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Abstract

In this research, a recombinant Bacillus Calmette Guerin (rBCG) vector vaccine carrying a human /L-2 and EBV BZLF1
fusion gene (IL-2-BZLFI-rBCG) was constructed. The IL-2-BZLF1-rBCG construct was successfully generated and stably
expressed the IL-2 and BZLF1 proteins. IL-2-BZLF1-rBCG activated the immune system and promoted the secretion of
IFN-y and TNF-a by CD4" and CD8™" T cells. IL-2-BZLFI-rBCG activated lymphocytes to effectively kill EBV-positive NPC
cells in vitro. Additionally, IL-2-BZLF1-rBCG stimulated the proliferation of NK cells and lymphocytes in vivo, activated
related immune responses, and effectively treated EBV-positive NPC. The immune response to and pharmacological effect
of IL-2-BZLF1-rBCG were explored in vitro and in vivo to provide a theoretical and experimental basis for the prevention

and treatment of EBV-positive tumors with an rBCG vector vaccine.

Key points

o rBCG with human IL-2 and BZLF1 of EB virus was constructed
o The IL-2-BZLF 1 fusion gene was stably expressed with rBCG
o rBCG with IL-2-BZLF 1 has an obvious immune response in vitro and in vivo
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Introduction

Epstein—Barr virus (EBV) is a y herpesvirus that was ini-
tially isolated by Epstein and Barr in 1964 from malignant
lymphoma samples from children in Africa. EBV is defined
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as a class I carcinogen by the World Health Organization
(Kanda et al. 2019). More than 95% of the world's popula-
tion has been infected with EBV (Yin et al. 2019), but most
people are latently infected (Kerr 2019) and do not experi-
ence any symptoms (Bernaudat et al. 2022). EBV is closely
associated with the development of many cancers, such as
Burkitt's lymphoma, Hodgkin's lymphoma, and nasopharyn-
geal carcinoma (Kanda et al. 2019), but there is no effective
treatment for EBV-associated tumors. In addition, EBV has
been associated with the development of systemic lupus
erythematosus, multiple sclerosis, and rheumatoid arthritis
(Hartlage et al. 2015).

EBV is a linear double-stranded DNA virus with a bipha-
sic infection cycle, and it primarily infects lymphocytes and
oropharyngeal epithelial cells. EBV infection includes two
phases: the latent phase and the lytic phase. During the latent
phase, EBV is not infectious, and the genome replicates
with the host cell cycle in the form of nuclear appendages
(Hartlage et al. 2015; Mizui 2019). EBV can express genes
related to latency, such as EBNAs, LMPs, EBERs, miR-
NAs, EBNA2 and EBNALP, as well as transcription factors
that drive quiescent B lymphocytes to enter the cell cycle,
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promote B-cell growth and transformation, and cause cancer
(Kanda et al. 2019). EBV persists in a latent state in the host
for a long time and is not easily recognized by the immune
system (Yan et al. 2020). The immediate early transcription
factor Zta (BZLF1 protein), which is encoded by the EBV
gene BZLF]1, activates the transcription factor Rta, which
is encoded by the gene BRLF1, and together, Zta and Rta
activate EBV to transition from the latent phase to the lytic
phase (Cui and Snapper 2021). During the lytic phase, EBV
expresses more than 80 lysogenic proteins and promotes the
production of infectious viral particles (Marques-Neto et al.
2021). During the lytic phase, EBV is readily recognized by
the immune system and induces the death of already infected
cells, which can also be used as a therapeutic strategy for
EBV-associated tumors.

The EBV gene BZLFI encodes Zta (BZLF1 protein),
which belongs to the basic leucine zipper (bZIP) family of
transcripts, and its bZIP region includes a DNA-binding
domain (DBD) and a dimerization structural domain. Zta
response elements (ZREs), which include CpG-free activa-
tor protein 1 (AP-1)-like recognition elements and CpG-
containing recognition elements, are highly methylated
and transcriptionally repressed in the EBV genome during
latency, and Zta activates gene transcription by binding to
CpG-ZRE-containing methylated regions; Zta is highly
immunogenic and stimulates adaptive immunity through
CD4* T cells and CD8* T cells (Cui and Snapper 2021).

IL-2, which is a T-cell growth factor, is mainly produced
by CD4* T cells and to a lesser extent by CD8" T cells and
other cells (Rist et al. 2015). IL-2 is used by regulatory T
cells (Tregs) to maintain the homeostasis of the immune
system and to enhance the antitumor effects of the body
by activating cytotoxic lymphocytes. In intrinsic immunity,
IL-2 promotes the proliferation and differentiation of type II
intrinsic lymphocytes and enhances the cytotoxic activity of
NK cells and monocytes (Rist et al. 2015). With the identi-
fication and cloning of IL-2 and the advent of recombinant
DNA technology (Salomon et al. 2018), research related to
the use of IL-2 for tumor treatment has been ongoing since
the 1980s. The antitumor effect of recombinant IL-2 has
been reported to have a palliative effect on lung metastases
and subcutaneous tumors (Raker et al. 2020). The safety and
efficacy of BCG, which is one of the most widely used vac-
cines worldwide, are well documented. It has been reported
that BCG exerts nonspecific protective effects against unre-
lated pathogens and can significantly reduce mortality in
children (Xue et al. 2022). In recent years, BCG has been
widely used to study vaccines against various pathogens,
such as bacteria, viruses and parasites, because of its low
toxicity as well as its safety and efficacy (Xue et al. 2022).
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Given the complexity of the EBV infection cycle and the
severity of EBV-positive tumors, we sought to develop an
rBCG vector vaccine that is effective in the prevention and
treatment of EBV-positive tumors. In this study, the human
IL-2 gene and EBV BZLFI gene were ligated to form a fusion
gene by overlap extension PCR, and a recombinant plas-
mid was constructed by ligating this fusion gene with the E.
coli-Mycobacterium tuberculosis shuttle expression vector
pMV261. The plasmid was transformed into BCG to generate
IL-2-BZLF1-rBCG, and the expression of the fusion construct
was measured by Western blotting and qRT—PCR. Finally, this
study explored the immune response induced by /L-2-BZLF1-
rBCG in mice and the pharmacological effect of /IL-2-BZLFI-
rBCG on EBV-positive tumors in animal experiments to pro-
vide effective guidance for the prevention and treatment of
EBV-positive tumors.

Materials and methods
Materials

The IL-2 gene (GenBank: V00564.1) was synthesized by
Sangon Biotech Co., Ltd. (Shanghai, China). The EBV gene
BZLFI (GenBank: M17547.1), plasmid pMV261, E. coli
DH5a and BCG Shanghai Danmark strain were preserved in
our laboratory (Xue et al. 2022). The PCR mix, plasmid kit and
agarose gel recovery kit were purchased from Tiangen Biotech
Co. Ltd. (Beijing, China). Sal I, BamH 1, Hind 111, EcoR 1, T4
DNA ligase and DNA Marker were produced by TaKaRa Co.,
Ltd. (Dalian, China). The multicolor prestained protein ladder
(10-180 kD) and HRP-labeled goat anti-rabbit IgG II anti-
body were obtained from Beyotime Biotech Co. Ltd. (Shang-
hai, China). C57BL/6 J mice and BALB/c-nu nude mice were
purchased from Jinan Ponyue Laboratory Animal Breeding
Co., Ltd. (Shanghai, China). All animal experiments were
approved by the Shandong animal experimentation commit-
tees (2009-0023; approval date, 2/25/09-3/25/14). The anti-
BZLF1 monoclonal antibody was purchased from Santa Cruz
Biotechnology (Danvers, MA, USA). The anti-IL-2 monoclo-
nal antibody was purchased from Affinity Biosciences (Shang-
hai, China). Mouse CD3 (PE), CD4 (FITC), CD8 (APC) and
NK1.1 (PE) antibodies were purchased from Biolegend (Bei-
jing, China). DifcoaTM Middlebrook 7H9 Broth, Difco™ Mid-
dlebrook 7H10 Agar, BBL™ Middlebrook ADC Enrichment
and BBL™ Middlebrook OADC Enrichment were obtained
from BD Co. Ltd. (Franklin, NJ, USA). The HiScript® III RT
SuperMix for gPCR and AceQ® qPCR SYBR Green Master
Mix were purchased from Nanjing Nuvisan Biotechnology
Co., Ltd. (Nanjing, China). CNE-2Z cells (EB virus-positive
cell line) were preserved in our laboratory.
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Methods
Primer design and synthesis

