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Abstract
Background  Herpes simplex virus type 1 (HSV-1) is a major cause of viral encephalitis, genital mucosal infections, 
and neonatal infections. Lactococcus lactis (L. lactis) has been proven to be an effective vehicle for delivering protein 
antigens and stimulating both mucosal and systemic immune responses. In this study, we constructed a recombinant 
L. lactis system expressing the protective antigen glycoprotein D (gD) of HSV-1.

Results  To improve the stability and persistence of antigen stimulation of the local mucosa, we inserted the 
immunologic adjuvant interleukin (IL)-2 and the Fc fragment of IgG into the expression system, and a recombinant 
L. lactis named NZ3900-gD-IL-2-Fc was constructed. By utilizing this recombinant L. lactis strain to elicit an immune 
response and evaluate the protective effect in mice, the recombinant L. lactis vaccine induced a significant increase in 
specific neutralizing antibodies, IgG, IgA, interferon-γ, and IL-4 levels in the serum of mice. Furthermore, in comparison 
to the mice in the control group, the vaccine also enhanced the proliferation levels of lymphocytes in response to gD. 
Moreover, recombinant L. lactis expressing gD significantly boosted nonspecific immune reactions in mice through 
the activation of immune-related genes. Furthermore, following the HSV-1 challenge of the murine lung mucosa, 
mice inoculated with the experimental vaccine exhibited less lung damage than control mice.

Conclusion  Our study presents a novel method for constructing a recombinant vaccine using the food-grade, 
non-pathogenic, and non-commercial bacterium L. lactis. The findings indicate that this recombinant vaccine shows 
promise in preventing HSV-1 infection in mice.
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Introduction
Herpes simplex virus type I (HSV-1) is a DNA virus 
belonging to the α herpesvirus subfamily, which can 
infect the human body and cause various diseases such 
as oral mucosa herpes, corneal herpes, meningitis, and 
pneumonia. Once infected with a herpesvirus, it is car-
ried for life. No specific treatments are currently available 
[1]. Therefore, it is important to develop a safe and highly 
efficient vaccine against HSV-1. Although there are cur-
rently no approved vaccinations against HSV-1, several 
investigational prophylactic vaccines are available, such 
as vaccines based on epitopes and recombinant, live-
attenuated, and subunit cocktails. Nevertheless, extant 
parentally administered live attenuated or inactivated 
vaccines demonstrate a notable deficiency in inducing 
robust mucosal immunity against HSV-1 infection.

Recombinant live vector vaccines have recently 
emerged as the primary focus of research in the devel-
opment of HSV-1 vaccines because of the advantages of 
avoiding the purification process of vaccine antigens and 
reducing the degradation of antigens in the gastrointesti-
nal tract. Although viruses and attenuated bacteria have 
been widely studied as live vaccine carriers, they con-
tinue to encounter numerous challenges. Weakly virulent 
viruses and attenuated bacterial residues after attenuated 
treatment may still infect immunocompromised animals, 
and there may be a risk of rejuvenation [2, 3]. Lactococ-
cus lactis (L. lactis) expressing exogenous antigens is an 
ideal live mucosal vaccine carrier. Extensive research has 
been conducted on the construction and application of 
expression systems for food-grade lactic acid bacteria, 
and a series of achievements have been made. The L. lac-
tis IBB477 strain could exist more continuously in the 
gastrointestinal tract of sterile rats, while the low-adhe-
sion strain MG1820 could not survive [4]. It has been 
reported that oral vaccines targeting L. lactis result in 
continuous antigen production, thereby stimulating both 
mucosal and systemic immune responses. Studies have 
shown that L. lactis can express various antigens, such 
as the S1 protein of Porcine Deltacoronavirus (PDCoV) 
[5], the fusion protein F1S1 [6]from Bordetella pertus-
sis​, and fusion antigens OmpK and FlaB [7] from Vibrio 
species. Through genetic engineering, L. lactis vaccines 
significantly enhanced the production of cytokines such 
as IFN-γ, IL-2, IL-4, and IL-17, indicating both Th1 and 
Th2 immune responses [5, 8]. Additionally, oral admin-
istration of L. lactis vaccines induced the production of 
specific antibodies (IgG and IgA)​ and enhanced T-cell 
responses. The study involving the F1S1 fusion protein 
also showed significant IgA production in lung extracts, 
indicating effective immune responses at distal mucosal 
sites following mucosal immunization [9]. These findings 
demonstrated that L. lactis was an effective mucosal vac-
cine delivery vehicle capable of inducing both local and 

systemic immune responses, including impacts on distal 
mucosal sites.

