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Severe acute respiratory
syndrome coronavirus 2 virus-
like particles induce dendritic
cell maturation and modulate
T cell immunity
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Dendritic cells (DCs) are professional antigen-presenting cells that play an

important role in both innate and acquired immune responses against

pathogens. However, the role of DCs in coronavirus disease 2019 (COVID-

19) is unclear. Virus-like particles (VLPs) that structurally mimic the original virus

are one of the candidates COVID-19 vaccines. In the present study, severe

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) VLPs were used as an

alternative to live virus to evaluate the interaction of the virus with DCs. The

results revealed that SARS-CoV-2 VLPs induced DCmaturation by augmenting

cell surface molecule expression (CD80, CD86, and major histocompatibility

complex class II (MHC-II)) and inflammatory cytokine production (tumor

necrosis factor-a, interleukin (IL)-1b, IL-6, and IL-12p70) in DCs via the

mitogen-activated protein kinase and nuclear factor-kB signaling pathways.

In addition, mature DCs induced by SARS-CoV-2 VLPs promoted T cell

proliferation, which was dependent on VLPs concentration. Our results

suggest that SARS-CoV-2 VLPs regulate the immune response by interacting

with DCs. These findings will improve the understanding of SARS-CoV-2

pathogenesis and SARS-CoV-2 vaccine development.
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Introduction

Dendritic cells (DCs), which are professional antigen-

presenting cells, play a vital role in both innate and acquired

immune responses against pathogens (Stockwin et al., 2000).

According to their phenotypic and functional characteristics,

DCs are classified into immature and mature DCs (Sousa, 2006).

Immature DCs capture and internalize pathogens via pattern

recognition receptors (Banchereau et al., 2000), and after

interaction with infectious agents, immature DCs mature.

Mature DCs lose endocytic/phagocytic receptors and express

higher levels of surface molecules such as CD80, CD86, and

major histocompatibility complex class II (MHC-II) as well as

several cytokines, including tumor necrosis factor (TNF)-a,
interleukin (IL)-1b, IL-12, and IL-6 (Lee et al., 2014).

Moreover, these mature DCs transport antigens to the lymph

nodes for activating naive T cells (Sousa, 2022).

Preliminary studies suggest that DCs play an essential role in

human coronavirus outbreaks. Yoshikawa et al. reported that

severe acute respiratory syndrome coronavirus (SARS-CoV)

induced DCs to express CD40 and CD86 and secrete cytokines

(Yilla et al., 2005; Yoshikawa et al., 2009). One study revealed

that Middle East respiratory syndrome coronavirus (MERS-

CoV) could infect DCs, upregulate the expression of surface

molecules on infected DCs, and induce higher expression of

cytokines and chemokines in DCs infected by MERS-CoV than

by SARS-CoV (Chu et al., 2014). SARS-CoV-2 invades cells via

angiotensin-converting enzyme 2 and leads to a cytokine storm,

leading to disease progression (Hoffmann et al., 2020). DCs,

macrophages, neutrophils, and other immune cells are involved

in the pathogenesis of coronavirus disease 2019 (COVID-19)

(Mangalmurti and Hunter, 2020). Xiong et al. analyzed the

transcriptomic characteristics of bronchoalveolar lavage fluid

from patients with COVID-19 and found a relative increase in

the levels of mature DCs (Xiong et al., 2020). The association of

COVID-19 severity with the pulmonary redistribution of CD1c+

DCs has been reported (Sánchez-Cerrillo et al., 2020). These

studies suggest that DCs participate in the lung response against

SARS-CoV-2 infection. At present, the COVID-19 pandemic is

still active worldwide, and vaccine and therapeutic development

has been the major focus of research. However, the role of DCs

in COVID-19 has not been elucidated.

Virus-like particles (VLPs) are nanoscale structures formed

by viral structural proteins. VLPs lack genetic material and thus

have no infectivity or pathogenicity (Mohsen et al., 2020).

Therefore, they can be used as drugs, vaccines, and imaging

agents as well as in drug and gene delivery (Roldão et al., 2010;

Ma et al., 2012; Chung et al., 2020). VLPs have been shown to be

strong DC activators by inducing DCmaturation and promoting

immune mediator priming based on B and T cells (Zepeda-

Cervantes et al., 2020).

