640 (Gibco) medium containing a
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combination of 10% FBS, 100 U/mL penicillin and 100 U/mL strepto-
mycin, Normal human melanocytes (NHEM, PromoCell-China Co., Ltd.,
Nanjing, China) were cultured in medium 254 (Cascade Biologics®)
containing human melanocyte growth supplement (HMGs) and 1%
penicillin streptomycin. All cells were submitted to vigorous culture
with 5% CO; at 37 °C.

M,, Macrophage induction as conducted as follows: the THP-1 cells in
the logarithmic phase was centrifugally adjusted to attain a cell density
of 2.5. x 10° cells/mL. THP-1 cells were supplemented with 100 ng/mL
phorbol 12-myristate 13-acetate (PMA, Sigma). After incubation for 24
h in conditions devoid of light, the M, Macrophage was observed under
the microscope. Next, flow cytometric analysis was conducted for
detecting the expression of M, macrophage surface marker CD68. The
cells were incubated with the FITC—CD6 antibody (562,117, 1 x 108
cells/5 pL, BD Biosciences, Franklin Lakes, NJ, USA) at 4 °C for 30 min
prior to detection using the machine. The induced M, macrophages were
co-cultured with CD4™ T cells, and the cell morphology was observed
after 24 h.

MV3 cells were transduced with lentivirus-loaded sh-NC, sh-TIM-3-1
(5’-GAGCUAAGAAGCCUAGGGGTT), or sh-TIM-3-2 (5'-GCACCCAA-
GAAACGACAATTG) respectively. The sequence and plasmid were pro-
vided by the GenePharma Ltd. Company (Shanghai, China). After 48 h of
treatments, the cells were reserved for subsequent experimentation.

Isolation and identification of exosomes

Exosomes were isolated from the culture supernatant of NHEM and
MV3 cells by differential centrifugation. Briefly, the collected superna-
tant was subject to vigorous centrifugation at 300 x g for 10 min, 2000
x g for 10 min, and 10,000 x g for 30 min. Next, the supernatant was
subject to continuous ultracentrifugation at 110,000 x g for 2 h, from
which the collected precipitate was classified asexosome. The collected
exosomes were rinsed with PBS and resuspended using 0.22 pm filter to
eliminate smaller cell debris, the exosomes were rinsed with PBS and
resuspended for another regimen of ultracentrifugation at 110,000 x g
for 2 h to eliminate PBS. Next, the suspension was resuspended with
phosphate buffer saline (PBS), followed by the second regimen ultra-
centrifugation under the same conditions, after which the precipitate
was preserved at —80 °C for subsequent experimentation. The preceding
centrifugation was conducted at 4 °C. Exosomes were incubated in
exosome serum-free cell culture medium (C38010050, Viva Cell).

The exosomes were identified employing transmission electron
microscopic (TEM) observation (H-7650, Hitachi, Tokyo, Japan). The
exosomes (10 pL) were added to the sealing film, and the Formvar
membrane of copper mesh was placed face-down on the suspension.
Multiple copper meshes (2-3) were prepared for each exosome sample.
The membrane was covered and the copper mesh was allowed to absorb
for 20 min in a dry environment. Next, PBS (100 pL) was added to the
sealing film. The copper mesh (Formvar film face down) was placed on
the PBS drop with tweezers for 5 min prior to 2 rinses. Throughout the
experiment, the film surface was kept wet while the other side was dry.
Next, the copper mesh was immersed in 50 pL 1% glutaraldehyde for 5
min. The copper mesh was immersed into 100 pL of double distilled
water for 2 min (8 rinses). Then copper mesh was immersed in 50 pL of
uranium dioxygium oxalate for 5 min. Next, the copper mesh was
immersed in 50 pL of Methyl cellulose UA solution for 10 min and
operated on ice. The copper mesh was removed using a stainless steel
ring. The redundant liquid on the filter paper was gently removed, and a
thin layer of methyl cellulose membrane was leaved, which was air dried
for 10 min. The dried copper mesh was placed at 100 keV for electron
microscopy (Hitachi H-7650, Tokyo, Japan).

Several exosome surface marker proteins were assayed by Western
blot analysis for identification. The exosomes were dissolved in Radio
Immunoprecipitation Assay (RIPA) buffer containing Phenyl-
methylsulfonyl fluoride (PMSF) and quantified by the bicinchoninic acid
(BCA) protein analysis kit (Thermo Fisher Scientific, Rockford, IL,
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Waltham, MA, USA). The antibodies used for western blot analysis of
exosomes were as follows: CD81 (ab109201, 1: 5000, Rabbit, Abcam
Inc., Cambridge, MA, USA), CD63 (ab134045, 1: 1000, Rabbit, Abcam),
Calnexin (ab133615, 1: 2000, Rabbit, Abcam).

