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ABSTRACT
The immune escape mutations of SARS-CoV-2 variants emerged frequently, posing a new challenge to 
weaken the protective efficacy of current vaccines. Thus, the development of novel SARS-CoV-2 vaccines 
is of great significance for future epidemic prevention and control. We herein reported constructing the 
attenuated Mycobacterium smegmatis (M. smegmatis) as a bacterial surface display system to carry the 
spike (S) and nucleocapsid (N) of SARS-CoV-2. To mimic the native localization on the surface of viral 
particles, the S or N antigen was fused with truncated PE_PGRS33 protein, which is a transportation 
component onto the cell wall of Mycobacterium tuberculosis (M.tb). The sub-cellular fraction analysis 
demonstrated that S or N protein was exactly expressed onto the surface (cell wall) of the recombinant M. 
smegmatis. After the immunization of the M. smegmatis-based COVID-19 vaccine candidate in mice, S or 
N antigen-specific T cell immune responses were effectively elicited, and the subsets of central memory 
CD4+ T cells and CD8+ T cells were significantly induced. Further analysis showed that there were some 
potential cross-reactive CTL epitopes between SARS-CoV-2 and M.smegmatis. Overall, our data provided 
insights that M. smegmatis-based bacterial surface display system could be a suitable vector for devel
oping T cell-based vaccines against SARS-CoV-2 and other infectious diseases.
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Introduction

The pandemic of Coronavirus Disease 2019 (COVID-19), 
caused by the severe acute respiratory syndrome corona
virus 2 (SARS-CoV-2), remains a severe threat to global 
public health. The establishment of herd immunity by mass 
vaccination is thought of as the most cost-effective inter
vention to eventually stop this pandemic,1 and thus it is of 
great significance to develop novel vaccines for the preven
tion and control of SARS-CoV-2 transmission. Currently, 
many COVID-19 vaccines have been urgently approved by 
the WHO for human use (https://www.who.int/teams/regu 
lation-prequalification/eul/covid-19). However, a rapid 
mutation accumulation of SARS-CoV-2 variants is emer
ging frequently, including B.1.1.7 strain in the UK, B.1.351 
in Africa, P.1 in Brazil, B.1.617 strain in India, and 
B.1.1.529 strain in South Africa, resulting in immune 
escape from existing neutralizing antibodies.2 Different 
from antibodies response, T-cell immune response to the 
SARS-CoV-2 variants is relatively preserved in most 
individuals.3,4 Thus, to prevent these variations, vaccines 
that induce a specific T-cell immune response against 
SARS-CoV-2 are needed.

Mycobacterium bovis Bacillus Calmette-Guérin (BCG) is 
well known as a live attenuated vaccine against 
Mycobacterium tuberculosis (M.tb). Recent studies indicated 
that in response to BCG vaccination, the subsets of CCR6+ 
CD4+ T cells, central memory (Tcm) and effector memory 
(Tem) CD4+ T cells and CD8+ T cells were significantly 
induced, but the subsets of naïve T cells and regulatory T 
cells were significantly diminished,5,6 suggesting that BCG 
immunization could effectively modulate the T cell-based 
immunity. Moreover, recombinant BCG expressing various 
antigens could enhance T cell immune response to protect 
against various diseases, including measles virus,7 rodent 
malaria,8 cancer,9 etc. Importantly, the recombinant BCG 
expressing nucleocapsid antigen from SARS-CoV-2 could eli
cit antigen-specific adaptive and trained immunity.10

Mycobacterium smegmatis (M. smegmatis) is a mycobacter
ium with genetic relationships with BCG and other 
Mycobacterium species, but it is more easy to be cultivated 
and genetically manipulated in the laboratory environment. 
Specifically, M. smegmatis can propagate 10 times faster than 
BCG.11 Importantly, M. smegmatis-based HIV vaccine could 
elicit specific T-cell immune responses.12–14 In addition, unlike 
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the BCG to survive in the host cells by inhibiting phagocytosis 
maturation, M. smegmatis can be quickly killed by the protease 
in the phagosome, and thus it is usually harmless to healthy 
people.15 However, M. smegmatis might cause diseases in 
immunocompromised people. To further improve its safety, 
we modified an attenuated M. smegmatis strain ZWY2 as a 
gene delivery vector. The ZWY2, in which the virulence gene 
esx-3 operon is deleted, had a good safety even in the immu
nodeficiency mice.16 In addition, the ZWY2 is a drug-suscep
tible strain and thus can be well controlled by multiple 
antibiotics. Therefore, ZWY2 is more suitable as a potential 
vector for vaccine development. To our knowledge, there is no 
report on the immunogenicity of M. smegmatis-based SARS- 
CoV-2 vaccine yet.