Research on live SARS-CoV-2 is restricted to biosafety level

(BSL)-3 laboratories. Some highly pathogenic pathogens,
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including SARS-CoV, MERS-CoV, and Ebola virus, that

require BSL-3 or -4 facilities for their handling have adopted

VLPs as an alternative model for viruses (Mortola and Roy,

2004; Swenson et al., 2004; Siu et al., 2008; Wang et al., 2017).

Plescia et al. established a model of SARS-CoV-2 viral budding

and entry using BSL-2-level VLPs (Plescia et al., 2020). The

present authors previously produced SARS-CoV-2 VLPs in

insect cells using the Bac-to-Bac system (Mi et al., 2021). The

VLPs comprised three structural proteins, including the spike

(S) protein, the envelope (E) protein, and the membrane (M)

protein, of SARS-CoV-2. These VLPs can serve as potential

vaccine candidates as well as tools to study SARS-CoV-2

pathogenesis. Herein, SARS-CoV-2 VLPs were used as an

alternative to live virus study the immune responses induced

in DCs. The phenotypic and functional changes of immature

DCs induced by SARS-CoV-2 VLPs were investigated.
Methods

Preparation of SARS-CoV-2 VLPs

The preparation and identification of SARS-CoV-2 VLPs are

described previously (Mi et al., 2021). In brief, the codon-

optimized S, E, and M genes of SARS-CoV-2 (GenBank

accession no. MN908947.3) were cloned into the pFastBac

triple expression vector. Recombinant baculovirus was

produced using the Bac-to-Bac system (ThermoFisher

Scientific, USA). VLPs were then obtained by infecting

ExpiSf9™ insect cells with the recombinant baculovirus and

purified via density gradient centrifugation.

SARS-CoV-2 VLPs were adsorbed onto a 400-mesh carbon-

coated film for 2 min, which was then stained with 1%

phosphotungstic acid for 60 s. After staining, VLP morphology

was visualized using FEI Talos F200C transmission electron

microscope (FEI, Czech Republic). For immunoelectron

microscopy, VLPs were captured on carbon-coated copper

grids. The grids were incubated with rabbit anti-spike

polyclonal antibody (1:50 dilution; SinoBiological, China) at

room temperature for 1 h, followed by treatment with goat

anti-rabbit immunoglobulin G (1:20 dilution) (whole)-gold

conjugate (10 nm) (BOSTER, China). Finally, the negative

staining of the grids was performed using 1% phosphotungstic

acid. VLPs were observed on the transmission electron

microscope (FEI, Czech Republic) at 200 kV and 100–200

kfold magnification.
Production and culture of DCs

DCs were produced using a modified Inaba et al. method

(Inaba et al., 1992). In brief, bone marrow cells were collected

from the femurs of C57BL/6 mice and lysed using red blood cell
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lysing buffer (ammonium chloride, 4.15 g/500 mL and 0.01 M

Tris-HCl buffer; pH 7.5). The obtained cells were plated in six-

well culture plates (1 × 106 cells/mL; 4 mL per well) in Roswell

Park Memorial Institute (RPMI) 1640 medium supplemented

with 10% heat-inactivated fetal bovine serum, 100 U/mL

penicillin, 100 mg/mL streptomycin, 20 ng/mL recombinant

mouse (rm) granulocyte-macrophage colony-stimulating

factor, and 10 ng/mL rmIL-4 at 37°C in 5% CO2. At days 3

and 5, half of the medium was replaced with fresh complete

RPMI media with cytokines. On day 6, nonadherent cells and

loosely adherent cells, which were considered immature DCs

(>85% pure), were harvested for analysis or stimulation. All

animal experiments were performed under the guidelines of the

Council on Animal Care and Use, and the experimental

protocols were reviewed and approved by the Institutional

Animal Care and Use Committee of Lanzhou University.
Cytotoxicity analysis

To investigate the cytotoxic effect of VLPs on DCs, the

isolated DCs were cocultured with 5, 10, or 15 mg/mL VLPs in

12-well plates (5 × 105 cells/mL). After 24, 48, or 72 h of

treatment, the harvested DCs were washed with phosphate-

buffered saline (PBS) and stained using fluorescein

isothiocyanate (FITC)–Annexin V and propidium iodide

(Sangon Biotech, China). DC cytotoxicity was then analyzed

via flow cytometry (NovoCyte Flow Cytometer, Agilent

Technologies Inc., USA).
Measurement of DC proliferation

DCs (5 × 105 cells/mL) were incubated with 5, 10, or 15 mg/
mL SARS-CoV-2 VLPs at 100 mL/well in 96-well plates for 24 h.

