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Background: Due to their extraordinary physical and chemical properties, MoS2 nanosheets

(MSNs) are becoming more widely used in nanomedicine. However, their influence on

immune systems remains unclear.

Materials and Methods: Two few-layered MSNs at sizes of 100–250 nm (S-MSNs) and

400–500 nm (L-MSNs) were used in this study. Bone marrow-derived dendritic cells (DCs)

were exposed to both MSNs at different doses (0, 8, 16, 32, 64, 128 µg/mL) for 48 h and

subjected to analyses of surface marker expression, cytokine secretion, lymphoid homing and

in vivo T cell priming.

Results: Different-sized MSNs of all doses did not affect the viability of DCs. The expres-

sion of CD40, CD80, CD86 and CCR7 was significantly higher on both S-MSN- and

L-MSN-treated DCs at a dose of 128 μg/mL. As the dose of MSN increased, the secretion

of IL-12p70 remained unchanged, the secretion of IL-1β decreased, and the production of

TNF-α increased. A significant increase in IL-6 was observed in the 128 µg/mL L-MSN-

treated DCs. In particular, MSN treatment dramatically improved the ex vivo movement and

in vivo homing ability of both the local resident and blood circulating DCs. Furthermore, the

cytoskeleton rearrangement regulated by ROS elevation was responsible for the enhanced

homing ability of the MSNs. More robust CD4+ and CD8+ T cell proliferation and activation

(characterized by high expression of CD107a, CD69 and ICOS) was observed in mice

vaccinated with MSN-treated DCs. Importantly, exposure to MSNs did not interrupt LPS-

induced DC activation, homing and T cell priming.

Conclusion: Few-layered MSNs ranging from 100 to 500 nm in size could play an

immunostimulatory role in enhancing DC maturation, migration and T cell elicitation,

making them a good candidate for vaccine adjuvants. Investigation of this study will not

only expand the applications of MSNs and other new transition metal dichalcogenides

(TMDCs) but also shed light on the in vivo immune-risk evaluation of MSN-based

nanomaterials.
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Introduction
As the most widely used two-dimensional (2D) nanomaterial, graphene has attracted the

attention of biomedical researchers since it was first reported in 2004.1 In recent years,

transition metal dichalcogenides (TMDCs), another class of 2D nanomaterials, have

emerged and have quickly become an active focus. Among them, mono or few-layer

MoS2 nanosheets (MSNs) have become a new favorite of nano-biologists. The high near
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infrared ray absorbance, extraordinary electrocatalytic activity,

easy surface modification and low biological toxicity make

MSNs one of the most promising graphene analogues with

wide applications in various fields, especially in nano-

biomedicine.2 To date, MSNs have been developed for use as

bio-imaging probes,3 biosensors,4–6 photothermal therapy

agents,7–9 drug carriers10–12 and tissue engineering scaffolds,13

among other uses. The possibility of using MSNs as immune-

regulatory adjuvants to manipulate the immune responses is also

a very fascinating and a meaningful research topic. However, to

the best of our knowledge, this application has yet to be studied.

On the other hand, despite previous studies underlining the

feasibility of employing MSNs as in vivo administered agents,

the effect of these tissue-invasive foreign nanomaterials on the

immune system remains to be revealed.

Dendritic cells (DCs), one of the most important antigen

presenting cells, bridge the innate and adoptive immune

response and have been proven to be associated with many

serious diseases such as chronic infections, tumors and auto-

immune disorders.14,15 Considering the prominent role of DCs

in the immune system, comprehensively exploring the mutual

interaction between DCs and nanomaterials is critically impor-

tant and constitutes an essential component of immune-risk

evaluation. Most importantly, the maturing of the field of

nanovaccinology demonstrated the unparalleled ability of nano-

materials to manipulate the immune system and thus generate

controlled or broad-spectrum immune responses.16–18 Focusing

the effect of nanoparticles on DCs will also offer a myriad of

opportunities for developing effective vaccine adjuvants.

DCs undergo two stages, ie, the immature stage and the

mature stage, before presenting antigens to T cells. During the

immature stage, DCs possess a high phagocytotic ability but

low homing and T cell priming capacities.19 When stimulated

by pathogens or foreign invaders, immature DCswill transform

into the mature stage, characterized by increased expression of

co-stimulatory molecules (CD40, CD80 and CD86) and ele-

vated proinflammatory cytokine secretion.20,21 Under physio-

logical conditions, invaded pathogens can efficiently activate

tissue-resident DCs due to both the number of antigens they are

exposed to as well as the accompanying strong stimulation

from pathogen components (LPS, CpG, etc.), which exert

their effects on the TLRs of DCs and promote the transition

of DCs to the mature stage.22 In contrast, in artificial immunity,

generally only antigens are provided, leaving DCs in a state of

semi-maturation. Although the semi-maturedDCs are equipped

with antigens, the lower expression of allostimulatory mole-

cules and limited homing capability greatly hinders the T cell

priming capacity.23 Therefore, finding adjuvants capable of

improving the maturation and migration abilities of DCs is

key to optimizing traditional vaccination strategies.