Nanoparticle tracking analysis (NTA) was performed for an extensive
analysis of the size of exosome. The analysis was based on the principle
of Brownian motion and diffusion coefficient for tracking and automatic
analysis of the particle size. The exosomes were resuspended and mixed
in 1 mL of PBS, with filtered PBS serving as control. Next, the size
measurement of diluted exosomes was proceeded on NanoSight LM10
(NanoSight Ltd., Minton Park, UK) under the NTA measurement con-
dition of 23.75 + 5 °C for 60 s.

Flow cytometry

The spleens of male C57BL/6 nude mice (aging 6-8 weeks) were
grounded applying a 200 mesh copper net to generate a single cell
suspension. The supernatant was discarded after centrifugation at 800
x g for 5 min. Next, about 3 times the volume of red blood cell lysate
(Beyotime, Shanghai, China) was added to the samples, allowed to stand
for 5 min at ambient temperature. After centrifugation 800 x g for 5
min, the supernatant was discarded, and the samples were rinsed with
PBS. The prepared suspension was blocked using Fc (anti-CD16/32, BD
Biosciences) for incubation at 4 °C for 15 min. Next, the dead cells were
excluded using the Live/Dead cell staining kit (Invitrogen, Life Tech-
nologies, Naerum, Denmark). Cells were incubated with the FITC—CD4
antibody (eBioscience, San Diego, CA, USA) at 4 °C for 30 min, and the
binding antibody was removed with the addition of PBS. The isolated
CD4* T cells were identified with flow cytometric images and cultured
in RPMI 1640 medium (Gibco) containing a combination of 2% FBS,
100 U/mL penicillin, and 100 U/mL streptomycin

The collected NHEM-derived exosomes and MV3-derived exosomes
(30 pg) were co-incubated with the CD4™ T cells, respectively (2 x 10*
cells/well) in 6-well plate (Costar®, Corning, Taipei, Taiwan, China).
After 48 h, the expression pattern of TIM-3 on CD4 " T cells was detected.
The CD4" T cells after intervention were subjected to incubation with
the PE-CF594-TIM-3 antibody (565,560, 1 x 10° cells/5 uL, BD Biosci-
ence) at 4 °C for 30 min. Subsequently, we detected CD4" T cells that
secrete cytokines TNF-o,IFN-y. After fixation and permeabilization with
the Cytofix/Cytoperm kit (Invitrogen), the cells were stained with the
anti-cytokine antibody bound with fluorescein (562,084, 0.2 mg/mL,
APC-TNF-o, BD Bioscience; 559,326, 1 x 10° cells/20 pL, PE-IFN-y, BD
Bioscience). The carboxyfluorescein diacetate succinimide dilution
protocol was adopted for assessing the proliferation of CD4" T cells. The
CD4™" T cells were stained with 1 pmol/L of Certified Functional Safety
Expert (CFSE) (Sigma) at 37 °C for 10 min, after which the dead cells
were excluded by the live/dead cell standing Kit (Biovision, Milpitas,
CA, USA) staining and analyzed on flow cytometer (FACSverse, BD
Bioscience).

Exosome uptake assay

The cell slides were placed on top of the culture dish, and the CD4™ T
cells were placed into the culture dish for incubation. Upon reaching
50% cell density, the cell slides were removed for 3 rinses with PBS.
Next, the cells were immersed in 4% paraformaldehyde (pH7.4) at 4 °C
for 30 min. The ceells were then cleared with 2% Triton X-100 for 15
min. After 3 rinses with PBS, the cells were blocked with 2% bovine
serum albumin (BSA) for 45 min. After removal of the blocking solution,
MV3 cells-secreted exosomes were labeled with the PHK67 Cell Mem-
brane Labeling Dye (Sigma) and incubated at room temperature for 24
h. The cell slides were rinsed with PBS for 3 times. Following that, the
cells were dye employing antibody to CD4 1T cell marker (ab133616, 1:
200, Abcam) and with 4’,6-Diamidino-2-Phenylindole, Dihydrochloride
(DAPI, 2 pg/mlL) individually in VECTASHIELD immobilizing matrix.
After sealing, the uptake of exosomes was observed under confocal
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microscopy (LSM880, Carl Zeiss, Meditec, Oberkochen, Germany).
Reverse transcription quantitative polymerase chain reaction (RT-gPCR)

The total RNA content was extracted from the cells using Trizol
(Article No. 16,096,020, Thermo Fisher Scientific, Waltham, MA, USA).
The purity and concentration of the RNA were evaluated by spectro-
photometry analysis of the absorbance of the solution at wavelengths of
260 and 280 nm. The ratio of A260/A280 of this sample was higher than
or equal to 1.8. The sample RNA content was diluted to equivalent
concentration, and the cDNA was synthesized by reverse transcription in
strict accordance with the provided instructions of the reverse tran-
scriptase kit (TaKaRa, Tokyo, Japan). The PCR was performed by
LightCycle 480 SYBR Green I Master. The expression of target genes
relative to GAPDH (loading control) was quantified based on the g —AACt
method. The primer sequences were presented in Supplementary
Table 1.