HSV-1 glycoprotein D (gD) is a complex antigen that 
contains multiple antigenic epitopes and serves as the 
primary immunogen that stimulates the generation of 
neutralizing antibodies [10]. The gD protein sequences of 
HSV-1 and HSV-2 are approximately 80% homologous. 
Despite the high homology between the gD proteins of 
HSV-1 and HSV-2, significant structural and functional 
differences exist, which may contribute to their distinct 
infection characteristics. The amino acid sequence varia-
tions are primarily concentrated at the N- and C-termini 
of the amino acid proteins. These structural dispari-
ties may lead to functional variations, such as differ-
ences in affinity for host cell receptors and mechanisms 
of immune evasion. While both gD proteins can induce 
cross-neutralizing antibodies, type-specific antigenic epi-
topes may result in distinct immune responses [11, 12]. 
The co-cytoplasmic domain of HSV-1 gD is an envelope 
glycoprotein necessary for viral entry, and can promote 
viral replication and intercellular transmission [13]. Mul-
tiple studies have shown that gD antigen immunization in 
animals produces a strong specific immune response. For 
example, Bernstein et al. showed that gD antigen protects 
against genital HSV-2 infection in a guinea pig model 
[14]​​. Additionally, the CJ9-gD vaccine developed by Lu 
et al. demonstrated significant immunogenicity in mice, 
eliciting high levels of neutralizing antibodies against 
HSV-1 and effectively preventing herpes keratitis follow-
ing corneal challenge​ [15]. Furthermore, It was reported 
that a gD mutant vaccine, impaired in neural tropism, 
offered superior protection against HSV-2 infection com-
pared to the gD subunit vaccine [16]. More importantly, 
fusion proteins that combine Fc with viral antigens, 
such as the HSV-2 glycoprotein used in mouse vaccina-
tion models, have shown success in augmenting antigen 
transport across the nasal epithelium. This approach may 
provide an innovative FcRn-based immunization strategy 
[17]. Under the mediation of FcRn, the fusion protein can 
effectively cross the mucosal barrier [18]. FcRn protects 
antigens from degradation and enables the body to pro-
duce a more durable immune response [19].

In this study, we constructed a recombinant L. lactis 
strain expressing the protective antigen gD of HSV-1. To 
enhance the stability and persistence of antigen-stimu-
lated mucosa, interleukin (IL)-2, and IgG Fc fragments 
were inserted into the expression system for co-expres-
sion with gD. After oral immunization in mice, local 
mucosal and systemic immune responses were measured 
to assess the immunogenicity and protective efficacy of 
the recombinant L. lactis expression system.
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Materials and methods
Strains, plasmids, and culture media
The HSV-1 strain KOS (accession no. KT899744.1) was 
stored in the Basic Medical Sciences Department at 
Xinxiang Medical University. HSV-1 cells were propa-
gated in Vero cells. Plasmid pNZ8148 and L. lactis 
NZ3900 strain were purchased from Zoman Biotechnol-
ogy (Beijing, China). L. lactis NZ3900 was grown at 30 °C 
without vibration in an M17 medium containing 0.5% 
glucose. Transformed L. lactis cells were screened and 
cultured in an M17 medium without glucose.

Construction of L. lactis pNZ8148-gD-IL-2 and pNZ8148-
gD-IL-2-Fc
The fusion of the HSV-1 KOS strain glycoprotein gD 
at 852  bp (GenBank: JQ320083.1), linker1 at 30  bp 
(sequence: ggcgggggtg ggtccggagg aggtggctcg), and 
mouse IL-2 at 456 bp (GenBank: X07256.1) was referred 
to as gD-IL-2. This fused gene fragment, gD-IL-2, was 
further fused with mouse IgG Fc at 599 bp (correspond-
ing to the IgG2a heavy chain gene) using linker2 at 42 bp 
(sequence: ggatcaggcg ggggtgggtc cggaggaggt ggctcgggat 
ct) to generate the construct named gD-IL-2-Fc. The 
recombinant plasmids pNZ8148-gD-IL-2 and pNZ8148-
gD-IL-2-Fc were constructed by inserting the digested 

pNZ8148 vector (3167 bp) into the NcoI/KpnI restriction 
endonuclease site.

The L. lactis NZ3900 competent cells were pre-cul-
tured. The competent cells were electroporated with the 
pNZ8148-usp45-gD-IL-2 and pNZ8148-usp45-gD-IL-
2-Fc positive plasmids and then grown in M17 media 
with 100  µg/mL of chloramphenicol. The usp45 (81  bp) 
was used to facilitate the secretion of the fusion proteins 
in L. lactis, which is a signal peptide derived from L. 
lactis. The plasmids were then ready for further expres-
sion and functional studies in L. lactis. PCR and enzyme 
digestion were used to extract and identify recombinant 
plasmids. For the second time, the positive plasmid was 
converted into L. lactis NZ3900. The positive recombi-
nant NZ3900 strain containing pNZ8148-usp45-gD-IL-2 
or pNZ8148-usp45-gD-IL-2-Fc has been rechristened as 
pNZ8148-gD-IL-2 or pNZ8148-gD-IL-2-Fc. As a nega-
tive control, L. lactis NZ3900 (renamed pNZ8148) was 
electroporated with the empty vector pNZ8148. The 
primers used for PCR are listed in Table 1.