Primers were designed based on known sequences, and
the results were as follows. The IL-2-F sequence was
5'-GCGGGATCCGATGTACAGGATGCAACTCCTGTC
-3'. The IL-2-r sequence was 5'-GCTGCCGCCACCGCC
GCTTCCGCCACCGCCGCTTCCACCGCCACCTCAAG
TTAGTGTTGAGATGATGC. The IL-2-R sequence was
CGCAAGCTTTTATCAAGTTAGTGTTGAGATGATGC.
The BZLFI-f sequence was GGTGGCGGTGGAAGCGGC
GGTGGCGGAAGCGGCGGTGGCGGCAGCATGATG
GACCCAAACTCGACTTCTG. The BZLFI-R sequence
was GCGGTCGACTAAGAAATTTAAGAGATCCTCGTG.
The BZLFI-F sequence was GCGGTCGACTAAGAA
ATTTAAGAGATCCTCGTG. Italics indicate endonucle-
ase sequences, bold underline indicates linker sequences
(Fig. 2A). The designed primers were synthesized by Bio-
engineering Co. (Shanghai, China). PCR amplification was
performed using the /L-2 gene as a template in a total vol-
ume of 50 ul. PCR amplification was performed using the
BZLF1 gene as a template in a total volume of 50 pl.

Enzymatic cleavage of the IL-2 and BZLF1 genes
and the pMV261 plasmid

The PCR products were subjected to 1% agarose gel elec-
trophoresis and agarose gel DNA recovery, and the agarose
gel DNA recovery steps were performed according to the
instructions of the kit (Tiangen Biotech, Beijing, China).
The IL-2 gene product that was recovered from the gel was
digested simultaneously with the plasmid pMV261 (Fig. 2B)
by Hind 111, and the digestion reaction included 10 pl of
template, 1 pl of Hind III, 2 ul of 10 XM buffer and 7 pl of
ddH,0. The components were completely mixed, and the
reaction was incubated in a water bath at 37 °C overnight.
The BZLF1 gene product that was recovered from the gel
was digested simultaneously with the plasmid pMV261 by
Sal 1, and the digestion reaction included 10 pl of template,
I wlof Sal 1, 2 ul of 10XxM buffer and 7 pl of ddH,O. The
components were completely mixed, and the reaction was
incubated in a water bath at 37 °C overnight.

Conversion of IL-2-pMV and BZLF1-pMV

The IL-2-pMV conjugate and BZLFI-pMV conjugate were
mixed with E. coli DH5a receptor cells (removed from the
freezer in advance and thawed on ice), and the mixture was
incubated in an ice bath for 30 min. Then, the cells were heat
shocked at 42 °C for 90 s and incubated in an ice bath for 10

min. Then, 800 ul LB liquid medium was added and mixed
well, and the culture was mixed at 160 rpm at 37 °C for 1
h. Then, the cells were centrifuged at 5000 rpm for 3 min,
and approximately 700 ul of the supernatant was discarded.
The remaining supernatant was mixed, the cells were plated
on LB solid medium containing Kan™, and the plates were
incubated for 18-24 h at 37 °C in an incubator.

Single colonies of E. coli DH5acarrying IL-2-pMV or
BZLFI1-pMV were picked as follows. Single colonies were
picked from LB solid medium (supplemented with kan, 50
pg/ml) and inoculated into 5 ml LB liquid medium using a
splice ring. Then, 5 pl of 50 mg/ml kanamycin was added to
the medium, and the bacteria were incubated for 12—18 h at
37 °C in a shaker at 160 rpm.

PCR identification of the recombinant plasmids
IL-2-pMV and BZLF1-pMV

The recombinant plasmids /L-2-pMV and BZLFI-pMV
were used as templates for PCR identification, and the
total PCR volume was 25 pl. The amplification reaction
included 0.5 pl of the recombinant plasmid /L-2-pMYV, 0.2
pl of the primer IL-2-F, 0.2 pl of the primer /L-2-R, 5 ul
of 5XPrimeSTAR GXL buffer, 2 ul of ANTP mixture and
0.5 pl of PrimeSTAR GXL DNA polymerase. After adding
16.6 ul ddH,0, the components were completely mixed. The
following reaction conditions were used: predenaturation at
98 °C for 4 min; 30 cycles of denaturation at 98 °C for 10 s,
annealing at 60 °C for 15 s and extension at 68 °C for 30 s;
and extension at 68 °C for 5 min.

The amplification reaction included 0.5 pl of the recom-
binant plasmid BZLFI1-pMV, 0.2 pl of the primer BZLF1-
F, 0.2 pl of the primer BZLFI-R, 5 pl of 5XPrimeSTAR
GXL Buffer, 2 ul of ANTP mixture and 0.5 pl of PrimeSTAR
GXL DNA polymerase. After adding 16.6 ul ddH,O, the
components were completely mixed. The following reaction
conditions were used: predenaturation at 98 °C for 4 min; 30
cycles of denaturation at 98 °C for 10 s, annealing at 60 °C
for 15 s, and extension at 68 °C for 1 min; and extension at
68 °C for 5 min.

Identification of IL.-2-pMV and BZLF1-pMV

The recombinant plasmid /L-2-pMV was digested with
BamH 1 and Hind III. The total volume was 20 pl, and
the digestion reaction included 10 pl of IL-2-pMV, 1 pl
of BamH 1, 1 pl of Hind III, 2 pl of 10 X K buffer and 6
ul of ddH,0. The components were completely mixed,
and the mixture was incubated in a water bath at 30 °C
overnight. BZLFI1-pMV was digested with BamH I and
Sal 1. The total volume was 20 pl, and the digestion reac-
tion included 10 pl of BZLFI-pMV, 1 ul of BamH 1, 1
ul of Sall, 2 ul of 10X K buffer and 6 pl of ddH,0. The
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components were completely mixed, and the mixture
was incubated in a water bath at 30 °C overnight. The
PCR products of IL-2-pMV and BZLFI-pMV and the
two products of double-enzyme digestion were subjected
to 1% agarose gel electrophoresis. The /L-2-pMV and
BZLFI1-pMV PCR and restriction digestion products were
sent to Bioengineering Co., Ltd. (Shanghai, China) for
gene sequencing.
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Fig. 1 Identification of the recombinant plasmids /L-2-pMV, BZLFI-
pMYV and IL-2-BZLFI1-pMV with PCR and restriction enzyme diges-
tion. A Results of PCR amplification of the IL-2 and BZLF1 genes;
(a) DNA Marker DL (2000); (b) products of PCR amplification of the
IL-2 gene; (c) products of PCR amplification of the BZLFI gene. B
Results of identification of recombinant plasmid /L-2-pMV; (a) DNA
Marker DL (10,000); (b) PCR Identification of recombinant plasmid
IL-2-pMV; (c) Double restriction enzyme digestion of recombinant
plasmid IL-2-pMV; (d) Agarose gel electrophoresis of recombinant
plasmid /L-2-pMV; C Results of identification of recombinant plas-
mid BZLFI1-pMV; (a) DNA Marker DL (5000); (b) PCR identifica-
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Construction of the recombinant plasmid
IL-2-BZLF1-pMV