Western blot analysis

The total protein content was extracted from the tissues and cells
using the RIPA lysis buffer containing PMSF (P0013, Beyotime). The
BCA Kit (P0028, Beyotime) was used to prepare the protein standard and
BCA working solution in strict accordance with the instructions. The 2
pL protein sample and 18 pL distilled water were added in the sample
well. A total of 200 pL of the BCA working solution was added for in-
cubation in all standard wells and sample wells at 37 °C for 30 min. The
optical density (OD) value of the sample at the wavelength of 560 nm
was determined using the microplate reader. According to the protein
standard curve, the concentration of the protein sample was calculated.
After the addition and mixing of the loading buffer, the protein samples
were boiled for 10 min for denaturation, and preserved at - 80 °C. Ac-
cording to the size of the target protein band, 8%—12% SDS gel was
prepared, and 30 pg of protein samples were added for electrophoretic
separation. The protein content from the gel was transferred onto the
polyvinylidene fluoride (PVDF) membrane (1,620,177, BIO-RAD, Her-
cules, CA, USA) for blockade using 5% skim milk or 5% BSA at room
temperature for 1 h. Subsequently, the membrane was subject to over-
night incubation with the primary rabbit antibodies from Abcam: TIM-3
(ab241332, 1: 1000), E-cadherin (ab212059, 1: 1000), N-cadherin
(ab76011, 1: 10,000), and Vimentin (ab92547, 1: 2000) at 4 °C. The
following day, the membrane was rinsed with 1 x TBST at room tem-
perature 3 times, 5 min per time, followed by incubation with the cor-
responding HRP-labeled secondary antibody goat anti-rabbit IgG
(ab6721, at a dilution ratio of 1: 5000, Abcam) at room temperature for
1 h. After 3 rinses with 1 x TBST buffer solution at room temperature for
5 min per time, the membrane was immersed in ECL reaction solution
(1,705,062, Bio-Rad) at room temperature for 1 min. Image Quant LAS
4000C gel imager (General Electric company, USA) was employed for
exposure. The protein expression was summarized as the ratio of the
gray value of protein for analysis relative to the expression of p-actin
(ab5694, 1: 1000, rabbit, Abcam).

Scanning electron microscope

Aseptic slides were placed into the 12-well plate, which was sup-
plemented with 2 mL of THP-1 Cell Suspension (2.5 x 10° cells/mL).
After polarizaition into MO, M1 and M2 macrophages according to the
aforementioned protocol, the supernatant was removed, and rinsed
gently with PBS. The cells were fixed in 2.5% glutaraldehyde for 24 h
and immersed into ethanol of variable concentrations (30%, 50%, 70%,
and 90%) for 10 min, respectively. The cells were immersed in anhy-
drous ethanol for more than 10 min. The slide was dried in an ultra-
vacuum for more than 4 h, plated with gold in vacuum for 40 s, and
then observed with documentation of the findings under scanning
electron microscopy.
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Fig. 1. Effects of the exosomes from the NHEM cells and MV3 cells on the immune function and proliferation of CD4" T cells. A, The exosomes from NHEM cells and
MV3 cells observed under electron microscope. B, The diameter of exosomes determined by NTA. C, Protein levels of exosome surface markers determined by
Western blot analysis. CD4™ T cells were co-cultured with NHEM-Exo and MV3-Exo, respectively. D, The protein level of TIM-3 in CD4" T cells detected by Western
blot. E, The expression pattern of TIM-3 in CD4" T cell surface detected by flow cytometry. F, The proportion of CD4" T cells producing cytokine IFN-y and TNF-u
detected by flow cytometry. G, The proliferation of CD4" T cells detected by flow cytometry. p < 0.05. Data are presented as the mean + standard deviation of three
technical replicates. Data between two groups were compared by the independent sample t-test.

Cell counting kit-8 (CCK-8) assay

The cells were seeded into a 96-well plate, 2 x 10° cells/well, and
supplemented with 10 pL of CCK-8 (Sigma) after 24 h. The cells were
incubated for another 2 h. The absorbance at the excitation wavelength
of 450 nm was measured using the microplate reader (NYW-96 M,
Beijing Noahway Instruments Co., Ltd., Beijing, China).