Identification of proteins expressed by the recombinant 
strain
The recombinant L. lactis strains pNZ8148-gD-IL-2 
and pNZ8148-gD-IL-2-Fc were cultivated for 8–10  h at 
30 °C in an M17 medium containing 0.5% glucose. After 
dilution to 1:25 in fresh M17 medium, the recombinant 
L. lactis cells were cultured until their OD600 reached 
0.3 ~ 0.4. Subsequently, a final concentration of 5 ng/mL 
nisin was used to activate the expression of the recom-
binant genes. The culture supernatants were separated 
by centrifugation after 20  h of induction at 30  °C. His-
labeled mouse monoclonal antibody, with the His tag 
located at the N-terminus, was then used for Western 
blot identification. Following correct identification, the 
supernatant was concentrated with 80% saturated ammo-
nium sulfate, and after 2 days of dialysis in the refrigera-
tor at 4 °C, the supernatant was filtered with a 0.45 μm 
filter membrane. Finally, the supernatant was purified 

Table 1  Primers used in this study
Primer name Sequence (5′- 3′)
HSV-1 gD-F ​C​A​T​G​C​C​A​T​G​G​C​C​A​T​G​C​A​T​C​A​C​C​A​T​C​A​T​C​A​T​C​A​T​A​A​G​T​A​C​

G​C​T​C​T​G​G​C
HSV-1 gD-R ​C​G​A​G​C​C​A​C​C​T​C​C​T​C​C​G​G​A​C​C​C​A​C​C​C​C​C​G​C​C​G​A​G​A​A​A​G​

G​G​C​T​G​G​T​C​G​G​T​A​C​T
IL-2-F ​G​G​C​G​G​G​G​G​T​G​G​G​T​C​C​G​G​A​G​G​A​G​G​T​G​G​C​T​C​G​G​C​A​T​G​C​G​

C​T​C​C​G​A​C​T​T​C​T​A​G
IL-2-R1 ​A​A​T​G​G​T​A​C​C​A​G​T​C​A​G​A​G​T​A​G​A​G​A​T​G​A​T​A​G​A​C​T​G​A​G​A​G​A​A
IL-2-R2 ​A​G​A​T​C​C​C​G​A​G​C​C​A​C​C​T​C​C​T​C​C​G​G​A​C​C​C​A​C​C​C​C​C​G​C​C​T​G​

A​T​C​C​A​G​T​C​A​G​A​G​T​A​G​A​G​A​T​G​A​T​A​G​A​C​T​G​A​G​A​G​A
IgG Fc-F ​G​G​A​T​C​A​G​G​C​G​G​G​G​G​T​G​G​G​T​C​C​G​G​A​G​G​A​G​G​T​G​G​C​T​C​G​G​

G​A​T​C​T​G​A​G​C​C​C​A​G​A​G​G​G​C​C​C​A​C​A
IgG Fc-R ​A​A​T​G​G​T​A​C​C​A​A​T​G​G​T​A​C​C​C​A​T​T​T​A​C​C​C​G​G​A​G​T​C​C​G​G​G

Fig. 1  Strategy for the animal experiment. Mice were randomly divided into four groups and orally vaccinated with initial immunization (day 1–3), 
booster immunization (day 11–13), and final immunization (day 21–23). Samples were collected on days 0, 14, 28, and 42 for ELISA and RT-qPCR analysis. 
Histology and virus titers were assessed using lung samples taken 7 d following viral challenge
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using a nickel ion-affinity chromatography column with 
a His label. The purified proteins were identified by SDS-
PAGE and Western blot electrophoresis, and then pre-
served at -80 °C for subsequent applications.

Mice immunization and viral challenge
Six to eight-week-old female C57BL/6 mice of specific-
pathogen-free grade were obtained from Henan Skbex 
Biotechnology Co., Ltd. and raised in air-filtered contain-
ers under pathogen-free conditions. All animal experi-
ments were performed in accordance with the guidelines 
of the Ethics Committee of Xinxiang Medical University, 
China (approval number XYLL-20230271). To evaluate 
the immunogenicity of the recombinant strain pNZ8148-
gD-IL-2-Fc used as an oral vaccine, mice were randomly 
assigned to one of four groups of mice, with two experi-
mental groups (pNZ8148-gD-IL-2 and pNZ8148-gD-IL-
2-Fc groups) and two control groups (PBS and pNZ8148 
groups). The experimental groups were gavaged with 
100  µg of recombinant L. lactis expressing pNZ8148-
gD-IL-2 or pNZ8148-gD-IL-2-Fc per mouse, which were 
induced by nisin for 20 h and collected from the culture 
supernatants, while the control group was gavaged with 
pNZ8148 or PBS. The immunization program was as fol-
lows: initial immunization (day 1–3), booster immuniza-
tion (day 11–13), and final immunization (day 21–23).