DC proliferation was evaluated using Cell Counting Kit (CCK)-8

assay (BOSTER, China). Optical density at 450 nm (OD450) was

measured on a microplate reader. DC proliferation was

expressed as the stimulation index (SI). SI was calculated using

the following formula: SI = (ODsample well − ODblank well)/

(ODnegative well − ODblank well).
Flow cytometric analysis of surface
molecule expression

On day 6, DCs were harvested, washed with cold PBS, and

supplemented with 0.1% sodium azide. The cells were

incubated with 0.5% bovine serum albumin in PBS for 30

min and washed with PBS. They were then stained with FITC-

conjugated anti-CD11c, phycoerythrin (PE)-conjugated anti-

CD80, anti-CD86, and anti-MHC-II antibodies (ThermoFisher
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Scientific, USA) at 4°C for 30 min. Cells were washed three

times with PBS and resuspended in 500 mL PBS. Fluorescence

was measured using flow cytometry, and data were analyzed

using Novoexpress software.
Antigen uptake ability of DCs via SARS-
CoV-2 VLPs

To evaluate the antigen uptake ability of DCs, 5 × 105 DCs

were equilibrated at 37°C or 4°C for 45 min and then pulsed with

FITC-conjugated dextran (MW 40,000, Ruixi biological

technology, China) at a concentration of 1 mg/mL for 1 h; the

reaction was stopped using cold staining buffer. The antigen

uptake ability was measured using flow cytometry.
Cytokine assay

TNF-a mouse uncoated enzyme-linked immunosorbent

assay (ELISA) kit, IL-1b mouse uncoated ELISA kit, IL-10

mouse uncoated ELISA kit, IL-12 p70 mouse uncoated ELISA

kit, interferon (IFN)-g mouse uncoated ELISA kit, and IL-4

mouse uncoated ELISA kit were purchased from Invitrogen

(ThermoFisher Scientific, USA). DCs (5 × 105 cells/mL) were

incubated with 5, 10, or 15 mg/mL SARS-CoV-2 VLPs for 24 h;

50 ng/mL lipopolysaccharide-treated DCs were used as the

positive control. The culture supernatants were collected and

evaluated for the levels of TNF-a, IL-1b, IL-10, IL-12p70, IFN-g,
and IL-4 using the respective ELISA kit according to the

manufacturer’s instructions. The levels of cytokines released

into culture medium were determined by measuring OD450

using a microplate reader.
Treatment of DCs with pharmacological
inhibitors of signaling pathways

All pharmacological inhibitors (Beyotime Biotechnology,

China) were reconstituted in dimethyl sulfoxide (DMSO,

Solarbio, China) and used at the following concentrations:

U0126 (10 mM), SB203580 (20 mM), and Bay11-7082 (20 mM).

DMSO (0.1%) was used as the vehicle control. In experiments

with inhibitors, DCs were treated with a given inhibitor for 1 h

before treatment with VLPs.
Mixed leukocyte reaction

Syngeneic splenocytes isolated from C57BL/6 mice were

lysed using red blood cell lysing buffer (BOSTER, China).

After washing twice with PBS, the cells were resuspended in
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complete RPMI 1640 (Invitrogen, China) and subsequently used

for MLR. To test their allogeneic stimulatory activity, DCs were

treated with SARS-CoV-2 VLPs for 48 h and then cocultured

with the obtained splenic cells at a ratio of 1:20, 1:40, or 1:80 in

96-well plates for 72 h, followed by incubation in 10 mL CCK-8

solution (BOSTER, China) at 37°C for 4 h. OD450 was measured

using a microplate reader. SI was calculated using the following

formula: SI = (ODsample well − ODblank well)/(ODnegative

well − ODblank well).