SARS-CoV-2 consists of four major structural proteins, 
including the spike glycoprotein (S), nucleoprotein (N), 
envelope protein (E), and membrane protein (M). The S 
protein contains S1 and S2 subunits. Of these, the receptor- 
binding domain (RBD) of the S1 subunit binds to the 
human angiotensin-converting enzyme 2 (hACE2) receptor 
to help the virus enter the host, and S2 mediates the 
subsequent membrane fusion.17 Full-length S or RBD pro
tein plays a major role in developing the COVID-19 vac
cine to generate neutralizing antibodies.18,19 However, 
neutralizing antibodies alone might be not sufficient to 
control SARS-CoV-2 mutants, and thus T cell immune 
responses, which usually tolerate more mutants, should be 
induced for the next generation of SARS-CoV-2 vaccines. 
Compared with S protein, N protein is relatively conserva
tive and possesses more T cell epitopes. SARS-CoV-2 vac
cines based on the N antigen induced strong T cell 
protective immune response in mice and macaques in 
recent studies.20,21 Herein, we proposed to construct an 
attenuated M. smegmatis as a bacterial surface display sys
tem to carry the S and N of SARS-CoV-2 and explored the 
feasibility of M. smegmatis-based vector for SARS-CoV-2 
vaccine candidate.

Materials and methods

Bacterial strains and medium

Escherichia coli strain T1 was grown in Luria-Bertani medium 
at 37°C with 100 μg/mL ampicillin (Meilunbio) when neces
sary. M. smegmatis Ms_0615 knockout attenuated strain 
ZWY222 was cultured at 37°C in Middlebrook 7H9 medium 
(BD Biosciences) supplemented with 10% of oleic acid, albu
min, dextrose complex (OADC, BD Biosciences), 0.2% gly
cerol (Macklin), and 0.05% Tween 80 (Amresco) or 
Middlebrook 7H11 agar (BD Biosciences) supplemented with 
10% OADC and 0.2% glycerol, and 150 μg/mL Hygromycin B 
(Roche) when necessary.

DNA manipulation reagents

PCR reactions were performed using KOD One PCR Master 
Mix (Toyobo). Restriction enzymes were purchased from 
Takara. Seamless cloning was performed using pEASY-Basic 
Seamless Cloning and Assembly Kit (Transgen).

Assembly of recombinant vectors

Plasmid pI1818 was constructed for surface display in BCG 
and ZWY2 under the control of the strong mycobacterium 
hsp60 promoter followed by an N-terminal truncated Rv1818’, 
a transportation protein anchored in the cell wall of the bac
teria. A linker (GGGS)4 was added between the transportation 
protein and the N terminus of the inserted antigen to avoid 
possible interference with protein folding. The pI1818 is an 
integrative vector that can replicate in E.coli and integrate into 
the attachment site of the mycobacterium genome through L5 
mycobacterium phage integrase. The vector pI1818 was 
digested with KpnI and EcoRI and then inserted with the 
hsp60-Rv1818c’-linker fragment and the full-length codon- 
optimized spike gene (Sopt) or nucleocapsid gene (Nopt) of 
SARS-CoV-2 through seamless cloning. The influenza hemag
glutinin (HA) epitope tag was fused with the C-terminal of Sopt 
and Nopt by PCR for protein detection (Figure 1). Primers were 
designed using CE Design V1.04 (Vazyme) and synthesized in 
Sangon (Shanghai, China).

Construction of recombinant mycobacterial strains

Competent cells of ZWY2 for electroporation were prepared as 
previously described.23 The four plasmids pI1818Sopt, 
pI1818Nopt, pI1818Sopt-HA, and pI1818Nopt-HA were electro
porated into ZWY2 respectively to obtain the corresponding 
recombinant strains ZWY2-S, ZWY2-N, ZWY2-S-HA, and 
ZWY2-N-HA. Recombinant mycobacterial clones were 
selected on 7H11 agar containing 150 μg/mL of Hygromycin 
B. Single colony was picked up for PCR identification to make 
sure the corresponding plasmids had been integrated into the 
genome of ZWY2 successfully. All primers are described in 
Supplementary Table S1.

Subcellular fractions isolation and Western Blotting

ZWY2-S-HA and ZWY2-N-HA strains were cultured in the 
37°C shaker for 2 to 3 days until the optical density at 600 nm 
(OD600) approximately reached 1.0. Cells from 1 L culture 
were harvested and washed with 0.16 M of NaCl solution. 
After weighing the corresponding wet cells, 1 mL lysis buffer 
(0.05 M potassium phosphate, 0.022% (v/v) β-mercaptoetha
nol, pH 6.5) was added for each gram of bacteria and supple
ment with lysozyme (Roche) at a final concentration of 2.4 mg/ 
mL. Subsequently, the cells were incubated at 37°C for 2 h and 
sonicated 4 times for 15 minutes each time in an ice bath 
ultrasonic cell disruptor JY92-IIN (Scientz). The lysates were 
centrifugal at a low speed of 1,000 × g for 10 minutes to remove 
the unruptured cells. Then centrifugation was repeated twice 
for 1 h at 27,000 × g, the precipitate is the cell wall, and the 
supernatant is the cell plasm.24 The isolation of subcellular 
fractions was done at 4°C. The expression level of the S and 
N antigens in the different mycobacterial subcellular fractions 
lysates were assessed by western blotting using a mouse anti- 
HA monoclonal antibody (MAb) (Abcam), Goat anti-Mouse 
IgG HRP (Abclonal), and a chemiluminescence HRP substrate 
(Millipore).
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Cytokine determination from infected antigen-presenting 
cells