Each immunization was administered continuously for 
3 days, and blood, spleen, and intestinal samples (3  cm 
in length) were collected on days 0, 14, 28, and 42 for 
enzyme-linked immunosorbent assay (ELISA) and RT-
qPCR. After the completion of immunization, the mice 
were subjected to anesthesia and challenge, and the four 
groups of mice were infected with HSV-1 (106 PFU/mL) 
via nasal drop for 100 µL, followed by sacrifice after 7 
days of infection. The infection of each group of mice was 
evaluated, and lung tissues were collected and homog-
enized to extract DNA and determine the copy number 
of HSV-1. Moreover, pathological sections of lung tissue 
were prepared to evaluate infection and damage. Figure 1 
shows the experimental schedule.

Detection of cytokines and specific antibody in mice
Using commercial ELISA kits (Excell Bio., China), the 
levels of cytokines interferon (IFN)-γ and IL-4 in blood-
serum and spleen samples were determined on day 42 
post-immunization following oral vaccination of the 
mice. An indirect ELISA was employed to measure HSV-
1-specific IgA and IgG antibodies in the serum on days 
0, 14, 28, and 42 post-immunization, in the intestine 
on day 42, and in the lung before and after the HSV-1 
challenge(days 0 and 7), following published protocols 
with slight modifications [6]. Specifically, we diluted the 
mouse serum 1:20 before detection. After adding 100 
µL per well and coating a 96-well plate with purified 

HSV-1 gD protein at a concentration of 2.0  µg/mL, the 
plate underwent overnight incubation at 4 °C. For detec-
tion, horseradish peroxidase(HRP)-conjugated goat 
anti-mouse IgG (Sigma, diluted 1:4000) or IgA (Abcam, 
diluted 1:5000) was used as a secondary antibody to mea-
sure specific antibody levels against gD in mice.

Antigen-Induced Proliferation of lymphocytes in Vitro
Blood and spleen samples were obtained from three mice 
from each group on days 0, 14, 28, and 42 following vac-
cination to prepare them for a lymphocyte proliferation 
experiment. Briefly, splenocytes (5 × 107 cells/mL) and 
100 µL of blood were suspended in DMEM media con-
taining 10% fetal calf serum and then transferred to a 
96-well flat-bottom plate. Following a 72-hour HSV-1 
restimulation, the cells were treated with culture media 
for control purposes. The positive control wells con-
tained 50µL of DMEM complete culture medium with 
20  µg/mL ConA, while the negative control wells con-
tained only DMEM complete culture medium. The plates 
were incubated for an additional 4 h after adding 10 µL 
of MTT per well. Proliferation was then assessed using 
OD490 values.

Real-time quantitative PCR
The relative expression of immune-related genes in 
mouse intestinal mucosal tissues was determined using 
RT-qPCR. Relative quantitative evaluation of mouse 
cDNA derived from intestinal mucosal tissues was per-
formed using RT-qPCR. GenScript Corporation (Nan-
jing, China) synthesized the immune-related genes TLR2, 
MyD88, TRAF6, p65, IRF7, IL-1β, and GAPDH following 
previous instructions [20]. The SYBR Green Real-Time 
PCR Mix (Takara, Dalian, China) was used for RT-qPCR, 
which was performed on an ABI 7500 fluorescence quan-
tifier (Applied Biosystems, Foster City, CA, USA). More-
over, the expression of TLR2, MyD88, and TRAF6 in the 
lungs was also assessed using RT-qPCR both before and 
after the challenge(day 0 and day 7), following the same 
procedure to ensure consistency in the detection and 
quantification of these genes across different tissues. 
Mouse lung tissue was ground to extract DNA, followed 
by amplification and cloning of the gD gene of the HSV-1 
KOS strain into the pMD18-T vector (Takara). The quan-
tity of HSV-1 viral DNA in the samples was determined 
using the standard curve cycle threshold (Ct) value. Gene 
expression levels were calculated relative to GAPDH 
expression employing the delta-delta cycles to threshold 
(2 − ΔΔCt) method.

Preparation of pathological sections
At necropsy, the lungs of the mice from the challenged 
and control groups were dissected and routinely fixed for 
36  h in 10% formalin solution. After fixation, the lungs 
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were dehydrated, embedded, sectioned, and mounted 
on glass slides. Hematoxylin and eosin (HE) staining was 
performed on the prepared slides, which were then ana-
lyzed using a standard microscope.