To further investigate the proliferation of CD4+ and CD8+ T

cells in splenocytes, the splenic cells were resuspended in 5 mM
carboxyfluorescein diacetate succinimidyl ester (CFSE, Beyotime

Biotechnology, China) in DMSO for 10 min at room

temperature. DCs (5 × 104 cells/well), treated with 10 mg/mL

VLPs for 48 h, were cocultured with the CFSE-labeled

autologous naive T cells (1 × 106 cells) derived from spleens at

a ratio of 1:20 in 12-well plates for 72 h, and the culture

supernatants were collected for cytokine analysis. The

cocultured cells were collected and stained with PE-conjugated

anti-CD4 and PerCP-conjugated anti-CD8 antibodies

(ThermoFisher Scientific, USA). Then, CD4+ and CD8+ T cell

proliferation was assessed via the flow cytometric analysis of

CFSE dilution of T cells.
Statistical analyses

All experiments were repeated three times. The levels of

significance for comparison between the samples were

determined via Bonferroni’s multiple comparison test

distribution using a statistical software (GraphPad Prism 9.0,

San Diego, CA, USA). The data in the graphs are expressed as

mean ± standard error. *P < 0.05 or **P < 0.01 denotes

statistical significance.
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Results

Preparation of SARS-CoV-2 VLPs

SARS-CoV-2 VLPs were prepared according to our previous

study [23]. For the expression of the E, M, and S proteins of

SARS-CoV-2, the codon-optimized S, E, and M genes of SARS-

CoV-2 (GenBank accession no. MN908947.3) were inserted into

the pFastBac expression vector (Figure 1A). SARS-CoV-2 VLPs

were then produced in insect cells using the Bac-to-Bac system.

Using transmission electron microscopy, VLP morphology was

observed. As shown in Figures 1B, C, VLP appeared as spherical

particles with a diameter of approximately 100 nm, similar to the

native SARS-CoV-2.
Cytotoxicity of SARS-CoV-2 VLPs

To investigate the cytotoxicity of SARS-CoV-2 VLPs against

DCs, DCs were collected and incubated with SARS-CoV-2 VLPs

at different time points. Cell viability was assessed using Annexin

V and propidium iodide staining at different time points. As

shown in Figure 2A, compared with the control, VLPs of up to

15 mg/mL concentration displayed no cellular toxicity

against DCs. Moreover, the particles could induce DC

proliferation (Figure 2B).
SARS-CoV-2 VLPs induce DC maturation

To investigate the effect of SARS-CoV-2 VLPs on the

maturation of DCs, the phenotypic alteration and cytokine

secretion of DCs were evaluated. The results showed that

VLP-treated DCs had increased levels of costimulatory
B CA

FIGURE 1

Construction of the pFastBac triple expression vector and the morphology of SARS-CoV-2 VLPs. (A) Construction of the pFastBac triple
expression vector. The codon-optimized S, E, and M genes of SARS-CoV-2 (GenBank accession No. MN908947.3) were inserted into the
pFastBac dual vector to construct a new pFastBac triple expression vector. (B, C) Morphology of SARS-CoV-2 VLPs as shown in transmission
electron microscope. Red arrows denote VLPs. (B) SARS-CoV-2 VLPs stained with phosphotungstic acid. Scale bar = 200 nm. (C) Negative stain
electron microscopy reveals SARS-CoV-2 VLPs specifically labeled with immunogold. Scale bar = 50 nm.
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molecules (such as CD80 and CD86) and cell surface markers

(such as MHC class II) (Figure 3A). As various cytokines

secreted by DCs have effects on DC maturation and T cell

polarization, the levels of several immunomodulatory cytokines

secreted by DCs, including TNF-a, IL-1b, IL-12p70, and IL-10,

were investigated. The results revealed that SARS-CoV-2 VLPs

induced DCs to secrete TNF-a, IL-1b, IL-10, and IL-

12p70 (Figure 3B).

In many cases, pathogen recognition and uptake are

accompanied by the maturation of DCs; the endocytic capacity

of DCs is downregulated during their maturation, and immature

DCs have a higher antigen endocytic capacity than mature DCs

(Guermonprez et al., 2002). Therefore, the influence of SARS-

CoV-2 VLPs on the endocytic capacity of DC was evaluated

using the dextran–FITC uptake experiment. Dextran–FITC is

mainly absorbed by the mannose receptor, a commonly used

model substrate for studying pinocytosis and phagocytosis

(Sallusto et al., 1995; Monti et al., 2003). DCs incubated with

dextran–FITC at 37°C accumulated this marker in a time-
Frontiers in Cellular and Infection Microbiology 05
dependent manner and can be detected by flow cytometry

(Sallusto et al., 1995). The flow cytometry analysis revealed

that SARS-CoV-2 VLP-treated DCs had reduced endocytic

capacity, which was expected for mature DCs (Figure 4).