Transwell assay

Transwell chamber (8 mm; Corning, NY, USA) was adopted for
assessing the migration of cells in a 24-well plate. The lower chamber
was supplemented with 20% FBS DMEM (600 mL) and equilibrated at
37 °C for 1 h. After the intervention, MV3 was resuspended in DMEM
without FBS. A total of 3 x 10° cells/mL were inoculated into the upper
chamber for culture in 5% CO5 at 37 °C for 24 h. The cells were removed
from Transwell chamber and fixed in 4% polyformaldehyde for 20 min.
Subsequently, the cells were stained with 0.1% crystal violet for 10 min.
The cells on the surface of chamber were removed using a cotton ball for
observation under inverted fluorescence microscopy (TE2000, Nikon,
Tokyo, Japan). Five fields were randomly selected for documenting the
observations. The number of cells passing through the chamber was
counted, and the average value was estimated. Transwell chamber with
Matrigel was employed for cell invasion assay, while the other proced-
ures were the same.

Animal experiment

Twelve male BALB/c nude mice (6-8 weeks old) were raised under
standard environmental condition at 22-25 °C with relative humidity of
45-50% and 12 h light-dark cycle. The nude mice were randomly
divided into two groups after one week of adaptive feeding.

Subcutaneous tumorigenesis experiment was as follows: Nude mice
were subcutaneously injected with MV3 cells resuspended using PBS
and transduced with sh-NC or sh-TIM-3 (1 x 10 cells/mouse) (n = 6).
Subsequently, the macrophages treated with MV3-Exo-sh-NC—CD4" T
cells or MV3-Exo-sh-TIM-3-CD4 " T cells were injected into the tail vein

of nude mice once a week. The tumor size of nude mice was measured 1
week after injection administration, while the tumor was surgically
removed after 4 weeks. Tumor weight were calculated after isolation
with the utility of the following formula: (length) x Width 2/2.

Lung metastasis test was as follows: MV3 cells and macrophages
were treated in compliance with the aforementioned protocols. MV3
cells and macrophages were simultaneously injected into the tail vein of
nude mice. After two weeks, the lungs of nude mice were surgically
harvested for quantification of the metastatic nodules.

Hematoxylin and eosin (HE) staining

The tumor or whole lung tissue of nude mice was fixed in 4% para-
formaldehyde, dehydrated with gradient alcohol, transparent in xylene,
and then embedded in paraffin. The paraffin-embedded tissues were
sliced into 5 pM thick sections, which were conventionally prepared for
use. After staining with hematoxylin (Beyotime) for 30 s, the sections
were rinsed under tap water, followed by differentiation with 5% hy-
drochloric acid alcohol differentiation solution for 10 s and back to blue
using the water anti-blue solution for 10 min. The sections were dyed
utilizing eosin for 30 s, followed by dehydration, transparence, and
sealing with neutral gum. The sections were observed under an optical
microscope (XP-330, Shanghai Bingyu Optical Instrument Co., Ltd.,
Shanghai, China).

Immunohistochemistry

For Immunohistochemical analysis, the tissues were deparaffinized
in xylene and rehydrated in gradient ethanol. After immersion in eth-
ylenediaminetetraacetic acid (EDTA) antigenic retrieval solution
(pH8.0), the tissue sections were incubated with the normal goat serum
blocking buffer at room temperature for 1 h. The sections were subse-
quently probed to the anti-CD4 primary antibody (ab183685, 1: 200,
Abcam) or anti-CD206 (ab64693, 1: 100, Abcam) at 4 °C overnight, and
then incubated at room temperature for 1 h with peroxidase-conjugated
secondary antibody (DS-0004, ZSGB-BIO, Beijing, China). The cell
nuclei were subjected to staining with the hematoxylin (ZLI-9610,
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Fig. 2. Bioinformatics prediction of TIM-3 expression pattern and biological function in melanoma cells-derived exosomes. A, The heat map of the top 50 DEGs in
GSE98394, including 51 tumor samples and 27 normal samples. B, The heat map of differentially expressed IRG in GSE98394. C, DEGs in melanoma samples
retrieved from TCGA database. D, Venn map of the intersection between the highly expressed IRG in GSE98394 and highly expressed genes in TCGA database. E,
Protein interaction network of 11 IRGs. F, The expression pattern of HAVCR2 in melanoma samples from TCGA database.

ZSGB-BIO).