Statistical analysis
Data were analyzed as mean ± SEM. Group comparisons 
were conducted using one-way ANOVA and executed 
using Prism (GraphPad Software Inc., San Diego, CA, 
USA). Pearson’s test was used to evaluate the correlations 
between the mRNA levels of various genes. Significance 
was determined at levels of p < 0.05 (∗), p < 0.01 (∗∗) and 
p < 0.001 (∗∗∗).

Results
Expression and identification of recombinant L. Lactis 
pNZ8148-gD-IL-2 and pNZ8148-gD-IL-2-Fc
The glycoprotein gD of HSV-1 is composed of 369 amino 
acid residues, and its structural framework is charac-
terized by an immunoglobulin-like core flanked by an 
elongated C-terminus and an N-terminal hairpin loop. 
The N-terminal region, which contains 14 amino acid 
receptor-binding ligands for herpesvirus entry mediator 
A, is particularly critical. In this study, we engineered a 
gD-Fc fusion protein, in which the extracellular domain 
of HSV-1 gD was fused to the Fc fragments of mouse 
IgG. This fusion targets FcRn by binding to the CH2, 
CH3, and hinge regions of the IgG Fc fragments, thereby 
mediating protein transport across mucosal barriers. As a 
teα helical bundle cytokine produced by activated T cells 
and NK cells, IL-2 controls the survival and proliferation 
of regulatory T cells and plays a role in enhancing the 
immune response in the fusion protein. Using SWISS-
MODEL homology modeling, we predicted the three-
dimensional structure of this fusion protein and revealed 
the structural characteristics of the HSV-1 gD protein, 
IgG Fc fragment, and IL-2 after fusion, as shown in Fig. 2.

The gD-IL-2 and gD-IL-2-Fc fused gene fragments 
were cloned into plasmid pUC57 and named pUC57-
gD-IL-2 and pUC57-gD-IL-2-Fc, respectively (Syn-
thesized by GenScript). Fusion PCR was performed to 
amplify gD-IL-2 and gD-IL-2-Fc using the synthesized 
plasmid as a template (Fig. 3a). The recombinant plas-
mids pNZ8148-gD-IL-2 and pNZ8148-gD-IL-2-Fc were 
validated through NcoI/KpnI restriction enzyme diges-
tion, which yielded a large fragment of the same size as 
pNZ8148 and a small fragment of the same size as the 
gD-IL-2(1419 bp) or gD-IL-2-Fc(2060 bp) genes, respec-
tively (Fig. 3b). Recombinant L. lactis strains expressing 
the pNZ8148-gD-IL-2 and pNZ8148-gD-IL-2-Fc fusion 
genes were successfully constructed.

To confirm the expression of the fusion proteins of 
interest, cell lysates of the recombinant strains pNZ8148-
gD-IL-2 and pNZ8148-gD-IL-2-Fc were analyzed using 

SDS-PAGE and Western blotting. Figure  3 shows the 
expected immunoblot bands corresponding to the fusion 
protein gD-IL-2 (49  kDa) expressed by pNZ8148-gD-
IL-2 (Fig.  3c and d) and the fusion protein gD-IL-2-Fc 
(72 kDa) expressed by pNZ8148-gD-IL-2-Fc (Fig. 3c and 
e). Importantly, these proteins were not detected in the 
control strain pNZ8148.

Evaluation of the immune effect of gD-IL-2-Fc fusion gene 
recombinant L. lactis
To evaluate the mucosal and systemic immune responses 
induced by pNZ8148-gD-IL-2 and pNZ8148-gD-IL-2-Fc, 
we used a mouse model immunized with recombinant 
L.lactis. We measured the levels of HSV-1-specific IgA 
and IgG in serum samples collected on days 0, 14, 28, 
and 42 using ELISA. Both IgG and IgA levels progres-
sively increased over time, with the pNZ8148-gD-IL-2 
and pNZ8148-gD-IL-2-Fc groups showing signifi-
cantly higher antibody levels compared to the PBS and 
pNZ8148 controls (p < 0.001), particularly at the 28- and 
42-day post-immunization time points, as shown in 
Fig.  4a and b. During the study period, the pNZ8148-
gD-IL-2-Fc and pNZ8148-gD-IL-2 groups demonstrated 
marked elevations in serum IgA and IgG levels from day 
0 to day 42. However, the PBS and pNZ8148 groups did 
not show significant changes in antibody levels. Nota-
bly, the pNZ8148-gD-IL-2 group exhibited a signifi-
cant increase in IgG and IgA levels by day 28, while the 
pNZ8148-gD-IL-2-Fc group showed earlier elevations by 
day 14. Throughout the study, the pNZ8148-gD-IL-2-Fc 
group consistently maintained the highest antibody lev-
els, significantly surpassing those of the pNZ8148-gD-
IL-2 group.