Raw264.7 cells (from macrophage of a male adult mouse) and 
DC2.4 cells (mouse bone marrow-derived dendritic cells) were 
cultured in the complete RPMI 1640 medium with 10% fetal 
bovine serum (FBS), penicillin-streptomycin (100 units/mL 
and 100 μg/ml), at 37°C, 5% CO2. The 1 × 106 cells of 
Raw264.7 or DC2.4 were infected with ZWY2-S or ZWY2-N 
(10 M.O.I.; multiplicity of infection) in RPMI 1640 medium 
only complemented with 10% FBS for 4 hours at 37°C. The 
culture medium treated was assigned as a negative control. 
After washing with phosphate-buffered saline (PBS), cells were 
maintained with fresh complete RPMI 1640 medium for 24 h. 
Total RNA was extracted using TRIzol reagent (Vazyme) from 
recombinant M. smegmatis-infected Raw264.7 and DC2.4 
cells. After synthesizing the cDNA from 1 μg total RNA by 
using an HifairTM III 1st Strand cDNA Synthesis SuperMix 
kit (Yeasen), the quantitative real-time PCR was performed by 

a QuantStudio 7 Flex quantitative real-time PCR (qPCR) 
detection system (Applied Biosystems) using the PerfectStart 
SYBR Green qPCR supermix (Transgen) to determine the fold 
change in expression level for each transcript with the 2−ΔΔCt 
method. The sequence information of primers used in this 
study, including the IL-1β, IL-6, TNF-α, IFN-β, β-actin, was 
described in Supplementary Table S1.

Flow cytometry assay for antigen-presenting cells mature

ZWY2-S or ZWY2-N infected Raw264.7 cells and DC2.4 cells 
were collected and blocked with CD16/32 antibody 
(Biolegend) for 30 min on ice. After being washed with PBS, 
the cells were stained with anti-mouse CD86-BV421, anti- 
mouse CD80-APC-750, anti-mouse CD40-APC, and anti- 
mouse major histocompatibility complex (MHC) II-APC-700 
(Biolegend) for 30 min on ice. The stained Raw264.7 cells and 
DC2.4 cells were resuspended in fluorescence-activated cell 

Figure 1. Construction of ZWY2-based recombinant M.smegmatis strains displaying the S and N on the surface. (a) Schematic illustration of the integration process of 
recombinant pI1818 plasmid into the M. smegmatis chromosome, and then the fused S protein with the transportation protein of the truncated PE_PGRS33 was located 
onto the cell surface. The attB is the Mycobacteriophage L5 integrase(int) recognition site located near the tRNAGly in the mycobacterium’s genome. The attP is the 
attachment site on Mycobacteriophage’s genome. After the integration, the fused protein was expressed and translocated to the cell wall through the PE domain of the 
truncated PE_PGRS33 protein. (b) Identification of ZWY2-based recombinant mycobacterial strains using FX and pF1 primers (Table S1). The FX is located in the gene 
HygR in the integrative plasmid, and the pF1 is located upstream of the attB site in the M. smegmatis genome. Lane1: DNA marker; Lane 2: ZWY2-S; Lane 3: ZWY2-S-HA; 
Lane 4: ZWY2-N; Lane 5: ZWY2-N-HA; NC: negative control (ZWY2). (c) Western blotting analysis of the subcellular fractions of ZWY2-S-HA and ZWY2-N-HA. WCL: whole 
cell lysate; CW: cell wall; CP: cell plasma; NC: negative control (the cell wall of ZWY2).
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sorting (FACS) buffer and analyzed by CytExpert (Beckman). 
The data were analyzed with FlowJo software.

Mice and immunizations

To evaluate the immunogenicity of these M. smegmatis-based 
vaccines, six-week-old female pathogen-free BALB/c mice 
were obtained from the Laboratory Animal Center, Sun Yat- 
sen University. All animal studies were conducted following 
guidelines for animal use and care established by the 
Laboratory Animal Ethics Committee, Sun Yat-sen 
University (Assurance number: SYSU-IACUC-2021–000258). 
ZWY2 and recombinant ZWY2-S and ZWY2-N strains were 
cultured in 7H9 medium until OD600 approximately reached 
0.85 while we estimated the CFU of bacteria is 5 × 108. Forty 
mice were randomly allocated into four groups. Group 1 and 
Group 2 respectively were injected with 200 μL PBS and 108 

CFU ZWY2 as the sham group and negative group. Group 3 
and Group 4 were respectively vaccinated with ZWY2-S and 
ZWY2-N in 200 μL of PBS via the subcutaneous route. 
Immunization was carried out at 0, 3, and 6 weeks. In the 6th 

week, the mice were euthanasia and the splenocytes were 
subjected to enzyme-linked immunosorbent assays 
(ELISpot), and intracellular cytokine staining (ICS). In the 
9th week, the splenocytes were subjected to ICS and T cell 
phenotype analysis, and the mouse serum was analyzed by 
enzyme-linked immunosorbent assays (ELISA).