Statistical analysis

Data analysis was performed using the SPSS 21.0 software (IBM-SPSS
Inc., Chicago, IL, USA). All quantitative data were presented as mean +
standard deviation. An independent t-test was adopted for comparison
of data between two groups. Data comparisons among multiple groups
were performed using one-way analysis of variance (ANOVA) with
Tukey’s post-hoc test. Data comparisons at different time points were
performed by repeated measurement ANOVA with Tukey’s post-hoc
test. In all statistical references, a value of p < 0.05 were considered

to be significant.
Results

MV3 cells-derived exosomes inhibit the immune function and proliferation
of CD4™" T cells

Tumor cells secrete exosomes under different stress conditions, and
its function is reflective of passage of a variety of bioactive substances
into host cells for d the regulation of host immune response [19]. In this
study, ultracentrifugation was conducted to separate NHEM-Exo and
MV3-Exo from the supernatant of culture cells for 48 h. The exosomes
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parison of data among multiple groups.

were observed under TEM (Fig. 1A), which revealed that the exosome
was a round or oval membrane vesicle of the same shape, while the size
of exosome was about 160 nm (Fig. 1B). Western blot analysis (Fig. 1C)
illustrated that the surface markers of exosomes CD81 and CD63 were
highly expressed, however calnexin were not expressed, which are
illustrative of successful extraction of exosomes.

An existing study demonstrated that exosomes originating from
tumor cells usually import immunosuppressive factors, which can
interfere with the function of immune cells [20]. To further study the
effect of melanoma cells-secreted exosomes on CD4" T cells, 2254 DEGs
were initially identified vfrom GSE98394, and 26 IRGs were identified,
among which, 23 IRGs were upregulated (Fig. 2A, B). Moreover, 6457
DEGs were identified from the tumor samples of melanoma patients in

the TCGA database, of which 2541 were upregulated (Fig. 2C). A total of
11 upregulated IRGs were identified by intersection between microarray
data GSE98394 and TCGA database (Fig. 2D).

Among the 11 upregulated IRGs, HAVCR2 (TIM-3) is a suppressor-
molecule in T cell mediated immune response. Moreover, accumalting
evidence has identified notable enrichment of HAVCR2 in the tumor
cells-derived exosomes [14, 21]. Protein-protein interaction were
further analyzed through the STRING database, which illustrated TIM-3
as one of the core genes (Fig. 2E). As shown in Fig. 2F, a high expression
pattern of TIM-3 was evident among the samples of patients with
cutaneous melanoma in the TCGA database.

Next, CD4™ T cells were isolated from the spleen of nude mice for co-
culture with NHEM-Exo and MV3-Exo, respectively. Western blot and
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flow cytometric analyses were performed to characterize the expression
patterns of TIM-3 and cytokine IFN-y and TNF-a in CD4" T cells. The
results demonstrated notably higher protein level of TIM-3 and pro-
portion of TIM-37CD4™" T cells in CD4" T cells co-incubated with MV3-
Exo relative to the CD4™ T cells co-incubated with NHEM-Exo (Fig. 1D,
E; Supplementary Fig. 1A). The proportion of cells producing cytokine
IFN-y and TNF-o in CD4" T cells co-cultured with MV3-Exo was signif-
icantly lower relative ot the CD4" T cells co-cultured with NHEM-Exo
(Fig. 1F). It was, therefore, denoted that MV3-Exo could strikingly
inhibit the immune function of CD4" T cells. Flow cytometry revealed
considerably inhibited proliferation of CD4™ T cells in CD4™ T cells co-
cultured with MV3-Exo was significantly inhibited (Fig. 1G). The pre-
ceding findings validated that the MV3 cells-derived exosomes had
effectively suppressed the immune function and proliferative ability of
CD4" T cells.

TIM-3 shuttled by MV3-cells derived exosomes inhibits the immune
function and proliferative potential of CD4'T cells

The TIM-3 expression pattern in NHEM-Exo and MV3-Exo was
detected, which elicited an elevated TIM-3 expression pattern in MV3-
Exo (Fig. 3A; Supplementary Fig. 1B). Next, we sought to determine
whether MV3-Exo could deliver TIM-3 into CD4" T cells. MV3-Exo
loaded with PKH26 (red) was co-cultured with CD4 ™ T cells (green)
to observe the uptake of exosomes by CD4" T cells under confocal
fluorescence microscopy. The results are demonstrative of that red
fluorescence in CD4" T cells, suggesting that CD4" T could capture a
high proportion of MV3-Exo (Fig. 3B).

MV3 cells were transduced with sh-NC, sh-TIM-3-1, or sh-TIM-3-2
prior to analysis of the TIM-3 expression pattern, which revealed the
best inhibitory effect on the expression pattern of TIM-3 with sh-TIM-32,
thus was used for subsequent experimentation (Fig. 3C; Supplementary
Fig. 1C).