Lymphocyte proliferation in the blood, triggered by 
purified HSV-1, was analyzed using MTT assay on days 0, 
14, 28, and 42. On day 0, there were no significant differ-
ences observed among the groups. From day 14 onward, 
the pNZ8148-gD-IL-2 and pNZ8148-gD-IL-2-Fc groups 
exhibited significantly higher proliferation compared to 
the PBS and pNZ8148 groups(p < 0.001). Notably, the 
pNZ8148-gD-IL-2-Fc group showed a significantly stron-
ger response than the pNZ8148-gD-IL-2 group (p < 0.05). 
These differences increased further by days 28 and 42, 
indicating effective stimulation of T lymphocyte prolifer-
ation by the gD-IL-2 and gD-IL-2-Fc constructs(Fig. 4c). 
The results in the spleen were consistent with those 
observed in peripheral blood(Fig. 4d). These results dem-
onstrated that recombinant L. lactis targeting gD with 
IL-2 as an adjuvant performed better when fused with Fc 
fragments.

After immunizing mice with recombinant L. lactis, the 
serum and spleen were collected from the mice immu-
nized for 42 days, and the contents of IFN-γ and IL-4 
in the serum and spleen of mice were determined using 
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Fig. 2  Predicted structure of the fusion protein HSV-1 gD-IL-2-Fc. The predicted structure was generated using SWISS-MODEL. The fusion protein consists 
of three main domains: the extracellular domain of HSV-1 gD at the N-terminal, the IL-2 domain in the middle, and the Fc region of mouse IgG at the 
C-terminal
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Fig. 3  Identification of the recombinant plasmids and Western blot analysis of the recombinant proteins. (a) Amplification of gD-IL-2 and Fc genes. M: 
Marker; Lane 1: gD-IL-2-Fc; Lane 2: gD-IL-2. (b) Identification of the recombinant plasmids by double enzyme digestion. M: Marker; Lane 1: pNZ8148-gD-
IL-2-Fc; Lane 2: pNZ8148-gD-IL-2. Fusion proteins by recombinant L. lactis were detected by SDS-PAGE (c). (d and e). Fusion proteins by recombinant L. 
lactis were detected by anti-his mouse antibodies. M: Protein marker, Lane 1: Negative Control, Lane 2: Identification of fusion protein gD-IL-2, Lane 3: 
Identification of fusion protein gD-IL-2-Fc
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double antibody sandwich ELISA. As shown in Fig.  4e 
and f, relative to the PBS and pNZ8148 control groups, 
the pNZ8148-gD-IL-2 and pNZ8148-gD-IL-2-Fc groups 
exhibited significantly elevated levels of IFN-γ and IL-4 
(p < 0.001). Moreover, the levels of IL-4 in the pNZ8148-
gD-IL-2-Fc group were notably higher than those in the 
pNZ8148-gD-IL-2 group (p < 0.05), and the difference 

in IFN-γ levels was even more significant(p < 0.001). We 
also detected that IL-4 and IFN-γ levels in the spleen 
were highest in pNZ8148-gD-IL-2-Fc treated mice, fol-
lowed by immunization with pNZ8148-gD-IL-2. IL-4 and 
IFN-γ levels in the pNZ8148-gD-IL-2 group were signifi-
cantly higher than those in the PBS and pNZ8148 group 
(p < 0.001) (Fig. 4g and h).

Fig. 4  ELISA was used to detect specific antibody, T lymphocyte proliferation, and serum cytokine levels. Detection of IgG antibodies in serum (a), IgA 
antibodies in serum (b), and T lymphocyte proliferation levels in the blood (c) and spleen (d) on days 0, 14, 28, and 42. Detection of IFN-γ (e) and IL-4 (f) in 
serum on day 42. Detection of IFN-γ (g) and IL-4 (h) in spleen on day 42. All values shown in the figures are the means ± SD of 3 independent experiments. 
*, p < 0.05;**, p < 0.01, ***, p < 0.001
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These findings suggested that the recombinant L. lactis 
vaccine had good immunogenicity and could significantly 
improve the cellular and humoral immune response lev-
els of the body.