Elisa

ELISA assay was performed to detect the total IgG antibodies 
in the mice serum as we previously reported.25 96-well ELISA 
plates were coated with 0.1 μg full-length S or N protein of 
SARS-CoV-2 (Sino Biological Inc.) at 4°C overnight and 
blocked with PBST (PBS supplemented with 0.05% Tween- 
20) supplemented with 5% skimmed milk powder at 37°C for 
1 h. After washing with PBST, the mice serum samples diluted 
at 1:20 were added per well and incubate at 37°C for 2 h, and 
then the HRP-labeled goat anti-mouse IgG (Abcam) was 
added and incubated for 1 h. Finally, 3,3,’5,5’-tetramethylben
zidine (TMB) substrate was added and reacted for 10 min, and 
then determined at 450 nm after the termination of the reac
tion with 1 M H2SO4.

IFN-γ ELISpot assays

The gamma interferon (IFN-γ) ELISpot assays were performed 
with freshly isolated mouse splenic lymphocytes as we pre
viously reported.26 In brief, a sterile PVDF 96-well plate 
(Millipore) was coated with mouse IFN-γ coating antibody 
(U-CyTech) at 4°C overnight. After washing with PBS, the 
plate was blocked with R10 medium for 2 h at 37°C. Mouse 
splenic lymphocytes isolated by using a density gradient med
ium (Dakewe Biotech) were seeded in the plate at 1 × 106 cells 
per well. S or N peptide pools were 15 amino acids in length 
and overlapped by 11 amino acids covering the full-length S or 
N peptide pools respectively, and were synthesized by 
GenScript company. The vaccine groups were specifically sti
mulated with total S peptide or N peptide pools at 4 μg/ml per 

peptide. Dimethyl sulfoxide (DMSO) and concanavalin A 
(ConA) were used as mock and positive stimulation respec
tively. Subsequently, the plate was incubated with biotinylated 
detection antibody (U-CyTech) at 4°C overnight, and then 
alkaline phosphatase-conjugated streptavidin (U-CyTech) 
and NBT/BCIP reagent (Pierce) were added for color reaction. 
Finally, the spots were analyzed with an ELISpot reader 
(Bioreader4000, BIOSYS, Germany).

Intracellular cytokine staining (ICS) and T cell phenotype 
analysis

The ICS assays were performed as we previously reported.27 In 
brief, fresh mouse splenic lymphocytes were seeded in a 96- 
well cell culture plate at 2 × 106 cells per well and stimulated 
with S1 peptide pool (peptides 1–134), S2 peptide pool (pep
tides 135–253) together covering the full-length S protein] or 
N peptide pools at a final concentration of 4 μg/ml per peptide 
for 2 h, as well as corresponding mock (DMSO) and positive 
control [Phorbol myristate acetate (PMA) and Ionomycin] 
group were constructed. Protein transportation was blocked 
by Brefeldin A (BFA) and then further incubated for 16 h. Cells 
were collected and stained with anti-mouse CD3e-FITC (BD 
Biosciences), anti-mouse CD4-BB700 (BD Biosciences), anti- 
mouse CD8a-PE Cy7 (BD Biosciences), anti-mouse CD107a- 
BV510 (Biolegend) for 30 min at room temperature in the 
dark. After stained, cells were permeabilized/fixated (BD 
Cytofix/CytopermTM) for 20 min at 4°C in the dark, and then 
1× Perm/WashTM buffer (BD Biosciences) was added for 
washing. Then, cells were stained with anti-mouse IFN-γ- 
Alexa Fluor 647 (BD Biosciences), anti-mouse TNF-α-PE 
(BD Biosciences), and anti-mouse IL-2-BV421 (BD 
Biosciences) for 1 h at 4°C in the dark. For T cell phenotype 
analysis, mock (DMSO), S or N peptides-stimulated mouse 
splenocytes were stained with anti-mouse CD3e-FITC, anti- 
mouse CD4-BB700, anti-mouse CD8a-PE Cy7, anti-mouse 
CD44-KO525 (BD Biosciences), and anti-mouse CD62 L- 
BV780 (BD Biosciences). Flow cytometry was performed by 
Beckman CytExpert (Beckman) and data was subsequently 
analyzed with CytExpert software. To avoid the experimental 
background, the data were calculated by subtracting the cor
responding DMSO-simulated value from the peptide-simu
lated value.