In this study, we aimed to determine whether MSNs have

immunoregulatory effects on DCs, focusing on the essential

functional parameters of DCs (maturation, migration and

T cell activation). MSNs of two sizes (100–250 nm for the

smaller one and 400–500 nm for the larger one) were used in

this study to clarify whether the size affects the outcomes.

The dose effect was also taken into the consideration. To our

knowledge, this is the first work to systematically explore the

immunoregulatory role of MSNs. Our findings will provide

supporting evidence as to the feasibility of using MSNs as

a novel vaccination adjuvant, which will expand the applica-

tions of MSNs and other new TMDCs. This study will also

shed light on the in vivo immune-risk evaluation of MSN-

based nanomaterials.

Materials and Methods
Mice
Male wild-type C57BL/6J mice, 6–8 weeks old, were pur-

chased from Beijing Vital River Laboratory Animal

Technology Co., Ltd. C57BL/6J mice expressing GFP were

purchased from theModelAnimal ResearchCenter ofNanjing

University. LTD.L2G85 (FVB)mice expressing firefly lucifer-

ase (Fluc) were backcrossed into C57BL/6J mice and used in

phase N7 (L2G85.C57BL/6). All experiments were approved

by the committee on animal care and use of the Academy of

Military Medical Sciences (Approval No.: AMMS-09-2019-

004). All animal experiments followed the National Institutes

of Health Guide for the Care and Use of Laboratory Animals.

Reagents and Antibodies
GM-CSF and IL-4 were purchased from Peprotech Asia

(Rehovot, Israel). Lipopolysaccharide (LPS) and D-luciferin

were purchased from Sigma Aldrich (Missouri, USA) and

Promega Corporation (Madison, WI, USA), respectively. The

following antibodies were used for FACS analysis: fluorescein

isothiocyanate (FITC)-conjugated anti-CD80, FITC-conjugated

anti-CD8α, phycoerythrin (PE)-conjugated anti-CCR7,

PE-conjugated anti-CD107a, PE-conjugated anti-CD40, PE-

conjugated anti-IFN-γ, allophycocyanin (APC)-conjugated anti-

CD11c,APC-conjugated anti-CD3ε, APC-conjugated anti-TNF

-α, APC-conjugated anti-CD69, allophycocyanin-cyanine

(APC-cy7)-conjugated anti-CD45, APC-cy7-conjugated anti-

ICOS, phycoerythrin-cyanine dye (PE-cy7)-conjugated anti-

B220, PE-cy7-conjugated anti-CD86 and PerCP/
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Cyanine5.5-conjugated anti-CD4. All FACS antibodies were

purchased from BioLegend (San Diego, CA, USA).

Characterization of MSNs
MSNs of two sizes were purchased from Nanjing Xianfeng

Nanometer Company (Jiangsu, China). The dispersed sol-

vent was water at a concentration of 1 mg/mL. The sizes

were 100–250 nm (S-MSNs) and 400–500 nm (L-MSNs).

A drop of diluted particle solution was placed on a carbon-

coated copper grid and dried over-night before observation.

The size was characterized by atomic force microscopy and

transmission electron microscopy (TEM, Hitachi H-7650,

Japan) at the working voltage of 80 kV. The colloid stability

in water and 1640 medium was tested by the Zetasizer Nano

ZS90 system (Malvern Instruments, England).

Production of Dendritic Cells from Bone

Marrow in Mice
After euthanasia, the femurs of C57BL/6J mice were col-

lected. The femur bone marrow monocytes were cultured in

RPMI-1640 medium (Life Technologies Corporation,

California, USA) containing 10% fetal bovine serum (PAN-

Biotech, Aidenbach, Germany), 10 ng/mL recombinant

mouse GM-CSF and 5 ng/mL recombinant mouse IL-4 at

a density of 2 × 106 cells. At days 3 and 5, we replaced the

old medium with 2 mL fresh medium containing GM-CSF

and IL-4. Cells cultured on day 6 were used as immature DCs.

MSNs-DC ex vivo Coincubation
For theMSN-DC incubation experiments, 1×106 DCs in 2mL

of complete RPMI 1640 were incubated with S-MSNs or

L-MSNs at different concentrations for 48 h in six-well plates.

N-acetyl-L-cysteine (NAC, Sigma, CA) was alternatively

added to the MSN-DC incubation medium at a final concen-

tration of 10mM. For the lipopolysaccharide (LPS) incubation

experiments, LPS (Sigma, CA) was alternatively added to the

MSN-DC incubation medium at the final concentration of

1μg/mL. After 48 hours of coincubation, the cells were cen-

trifuged at 400 g and washed in PBS. Then the cells were fixed

with 2.5% glutaraldehyde (Sigma, CA) for 30 min, washed

with PBS for 3 times, and fixed with 1% osmic acid (Merck,

Schwalbach, Germany) for 30min. The cells were dehydrated

with a gradient of ethanol concentration. After dehydrated by

epoxy resin (Sigma, CA), the cells were dried in the embedded

template of porous rubber and then sliced. Finally, DC cell

phagocytosis was observed by transmission electron micro-

scopy at the working voltage of 80 kV.