Immune-related genes expression and antibody levels in 
intestinal tissue following immunization
Immune-related gene expression in immunized and con-
trol mice was analyzed through RT-qPCR on cDNA from 
intestinal tissues. The relative expression levels of TLR2, 
MyD88, TRAF6, p65, and IRF7, excluding GAPDH, used 
as a control, exhibited significant or greatly significant 
upregulation in the pNZ8148-gD-IL-2 and pNZ8148-
gD-IL-2-Fc immunization groups on days 14, 28. There 
was a notable rise in the intestinal expression levels of 
TLR2, MyD88, p65, and IL-1β on days 14 and 28, which 
returned to initial levels by day 42(Fig. 5a-f ). At 42 days 
post-oral immunization, intestinal tissue was collected 
to assess antibody levels. As shown in Fig. 5g and h, the 
results observed in the intestines were consistent with 
those seen in the serum, showing significantly increased 
levels of IgA and IgG antibodies in the vaccine groups 
compared to the PBS and pNZ8148 groups (p < 0.001). 
Notably, the pNZ8148-gD-IL-2-Fc group exhibited a 
significantly greater increase in antibody levels than 
the pNZ8148-gD-IL-2 group (p < 0.01). This indicated a 
comparable immune response in both the systemic and 
mucosal compartments following vaccination.

These results suggested that the vaccine strain could 
induce an inflammatory reaction in mice following oral 
immunization.

Protection effect in mice after oral immunization
The mice were challenged with HSV-1 and viral titers in 
the lungs of the infected mice were determined 7 days 
post-challenge. The viral copy number was normalized 
to the amount of DNA used in the RT-qPCR. Compared 
to the control groups (PBS group, pNZ8148 group), the 
HSV-1 gD copy numbers of the pNZ8148-gD-IL-2 and 
pNZ8148-gD-IL-2-Fc groups were significantly reduced, 
and the pNZ8148-gD-IL-2-Fc group had the lowest copy 
number (p < 0.01)(Fig.  6a), indicating that the recombi-
nant L. lactis group could resist HSV-1 infection.

Lung tissue sections from each group were prepared 
and pathological changes were examined to further vali-
date the protective effect of the oral vaccine (Fig.  6b). 
The control group of mice infected with HSV-1 showed 
more severe structural tissue damage, thickening of the 
lung interstitium, infiltration of a significant number of 
inflammatory cells, reduction of alveolar septa, and tis-
sue fluid leakage. Mice immunized with recombinant 
L. lactis were infected with HSV-1, and the lung tissue 
structure was intact without obvious inflammatory cell 
infiltration or tissue fluid leakage. On the seventh-day 

post-virus challenge, TLR2, MyD88, and TRAF6 levels 
were significantly elevated in the control group compared 
to pre-challenge levels (p < 0.001), whereas no significant 
changes were observed in the lungs of the recombinant 
vaccine group (Fig.  6c-e). IL-1β levels in the control 
group showed changes consistent with those described 
above. In the recombinant Lactococcus lactis pNZ8148-
gD-IL-2-Fc group, no significant changes of IL-1β were 
observed, while the pNZ8148-gD-IL-2 group showed a 
slight increase (p < 0.05) Fig. 6f.

Following the viral challenge, the pulmonary lavage 
fluid IgG and IgA levels were assessed in each group on 
days 0 and 7 to further evaluate the immune response 
induced by the oral vaccine (Fig.  6g and h). Compared 
to the control groups (PBS and pNZ8148), both IgG and 
IgA levels were significantly elevated in the pNZ8148-
gD-IL-2 and pNZ8148-gD-IL-2-Fc groups by day 7 
post-challenge, with the highest levels observed in the 
pNZ8148-gD-IL-2-Fc group (p < 0.001). This increase 
in pulmonary antibodies, particularly in the pNZ8148-
gD-IL-2-Fc group, suggests a robust mucosal immune 
response, which correlates with the observed reduc-
tion in viral titers and the preservation of lung tissue 
structure.

These results indicate that recombinant L. lactis inhib-
ited viral replication in vivo and alleviated the damage 
caused by HSV-1 infection in the body.