The fusion gene construction method is shown in Fig. 1A.
The products of IL-2-BZLF1 and pMV261 that were recov-
ered from the gel in the previous step were ligated with T4
DNA ligase, and the following ligation reaction conditions
were used: 20 ul of the IL-2-BZLF1 gel recovery product,
20 pl of the pMV261 gel recovery product, 5 ul of T4 DNA
ligase and 5 pl of 10x T4 buffer. The components were
then completely mixed and incubated at 16 °C overnight.
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tion of recombinant plasmid BZLFI-pMV; (c)The result of restric-
tion enzyme digestion of recombinant plasmid BZLF[-pMV; (d) The
result of agarose gel electrophoresis of recombinant plasmid BZLFI-
pMV; D Results of agarose gel electrophoresis of IL-2 gene PCR
amplification product. (a) DNA marker DL (5000); (b) IL-2 gene
PCR amplification product. E Results of agarose gel electrophoresis
of the BZLFI gene PCR amplification product. (a) DNA marker DL
(2000); (b) BZLF1 gene PCR amplification product. F Results of aga-
rose gel electrophoresis of the IL-2-BZLF1 gene PCR amplification
product. (a) DNA marker DL (2000); (b) IL-2-BZLFI was amplified
by overlap extension PCR
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Fig.2 Construction of rBCG. A Schematic of fusion gene synthesis.
B pMV261 plasmid. C Agarose gel electrophoresis results for iden-
tification. (a) PCR identification results of the IL-2-BZLFI gene; (b)

IL-2-BZLF1-pMV was constructed as previously described
(Yan et al. 2020). The recombinant plasmid /L-2-BZLFI-
pMYV, the PCR product and the double-enzyme digestion
products were simultaneously subjected to 1% agarose gel
electrophoresis. After confirmation by PCR and digestion,
the IL-2-BZLFI-pMV product was sent to Bioengineering
Co., Ltd. (Shanghai) for gene sequencing.

Culture and identification of rBCG

BCG competent cells were incubated in a shaker for 24 h at
37 °C and 160 rpm. The rotor cup was rinsed repeatedly with
ddH,0, soaked in 75% alcohol for 10 min, dried and stored
at -20 °C. The next day, the electroporated rBCG sample
was removed from the shaker and centrifuged at 5000 rpm
for 10 min, and 900 pl of the supernatant was removed. The
remaining supernatant was mixed with the cells, and the
cells were plated on Middlebrook 7H10 solid medium sup-
plemented with 50 ug/ml kanamycin and cultured in a 37 °C
incubator for 3—4 weeks.

A single colony was picked from Middlebrook 7H10 solid
medium and inoculated into 100 ml Middlebrook 7H9 liquid
medium (BD Co., Ltd., Franklin, NJ, USA) supplemented
with 50 pg/ml kanamycin, and the cells were cultured until
they reached the logarithmic growth phase. Small aliquots of
IL-2-BZLF1-rBCG, IL-2-rBCG and BZLFI-rBCG bacteria
that had reached the logarithmic growth phase were used for
acid-fast staining.

pMV261
4488 bp

C

double digestion identification results of /L-2-BZLF1-pMV; (c) aga-
rose gel electrophoresis of the recombinant plasmid /L-2-BZLF1; (d)
DNA marker DL(10,000)

Expression and identification of fusion proteins

The absorbance of IL-2-BZLF1-rBCG, IL-2-rBCG and
BZLF1-rBCG bacteria that had reached the logarithmic
growth phase was measured, and the concentration was
adjusted to OD600 =0.6; then, 2 ml of bacterial broth was
incubated on a 45 °C shaker at 160 rpm for 45 min to induce
protein expression (Xue et al. 2022). The cells were incu-
bated under these induction conditions for 3 days, and after
induction, they were centrifuged at 12,000 rpm for 1 min.

A total of 1 ml of PBS was used to wash the cell pel-
let, and the cells were centrifuged at 12,000 rpm for 1 min;
these wash steps were repeated once. Then, 100 ul of pro-
tein lysis buffer was added, and the mixture was incubated
in an ice bath for 30 min. The centrifuge tube was placed
on ice for sonication. The ultrasound settings were as fol-
lows: power of 300 W, working time of 10 s, rest time of
15 s, and cycle time of 30 min. Then, the samples were
centrifuged at 12,000 rpm at 4 °C for 30 min, 80 pl of the
supernatants were transferred to new centrifuge tubes, 20 ul
of SDS—PAGE protein loading buffer (5 X) was added, and
the samples were mixed well. The samples were boiled in a
metal bath at 99 °C for 10 min and stored at -20 °C.

BCG and rBCG were lysed with an ultrasonic breaker
and separated by 12% SDS—PAGE. A BZLF1 antibody
and IL-2 antibody were used to probe the proteins of inter-
est, and the secondary antibodies that were used were goat
anti-mouse antibodies. ECL chemiluminescence kits were
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used to observe and analyze the results. A Chemi Doc MP
Imaging System (Bio-Rad) was used to scan and analyze
the protein bands.

Reverse transcription of rBCG

RNA was extracted from rBCG. Then, genomic DNA
was removed; the total volume was 16 pl, and the reaction
included 8 pl of template RNA, 4 ul of 4 X gDNA wiper
mix and 4 ul of RNase-free ddH,0. The components were
evenly mixed and incubated at 42 °C for 2 min. Reverse
transcription was performed with the solution of the previ-
ous step in a total volume of 20 pl. The reaction included 16
ul of the reaction solution from the previous step and 4 ul of
5 x HiScriptlll qRT SuperMix. After mixing the solution,
the reverse transcription reaction was carried out, and the
specific reaction conditions were incubation at 37 °C for 15
min and 85 °C for 5 min.

gRT—PCR analysis of rBCG

The BCG-qF sequence was 5'-GGAGGCAGCAGTGGG
GAATA-3". The BCG-qR sequence was TCGTCGATG
GTGAAAGAGGTTTA. The IL-2-gF sequence was TCC
CAAACTCACCAGGATGC. The IL-2-qR sequence was
CGTTGATATTGCTGATTAAGTCCCT. The BZLFI-qF
sequence was AAATTTAAGAGATCCTCGTGTAAA
ACATC. The BZLF1-qR sequence was CGCCTCCTGTTG
AAGCAGAT. The designed primers were synthesized by
Bioengineering (Shanghai) Co., Ltd.

gRT—PCR was carried out using the cDNA product as the
template, and the total volume was 20 pl. The reaction sys-
tem included 0.5 ul of template cDNA, 0.5 pl of Primer gF,
0.5 pl of Primer gR, 10 pl of 2 X AceQ qPCR SYBR Green
and 8.5 ul of ddH,0. After mixing the system, real-time
quantitative PCR was carried out. The specific reaction con-
ditions were as follows: 95 °C for 5 min for 1 cycle; 95 °C
for 10 s, 60 °C for 30 s, and 72 °C for 30 s for 45 cycles with
fluorescence read at 72 °C; followed by 95 °C for 15 s, 60
°C for 60 s, and 95 °C for 15 s for 1 cycle.

Animal immunization and in vitro killing
experiments with rBCG

C57BL/6J mice were purchased from Jinan Pengyue Experi-
mental Animal Breeding Co., Ltd. (Jinan, China). Female
C57BL/6J mice at 6—8 weeks of age with similar body
weights were randomly divided into 5 groups: the PBS
group, BCG group, IL-2-rBCG group, BZLFI1-rBCG group
and /L-2 group-BZLF1-rBCG group.
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Immunization with rBCG

A small amount of BCG, IL-2-rBCG, BZLFI1-rBCG and IL-
2-BZLF1-rBCG was harvested at the linear growth phase
and centrifuged at 12,000 rpm for 1 min. The supernatants
were removed, 1 ml of PBS was added to wash the cells, the
absorbance of rBCG was adjusted to OD600=2.1 (approxi-
mately 107/ml cells with a Petrof Hausser bacterial count
board (Treuer and Haydel 2011)) with PBS, and 100 pl was
injected intraperitoneally per mouse. Three injections were
given every two weeks (Xue et al. 2022).