DC Phenotype and Apoptosis Detection
DCs were washed twice with cold PBS and then re-suspended

in cell staining buffer. Corresponding antibodies were added to

the cell suspension and then incubated at room temperature for

15 min. Cells were then washed twice with cold PBS for flow

cytometry analysis. In apoptosis assay, cellswere re-suspended

in a binding buffer after staining with APC-anti-CD11c anti-

body. Annexin V-FITC and propidium iodide were added,

incubated at 4°C for 30min, and then 300ul binding buffer

was added for flow cytometry analysis.

Detection of Cytokine Secreted by DCs
The co-culture supernatants were collected by centrifuging at

400 g/min for 6 min. IL-6, IL-12p70, IL-1β and TNF-α were

tested according to the instructions of the ELISA kit (Dakewe,

Shenzhen, China).

In vitro Cellular Movement Analysis
DCs derived from GFP transgenic mice were monitored in

a live cell imaging system (PerkinElmer, Massachusetts,

USA), and time-lapse micrographs were tracked and analyzed

using Volocity Demo software. The generated tracking data

were used to plot the cell track and calculate themovement data.

Homing Ability of DCs in vivo
To test the homing ability of DCs in draining lymph nodes,

1×106 DCs derived from Fluc+ mice were injected subcuta-

neously into the footpad of mice. The migration and homing

ability of the dendritic cells were detected by the IVIS

Spectrum system (PerkinElmer). ROI analysis of the images

and signal intensity was performed with Living Image 4.5.2

software. To detect the distribution of DCs in vivo, a total of

5 × 106 DCs were injected into the tail vein of mice and

photographed at 2 h. After 48 h, the organs and tissues were

separated and photographed on a dark background panel.

Immunofluorescence Staining and

Confocal Microscopy
DCs cultured in glass bottom cell culture dishes (NEST,

Jiangsu, China) were fixed with 4% paraformaldehyde

(Merck, Schwalbach, Germany) for 1 h. Then, the cells were

incubated with 1% Triton X-100 (Sigma, Missouri, USA) for

15 min. After washing three times, DCs were then incubated
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with 300 μL anti-β-tubulin (10 μg/mL, Abcam, Cambridge,

UK) at 4 °C for 12 h. The cells were incubated with rhoda-

mine-conjugated phalloidin (50 μg/mL, Thermo Fisher,

Massachusetts, USA) and 488-conjugated goat anti-rabbit

IgG (2 μg/mL, Abcam, Cambridge, UK) for 60 min after

washing. After washing, the cells were incubated with DAPI

medium to stain the nuclei. Confocal laser-scanning micro-

scopy (PerkinElmer, Massachusetts, USA) was used to view

cells.

Determination of Reactive Oxygen

Species in DCs
Reactive oxygen species (ROS) intensities were detected by

a fluorescent probe 2, 7-dichlorofluorescein (DCFH-DA) kit.

DCs were cultured in glass bottom cell culture dishes.

DCFH-DA (5 mol/L, 500 μL/sample) was added and incu-

bated in a cell incubator for 20 min. Then, the fluorescence of

the DCs was detected after washing with PBS for 2–3 times.

Detection of T Cell Proliferation and

Activation
To detect the activation of Tcells in vivo, we injected 2 × 106

co-incubated DCs into the footpad of mice on day 1 and day

7. On day 14, the popliteal lymph nodes of mice were

dissected and then filtered through a 200-mesh filter to obtain

1 mL of a single-cell suspension. The total number of cells in

the suspension was calculated by a cell counter (Countstar,

Shanghai, China). Subsequently, the cells were washed with

PBS and then re-suspended in cell staining buffer.

Corresponding marker antibodies were added to detect

Tcell activation by FACS analysis. For intracellular cytokine

detection, cells were stained with FITC-anti-CD8α antibody

and then re-suspended in a fixation/permeabilization solution

(BD, New Jersey, USA). After incubation at 4 °C for 20 min,

the cells were washed with perm/wash buffer and then

labeled by APC-anti-TNF-α and PE-anti-IFN-γ antibodies

for 30 min at 4 °C. Cells were washed twice with perm/

wash buffer before being subjected to FACS analysis.

Statistical Analysis
Data were analyzed using GraphPad Software (Version 6,

San Diego, CA). Dunnett’s t-test was used to analyze the

normally distributed data. Non-parametric testing was used

to analyze the non-normally distributed data. P < 0.05

indicates a significant difference.

Results and Discussion
Characterization of MSNs and Their

Uptake by DCs
Atomic force microscopy (AFM) and transmission electron

microscopy (TEM) were used to observe the lateral sizes of the

MSNs. Figure 1A shows the thickness of the MSNs was in the

range of 1–2 nm, suggesting they probably were mainly two or

three-layered nanomaterials. According to the TEM micro-

graphs, the lateral sizes of the two materials were 100–250 nm

for the S-MSNs and 400–500 nm for the L-MSNs (Figure 1B).

The X-ray diffraction (XRD) pattern indicated that the

nanosheets exhibited the typical crystal structure of MSNs

(Figure 1C). For the S-MSNs and the L-MSNs, the Zeta poten-

tials in water were −42.53 ± 2.23 mV and −42.43 ± 1.34 mV,

respectively, while in 1640medium, theywere elevated to−9.79
±0.73mVand−8.82±0.65mV(Table S1). The formationof the

protein corona by adsorption of the protein components onto the

surface of the MSNs might be responsible for the decreased

absolute potential values in 1640 medium. In Figure 1D, we

observed that the nanosheets could be swallowed by DCs and

were mainly located in intracellular vesicles in the cytoplasm,

suggesting a direct interaction between DCs and MSNs existed.