In the present study, after the interaction between DCs and

SARS-CoV-2 VLPs, DCs downregulated the antigen uptake

capacity, increased surface molecule expression, and secreted

cytokines. These results suggest that immature DCs become

mature after undergoing phenotypic and functional changes and

that SARS-CoV-2 VLPs are potent inducers of DC maturation.
SARS-CoV-2 VLPs activate DCs via the
mitogen-activated protein kinase and
nuclear factor- kB signaling pathways

NF-kB and MAPKs play a crucial role in DC maturation

(Rescigno et al., 1998). Whether SARS-CoV-2 VLPs activate

MAPKs and NF-kB in DCs was then investigated. U0126
B

A

FIGURE 2

SARS-CoV-2 VLPs are not cytotoxic to dendritic cells (DCs) and stimulate DCs proliferation. (A) DCs were cultured with 5, 10, or 15 mg/mL
SARS-CoV-2 VLPs for 24, 48, or 72 h. Then, the treated cells were stained with FITC–Annexin V and propidium iodide and analyzed via flow
cytometry; untreated DCs are control (CON), and the percentage of cells is shown in each panel. (B) DCs were cultured with 5, 10, or 15 mg/mL
SARS-CoV-2 VLPs for 24 h, and the proliferation of DCs was evaluated using the CCK-8 kit. The stimulation index (SI) value was applied to
indicate the proliferation level of DCs. All data are expressed as means ± SE; **P < 0.01 versus untreated control (CON).
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B

A

FIGURE 3

SARS-CoV-2 VLPs induce DCs maturation. DCs were treated with SARS-CoV-2 VLPs (5, 10, or 15 mg/mL) or LPS (50 ng/mL) for 24 h. Untreated
DCs were used as control (CON). (A) Flow cytometry was used to analyze the expression of surface molecule markers on DCs. The percentages
are indicated in the histogram. Results are the representative of three experiments with similar data. (B) ELISA was used to determine the levels
of TNF-a, IL-1b, IL-12p70, and IL-10 in SARS-CoV-2 VLP-treated or LPS-treated DCs. Data are the means ± SE of three experiments. **P < 0.01
versus untreated control (CON).
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permeabilizes cells and specifically inhibits the ability of

mitogen-activated protein kinase/ERK kinase (MEK) to

phosphorylate extracellular signal-regulated kinase (ERK)

without affecting the p38 and Jun NH2-terminal kinase (JNK)

pathways (DeSilva et al., 1998). SB 203580 is a widely used

specific inhibitor of p38 MAPK that subsequently inhibits the

activation of mitogen activated protein kinase-activated protein

kinase (MAPKAP kinase)-2 andMAPKAP kinase-3 (Hashimoto

et al., 1999). BAY 11-7082, a known NF-kB inhibitor,

antagonizes IkB kinase b and prevents the nuclear

translocation of NF-kB (Kim et al., 2015; Irrera et al., 2017).

In the present study, DCs were pretreated with the ERK1/2

inhibitor U0126, the p38 inhibitor SB203580, and the NF-kB
inhibitor Bay11-7082 and subsequently stimulated with SARS-

CoV-2 VLPs. DC maturation was evaluated by measuring

surface markers and inflammatory cytokines, and the results

revealed that U0126, SB203580, and Bay11-7082 significantly

downregulated the SARS-CoV-2 VLP-induced expression of the

DC maturation markers CD80 and CD86 (Figure 5A). In

addition, the VLP-induced expression of TNF-a, IL-1b, IL-
12p70, and IL-10 by DCs was markedly reduced after

pretreatment with the pharmacological inhibitors (Figure 5B).

These results indicated that SARS-CoV-2 VLPs activated the
Frontiers in Cellular and Infection Microbiology 07
MAPK and NF-kB signaling pathways and that these signaling

pathways play a crucial role in DC maturation.
SARS-CoV-2 VLPs promote naive T cell
proliferation