Identification of the cross-reactive cytotoxic T lymphocyte 
epitopes between SARS-CoV-2 and M.Smegmatis

To identify the cross-reactive cytotoxic T lymphocyte (CTL) 
epitopes, SARS-CoV-2 S protein sequence (Genebank: 
YP_009724390.1), N protein sequence (Genebank: 
YP_009724390.1), and 6427 protein sequences of M.smegmatis 
were obtained from the National Center for Biotechnology 
Information (NCBI). Subsequently, we performed sequence 
alignment of SARS-CoV-2 structure protein and M.smegmatis 
homologs in which a series of conserved sequence fragments 
have been found. We then submitted the conserved sequence 
to the NetMHCpan-4.0 EL 4.1 algorithm and selected a refer
ence panel of 27 HLA alleles.28,29 The epitope was determined 
based on the Percentile Rank, which was lower than 2% (0.5% 
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is the specified threshold for strong binders and 0.5%–2% is 
the specified threshold for weak binders).

Data analysis

Flow cytometric data were analyzed using CytExpert soft
ware or Flowjo software. Statistical analyses and graphs 
were performed with GraphPad Prism 8 software 
(GraphPad Software, Inc). One-way ANOVA tests and 
post-hoc tests (Turkey HSD) were performed to compare 
the immune responses between different groups, and a 
two-tailed p-value less than 0.05 was considered statistically 
significant (*: P < .05; **: P < .01; ***: P < .001).

Results

Construction of recombinant M.Smegmatis ZWY2 strains 
displaying the S and N antigens on the surface

The pI1818 plasmid backbone was used to obtain the recom
binant constructs carrying the codon-optimized S gene or N 
gene of SARS-CoV-2. To display them on the surface of ZWY2 
bacteria, the S or N antigen was fused with the transportation 
protein of the truncated PE_PGRS33 (Figure 1a), which is 
encoded by Rv1818’ gene from M. tuberculosis. All the plas
mids contained the hsp60 promoter to drive the expression of 
these fusion genes. Then, these plasmids were transformed 
into ZWY2, and the ZWY2-based recombinant M. smegmatis 
strains (ZWY2-S, ZWY2-S-HA, ZWY2-N, ZWY2-N-HA) 
were screened and identified by PCR assay (Figure 1b). To 
validate the expression and location of the targeted antigens, 
we isolated the subcellular fractions of the recombinant M. 
smegmatis strains and got the whole cell lysate, cell wall, and 
cell plasma respectively. These fractions were then detected by 
Western blotting. As expected, our results showed that these 
recombinant bacteria could appropriately express the S or N 
antigens onto the cell wall of ZWY2 bacteria (Figure 1c).

The recombinant M. smegmatis-based vaccine induced 
the activation and maturation of antigen-presenting cells

To determine whether recombinant M. smegmatis can stimu
late the maturation of antigen-presenting cells (APCs), 
Raw264.7 and DC2.4 cells were infected with ZWY2-S or 
ZWY2-N, and then the activation and maturation marker 
including CD40, CD80, CD86, MHC II on the cell surface 
were assessed. Results showed that the proportion of 
Raw264.7 and DC2.4 cells expressing CD40, CD80, CD86, 
MHC II was greatly increased after being infected with recom
binant M. smegmatis (Figure 2a). Meanwhile, a higher mRNA 
level of IFN-β and some inflammatory factors, such as IL-6, 
TNF-α, and IL-1β, were observed in Raw264.7 cells and DC2.4 
cells (Figure 2b). These findings demonstrated that the recom
binant M. smegmatis could stimulate the expression of co- 
stimulatory molecules on the surface of macrophages and 
dendritic cells in vitro, and thus promote the maturation of 
APCs and stimulate the secretion of inflammatory cytokines.

The recombinant ZWY2-S and ZWY2-N elicited strong 
T-cellular immune responses in mice