The Dose Effect of MSNs on DC Viability

and Maturation
DCs were exposed to both sized MSNs at different doses (0,

8, 16, 32, 64, 128 µg/mL) for 48 h and subjected to apoptosis

analysis by combined staining with Annexin-Ⅴ and PI

(Figure 2A). For DCs from both S-MSNs and L-MSNs, the

overall viability, as well as the apoptosis percentage, showed

no significant differences between the lowest dose (8 μg/mL)

and the highest dose (128 μg/mL) (Figure 2B), thus demon-

strating the low direct cytotoxicity of MSNs.

Allostimulatorymolecules onDCs are tightly related toTcell

activation because they provide the costimulatory signal in the

DC-T cell interaction system. Positive percentages of CD40,

CD80 and CD86 before and after incubation with MSNs were

detected by FACS (Figure S1). A similar tendencywas observed

among all detected markers on both S-MSNs and L-MSNs

pulsed with DCs, that is, the lower dose (8–64 µg/mL) had no

effect on their expression, but a significantly elevated level was

observed when the dose was increased to 128 μg/mL
(Figure 2C). In addition, the proportion of CD80 and CD86 in

the L-MSN group was significantly higher than that in the

S-MSN group at 128 µg/mL. The expression of CCR7,

a critically important chemokine receptor forDC in vivo homing,

was measured simultaneously. In the S-MSN group, 32 µg/mL
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was the lowest dose at which an obvious increase in CCR7 was

observed. In comparison, no obvious changes were observed

until the incubation dose was elevated to 128 µg/mL in the

L-MSN group, suggesting that CCR7 is more sensitive to

S-MSN treatment.

The secretion of proinflammatory cytokines also mark-

edly change when DCs encounter an invading pathogen,

which not only aids in T cell elicitation but also promotes

DC maturation through a feedback mechanism. The concen-

tration of IL-12p70, IL-6, IL-1β and TNF-α in the co-

incubation culture medium was measured (Figure 2D), and

the results were inconsistent among them. The secretion of

IL-12p70 remained unchanged at all evaluated doses in DCs

treated with both S-MSNs and L-MSNs. TNF-α was signifi-

cantly elevated at the lower incubation concentration (8 µg/

mL) in both S-MSNs and L-MSNs. A significant increase in

IL-6 was detected but only for DCs treated with 128 µg/mL

L-MSNs. In contrast, IL-1βwas obviously downregulated by

both S-MSNs and L-MSNs at 64 µg/mL and 128 µg/mL,

respectively.

In summary, the above results demonstrate that the direct

cytotoxicity of MSNs was very weak, which is consistent with

the findings of many previous reports using different cell lines

and different MSN derivatives.24–26 In addition, when incu-

bated at a relatively higher dose (128 µg/mL), MSNs could

promote DC maturation as characterized by upregulated

expression of CD40, CD80 and CD86 and enhanced secretion

of IL-6 and TNF-α. We speculate that the relatively low

nanosheet number in the coincubation system caused by the

high molecular mass of MoS2 may be one of important

Figure 1 Characterization of the few-layered MSNs and their uptake by DCs.

Notes: (A) AFM images of MSNs. (B) TEM images of MSNs. (C) The XRD pattern of MSNs. (D) DCs were incubated with MSNs (128 µg/mL) for 48 h and observed by

TEM to examine the cellular uptake of MSNs. The red arrow indicates the internalized MSNs.

Abbreviations: S-MoS2, small MSNs; L-MoS2, large MSNs; AFM, atomic force microscopy; XRD, X-ray diffraction; TEM, transmission electron microscopy; MSNs, MoS2
nanosheets; DCs, dendritic cells.
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Figure 2 The dose effect of MSN treatment on the viability, surface markers and cytokine secretion of DCs.

Notes: (A) The viability of DCs was analyzed by combined staining with Annexin V-FITC and PI after being co-incubated with different doses of MSNs for 48 h. (B)
Statistical data of the proportion of viability, early apoptosis and late apoptosis of DCs. (C) The expression of DC surface markers (CD40, CD80, CD86 and CCR7) was

detected by flow cytometry. (D) ELISA was used to detect the secretion of IL-12p70, IL-6, IL-1β and TNF-α by DCs. *The difference was statistically significant (p < 0.05)

compared with the control group. #The difference was statistically significant (p < 0.05) compared with the 128 μg/mL S-MoS2 group.

Abbreviations: S-MoS2, small MoS2; L-MoS2, large MoS2; Annexin V-FITC, Annexin V-fluorescein isothiocyanate; NS, no statistical significance; MSNs, MoS2 nanosheets; IL,

interleukin; PI, propidium iodide; CD, cell differentiation; CCR7, chemokine C-C-Motif Receptor 7; DCs, dendritic cells; TNF-α, tumor necrosis factor; ELISA, enzyme-linked

immunosorbent assay.
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reasons. One supportive evidence was that only a small num-

ber of MSNs could be found inside DCs (Figure 1D).