Isolation of lymphocytes

Two weeks after the last injection, blood was collected from
the retro-orbital sinus of the mice and transferred to a hepa-
rin anticoagulation tube, and the spleens of the mice were
harvested. The blood samples were allowed to stand for 15
min and were centrifuged at 3500 rpm at 4 °C for 15 min.
The upper plasma layers were transferred to new centrifuge
tubes, and 1 ml of erythrocyte lysis buffer was added to
the blood cell pellets. The solutions were mixed well and
transferred to 15 ml centrifuge tubes. Next, 4 ml of eryth-
rocyte lysis buffer was added, and the samples were mixed
well and allowed to stand for 5 min. Then, 8 ml of PBS was
added, and the samples were mixed well and centrifuged at
1500 rpm for 5 min; then, the supernatants were removed.
This step was repeated until the red blood cells were com-
pletely lysed. The spleens were homogenized in PBS; all
the cells were transferred to a centrifuge tube after homog-
enization and centrifuged at 1500 rpm for 5 min. Then, the
supernatants were removed. A total of 3 ml of erythrocyte
lysis buffer was added, and the samples were mixed and
allowed to stand for 5 min. Then, 10 ml of PBS was added,
the samples were centrifuged at 1500 rpm for 5 min, and
the supernatants were removed. This process was repeated
until the red blood cells were completely lysed. After com-
plete red blood cell lysis, the blood lymphocytes and splenic
lymphocytes were filtered through a filter to obtain blood
lymphocytes and splenic lymphocytes.

Flow cytometry analysis of cytokine expression by T
cells

The blood lymphocytes and splenic lymphocytes were cen-
trifuged at 1500 rpm for 5 min, and the supernatants were
removed. A total of 1 ml of 1640 complete medium was
added to wash the cells, and the cells were centrifuged at
1500 rpm for 5 min. The supernatants were removed, and the
cells were resuspended in 1 ml of 1640 complete medium.
Then, 0.2 ul PMA, 2 ul ionomycin and 1 pl monensin were
added and mixed well, and the samples were incubated at
37 °C for 4-6 h. The cells were collected by centrifugation
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at 1500 rpm for 5 min, the supernatants were removed, 1
ml of PBS was added and mixed well, the cells were cen-
trifuged again at 1500 rpm for 5 min, and the supernatants
were removed. Then, 100 pl PBS was added and mixed well,
0.25 pl mouse anti-CD4 flow antibody (FITC) and mouse
anti-CD8 flow antibody (APC) were added and mixed well,
and the samples were incubated at 4 °C for 30 min in the
dark. Then, 1 ml of PBS was added to wash the cells, and the
cells were centrifuged at 1500 rpm for 5 min to remove the
supernatants; these washing steps were repeated once. Then,
800 pul IC fixation buffer was added and mixed well, and the
samples were incubated at 4 °C for 30 min in the dark. The
samples were centrifuged at 1500 rpm for 5 min, 1 ml of
PBS was added, and the samples were centrifuged at 1500
rpm for 5 min to remove the supernatants. Then, 1 ml of
1 X permeabilization buffer was added and mixed well, and
the cells were centrifuged at 1500 rpm for 5 min to remove
the supernatants. Then, 100 ul 1 X permeabilization buffer,
0.25 pl mouse anti-IFN-y flow antibody (PE) and mouse
anti-TNF-a flow antibody (V450) were added, mixed well,
and incubated overnight at 4 °C in the dark. The next day, 1
ml of PBS was added to wash the cells, the cells were cen-
trifuged at 1500 rpm for 5 min, and then, the supernatants
were removed. A total of 200 ul PBS was added to resuspend
the cells, the cells were filtered, and flow cytometry analysis
was performed.

In vitro stimulation of splenic lymphocytes by rBCG

Splenic lymphocytes from 6 randomly selected mice were
centrifuged at 1500 rpm for 5 min, washed with 1 ml of
1640 complete medium, and centrifuged at 1500 rpm for 5
min. The cells were quantitatively divided into 3 portions
and plated in a 48-well plate, and the volume was adjusted
to 1 ml with 1640 complete medium. Then, 100 ul PBS was
added to the PBS group; 100 ul PBS, 10*/ml BCG or 10%
ml BCG was added to the BCG group; 100 ul PBS, 10°/
ml JL-2-rBCG or 10°/ml IL-2-rBCG was added to the IL-
2-rBCG group; 100 pl PBS, 10°*/ml BZLF1-rBCG or 10%
ml BZLFI-rBCG was added to the BZLFI1-rBCG group;
and 100 ul PBS, 10%/ml IL-2-BZLF1-rBCG or 10%ml IL-
2-BZLF1-rBCG was added to the /IL-2-BZLF1-rBCG group.
The groups were cultured in a CO, incubator for 48 h.

Flow cytometry analysis of T-cell intracellular
factors

Splenic lymphocytes were collected and centrifuged at 1500
rpm for 5 min, and the supernatants were removed. Then,
1 ml of 1640 complete medium was added and mixed well.
Then, 0.2 ul PMA, 2 pl ionomycin and 1 pl monensin were
added and mixed well, and the cells were incubated at 37 °C
for 4-6 h. The cells were collected by centrifugation at 1500

rpm for 5 min, and the supernatants were removed. A total
of 1 ml of PBS was added and mixed, the cells were cen-
trifuged at 1500 rpm for 5 min, and the supernatants were
removed. A total of 100 ul PBS was added and mixed, 0.25
pl mouse anti-CD4 flow antibody (FITC) and mouse anti-
CDS8 flow antibody (APC) were added and mixed well, and
the cells were incubated at 4 °C for 30 min in the dark. A
total of 1 ml of PBS was added to wash the cells, and the
cells were centrifuged at 1500 rpm for 5 min to remove the
supernatants. These washing steps were repeated once. The
samples were centrifuged at 1500 rpm for 5 min, 1 ml of
PBS was added, and the samples were centrifuged at 1500
rpm for 5 min to remove the supernatants. A total of 1 ml
1 X permeabilization buffer was added and mixed well, and
the cells were centrifuged at 1500 rpm for 5 min to remove
the supernatants. Then, 100 pl 1 X permeabilization buffer,
0.25 pl mouse anti-IFN-y flow antibody (PE) and mouse
anti-TNF-a flow antibody (V450) were added, mixed well,
and incubated overnight at 4 °C in the dark. The next day,
1 ml of PBS was added to wash the cells, and they were
centrifuged at 1500 rpm for 5 min. Then, the supernatants
were removed. A total of 200 pl PBS was added to resuspend
the cells, the cells were filtered, and flow cytometry analysis
was performed.