After transduction with sh-TIM-3, the exosomes were isolated from
the supernatant. RT-qPCR and Western blot analysis revealed a reduced
TIM-3 expression pattern in MV3-Exo transduced with sh-TIM-3
(Fig. 3D; Supplementary Fig. 1D).

CD4" T cells were co-cultured with MV3-Exo-sh-NC and MV3-Exo-
sh-TIM-3 prior to detection of the expression patterns of CD4" T cell
surface inhibitory receptor, TIM-3 and cytokine IFN-y and TNF-ae. The
proportion of TIM-3YCD4" T in CD4 ™" T cells co-cultured with MV3-Exo-
sh-TIM-3 was lower relative to the CD4" T cells co-cultured with MV3-
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Exo-sh-NC (Fig. 3E), while the proportion of IFN-y"CD4" T and TNF-
oa"CD4™ T cells in CD4™" T cells co-cultured with MV3-Exo-sh-TIM-3 was
higher relative to the CD4" T cells co-cultured with MV3-Exo-sh-NC
(Fig. 3F). Thus, TIM-3 loss in MV3-Exo could appreciably limit the
expression pattern of TIM-3 on the CD4" T cell surface to facilitate the
immune function of CD4" T cells. Flow cytometric data illustrated
elevated CD4" T cell proliferation after incubation with MV3-Exo-sh-
TIM-3 (Fig. 3G). The preceding findings elicited that the down-
regulation of TIM-3 in MV3 cells-derived exosomes could ameliorate
CD4" T cell immune function and enhance CD4" T cell proliferation.

TIM-3"CD4" T cells induces macrophage M2 polarization

Immunotherapy, as one of the critical therapies for metastasis, aims
to exert a chronic immunosurveillance effect to avoid recurrence by
restoration of antitumor immunity in the tumor microenvironment,
while macrophage M2 polarization induces tumor immunosuppression,
leading to tumor deterioration and recurrence [9]. Therefore, the effect
of MV3-Exo inducing CD4" T cells in the transformation into
TIM-37CD4*T cells on macrophage polarization. Human monocytes
THP-1 were stimulated with 100 ng/mL PMA for 24 h to prepare M,
macrophages. THP-1 cells were observed to be round suspension cells
under optical microscopy. After PMA stimulation, THP-1 cells became
round and fusiform adherent cells, with extended pseudopodia M,
macrophage (Fig. 4A). Flow cytometry demonstrated that after stimu-
lation by PMA, a notably higher proportion of CD68™ cells in the control
group after stimulation by PMA (Fig. 4B), thus suggesting that THP-1
cells was stimulated by PMA to isolate M, macrophages.

The obtained M, macrophages were co-cultured with the CD4t T
cells and TIM-3"CD4'T cells for 24 h prior to the morphological
observation of macrophages. Co-culture of M, macrophages with TIM-
37CD4" T cells induced alterations in shape from round and spindle
adherent cells to irregular adherent cells (Fig. 4C). RT-qPCR exhibited
elevated expression patterns of markers of M2-type macrophages
(CD206, CD163, and Arginase-1) in M, macrophages co-incubated with
TIM-37CD4" T cells (Fig. 4D). The obtained findings indicated that the
TIM-37CD4*T cells promoted macrophage M2 polarization.

Macrophage M2 polarization promotes the growth and metastasis of
melanoma cells

For purpose of additional validation, the macrophages induced by
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CD4™" T cells and then TIM-3"CD4" T cells were submitted to co-culture
with melanoma cells MV3 and A375. A combination of CCK-8 assay and
Transwell assay exhibited elevated proliferation, migratory, and inva-
sive properties of MV3 cells and A375 cells after incubation with TIM-
37CD4" T-M2 (Fig. 5A, B; Supplementary Fig. 2A, B). Western blot
analysis elected a reduced E-cadherin expression pattern along with
increased expression patterns of N-cadherin and Vimentin in MV3 cells
and A375 cells following co-culturing with TIM-37CD4" T-M2 (Fig. 5C;
Supplementary Fig. 1E, 2C). The aforementioned findings illustrated
that TIM-3"CD4" T cells can promote the growth and metastasis of
melanoma cells by inducing macrophage M2 polarization.