Furthermore, we doubled the incubation concentration of

MSNs and detected the expression of CD80 and CCR7

(Figure S2), with a result demonstrating that improving the

concentration of MSNs could further promote the maturation

of DCs. For the comparison of the two sizedMSNs, the overall

tendency was consistent but a slightly stronger effect was

detected with L-MSNs (higher CD80/86 expression and IL-6

secretion). In conclusion, those results highlight that MSNs

have good biocompatibility and can dose-dependently

improve the maturation of DCs.

MSNs Improve the Homing Ability of

DCs
To examine whether MSN treatment would change the migra-

tion ability of DCs, we employed the confocal living cell

tracking system to image the movement of individual cells ex

vivo. After being incubatedwithMSNs for 48 h at 128 µg/mL,

GFP+ DCs were sequentially imaged for 12 h (Figure 3A and

B). The data showed that MSN-pulsed DCs showed advan-

tages in terms of the migration distance and velocity over the

control DCs, demonstrating enhanced movement. There was

no significant difference between the S-MSNs and L-MSNs.

Furthermore, we employed the footpad injection model

combined with bioluminescence imaging to determine the

in vivo lymphoid tissue homing ability of MSN-treated DCs.

DCs derived from Fluc+ transgenic mice were incubated with

128 µg/mL MSNs for 48 h, and then, the DCs were injected

into the footpads of the recipient mice to test their capacity to

drain to the popliteal lymph nodes (PLNs). The signal intensity

(SI) was calculated by Living Image software. The migration

rate was calculated as follows: SI (PLN)/SI (PLN + footpad).

The sequentially detected data showed that at 4 h after injec-

tion, a small proportion of cells had migrated to the PLNs in

the MSN-treated DCs, and the number of migrated cells

gradually increased with time (Figure 3C). The statistical

data in Figure 3D confirmed the imaging results, demonstrat-

ing that both S-MSNs and L-MSNs significantly promoted the

local lymphoid homing ability of DCs, with an elevation fold

of 2.2 ± 0.5 and 2.6 ± 0.6, respectively.

Under physiological conditions, tissue resident DCs need

to leave non-lymphoid organs or tissues and migrate to the

lymphatic or blood circulation before successfully entering

the Tcell region in the lymphoid tissues. DCs incubated with

S-MSNs or L-MSNs for 48 h were further injected to reci-

pient mice through the tail vein to mimic circulating DCs.

We imaged the Fluc+ DCs at 2 h after injection and the result

showed that the distribution pattern of the DCs in each group

was consistent: DCs were mainly distributed in the lung,

with a small amount of them concentrated in the liver or

spleen (Figure 3E). We then dissected the main organs and

tissues of the mice at 48 h (Figure 3F). Results showed that

most of the DCs in the control group were residual in the

lungs. In contrast, DCs stimulated with S-MSNs and

L-MSNs were more inclined to being located in the para-

pulmonary lymph nodes and liver lymph nodes, thus con-

firming the significantly enhanced lymphoid tissue homing

ability of MSN-treated DCs.

Migration and homing are recognized as the two most

remarkable characteristics of DCs, which makes them

unique compared with other immune cells and directly

determines their capacity to elicit T cells.27,28 Previous

studies have shown that for artificial vaccines, only less

than 5% of the adoptive antigen-bearing DCs were capable

of homing to the T cell region, making it the main reason

why vaccines fail.29–31 Immunologists have long tried to

improve the migratory ability of DCs by directly targeting

them or developing new vaccine adjuvants. One of our

previous works proved the feasibility of using CpG-

conjugated gold nanoparticles as an adjuvant to improve

the homing ability of DCs.32 Furthermore, we also found

that naked AuNPs promoted the homing ability of DCs,

which inspired us to focus on the immunoregulatory role

of the nanoparticles themselves. The naked MSNs used in

this study, ranging from 100 to 500 nm, could improve the

homing ratio of DCs from 7.2 ± 2.8% to 18.8 ± 3.4%, and

we speculate that the increased intensity could be further

improved if the MSNs were designed as nano-carriers with

conjugated TLR activators, such as CpG oligos.

ROS-Induced Cytoskeleton Arrangement

Participates in the Improved Homing

Ability of MSN-Treated DCs
Microfilaments andmicrotubules are important components of

the cytoskeleton. They form the network structure of the intra-

cellular skeleton and are responsible for cell migration.33–35 To

determine whether cytoskeleton organization was affected by

MSN treatment, we visualized the organization of the micro-

filaments and microtubules by immunofluorescence staining

(Figure 4A). In control DCs, the organization of both actin and

tubulin showed typical low migratory characteristics: weak

staining intensity, short false feet, and inconspicuous dendrites.

However, MSN-treated DCs had more obvious dendrites and
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stronger staining. In addition, the average fluorescence inten-

sity of the microtubules and microfilaments was further calcu-

lated (Figure 4B), which confirmed the observations in

Figure 4A and demonstrated that MSNs promoted the rearran-

gement of the DC cytoskeleton.