Assessment of rBCG-specific lymphocyte killing
efficiency

CNE-2Z cells were cultured in 1640 complete medium at
37 °C in CO,. The cells were centrifuged at 1000 rpm for
5 min, the supernatants were removed, and 10 ml of 1640
complete medium was added and mixed. A 20 pl cell suspen-
sion was used to measure the cell concentration, and the cell
suspension was divided into 96-well plates in a volume of
100 ul per well. Splenic lymphocytes from mice in the differ-
ent immunization groups were added at CNE-2Z cell:splenic
lymphocyte ratios of 1:1, 1:2 and 1:4, and the cells were
cultured in a CO, incubator for 24 h. The lymphocytes and
culture medium were aspirated, and 100 pl PBS was added
for washing. A total of 100 ul of 1640 complete medium and
100 ul of Cell Titer-Lumi TM Steady Plus luminescence cell
viability detection reagent were added, and the samples were
mixed at room temperature for 2 min to promote cell lysis.
The mixture was incubated for 10 min at room temperature
to stabilize the luminescence signal. The cells were placed
into a microplate reader, and chemiluminescence was deter-
mined according to the formula R =(X-Y)/X x 100%, where
R is the killing efficiency, X is the previous luminescence
intensity of the CNE-2Z cells, and Y is the next lumines-
cence intensity of the CNE CNE-2Z cells. The luminescence
intensity of CNE-2Z cells was used to calculate the ability
of splenic lymphocytes to lyse CNE-2Z cells.
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Treatment of EBV-positive tumors in animals

Experimental materials: BALB/c-nu nude mice were pur-
chased from Jinan Pengyue Experimental Animal Breeding
Co., Ltd. (Jinan, China). Twenty-five female BALB/c-nu
nude mice of similar body weight were injected with 150 pl
CNE-2Z cells (at a concentration of 1.75 x 10/ml), and the
changes in tumor volume were measured and recorded daily.

rBCG injection

Twenty-five female BALB/c-nu nude mice in which NPC
tumors were successfully established were randomly divided
into 5 groups: the PBS group, BCG group, IL-2-rBCG
group, BZLFI-rBCG group and IL-2-BZLF1-rBCG group.
Bacterial counts were performed to prepare the following
injections: 100 pl of PBS, BCG (9 x 10%/ml), IL-2-rBCG
(9 x 10%ml), BZLF1-rBCG (9 x 10%ml) and IL-2-BZLFI-
BCG (9 x 10%ml) were administered to different parts of the
tumors via infiltration injection, and injections were deliv-
ered once every 7 days for a total of 3 injections (Xue et al.
2022). Tumor volumes were measured every three days and
recorded.

Tumor isolation and HE staining

Seven days after the last infiltration injection, the nude mice
were sacrificed, and the tumors were removed, weighed
and recorded. Additionally, the tumors were fixed with 4%
paraformaldehyde and sent to Jinan Jinyu Co., Ltd. (Jinan,
China) for HE staining to observe lymphocyte infiltration
into the tumor tissues.

Flow analysis of NK cells

Seven days after the last infiltration injection, the nude
mice were sacrificed, and the spleens were harvested. The
spleens were placed in PBS for homogenization, filtered
with a membrane, transferred into a centrifuge tube, and
centrifuged at 1500 rpm for 5 min; then, the supernatants
were removed. A total of 3 ml of red blood cell lysis buffer
was added and mixed well, and the samples were allowed
to stand at room temperature for 5 min. A volume of 9 ml
of PBS was added to resuspend the cells, and the cells were
centrifuged at 1500 rpm for 5 min to remove the superna-
tants. This process was repeated until the red blood cells
were completely lysed. A total of 100 ul PBS was added to
resuspend the cells, 0.25 ul mouse anti-NK1.1 flow antibody
(PE) was added and mixed well, and the cells were incubated
at 4 °C for 30 min in the dark. A volume of 1 ml of PBS was
added to resuspend the cells, the cells were centrifuged at
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1500 rpm for 5 min, and the supernatants were removed.
This step was repeated, and the cells were resuspended in
200 ul PBS for flow cytometry analysis.

Statistical analysis

GraphPad Prism 8.0 was used for the statistical analysis of
the experimental data (expressed as the mean + SEM) that
fit the normal distribution. In the flow analysis of rBCG-
immunized mice, the assessment of the ability of rBCG-
specific lymphocytes to kill EBV-positive cells in vitro, and
the flow analysis of rBCG-treated EBV-positive nude mice,
pairwise comparisons were performed using a paired 7 test,
and one-way ANOVA was used between groups. If P <0.05,
the difference was considered statistically significant.

Results

Construction of IL-2-PMV, BZLF1-pMV
and IL-2-BZLF1-pMV

After PCR amplification using /L-2 and BZLF1 as tem-
plates, bands with sizes of approximately 460 bp and 740 bp,
respectively, were observed, and these bands were consistent
with the expected sizes (Fig. 1A and Fig. S1A). The identi-
ties of IL-2-pMV and BZLFI-pMV were confirmed by PCR
and double digestion, and the PCR and double digestion
products of IL-2-pMV and BZLF1-pMV were subjected to
1% agarose gel electrophoresis. The electrophoresis results
of IL-2-pMV showed that the PCR band was approximately
460 bp in size, and two bands of approximately 460 bp
and 4500 bp appeared simultaneously after double diges-
tion (Fig. 1B and Fig. S1B). The electrophoresis results of
BZLF1-pMV showed that the PCR band was approximately
740 bp in size, and two bands of approximately 740 bp
and 4500 bp appeared simultaneously after double diges-
tion (Fig. 1C and Fig. S1C). The results of the identifica-
tion of the two recombinant plasmids were consistent with
expectations.

After PCR amplification of the /L-2 and BZLF1 genes,
the products showed bands of approximately 460 bp (Fig. 1D
and Fig. S1D) and 740 bp (Fig. 1E and Fig. S1E) in size,
respectively, according to agarose gel electrophoresis, and
these bands were consistent with the expected sizes. The
agarose gel electrophoresis results of /L-2-BZLF1 gene PCR
amplification showed a product that was 1200 bp in size
(Fig. 1F and Fig. S1F).

Identification of IL-2-BZLF1-pMV

The recombinant plasmid /L-2-BZLF1-pMV was used as
the template for PCR and double digestion, and the PCR
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and double digestion products were subjected to agarose gel
electrophoresis together with the recombinant plasmid /L-
2-BZLFI1-pMV. The results showed a band of approximately
1200 bp after PCR and bands of 1200 bp and approximately
4500 bp after double digestion, which were consistent with
the expected results (Fig. 2C and Fig. S2C).

Identification of rBCG

IL-2-BZLF1-rBCG, IL-2-rBCG and BZLFI1-rBCG were
cultured until they reached the logarithmic growth phase.
Then, the cells were subjected to acid-fast staining, and the
bacteria were stained red, morphologically rod-shaped and
present in clusters according to oil microscopy. Therefore,
all three rBCG strains (with 50 ug/ml kanamycin) were posi-
tive for acid-fast staining.

The proteins of the IL-2-BZLFI1-rBCG, IL-2-rBCG and
BZLF1-rBCG bacterial cultures, which were in the loga-
rithmic growth phase, were extracted, and the proteins were
subjected to Western blotting to measure the expression of
the target proteins; the rBCG and BCG strains were used
as blank controls. The results showed that IL-2-BZLFI-
rBCG could express both the IL-2 and BZLF'I proteins with
a size of approximately 55 kDa, IL-2-rBCG could express
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Fig.3 Western blot results of rBCG. A Western blot results of /L-
2-rBCG; (a) Protein molecular weight standard; (b) Detection of
IL-2 in 1BCG; (c) Detection of /L-2 in pMV261-BCG; (d) IL-2 was
detected in BCG. B Western blot results of BZLFI-rBCG; (a, b)
Detection of BZLF1 in BCG; (c) Detection of BZLF1 in pMV261-
BCG; (d) BZLF was detected in BZLF1-rBCG; (e) Protein molecular
weight standard. C Western blot results of /L-2-BZLF1-rBCG (pri-
mary antibody using IL-2 antibody); (a) Protein molecular weight

the IL-2 protein with a size of approximately 17 kDa, and
BZLF1-rBCG could express the BZLFI protein with a size
of approximately 38 kDa. All of these results were consistent
with the expected results (Fig. 3A, B, C, D and Fig. S3A,
S3B, S3C, S3D).