To evaluate the immunogenicity of ZWY2-S and ZWY2-N in 
vivo, forty mice were randomly allocated into four groups. 
Among them, Group 1 and Group 2 were injected with PBS 
and ZWY2 respectively as control. Group 3 and Group 4 were 
immunized with ZWY2-S or ZWY2-N respectively. The 
immunization procedure was conducted at 0, 3, and 6 weeks, 
and then the T-cellular immune response was detected (Figure 
3a, Table S2). The results demonstrated that ZWY2-S or 
ZWY2-N could elicit the increased IFN-γ-secreting cells in 
response to S or N peptide pool by ELIspot assay at week 6 
(Figure 3b), indicating that this M. smegmatis-based COVID- 
19 vaccine can induce an antigen-specific T-cellular immune 
response in mice. To further identify which domain of S 
antigen might mainly contribute to this immunogenicity, the 
total S peptides were divided into two peptide pools, S1 (pep
tides 1–134) and S2 (peptides 135–253) for the subsequent 
stimulation. Our data showed that a higher frequency of 
CD107a+ and IL-2+ CD4+ T cells was produced in response 
to S2 peptides stimulation in the ZWY2-S group than that of 
the ZWY2 or PBS group, and a higher frequency of IL-2+ CD4 
+ T cells, IFN-γ+ CD8+ T cells, and TNF-α+ CD8+ T cells 
were observed in the ZWY2-N group than that of ZWY2 
group. Interestingly, ZWY2-N also showed a higher frequency 
of CD8+ T cells expressing CD107a, indicating that the 
ZWY2-N vaccine could elicit an N-specific CTL response 
(Figure 3c,d). At week 9, there was a higher frequency of 
TNF-α+ CD4+ T cell and TNF-α+ CD8+ T cell simulated 
with S2 peptide pools in the ZWY2-S group. Moreover, a 
significantly increased frequency of IL2-secreting CD4+ and 
CD8+ T cells in response to the stimulation of the N peptide 
pool was observed in the ZWY2-N group (Figure 3e). Besides 
the T cell immune response, an increased antibody level was 
also observed by ZWY2-S and ZWY2-N than that of PBS 
group, though the OD450 value of ELISA-based antibodies 
stayed at low levels (Figure S1). Collectively, these data implied 
that ZWY2-S and ZWY2-N could elicit the S or N antigen- 
specific T cell-biased cellular immune responses.

The recombinant ZWY2-S and ZWY2-N induced the 
formation of central memory T-cell subsets

It is critical to induce the formation of antigen-specific mem
ory T cell subsets for rapid viral clearance and long-term 
immune protection by an effective vaccine candidate. Of 
note, recent data showed that SARS-CoV-2-specific memory 
T cell responses were elicited in COVID-19 convalescent 
patients and persist for long-term,30 and thus memory T cells 
might play important role in a potential SARS-CoV-2 vaccine. 
Therefore, we further characterize the phenotype of memory T 
cell subsets by assessing the expression of CD62 L and CD44 
using the corresponding monoclonal antibodies (Figure 4a). 
Although there was no obvious statistical difference in the 
effector memory T subset (Tem, CD44high CD62 L-) when 
compared with the sham group, there was an increased per
centage of the central memory T subset (Tcm, CD44high CD62  
L+) in the vaccinated group (Figure 4b). The percentage of 
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CD4+ and CD8+ Tcm subset was higher than that of Tem 
subset in the vaccinated group, implying that the recombinant 
M.smegmatis-based COVID-19 vaccines could induce the dif
ferentiation and formation of Tcm subsets, which is important 
to sustain a long-term protective T cell immunity.

Identification of the potential cross-reactive CTL epitopes 
between SARS-CoV-2 and M. smegmatis

Considering that BCG vaccination might provide an extent of 
cross-protection against SARS-CoV-2 infection and mortality, 
our data also implied that the mice vaccinated with ZWY2 
vector bacteria could elicit an extent of SARS-CoV-2-specific T 
cell immune responses, suggesting that there might be some 
cross-reactive epitopes between the SARS-CoV-2 and ZWY2 
bacteria. To further clarify this hypothesis, we analyzed the 
potential cross-reactive CTL epitopes between SARS-CoV-2 

and M. smegmatis. As predicted in Table 1, there were 14 
cross-reactive epitopes between S protein and M.smegmatis, 
and 2 cross-reactive epitopes between N protein and M. 
smegmatis.

Collectively, these data indicate that this M. smegmatis- 
based SARS-CoV-2 vaccine candidate effectively induced a 
potential SARS-CoV-2-specific cellular immunity, and thus 
could be a suitable vector for developing T cell-based vaccines 
against SARS-CoV-2.

Discussion

With the continued emergence of the SARS-CoV-2 variants, 
the protective efficacy of neutralizing antibodies elicited by 
current vaccines has been greatly compromised. Increasing 
data has demonstrated that antigen-specific CTL responses 
also play a vital role in controlling SARS-CoV-2 infection 