To explore the molecular mechanism by which MSNs

promote the organization of cytoskeletons and to examine

whether ROS participated in this process, DCFH-DA

probes were used to visualize ROS accumulation in the

DCs. Figure 4C showed that MSN treatment significantly

upregulated ROS production, with no obvious difference

observed between the S-MSN and L-MSN groups, which

was further confirmed by the statistical data, as shown in

Figure 4D. To investigate whether ROS production is

related to cytoskeleton organization, N-acetylcysteine

(NAC) was used as an antioxidant to prevent ROS

Figure 3 MSNs improved the ex vivo movement and in vivo homing ability of DCs.

Notes: (A) The ex vivo movement of DCs. After being incubated with MSNs for 48 h at 128 µg/mL, the movement of individual GFP+ DCs was tracked by the confocal

living cell tracking system. (B) Statistical data of the length and velocity of DC movement. (C) The in vivo homing of tissue resident DCs. A total of 1 × 106 DCs derived

from L2G85.C57BL/6J mice were injected into the footpads of mice, and the in vivo migration to the PLNs was visualized at 4, 24 and 48 h by bioluminescence imaging. (D)

Statistical data of the homing percentage. N = 5 for each group. (E) Imaging of the overall distribution of i.v. injected Fluc+ DCs at 2 h. (F) The tissue accumulation of

circulating DCs at 48 h after injection. A representative dataset from two or three replicates is shown. *p < 0.05 compared with the control group.

Abbreviations: S-MoS2, small MoS2; L-MoS2, large MoS2; ILN, inguinal lymph node; ALN, axillary lymph node; SLN, submaxillary lymph node; Liv LN, liver lymph node;

MLN, mesenteric lymph node; PP LN, para-pulmonary lymph node; DCs, dendritic cells; MSNs, MoS2 nanosheets; i.v., intravenous injection; GFP, green fluorescent protein;

PLN, lymph node; Fluc, firefly luciferase.
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accumulation. As shown in Figure 5A and B, NAC pre-

treatment did significantly interrupt the well-organized

microfilaments in the MSN-treated DCs. Furthermore, the

homing percentage of DCs was also significantly hindered

by NAC treatment (Figure 5C and D).

Collectively, the above results support the conclusion that

MSNs upregulate ROS generation in DCs, further promoting

cytoskeletal rearrangement, and finally enhancing the

migration ability of DCs. For nanomaterials, ROS are no

doubt the most critical mediators for initiating toxicological

effects by direct or indirect pathways. It has been demonstrated

that direct ROS can be generated on the surface of NPs via

electron—hole pair generation, chemical dissolution or the

release of toxic metal ions.36 On the other hand, NP exposure

can also induce ROS generation by cells in a cumulative way,

eliciting significant cell changes in terms of cellular

Figure 4 The cytoskeleton arrangement and ROS production of MSN-treated DCs.

Notes: (A) The organization of microfilaments and microtubules in DCs was respectively visualized by phalloidin and anti-β-tubulin. (B) Statistical data of the average

fluorescence intensity of actin and tubulin staining. (C) ROS production in DCs at 48 h after MSN co-incubation, as detected by the DCFH-DA probe. (D) Statistical data of

the average fluorescence intensity of ROS. A representative dataset from two or three replicates is shown. *p < 0.05 compared with the control group.

Abbreviations: S-MoS2, small MSNs; L-MoS2, large MSNs; DAPI, 4ʹ,6-diamidino-2-phenylindole; DCs, dendritic cells; ROS, reactive oxygen species; MSNs, MoS2
nanosheets; DCFH-DA, fluorescent probe 2, 7-dichlorofluorescein.
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Figure 5 MSN-induced ROS elevation participated in the cytoskeleton arrangement and in vivo homing of DCs.

Notes: (A)TheeffectofNACtreatmenton theorganizationofmicrofilaments andmicrotubules inMSN-treatedDCs. (B) Statistical dataof the averagefluorescence intensityof actin and tubulin staining.
(C) The effect ofNAC treatment on the PLNhoming ofMSN-treatedDCs. (D) Statistical data of the homing percentage. A representative dataset from twoor three replicates is shown.N= 5 for each

group. *p < 0.05 comparedwith the control group. #P < 0.05 compared with the S-MoS2 group. &p < 0.05 comparedwith the L-MoS2 group.

Abbreviations: S-MoS2, small MoS2; L-MoS2, largeMoS2; DAPI, 4ʹ,6-diamidino-2-phenylindole; NAC,N-acetyl-L-cysteine; DCs, dendritic cells; ROS, reactive oxygen species; MSN,MoS2
nanosheet; NS, no statistical significance; PLN, lymph node.
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morphology, metabolism and evenDNA integrity when reach-

ing a certain value of accumulation. Actually, whether MSN

exposure induces ROS production is still a controversial topic.