Real-time fluorescence quantitative PCR

RNA was extracted from IL-2-BZLFI-rBCG, IL-2-rBCG
and BZLFI-rBCG cultures in the logarithmic growth phase
and reverse transcribed into cDNA. Then, real-time fluo-
rescence quantitative PCR was performed using cDNA as
a template. The results showed that IL-2 expression was
upregulated in the IL-2-rBCG and IL-2-BZLFI-rBCG cul-
tures (P=0.0043 and P=0.0004), and BZLF1 expression
was upregulated in the BZLFI-rBCG and IL-2-BZLFI-rBCG
cultures (P=0.0404, P=0.0063) (Fig. 4).

Flow cytometry analysis of cytokine secretion by T
cells stimulated with rBCG

Lymphocytes were isolated from the blood of rBCG-treated
mice, and the expression of IFN-y and TNF-a by CD4+ T
cells and CD8" T cells in different immunization groups
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standard; (b) IL-2 detection in IL-2-BZLF1-rBCG:; (c) IL-2 detection
in pMV261-BCG; (d) IL-2 detection in BCG. D Western blot results
of IL-2-BZLFI-rBCG (primary antibody using BZLF1 antibody);
(a) Protein molecular weight standard; (b) BZLF1 detection in /IL-
2-BZLF1-rBCG; (c) BZLF1 detection in pMV261-BCG; (d) BZLF1
detection in BCG; (e) Protein molecular weight standard. (Notes: the
concentration of IL-2 mouse monoclonal antibody is 0.5 pg/ml and
the concentration of BZLF1 mouse monoclonal antibody is 1 ug/ml)
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Fig.4 Expression level of genes related to rBCG. A IL-2-related
expression level in /L-2-rBCG. B BZLF1-related expression level
in BZLF1-rBCG. C IL-2-related expression level in IL-2-BZLFI-
rBCG. D IL-2-BZLFI1-rBCG-related expression level in BZLFI-

was analyzed by flow cytometry. The results showed that
after IL-2-BZLF1-rBCG treatment, 1.21% of CD4™" T cells
secreted IFN-y and 2.14% of CD4" T cells secreted TNF-q,
and these proportions were higher than those in the PBS,
BCG, IL-2-rBCG and BZLF1-rBCG groups. Among these
groups, IL-2-BZLF1-rBCG stimulated TNF-a secretion by
CD4* T cells (P=0.0012), and 3.65% and 0.28% of CD8*
T cells secreted IFN-y and TNF-a, respectively, compared
with the PBS group. IL-2-BZLFI1-rBCG stimulated greater
secretion (P =0.0006) of these cytokines than PBS, BCG,
IL-2-rBCG, and BZLF1-rBCG, and it stimulated the secre-
tion of TNF-a by CD8* T cells in a statistically significant
manner (Fig. 5A, B, C, D).

After treatment with IL-2-BZLFI-rBCG, among splenic
lymphocytes, 8.28% of CD4* T cells secreted IFN-y, and
0.72% of CD4™ T cells secreted TNF-a, which were higher
than those in the PBS, BCG, IL-2-rBCG and BZLFI-rBCG
groups. Additionally, 8.84% of CD8* T cells secreted IFN-
¥, and 0.20% of CD8™ T cells secreted TNF-a, which were
higher than those in the PBS, BCG, IL-2-rBCG, and BZLF'I-
rBCG groups (Fig. SE, F, G, H).

Flow cytometry analysis of cytokine secretion
by rBCG-stimulated T cells

Splenic lymphocytes were isolated from rBCG-treated mice,
further stimulated in vitro with different concentrations of
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rBCG; *: compared with pMV261-rBCG (P <0.05); **: compared
with pMV261-rBCG (P <0.01); ***: compared with pMV261-rBCG
(P<0.001)

rBCG, and cultured for 48 h before flow cytometry analy-
sis. The results showed that among the splenic lymphocytes
stimulated with /L-2-BZFI-rBCG at concentrations of 0/
ml, 10*/ml and 10%ml, 2.14%, 2.39% and 4.60% of CD4* T
cells secreted IFN-y, which were statistically significantly
higher than those in the PBS, BCG, IL-2-rBCG and BZLFI-
rBCG groups; 0.61%, 0.83% and 1.88% of CD4* T cells
secreted TNF-a, which were statistically significantly higher
than those in the PBS, BCG, IL-2-rBCG and BZLFI1-rBCG
groups, while 1.11%, 1.82% and 2.23% of CD8* T cells
secreted IFN-y, which were significantly higher than those
in the PBS, BCG, IL-2-rBCG and BZLFI1-rBCG groups.
Moreover, 0.17%, 0.30% and 0.85% of CD8* T cells secreted
TNF-o, which were significantly higher than those in the
PBS, BCG, IL-2-rBCG and BZLF1-rBCG groups. Moreo-
ver, the proportion of CD4" T cells and CD8" T cells that
secreted IFN-y and TNF-a gradually increased with increas-
ing rBCG concentration (Fig. 6).

CTLs

Splenic lymphocytes were isolated from mice that were
treated with rBCG and cocultured with CNE-2Z naso-
pharyngeal carcinoma cells at ratios of 1:1, 2:1 and 4:1
for 24 h to measure the effect of splenic lymphocytes
on killing CNE-2Z cells. The results showed that IL-
2-BZLF1-rBCG-stimulated splenic lymphocytes killed
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Fig.5 Secretion of IFN-y and TNF-a in blood and splenic CD4*
T cells and CD8" T cells after different tBCG stimulations of the
organism. A Secretion of IFN-y in blood CD4" T cells after differ-
ent rBCG stimulations of the organism. A total of 1.21% of CD4* T
cells secreted IFN-y, and these proportions were higher than those
in the PBS (0.36%), BCG (0.45%), IL-2-rBCG (0.62%) and BZLFI-
rBCG (0.64%) groups. B Secretion of TNF-« in blood CD4* T cells
after different rBCG stimulations of the organism. A total of 2.14% of
CD4* T cells secreted TNF-a, and these proportions were higher than
those in the PBS (0.43%), BCG (0.60%), IL-2-rBCG (0.91%) and
BZLFI1-1BCG (0.87%) groups. C Secretion of IFN-y in blood CD8"
T cells after different rBCG stimulations of the organism. Compared
with those of the PBS group, 3.65% of CD8" T cells secreted IFN-y.
IL-2-BZLF1-rBCG stimulated greater secretion (P=0.0006) of these
cytokines than PBS (0.68%), BCG (1.30%), IL-2-rBCG (2.02%), and
BZLF1-1BCG (2.63%). D Secretion of TNF-a in blood CD8* T cells
after different rBCG stimulations of the organism. A total of 0.28% of
CD8* T cells secreted TNF-o compared with that of the PBS group.
IL-2-BZLF1-rBCG stimulated greater secretion (P=0.0006) of these
cytokines than PBS (0.03%), BCG (0.10%), IL-2-rBCG (0.13%),
and BZLF1-rBCG (0.13%), and it stimulated the secretion of TNF-a

29.40%, 47.60% and 57.44% of total CNE-2Z cells,
which was higher than that in the PBS (11.39%, 9.87%,
and 11.45%), BCG (12.49%, 20.80%, and 30.09%), IL-
2-rBCG (30.13%, 16.83%, and 26.11%) and BZLF1-rBCG
(40.12%, 42.97%, and 53.19%) groups, with some statisti-
cal significance. Moreover, the killing of CNE-2Z cells
gradually increased with increasing proportions of lym-
phocytes (Fig. 7). There were no significant differences
between BZLF1-rBCG and IL-2-BZLF1-rBCG. Activation
of CTLs mainly depends on the BZLF1 protein.