Inhibition of TIM-3 in MV3-Exo inhibits the growth and metastasis of
melanoma cells in vitro

Co-culture system was adopted to detect the degree of M2 polari-
zation of macrophages along with the growth and metastasis of MV3
cells and A375 cells after transduction with sh-NC and sh-TIM-3,
respectively. RT-qPCR showed reduced expression patterns of several
M2-type macrophage markers (CD206, CD163, and Arginase-1) in
macrophages co-incubated with CD4™ T cells intervened with MV3-Exo-

sh-TIM-3 (Fig. 6A). CCK-8 assay and Transwell assay exhibited sup-
pressed the proliferating, migrating, and invading functions of MV3 cells
and A375 cells after transduction with sh-TIM-3 and co-culturing with
CD4" T cells and macrophages (Fig. 6B, C; Supplementary Fig. 3A, B).
Western blot analysis demonstrated an increased E-cadherin expression
pattern along with decreased expression patterns of N-cadherin and
Vimentin in MV3 cells and A375 cells transduced with sh-TIM-3 and co-
cultured with CD4" T cells and macrophages (Fig. 6D; Supplementary
Fig. 1F, 3C). The preceding results suggested that downregulation of
TIM-3 in MV3 cells-derived exosomes can facilitate inhibition of CD4* T
cells on macrophage M2 polarization, thus ultimately inhibiting the
growth and metastatic activity of melanoma cells.

Inhibition of TIM-3 in MV3-Exo dampens the growth and metastasis of
melanoma cells in vivo

In vivo experiments were conducted in an attempt to explore the
effects of MV3-Exo transduced with sh-TIM-3 on the growth and
metastasis of melanoma cells. Nude mice were instilled with the MV3
cells via the armpit, while the MV3-Exo-sh-NC—CD4™ T cells- and MV3-
Exo-sh-TIM-3-CD4" T cells-treated macrophages were instilled via the
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tail vein. After four weeks, an evaluation revealed lowered tumor vol-
ume in nude mice injected with the MV3-Exo-sh-TIM-3-CD4" T cells-
treated macrophages (Fig. 7A-C). HE staining displayed increased
leukocyte infiltration in nude mice injected with MV3-Exo-sh-TIM-3-
CD4" T cells-treated macrophages (Fig. 7D). Besides, as suggested by
CD206 immunohistochemistry staining, reduced M2 macrophage infil-
tration was evident in the nude mice injected with MV3-Exo-sh-TIM-3-
CD4* T cells-treated macrophages (Fig. 7E). Our findings elicited that
inhibition of TIM-3 can restore the immune function of CD4* T cells and
inhibit the stimulative effect of M2 macrophages on melanoma growth
in vivo.

Lung metastasis experiment illustrated a decreased number of met-
astatic lung nodules in nude mice injected with MV3 cells and MV3-Exo-
sh-TIM-3-CD4" T cells-treated macrophages (Fig. 7F). CD4" immuno-
histochemistry staining revealed that the population of infiltrated CD4 "
T cells had decreased in the lung tissues of nude mice injected with MV 3-
Exo-sh-TIM-3-CD4" T cells-treated macrophages (Fig. 7G). Flow
cytometry analysis showed a reduced percentage of TIM-37CD4 " T cells
in nude mice injected with MV3-Exo-sh-TIM-3-CD4*" T cells-treated
macrophages (Fig. 7H). The obtained findings suggested that silencing
of TIM-3 in MV3 cell-derived exosomes could facilitate the inhibition of
macrophage M2 polarization by CD4™ T cells, thereby suppressing the
malignancy and metastatic activity of melanoma cells in vivo.

Discussion

Melanoma is a fatal type of skin cancer, which is especially difficult
to treat after its metastasis [22]. Inmunotherapy, as one of the chief
therapies for metastasis, aims for a chronic immunosurveillance effect to
avoid recurrence of cancer by restoration of the antitumor immunity in
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Fig. 7. Effect of depleted TIM-3 in
MV3-Exo on the growth and metastasis
of melanoma cells in nude mice. A,
Tumor morphology in nude mice. B,
Tumor volume in nude mice. C, Tumor
weight in nude mice. D, Pathological
changes of nude mice observed using
HE staining. E, M2 macrophage infil-
tration in tumors of nude mice by
CD206 immunohistochemistry staining.
F, The number of lung metastatic nodes
in nude mice. G, Population of infil-
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tumor microenvironment, while macrophage M2 polarization can
radically induce tumor immunosuppression, thus resulting in tumor
deterioration and recurrence [9]. An existing study identified the sig-
nificant impact of melanoma-released exosomes on the escape of mel-
anoma cells from immune surveillance, however the crucial details of
the mechanism remain elusive[23]. As the specific mechanisms that can
influence the immune function of CD4" T cells and macrophage M2
polarization in melanoma remain identified, the current study sought to
investigate the effects of TIM-3 shuttled by MV3 cells-derived exosomes
on the growth and metastasis in melanoma. Our findings demonstrated
that TIM-3 shuttled by MV3 cells-derived exosomes could exert a sup-
pressive effect on the immune function of CD4" T cells and can further
manipulate macrophage M2 polarization to facilitate the growth and
metastasis of melanoma cells both in vitro and in vivo.