Figure 2. Recombinant M. Smegmatis-based vaccine could induce the activation and maturation of antigen-presenting cells. (a) the expression level of co-stimulatory 
molecules on Raw264.7 and DC 2.4 cells after being infected with ZWY2-S or ZWY2-N bacteria. The red peak represents the medium control group, and the blue one 
represents the recombinant M. smegmatis treated group. (b) the mRNA levels of IFN-β, TNF-α, IL-6, and IL-1β in Raw264.7 and DC2.4 cells after being infected with 
ZWY2-S or ZWY2-N. These data were expressed as the mean ± SEM from two individual trials (*: P < .05; **: P < .01; ***: P < .001).
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Figure 3. SARS-CoV-2 antigen-specific T-cellular immune responses were elicited by the recombinant ZWY2-S and ZWY2-N in mice. (a) Schedule for vaccination and the 
immunogenicity detecting procedure in mice. Six-week-old BALB/c mice were vaccinated with PBS, ZWY2, ZWY2-S, and ZWY2-N using the indicated dosage through a 
subcutaneous route. The symbols of red blood drops indicate the time points for collecting the serum samples. At 6 weeks and 9 weeks after the initial vaccination, five 
mice in each group were sacrificed, and the splenocytes were harvested and subjected to the following immunological assays. (b) at week 6, SARS-CoV-2 S or N 
antigen-specific T cell immune responses were detected using IFN-γ ELISpot assays following stimulation with the corresponding peptide pools. SFCs: spot-forming 
cells. (c) Gating strategy to analyze the frequency of CD4+ T and CD8+ T cells secreting the IFN-γ, TNF-α, IL-2 cytokines, and expressing CD107a marker by ICS assay. 
Column graphs depict the frequency of cytokine-positive CD4+ T cells and CD8+ T cells, which is calculated by subtracting the mock-stimulated sample at week 6 (d) 
and week 9 (e). Two independent experiments for animal immunization were repeated. The frequency of antigen-specific cytokine-positive T cell ratio These data were 
expressed as the mean ± SEM (*: P < .05; **: P < .01; ***: P < .001).
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and replication.31 Previous studies found that a poor T cell 
response was associated with the progression of severe 
COVID-19 patients, and a high level of SARS-CoV-2-specific 
CD4+ and CD8+ T cells were present in convalescent 
individuals.32–34 Moreover, the latest work demonstrated that 
antigen-specific CTL potentially recognized different SARS- 
CoV-2 variants.35 Therefore, more attention should be paid 
to T-cell-based immunity in the development of the next 
generation of COVID-19 vaccines.

A rational gene delivery system plays a critical role in 
developing an effective vaccine. A variety of strategies, 

including inactivated vaccine, subunit protein vaccine, viral 
vector vaccine, and mRNA vaccine, and, have been developed 
against SARS-CoV-2 infection.36–39 Herein, for the first time, 
we developed a live attenuated M. smegmatis ZWY2 as a 
bacterial surface display system for the COVID-19 vaccine 
candidate. M. smegmatis, ZWY2, is a safe and rapid-growing 
mycobacterium. Compared with viral vector vaccines and 
mRNA vaccines, M. smegmatis-based vaccines have many 
advantages, such as a high capacity carrying antigen genes, 
ease of production to a high yield, thermal stability, and good 
safety. In this study, we demonstrated that recombinant 

Figure 4. The central memory T subsets were induced by recombinant ZWY2-S and ZWY2-N in mice. (a) Gating strategy for analyzing the percentage of different T cell 
subsets, including Tcm (Cd44high CD62 L+), Tem (Cd44high CD62 L-) of CD4+ T cells, and CD8+ T cells. (b) Column graphs of the different cell subsets percentage of 
CD4+ T cells and CD8+ T cells. Two independent experiments for animal immunization were repeated. These data were expressed as the mean ± SEM (*: P < .05; **: P 
< .01; ***: P < .001).
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Table 1. The cross-epitope between SARS-CoV-2 and M. smegmatis.

SARS-CoV-2 Mycolicibacterium smegmatis protein
Predicted epitope in  
SARS-CoV-2 protein Allele Rank

SARS-CoV-2 N ASSRSSSRSR >WP_014877465.1 DNA translocase 
FtsK

183SSRSSSRSR191 HLA-A *31:01 0.13

HLA-A *30:01 0.08
HLA-A *68:01 1.4
HLA-A *33:01 0.78
HLA-A *03:01 1.2

182ASSRSSSRSR191 HLA-A *31:01 0.59
HLA-A *30:01 0.86
HLA-A *11:01 1.2

SARS-CoV-2 S RDIADTTDAV RDIADTTDIT (>WP_003896768.1 
ectoine/hydroxyectoine ABC 
transporter ATP-binding protein 
EhuA)

568DIADTTDAV576 HLA-A *68:02 0.09

HLA-A *26:01 0.68
HLA-B × 51:01 2

567RDIADTTDAV576 HLA-A *02:03 1.6
HLA-A *02:06 1.6

ISVTTEILPV IYVTAEILPV (>WP_011726763.1 MFS 
transporter)

721SVTTEILPV729 HLA-A *02:06 0.24

HLA-A *68:02 0.43
HLA-A *02:03 0.64
HLA-A *02:01 0.74

SVTTEILPVS NPTTEILPVS (>WP_011728271.1 
hydrogenase nickel incorporation 
protein HypB)

721SVTTEILPV729 HLA-A *02:06 0.24

HLA-A *68:02 0.43
HLA-A *02:03 0.64
HLA-A *02:01 0.74

TTEILPVSMT TTEILPVSAR (>WP_011728271.1 
hydrogenase nickel incorporation 
protein HypB)