by CD8" T cells in a statistically significant manner. E Secretion of
IFN-y in splenic CD4" T cells after different rBCG stimulation of the
organism. A total of 8.28% of CD4* T cells secreted IFN-y, which
was higher than that in the PBS (3.80%), BCG (4.19%), IL-2-rBCG
(5.26%) and BZLF1-rBCG (4.47%) groups. F Secretion of TNF-a in
splenic CD4* T cells after different rBCG stimulation of the organ-
ism. After treatment with /L-2-BZLFI-rBCG, among splenic lym-
phocytes, 0.72% of CD4* T cells secreted TNF-a, which was higher
than that in the PBS (0.25%), BCG (0.44%), IL-2-rBCG (0.67%) and
BZLFI-rBCG (0.88%) groups. Additionally, 0.20% of CD8" T cells
secreted TNF-a, which was higher than that in the PBS (0.04%),
BCG (0.05%), IL-2-rBCG (0.14%), and BZLFI-rBCG (0.15%)
groups. G Secretion of IFN-y in splenic CD8" T cells after different
rBCG stimulation of the organism. Additionally, 8.84% of CD8* T
cells secreted IFN-y, which was higher than that in the PBS (3.92%),
BCG (4.82%), IL-2-rBCG (5.99%), and BZLFI-rBCG (5.58%)
groups. H Secretion of TNF-a in splenic CD8 + T cells after different
rBCG stimulation of the organism. Additionally, 0.20% of CD8* T
cells secreted TNF-a, which was higher than that in the PBS (0.04%),
BCG (0.05%), IL-2-rBCG (0.14%), and BZLF1-rBCG (0.15%) groups

Changes in tumor volume and weight in nude mice

Mice with nasopharyngeal carcinoma tumors were treated
with rBCG injection, the tumors were measured every
three days, and the changes in tumor volume were deter-
mined, as shown in Fig. 8A. Compared with the PBS, BCG,
IL-2-rBCG and BZLFI-rBCG treatments, IL-2-BZLF1I-
rBCG injection resulted in a more effective reduction in
tumor volume. The tumors of the treated nude mice were
harvested and weighed, and the tumor weights of the
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Fig.6 Secretion of IFN-y and TNF-a in CD4" T cells and CD8" T
cells after stimulation of splenic lymphocytes with different concen-
trations of rBCG in vitro. A Secretion of IFN-y in CD4" T cells after
stimulation of splenic lymphocytes with different concentrations of
rBCG in vitro. The results showed that among the splenic lympho-
cytes stimulated with /L-2-BZFI-rBCG at concentrations of 0/ml,
10*/ml and 10%ml, 2.14%, 2.39% and 4.60% of CD4" T cells secreted
IFN-y, respectively, which were significantly higher than those in the
PBS (0.57%, 063%, and 0.69%), BCG (1.14%, 1.77%, and 2.65%),
IL-2-rBCG (1.59%, 1.96%, and 3.21%) and BZLFI-rBCG (1.50%,
1.99%, and 3.50%) groups. B Secretion of TNF-a in CD4% T cells
after stimulation of splenic lymphocytes with different concentra-
tions of rBCG in vitro. A total of 0.61%, 0.83% and 1.88% of CD4*
T cells secreted TNF-a, which were significantly higher than those in
the PBS (0.2%, 0.18%, and 0.21%), BCG (0.28%, 0.38%, and 2.46%),
IL-2-rBCG (0.30%, 0.46%, and 0.66%) and BZLFI-tBCG (0.32%,

IL-2-BZLF1-rBCG-treated group were significantly lower
than those of the other treatment groups (Fig. 8B, C).

Hematoxylin-eosin staining

Tumors from rBCG-treated nude mice were fixed with 4%
paraformaldehyde and sent to Jinan Jinyu for HE staining.
More lymphocytes were observed in the tumor sections of
the IL-2-BZLF I-rBCG-treated group (Fig. 8D, E, F).

Flow cytometry analysis of splenic NK cells

Spleens were harvested from rBCG-treated nude mice, and

the percentage of NK cells was analyzed by flow cytometry.
The results showed that NK cells in the IL-2-BZLF1-rBCG
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0.55%, and 1.79%) groups. C Secretion of IFN-y in CD8* T cells
after stimulation of splenic lymphocytes with different concentra-
tions of rBCG in vitro. A total of 1.11%, 1.82% and 2.23% of CD8*
T cells secreted IFN-y, which were significantly higher than those
in the PBS (0.49%, 0.48%, and 0.51%), BCG (0.54%, 0.85%, and
1.38%), IL-2-tBCG (0.82%, 1.09%, and 1.48%) and BZLFI-rBCG
(0.84%, 1.42% and 2.12%) groups. Moreover, we detected 0.17% and
0.30% (D) secretion of TNF-o in CD8" T cells after stimulation of
splenic lymphocytes with different concentrations of rBCG in vitro.
A total of 0.85% of CD8" T cells secreted TNF-a, which was signifi-
cantly higher than that in the PBS (0.13%, 0.12%, and 0.11%), BCG
(0.11%, 0.16%, and 0.37%), IL-2-tBCG (0.11%, 0.22%, and 0.41%)
and BZLFI-rBCG (0.15%, 0.24%, and 0.52%) groups. *: P<0.05
compared with the PBS group, which is statistically significant. **:
P <0.01 compared with the PBS group, which is statistically signifi-
cant

treatment group accounted for 2.99% of total splenic cells,
and this proportion was higher than that in the PBS (0.68%)
and BCG (1.89%) groups, and the difference was statistically
significant (P <0.001) (Fig. 9).

Discussion

EBYV, which is the only pathogen that can directly transform
host B cells in vitro, has a strong ability to induce tumor
formation, including including nasopharyngeal carcinoma,
Burkitt's lymphoma tumors, Hodgkin’s lymphoma cancer,
gastric cancer, etc. (Kanda et al. 2019); however, there are
no methods for the precise treatment and prevention of EBV
infection (Chen et al. 2005). In recent years, researchers have
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Fig.7 In vitro killing of EBV-positive nasopharyngeal carcinoma
tumor cells by splenic lymphocytes. Note: *: P<0.05 compared
with the PBS group, which is statistically significant; **: P<0.01
compared with the PBS group, which is statistically significant; ***:
P <0.001 compared with the PBS group, which is statistically signifi-
cant

conducted studies on recombinant EBV envelope protein
vaccines, virus particle-like EBV vaccines, therapeutic EBV
vaccines, and synthetic mRNA EBV vaccines (Kanda et al.
2019; Bernaudat et al. 2022) in an effort to identify a vaccine
that can effectively prevent EBV-associated tumor forma-
tion. However, no vaccine has been shown to be effective in
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Fig.8 Changes in tumors after different rBCG treatments in tumor-
bearing nude mice. A Changes in tumor volume after different rBCG
treatments in tumor-bearing nude mice. B Tumor weight after -BCG
treatments in tumor-bearing nude mice, **: P<0.01 compared with
the BCG group, which is statistically significant. C Comparison of

preventing and treating EBV infection or EBV-associated
tumor formation. In this study, we also attempted to generate
an EBV vaccine. We ligated the human /L-2 gene and the
EBV BZLF1 gene to form an IL-2-BZLF1 fusion gene by a
peptide splice (Gly,Ser); DNA sequence, and we ligated this
fusion gene with the E. coli-Mycobacterium tuberculosis
shuttle expression vector pMV261 by enzymatic cleavage.
The recombinant plasmid /L-2-BZLFI1-pMV261 was intro-
duced into BCG to generate /L-2-BZLFI-rBCG. We hypoth-
esized that rGCG can play a dual role in IL-2 and BZLF1
and that BCG can also activate the body’s immune system.
BCG has been used in the treatment of renal cell carcinoma,
lymphoma and melanoma, and it has several advantages.
(1) BCG is the most widely used vaccine in the world; it
has been used in more than 3 billion people, and it has a
strong safety profile; (2) BCG can simultaneously express
multiple antigens from different pathogens; (3) BCG can be
administered at any time after birth, and the effect of BCG
is not affected by maternal antibodies; (4) BCG acts as an
effective adjuvant to induce sustained antigenic stimulation
and activate innate and adaptive immune responses; and (5)
BCQG is heat stable and inexpensive to produce (Abdallah
and Behr 2017; Stover et al. 1991). By measuring the gene
expression of /L-2-BZLFI-rBCG by real-time fluorescence

E
i ﬁ&'-;" WA
.;;‘.‘glf. s

L

tumor size in nude mice. D Tumor HE staining results after treatment
with PBS. E Tumor HE staining results after treatment with BCG. F
Tumor HE staining results after treatment with /L-2-BZLFI-rBCG
(black arrows are lymphocytes, and blue arrows are mononuclear
phagocytes)
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Fig.9 Secretion of splenic NK cells after treatment with different rBCGs.

significant

quantitative PCR and Western blotting, we were able to con-
firm that /L-2-BZLF1-rBCG stably expresses both the IL-2
and BZLF]1 proteins, laying the foundation for subsequent
immune and therapeutic experiments in animals. Whether
rBCG can replicate in the body is the key to its long-term
existence. If recombinant BCG can exist for a long time, it
will work for a long time. To date, there is no effective vac-
cine for the prevention of Epstein—Barr virus (EBV) infec-
tion, and our recombinant BCG will be the first of its kind.