Our initial observations revealed the capacity of MV3 cells-derived
exosomes to inhibit the immune function and proliferation of CD4" T
cells. Treg cells have been identified to be essential for the maintenance
of peripheral immune tolerance and homeostasis [24]. CD4'T cells,
fractions of white blood cells can exacerbate the degree of the cellular
immune responses that provide protection against several forms of tu-
mors, including melanoma [25]. Previous research has cited the vital
functionality of EVs in intercellular communication and as vital com-
ponents in tumor immunology [26]. Cancer cells by releasing exosomes
can participate in the delivery of multiple biologically active substances
into host cells and/or modulation of host immune responses [19].
Melanoma cells can essentially mediate various protumor processes with
the production of exosomes, such as immune regulation and modifica-
tion of tissue microenvironments [27]. Recent research has gained in-
terest as exosomes isolated from melanoma cells elicit
immunosuppressive properties with the functional suppression of
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Fig. 8. Molecular mechanism of the effects of TIM-3 shuttled by MV3 cells-derived exosomes on the CD4™ T cell immune function and macrophage M2 polarization

involved in the occurrence and development of melanoma.

primary human immune cells [28]. Meanwhile, melanoma cells-derived
exosomes promote the melanoma growth by eliminating CD4" T cells
[23].

In addition, the current study demonstrated that macrophage M2
polarization enhanced the growth and metastasis of melanoma cells. An
existing study identified an association between TAM infiltration and
the facilitation of tumor growth, invasion and metastasis for exacerbated
tumor progression [29]. Moreover, M2-type TAMs can precipitate to
decreased survival in melanoma patients [30]. Our findings elicited that
MV3 cells-derived exosomes induced macrophage M2 polarization by
upregulating CD206, CD163, and Arginase-1, thus facilitating the
growth and metastasis of melanoma. A n existing study elicited associ-
ation of M2-skewed macrophage markers, including the scavenger re-
ceptors CD163, CD204, and CD206 with melanoma growth and
progression [7]. Moreover, activation of M2-type macrophages charac-
terized by typical M2 markers like arginase-1 has been identified in
melanoma [31]. Exosomes can serve as terminal modulators of mela-
noma cell proliferation, epithelial-mesenchymal transition (EMT), and
migration [11,32]. Gerlo et al. have verified the property of
melanoma-sourced exosomes to elicit a tumor-promoting TAM pheno-
type in macrophages [13]. Morover, existing evidence verified that
melanoma-secreted exosomes could effectively facilitate tumor survival
and metastasis by M2 macrophage polarization [8], which is consistent
with our findings.

Furthermore, our findings illustrated an abundance of TIM-3 in MV3
cells-derived exosomes, whereas inhibition of TIM-3 in MV3 cells-
derived exosomes could induce CD4" T cell immune function and sup-
press M2 macrophage polarization in melanoma. Additionally, a recent
study identified a correlation between an increased TIM-3 expression
with the inhibition of T cell responses and subseugent T cell dysfunction,
which is a definitive marker for gradual loss of T cell function in a hi-
erarchical manner during tumor development [16]. As TIM-3 is an
inhibitory receptor of CD4™ T cells, hereby targeting TIM-3 as a novel
biomarker has been proposed in melanoma immunotherapy [33]. A
recent study also exhibited the ability of that osteosarcoma
cells-secreted exosomes to transport TIM-3 to induce macrophage M2
polarization, which consequently induce the invasiveness, metastasis,
and EMT of tumors [14], while its effects on the progression of mela-
noma remain elusive. In the current study, either in vitro or in vivo
experimentation validated that the silencing of TIM-3 shuttled by MV3
cells-secreted exosomes had definitively suppressed the growth and
metastasis of melanoma cells.

Conclusion

To conclude, our results demonstrated that the transfer of TIM-3 via
MVS3 cells could secrete exosomes to inhibit CD4" T cell immune func-
tion and induce macrophage M2 polarization, which conjointly exac-
erbates the growth and metastasis of melanoma cells (Fig. 8). Our
findings provide insight for the development of effective therapeutic
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strategies combating melanoma cells. However due to limited literature,
the roles of TIM-3 shuttled by MV3 cells-derived exosomes in the CD4* T
cell immune function and macrophage M2 polarization in the progres-
sion of melanoma warrant extensive investigation.
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