Yu et al demonstrated that chitosan functionalized MSNs

induced ROS accumulation in human dermal cells37 and in

the gills and liver of adult zebrafish.38 Consistently, Pardo

et al39 found that fullerene-like MSNs could induce robust

protective antioxidant/detoxification defenses in human bron-

chial cells, indicating ROS generation in this cell line. Using

E. coli as the model organism, Wu et al40 and Qureshi et al41

proved that theMSN exposure at a concentration of 100–1000

μg/mL dramatically increased the intracellular concentrations

of ROS in bacteria. In contrast to the above findings, Zhang

et al42 proved that ultra-small (sub-5nm) cysteine-protected

MSN dots played an antioxidative role via rapid reactions with

O2- and H2O2. Similarly, in another study, MSNs were used as

a nano-enzymatic antioxidant with superior performance to

scavenge free radicals.43 We speculate that the differences in

size, shape, surface chemistry and discrepancy in the experi-

ment systems are the main reasons for the divergent or even

totally controversial findings in these studies. Normally, ROS

accumulation is recognized to be harmful because of the

induced DNA damage and metabolic disorder.44,45 Instead,

findings in this study showed that MSN-induced ROS were

favorable for the cytoskeleton organization and homing of

DCs. We suggest that moderate ROS production resulting

from mild interactions between MSNs and DCs is the most

critical cause.

MSNs Promote the in vivo T Cell Priming

Ability of DCs
Activating T cells is the ultimate mission of DCs. From the

improved maturation and homing of DCs, enhanced T cell acti-

vation can be expected. To determine whether this effect is

realized, DCs incubatedwith S-MSNs or L-MSNswere injected

into the footpads of mice successively on day 1 and day 7. PLNs

were taken on day 14 to evaluate the adaptive immune response

against antigens from FBS in culture medium. This process is

summarized in Figure 6A. The size of the PLNs that prelimina-

rily reflects the intensity of the immune response are presented in

Figure 6B. The results showed that PLNs fromMSN-DC immu-

nized mice were significantly larger than those of the control

group, and no obvious difference was observed between the

S-MSN- and L-MSN-treated groups. The absolute cell number

of CD4+ T helper, CD8+ cytotoxic T lymphocytes and B220+

B lymphocytes was further counted (Figure 6C). A consistent

tendencywasobserved in the sizeof thePLNs,where the amount

of all detected cell subtypes was higher in the MSN-treated

group. Furthermore, the activation markers CD69, CD107a and

ICOSonCD4+Tcells (Figure 6D) andCD8+Tcells (Figure 6E)

aswell as the intracellular cytokines (TNF-α and IFN-γ) ofCD8+

Tcells (Figure 6F)were also significantly higher in theMSN-DC

vaccinated mice. These results indicate that in the range of

100–500 nm, MSNs can improve the T cell priming ability of

DCs independent of size, resulting in an enhanced downstream

immune response of both CD8+ cytotoxic T and B lymphocyte

cells.

Many studies have reported that smaller nanomater-

ials can more easily enter cells, which can influence cell

morphology, gene expression and cell proliferation by

inducing the upregulation of certain genes.46–48 In our

work, S-MSNs and L-MSNs were not significantly dif-

ferent in terms of their ability to promote DC matura-

tion, migration, and eventual activation. This indicates

that in the range of 100–500 nm, the recognition, endo-

cytosis and intracellular processing of MSNs by DCs are

likely to be consistent, resulting in a consistent effect on

DCs. These findings also suggest that MSNs of 100–500

nm are safe and within the optional range for the devel-

opment of DC adjuvants.

For DC immunotherapy, cytokine-cocktail composed of

1000 U/mL IL-1β, 1000 U/IL-6, 1000 U/TNF-α and 1µg/mL

PGE2 is the mostly used adjuvant. We selected several key

indexes to compare the immune stimulatory capacity of MSNs

with the existing adjuvants. Firstly, we examined the T cell

priming ability of DCs stimulated with L-MSNs and cytokine-

cocktail, respectively.Mice was vaccinated following the sche-

matic diagram in Figure 6A and the intracellular synthesis of

IFN-γ and TNF-α in CD8+ T cells was detected (Figure S3A).

Compared to control group, both of cytokine-cocktail and

MSNs could improve the intensity of CD8+ T activation.

Furthermore, the number of IFN-γ+ and TNF-α+ T cells in

L-MoS2 group far exceeded that in cytokine-cocktail adju-

vanted group. We further compared the expression of CD80

(a representative of allostimulatory markers, Figure S3Ba),

CCR7 (Figure S3Bb), antigen presentation (Figures S3Bc

and S3C) and the in vivo homing ability of DCs (Figure S3D)

in those two groups. From those data, we acquired that the

cytokine-cocktail had an advantage in upregulating the expres-

sion of allostimulatory markers. But the antigen presentation

and LN-homing of cytokine-cocktail adjuvanted DCs were

significantly lower than MSN-treated ones, which may be

major causes for the relatively lower T cell priming capacity.

This result was consistent with previous reports that only less

than 5% of cytokine-cocktail stimulated DCs were capable of
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homing to the T cell region.30–32 Also, investigations from

others and our own indicated that the protein-enrichment capa-

city shared by most nanomaterials promoted antigen presenta-

tion by an intracellular antigen delivery way.32,49,50

Collectively, MSNs adjuvanted DCs are capable of activating

T cells at a high efficiency. In addition, MSNs have an obvious

advantage over cytokine-cocktails in promoting DC homing and

antigen presentation.

Figure 6 T cell immune response after footpad inoculation of DCs.