CD4" T and CD8™ T cells are the primary protective
immune cells after EBV infection. The strong immunogenic-
ity of rBCG-expressed BZLF1 induces immune responses
in CD4" T and CD8* T cells (Raker et al. 2020). CD8"
T cells differentiate into cytotoxic T cells (CTLs), which
are activated by T-cell receptors (TCRs) that recognize the
combination of a major histocompatibility complex (MHC)
and tumor cell surface antigens and release perforin. CTLs
are activated by T-cell receptors (TCRs) that recognize
the combination of a major histocompatibility complex
(MHC) with tumor cell surface antigens (Yan et al. 2020).
Then, they release perforin and granzyme B to induce the
apoptosis of target cells (Cui and Snapper 2021). The inci-
dence of EBV-related tumor formation is greatly increased
under conditions that suppress T-cell activation (Kanda
et al. 2019). In this study, rBCG-specific lymphocytes were
cocultured with tumor cells in vitro, and it was found that
IL-2-BZLFI-rBCG-specific T lymphocytes exert stronger
effects on lysing tumor cells; /IL-2-rBCG- and BZLF1-rBCG-
specific lymphocytes lysed tumor cells, but these effects

@ Springer

Note: ***: P<0.001 compared to the PBS group, which is statistically

were not as great as those of IL-2-BZLF1-rBCG-specific
lymphocytes, which killed with higher efficiency.

During infection with BZLF1-deficient EBV, CD8* T
cells expand only half as much as during EBV infection,
indicating that a significant proportion of CD8 T cells rec-
ognize antigens from the EBV lytic phase. CD8" T cells
mostly recognize proteins that are expressed in the early
cleavage phase, whereas CD4* T cells mainly recognize pro-
teins that are expressed in the late cleavage phase (Kanda
etal. 2019). CD8* T cells, which are effector cells of protec-
tive immunity, exert immunoprotective effects by inducing
IFN-y secretion through the activation of the costimulatory
receptor 2B4 (Yin et al. 2019). CD3* CD4~ CD8™ T cells
can induce the secretion of IFN-y by activating the Fas/
FasL pathway to initiate tumor cell apoptosis, thus inhib-
iting lymphoma growth; however, IFN-y that is secreted
by CD37CD4 CD8™ T cells is also involved in antitumor
immune responses (Kerr 2019). In contrast, IL-2, which is
a T-cell growth factor, can further stimulate the prolifera-
tion and activation of various immune cells, such as CD4"
T cells or CD8™ T cells, via the induction of Zta to elicit a
stronger immune response. The application of BZLF1 and
IL-2 genes is appropriate and necessary and may be useful
for EBV vaccine research.

Flow cytometric analysis showed that IL-2-BZLF1-rBCG
stimulated the secretion of TNF-a and IFN-y by CD4* T
cells or CD8* T cells in the mice. TNF-a, which is a 51-kDa
nonglycosylated, noncovalently linked homotrimeric pro-
tein, is mainly secreted by activated macrophages and T
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cells; this precursor protein is cleaved by TNF-a convertase
to produce the soluble TNF-a protein, which can bind to
TNF receptor type 1 (TNFR1), which is expressed in most
cells, and TNFR2, which is expressed by only some immune
cells (Bernaudat et al. 2022) and exerts antitumor effects
(Mizui 2019). It has been reported that TNF-a can induce
the proliferation and differentiation of Tc9 cells, which are
a subpopulation of CD8" T cells, through TNFR2, and Tc9
cells exhibit longer persistence in vivo and can exert stronger
cytotoxic effects against tumor cells (Cui and Snapper
2021). After 12 days of stimulation of EBV-infected periph-
eral blood mononuclear cells with Zta in vitro, 7.34% and
16.52% of CD4* T cells and CD8" T cells secreted IFN-y,
respectively, confirming that Zta is mainly recognized by
CD8* T cells and that stimulation with Zta for a short period
does not result in significant changes in IFN-y production
(Cui and Snapper 2021).

Currently, treatment of EBV-related tumors includes
tumor immunotherapy, such as peripatetic T-cell therapy,
EBV-specific TCR-engineered T-cell therapy, EBV-specific
chimeric antigen receptor T-cell therapy, and therapeutic
EBYV vaccines; all of these approaches have definite thera-
peutic effects, but the associated limitations should not be
ignored (Yin et al. 2019). For example, the cost was too
high for the patients to bear. In this study, we investigated
the pharmacological effect of IL-2-BZLFI-rBCG on EBV-
positive nasopharyngeal carcinoma tumors in nude mice.
The predilection of this virus for human cells makes it less
likely to survive in ordinary mice; therefore, we chose to
establish a tumor model by subcutaneously injecting CNE-
27 tumor cells into thymus-deficient nude mice (Marques-
Neto et al. 2021).

Based on the results of the antitumor experiments, /L-
2-BZLF1-1BCG effectively cleared the tumor cells by induc-
ing the proliferation of CD4* T cells, CD8* T cells and NK
cells, activating specific and nonspecific immune responses
in the mice. IL-2 and BZLF1, when expressed by rBCG,
have been previously applied in studies on tumor therapy.
Xue et al. (2022) conducted a study of the antitumor effects
of BZLFI1-LMP2-rBCG and confirmed that rBCG activates
the cellular immunity of the body and exerts antitumor
effects. It has been reported that EBV infection mainly elicits
immunoprotective responses from CD8* T cells, NK cells,
NKT cells and y&T cells (Kanda et al. 2019). NK cells can
induce the apoptosis of tumor cells through granzyme B
and perforin secretion (Kerr 2019) and kill tumor cells via
the ADCC mechanism (Bernaudat et al. 2022). In addition,
NK cells also play a role in the immune detection of tumors
and can be used to determine the prognosis of tumors (Hart-
lage et al. 2015). In humanized mice infected with EBV, the
numbers of NK cells are significantly increased, whereas in
mouse models that lack NK cells, the EBV viral load is con-
siderably higher and more likely to induce EBV-associated

tumor formation (Yin et al. 2019); these results also confirm
the active role of NK cells in tumor control. NK cells stimu-
late the proliferation of dendritic cells, increase the produc-
tion of proinflammatory factors, and elicit relevant immune
responses (Mizui 2019; Shimasaki et al. 2020). Moreover,
BCG can stimulate the production of IFN and TNF, enhance
tumor immunogenicity in vivo and exert killing or inhibitory
effects on tumor cells (Yan et al. 2020).

In this study, we constructed an /L-2-BZLFI-rBCG subu-
nit vaccine and confirmed that /L-2-BZLF1-rBCG can exert
antitumor effects by stimulating the immune system. This
study lays the foundation for the treatment and prevention
of EBV-related tumors through experiments related to tumor
treatment.
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