723TTEILPVSM731 HLA-A *01:01 0.5

HLA-B × 35:01 1.1
HLA-A *68:02 1.3
HLA-A *26:01 1.5

HLA-B × 53:01 1.8
724TEILPVSMT732 HLA-B × 40:01 1.3

HLA-B × 44:03 1.4
HLA-B × 44:02 1.8

723TTEILPVSMT732 HLA-A *68:02 1.9
VTTEILPVSM PTTEILPVSA (>WP_011728271.1 

hydrogenase nickel incorporation 
protein HypB)

722VTTEILPVSM731 HLA-A *68:02 1.2

HLA-B × 57:01 1.3
HLA-B × 58:01 1.4

EMIAQYTSAL EMVAQYTPAL (>WP_011729237.1 
FAD-binding protein)

869MIAQYTSAL877 HLA-B × 08:01 0.31

HLA-A *68:02 0.34
HLA-A *02:03 0.4

HLA-B × 07:02 0.43
HLA-A *26:01 0.51

HLA-B × 35:01 0.63
HLA-A *02:06 0.68
HLA-A *02:01 0.91
HLA-A *32:01 0.98

HLA-B × 15:01 1.4
868EMIAQYTSAL877 HLA-A *26:01 0.89

HLA-A *68:02 0.91
868EMIAQYTSA876 HLA-A *68:02 1.1

HLA-B × 08:01 1.3
HLA-A *02:03 1.6

AAEIRASANL ASAIRASANL (>WP_011728932.1 acyl- 
CoA dehydrogenase family protein)

1016AEIRASANL1024 HLA-B × 40:01 0.01

HLA-B × 44:03 0.1
HLA-B × 44:02 0.11

1015AAEIRASANL1024 HLA-B × 40:01 0.21
HLA-B × 44:03 0.68
HLA-B × 44:02 0.65

RLNEVAKNLN KLLEVAKNLN (>WP_003892935.1 
propanediol/glycerol family 
dehydratase large subunit)

1185RLNEVAKNL1193 HLA-A *02:03 0.06

HLA-A *32:01 0.1
HLA-A *02:01 0.16
HLA-A *02:06 0.51

(Continued)
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ZWY2-S and ZWY2-N could successfully display S and N 
proteins onto bacterial surfaces, and effectively elicited the S 
and N antigen-specific immune responses. In addition, the 
recombinant M. smegmatis-based vaccine could induce the 
differentiation and maintenance of memory T cells in the 
immunized mice. Consistent with previous data on BCG 
vector,40 our work showed that the subsets of central memory 
CD4+ T cells and CD8+ T cells were effectively induced by 
recombinant M. smegmatis-based COVID-19 vaccine. 
Mechanistically, M. smegmatis effectively induce the differen
tiation and maturation of dendritic cells (DCs) by the upregu
lation of MHC I and costimulatory molecules and thus elicit 
the T cell-biased immune responses.41 Recent epidemiologic 
data also suggested that BCG vaccination might alleviate the 
COVID-19 disease progression and mortality, which may be 
related to trained immunity and cross immunity.42–45 

Interestingly, our study also revealed the existence of some 
potential cross-reactive CTL epitopes between SARS-CoV-2 
and M.smegmatis, which is consistent with the previous report 
that SARS-CoV-2 shared some T-cell and B-cell epitopes with 
BCG strain.45 These findings implied that M. smegmatis might 
be an attractive bacterial vector for T cell-based SARS-CoV-2 
vaccine.

There are some limitations to this study. For example, 
we used the full-length Spike protein to construct the 
recombinant ZWY2-S vaccine in this study. It’s well 
known that the S protein is about 140kDa, and thus 
might not be good enough to display on the surface of 
the recombinant bacteria. This may account for the low 
immunogenicity of the ZWY2-S construct in this study. 
Given these issues, a recombinant ZWY2 carrying the 
RBD domain should be needed to improve its immuno
genicity. In addition, the protective efficacy was not eval
uated in an animal infection model. Nevertheless, our data 
showed that the M. smegmatis-based COVID-19 vaccine 
effectively induced T cell immune responses, which war
ranted a further study on the development of a universe 
SARS-CoV-2 vaccine. Of note, it has been shown that 
priming the recombinant M. smegmatis vaccine could elicit 
a memory CD8+ T-lymphocyte response,46 implying that it 
could be a potential priming vector in the sequential vac
cination strategy.

Taken together, we developed a simple and effective strat
egy to display the SARS-CoV-2 antigen onto the surface of M. 
smegmatis as a novel COVID-19 vaccine candidate, and these 
constructs effectively elicited the SARS-CoV-2 antigen-specific 
T cell-biased cellular immune responses. In particular, the 

induction of the subsets of central memory T cells could be 
expected to contribute to a long-lasting protective T cell 
immunity. In addition, M. smegmatis-based vector is also 
promising as a component in prime/boost vaccination regi
mens for the induction of a balanced humoral and cellular 
immune response.
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