Notes: (A) Schematic diagram of the vaccination process. (B) The size of the PLNs from the DC-injected mice. The control group was injected with untreated DCs. Mice in the blank

group did not receive DC infusion. (C) Absolute number of B220+ cells, CD4+ T cells and CD8+ T cells in the PLNs. (D) Absolute number of CD107a+ CD4+ T cells, CD69+ CD4+

T cells and ICOS+CD4+ T cells in the PLNs. (E) Absolute number of CD107a+ CD8+ T cells, CD69+CD8+ T cells, and ICOS+CD8+ T cells in the PLNs. (F) Absolute number of IFN-γ+

CD8+ T cells and TNF-α+ CD8+ T cells in the PLNs. A representative dataset from two or three replicates is shown. N = 5 for each group. *p < 0.05 compared with the control group.

Abbreviations: S-MoS2, small MoS2; L-MoS2, large MoS2; DCs, dendritic cells; PLNs, popliteal lymph nodes; IFN-γ, interferon-γ; TNF-α, tumor necrosis factor-α; CD, cell
differentiation; ICOS, inducible co-stimulator.
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Figure 7 MSN treatment did not affect the response of DCs to LPS stimulation.

Notes: (A) Expression of DC surface markers, as detected by flow cytometry. (B) The PLN-homing ability of DCs, as detected by bioluminescence imaging. (C) Statistical

data of the homing percentage. (D) The size of the PLNs from DC-immunized mice. (E) Absolute number of CD107a+ CD4+ T cells, CD69+ CD4+ T cells and ICOS+ CD4+

T cells in the PLNs of vaccinated mice. A representative dataset from two or three replicates is shown. N = 5–6 for each group. *p < 0.05 compared with the control group.

Abbreviations: S-MoS2, small MoS2; L-MoS2, large MoS2; DCs, dendritic cells; LPS, lipopolysaccharide, PLN, popliteal lymph node; MSN, MoS2 nanosheet; NS, no statistical

significance; CD, cell differentiation; CCR7, chemokine C-C-Motif Receptor 7; ICOS, inducible co-stimulator.
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MSN Treatment Does Not Affect the

Response of DCs to LPS Stimulation
For nano-vaccine development, being compatiblewith the natu-

rally occurring immune response is a prerequisite for in vivo

application, and this characteristic is even more important than

its efficiency. Under physiological conditions, the most fre-

quently occurring invasions are from bacteria and viruses,

which causes strong immunogenic components (LPS, CpG,

etc.) to be exertedon theTLRsofDCs andpromotes the cascade

amplification of the immune response.51 We introduced LPS

(100 ng/mL) into the MSN-DC co-incubation system to mimic

pathogen invasion, and further analyzedDCchanges. Figure 7A

shows that adding LPS strongly stimulated the expression of

CD40, CD80, CD86 and CCR7 on DCs, and neither S-MSNs

nor L-MSNs had any affect the elevation of these allostimula-

tory molecules. Furthermore, a consistent tendency was

observed in the DC in vivo homing evaluation (Figure 7B and

C). Finally, following the same immuneprocedure in Figure 6A,

mice were immunized by different combinations of LPS and

MSNs to analyze the activated immune response. The PLNs of

the LPS, “LPS + S-MSNs” and “LPS + L-MSNs” groups were

significantly larger than those of the control group, and no

differences were detected among these three groups

(Figure 7D). The activation markers CD107a, CD69 and

ICOS on CD4+ T cells in the PLNs were further analyzed, and

similar results were obtained (Figure 7E).

Collectively, from the above results, we conclude that

exposure to MSNs, both S-MSNs and L-MSNs, had no effect

on LPS-induced DC activation, homing and T cell priming.

The good immuno-compatibility of MSNs provides suppor-

tive evidence for the feasibility of using them as vaccine

adjuvants. Our findings also partially alleviate the concerns

about interrupting the normal immune defenses by MSN

exposure when they are designed for use as drug carriers or

tissue engineering scaffolds. However, considering the

enhancement of immature DC function by MSNs, MSNs

should be cautiously applied in those suffering from chronic

immune diseases (rheumatism, systemic lupus erythematosus,

etc.), as the non-specific improvement in the immune response

against auto-antigens may be detrimental to disease control.

Conclusion
Few-layered 100- to 500-nmMSNs were used in our study and

showed little direct cytotoxicity to DCs. At a relatively higher

dose (128µg/mL),MSNscould size-independently improve the

ex vivo maturation and lymphoid homing ability of DCs, and

they had a considerably higher ability to elicit stronger CD4+

andCD8+Tcell immune responses. Furthermore,ROS-induced

cytoskeleton arrangement participated in the improvement of

the DC homing ability by MSNs. Finally, MSN exposure did

not interrupt LPS-induced DC activation, homing and T cell

priming. As the first work to systematically explore the immu-

noregulatory properties ofMSNs, ourfindings provide evidence

to broaden the application of MSNs as vaccine adjuvants and

shed light on the immune risk assessment of in vivo adminis-

tered nano-drugs.Of note, there are still important issues remain

to be addressed. Firstly, a lot ofwork focusing dose optimization

is required to maximize induced immune responses while with

acceptable side effects. Second, there is still a need for system-

atically investigating the biodistribution and elimination from

the organism of in vivo administered MSNs and their possible

long-term toxicity to the recipients.
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