Mature DCs have the ability to activate antigen-specific

naive T cells to initiate adaptive immune responses (Stockwin

et al., 2000). To investigate whether SARS-CoV-2 VLPs can

induce DC maturation and promote naive T cell proliferation,

MLR assay was performed. The splenocytes of C57BL/6 mice

were cocultured with SARS-CoV-2 VLP-treated DCs, and the

results showed that SARS-CoV-2 VLP-treated DCs enhanced

the proliferation of splenocytes. Of note, cell proliferation was

negatively correlated with VLP concentration (Figure 6A). CFSE

can be used to monitor the number of T cell divisions during

proliferation, which was assessed using flow cytometry

(Hawkins et al., 2007). DCs treated with SARS-CoV-2 VLPs at

low concentrations, but not at high concentrations, promoted

the proliferation of CD8+ and CD4+ T cells (Figure 6B). These

results suggest that VLPs provide a potent stimulus for the

proliferation of CD8+ and CD4+ T cells via DC activation.
FIGURE 4

SARS-CoV-2 VLP-treated DCs had diminished endocytic capacity. The endocytic capacity of DCs was assessed using FITC-conjugated dextran
uptake system at 37°C and 4°C (as a negative control) via flow cytometry. Values are the means ± SE of three independent experiments. **P <
0.01 versus untreated DCs (CON).
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Cytokine production was also evaluated under MLR conditions,

which showed that a higher level of IFN-g was produced by T

cells primed with SARS-CoV-2 VLP-treated DCs (Figure 6C).

This result indicated that mature DCs induced by SARS-CoV-2

VLPs drive T cell polarization toward the Th1 phenotype.
Discussion

SARS-CoV-2 is the causative agent of COVID-19 (Zhu et al.,

2020). However, few functional interactions have been identified

between the host cells and SARS-CoV-2. DCs are professional

antigen-presenting cells with a unique ability to initiate and

regulate cell-mediated immune responses. While the key

importance of DCs in coronavirus diseases has been reported

(Marzi et al., 2004; Cervantes-Barragan et al., 2007; Yoshikawa
Frontiers in Cellular and Infection Microbiology 08
et al., 2009; Law et al., 2009; Chu et al., 2014; Chang et al., 2022),

its role in the pathogenesis of COVID-19 has not been

sufficiently studied. In the present study, the functional roles

mediated by SARS-CoV-2 VLPs in their interaction with DCs

were evaluated.

Studies have shown that exogenous signaling induces DCs to

downregulate antigen uptake and upregulate maturation

markers (De Smedt et al., 1996; Banchereau et al., 2000;

Manickasingham and Reis e Sousa, 2000). The upregulation of

certain molecules, including MHC, CD40, CD80, CD83, and

CD86, correlates with T cell-priming ability (Banchereau et al.,

2000). The exposure of DCs to the infectious SARS-CoV leads to

the phenotypic maturation of DCs, with the increased

expression of MHC-II and costimulatory molecules (Tseng

et al., 2005). SARS-CoV VLPs have also been shown to induce

higher levels of CD83, CD40, CD86, and CD80 expression on
B C

A

FIGURE 5

Involvement of the MAPK signaling pathways in SARS-CoV-2 VLP-induced DC maturation. DCs were treated with the pharmacological inhibitors
of ERK1/2 (U0126, 10 M), p38 (SB203580, 20M), NF-kB (Bay11-7082, 20 M), or DMSO (control) for 1 h prior to stimulation with 10 mg/mL SARS-
CoV-2 VLPs for 24 h (A, B) DCs were stained with anti-CD80 and anti-CD86 antibodies, and the expression of CD80 and CD86 was analyzed
using flow cytometry. (C) Culture supernatant concentration of TNF-a, IL-1b, IL-12p70, and IL-10 were measured via ELISA. Values are the
means ± SE of three independent experiments. **P < 0.01 versus SARS-CoV-2 VLPs-treated groups (10 mg/mL).
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FIGURE 6

SARS-CoV-2 VLPs induce DCs to activate T cells ex vivo. (A) DCs were cultured with SARS-CoV-2 VLPs for 48 h and then cocultured with
splenocytes at a ratio of 1:20, 1:40, and 1:80 for 72 h Splenocytes alone and splenocytes cocultured with untreated DCs served as controls,
whereas concanavalin A (ConA)-treated splenocytes served as the positive control. The proliferation of splenocytes was measured using the
CCK-8 kit. All data are the representative of three independent assays and expressed as mean ± SE; *P < 0.05 or ** <0.01 versus splenocytes
cocultured with untreated DCs. n.s. not statistically significant. (B) Splenocytes were prestained with 5 mM CFSE and cocultured with SARS-CoV-
2 VLP-treated DCs at a ratio of 20:1 for 72 h The proliferation of CD4+and CD8+ T cells in spleen cells were assessed via flow cytometry. All
data are the representative of three independent assays and expressed as mean ± SE; *P < 0.05 or ** <0.01 versus T cells cocultured with
untreated DCs. n.s. not statistically significant. (C) Culture supernatants obtained from experiments in B were harvested, and IFN-g and IL-4
were measured using ELISA. All data are the representative of three independent assays and expressed as mean ± SE; *P < 0.05 or ** <0.01
versus T cells cocultured with untreated DCs. n.s. not statistically significant.
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DCs (Bai et al., 2008). In line with these studies, the present

study results demonstrated that SARS-CoV-2 VLPs induce DC

to downregulate dextran–FITC uptake and upregulate CD80,

CD86, and MHC-II surface markers (Figures 4, 3A).

DC maturation results in proinflammatory cytokine

production that can subsequently activate innate and adaptive

immune responses as well as mediate immunopathology (Liu,

2022). MERS-CoV-infected monocyte-derived DCs highly

expressed IFN, IFN-inducible protein 10 (IP-10), IL-12, and

RANTES (Chu et al., 2014). After abortive infection with SARS-

CoV, DCs upregulated the expression of chemokines IP-10,

monocyte chemoattractant prote in 1, macrophage

inflammatory protein 1a, and RANTES (Chen and Subbarao,

2007). Incubating DCs with SARS-CoV VLPs significantly

enhanced the expression levels of IL-6, IL-10, and TNF-a (Liu,

2022). The present study showed that SARS-CoV-2 VLP-

induced DCs increased the production of TNF-a, IL-1b, IL-
12p70, and IL-10 (Figure 3B).

DC maturation is accompanied by downregulated antigen

uptake capacity, increased surface molecule expression, and

increased cytokines secretion (De Smedt et al., 1996;

Banchereau et al., 2000; Manickasingham and Reis e Sousa,

2000; Guermonprez et al., 2002; Liu, 2022). The present study

results indicated that SARS-CoV-2 VLPs can interact with DCs

to induce DC maturation and activation.

It has been reported that the MAPK and NF-kB signaling

pathways are involved in DC maturation (Richards et al., 2002;

Byun et al., 2012). In line with these studies, SARS-CoV-2 VLPs

significantly increased the expression of surface molecules and

proinflammatory cytokine secretion by activating the MAPK

and NF-kB signaling pathways (Figure 5). Thus, the study

findings indicated that these two signaling pathways are

essential for the SARS-CoV-2 VLP-induced maturation of DCs.

Mature DCs induce naive T cell proliferation and differentiate

into effector T cells in the lymph nodes (Banchereau and Steinman,

1998). DCs regulate the T cell differentiation process via antigen

presentation and by triggering specialized cytokine

microenvironments. The differentiation of naive T cells into

appropriate T cell subtypes is critical for antiviral immunity.

CD4+ and CD8+ T cells are important immune components

against intracellular viral infection. CD4+ T cells enhance the

antibody and cytotoxic T lymphocyte responses. CD8+ T cells

recognize virus-infected cells and eliminate them to limit viral

spread (Young, 2022). To precisely characterize the SARS-CoV-2

VLP activity on DC and T cell interactions, the syngeneic MLR

assay was performed, which revealed that SARS-CoV-2 VLP

treatment enhanced CD4+ and CD8+ T cell proliferation

(Figures 6A, B). In addition, T cells cocultured with SARS-CoV-2

VLP-treated DCs increased the expression of IFN-g but not of IL-4
(Figure 6C). T cell proliferation and IFN-g production indicated
Frontiers in Cellular and Infection Microbiology 10
that the SARS-CoV-2 VLP-induced maturation of DCs was

responsible for presenting the antigens to T cells and influencing

the subsequent adaptive immune responses.

In COVID-19, high T cell activity response is associated with

milder disease, whereas a poor T cell response is associated with

severe disease (Young, 2022). In the present study, interestingly, the

proliferation of both CD4+ and CD8+ T cells was negatively

correlated with the concentration of VLPs. Thus, the impact of

changes in the SARS-CoV-2 viral load onDC–T cell interactionsmay

have contributed to the different outcomes of COVID-19, suggesting

that the role of DCs in COVID-19 needs to be further clarified.

Taken together, these findings demonstrate that SARS-CoV-

2 VLPs can activate DCs and initiate the adaptive immune

response. The present study results may contribute to a better

understanding of the mechanisms involved in the immune

response against SARS-CoV-2 and provide knowledge for the

rational design and development of future COVID-19 vaccines.
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