Discussion
The most cost-effective method for preventing and treat-
ing HSV-1 infections currently remains the development 
and application of vaccines. In recent years, research 
on live vector vaccines has become the main focus of 
research and development of herpes virus vaccines. 
LAB samples exhibited a significant inhibitory effect on 
HSV-1 replication, successfully shortening and limiting 
existing herpes recurrence, disrupting the two stages of 
viral replication, and limiting viral movement and trans-
mission between cells [21]. L. lactis is not pathogenic and 
can present foreign proteins to the host immune system 
and stimulate an immune response after modification. In 
recent years, it has been widely studied as a safe, effective, 
and quality-controllable bacterial vaccine and genetic 
engineering vector [22–25]. Notably, the oral admin-
istration of engineered L. lactis allows for noninvasive 
delivery and direct in situ expression of viral antigens in 
the gastrointestinal tract, enhancing immune responses 
and avoiding the discomfort and risks associated with 
injections. Furthermore, it reduces protease activity and 
avoids adverse reactions caused by endotoxins [26–28]. 
Based on the above experimental findings, we selected 
L. lactis as the expression vector for exogenous genes to 
prepare a recombinant L. lactis oral vaccine expressing 
the HSV-1 glycoprotein gD.
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Fig. 5  RT-qPCR analysis of the expression of immune-related genes in intestinal tissues of the mice, along with ELISA detection of antibody levels in the 
intestine. (a) TLR2, (b) MyD88, (c) TRAF6, (d) p65, (e) IRF7, and (f) IL-1β. The mRNA levels of each gene were standardized relative to the expression of the 
GAPDH gene. Detection of (g) IgG and (h) IgA antibodies in the intestine. *, p < 0.05;**, p < 0.01; ***, p < 0.001
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Fig. 6  Enhanced immunoprotection against HSV-1 infection induced by oral immunization vaccine. (a) For real-time quantitative PCR (RT-PCR), viral 
DNA was extracted from the lung tissues of four groups of mice infected with HSV-1 for 7 days after the end of immunization, and the copy number of 
the virus gene was determined by RT-qPCR. (b) Varying degrees of inflammation in the lungs of immunized mice, observed 7 days post HSV-1 challenge. 
(c-e) RT-qPCR analysis of the expression levels of TLR2, MyD88, and TRAF6 in lung tissues before (Day 0) and after the challenge (Day 7). (f) Relative mRNA 
expression levels of IL-1β in lung tissues as determined by RT-qPCR. (g-h) ELISA detection of IgG and IgA levels in pulmonary lavage fluid, comparing 
values before and after the HSV-1 challenge. *, p < 0.05;**, p < 0.01, ***, p < 0.001
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The glycoprotein gD of HSV-1 is one of the most abun-
dant viral antigens found on the surface of infected cells 
and in the viral envelope. Its main function is to bind to 
intracellular receptors and activate viral fusion with tar-
get cells [29]. In human clinical trials of Genocea vac-
cines, both HSV-1 gD and ICP4 induced equivalent 
CD8T cell responses, confirming that gD contains CD8T 
cell epitopes [30]. Hence, in this study, we used HSV-1 
gD as the primary antigen for virus neutralization and 
IL-2 as an immune adjuvant to enhance the immunoge-
nicity of gD. IL-2 exhibits a broad spectrum of biological 
functions, including the facilitation of T lymphocyte, B 
lymphocyte, and NK cell proliferation and differentiation, 
stimulation of cytokine secretion such as IFN and tumor 
necrosis factor, reinforcement of vaccine immune effects, 
and mitigation of vaccine-associated adverse effects [31]. 
It was reported that IL-2 and IL-6, when used as adju-
vants and co-expressed with tetanus toxin fragment C 
(TTFC) in L. lactis, significantly enhanced the immune 
response. The intensity of the immune response pro-
duced by intranasal immunization in mice was 10–15 
times higher than that of L. lactis expressing TTFC alone 
[32]. This suggests that the co-expression of vaccine anti-
gens and adjuvants with L. lactis can generate stronger 
immune responses, indicating that constructing her-
pes virus vaccines using L. lactis as a vector is a feasible 
strategy.

The Th1 response is crucial in combating HSV-1 infec-
tion by producing IFN-γ, enhancing the cytotoxic activity 
of T lymphocytes, and the immune response of lympho-
cytes to target cells [33, 34]. The level of IL-4(Th2-type) is 
closely related to the production of antibodies and plays 
a crucial role in regulating humoral immunity [35]. Our 
results demonstrated that the level of IFN-γ and IL-4 in 
pNZ8148-gD-IL-2 and pNZ8148-gD-IL-2-Fc was signifi-
cantly higher compared with the control group PBS and 
pNZ8148, indicating that recombinant L. lactis with IL-2 
as an adjuvant played a key biological role in enhancing 
cellular immunity and inhibiting HSV-1 infection. Such 
results were also expressed in the T lymphocyte prolif-
eration index in peripheral blood and spleen. Our study 
showed that Th1-type (IFN-γ) and Th2-type (IL-4) cyto-
kine responses specific to gD protein were significantly 
induced, which may have contributed to broadening the 
protection efficiency of our recombinant L. lactis vaccine.

In addition to enhancing cellular immunity through 
oral immunization with recombinant L. lactis pNZ8148-
gD-IL-2 and pNZ8148-gD-IL-2-Fc, the production of 
specific IgG and IgA in the serum and intestines was also 
induced. Antibody levels in both the intestine and serum 
were significantly elevated after oral immunization, sug-
gesting that the oral vaccine successfully stimulated 
both systemic and local mucosal immune responses. The 
above results demonstrated that the antibody titers of the 

animal IL-2 fusion vaccine were higher and the expan-
sion of T follicular helper cells (Tfh) was higher than that 
of the vaccine alone, demonstrating that recombinant L. 
lactis with IL-2 as an adjuvant played a key biological role 
in inhibiting HSV-1 infection.

Notably, the pNZ8148-gD-IL-2-Fc group exhibited the 
highest levels of these immune markers, significantly sur-
passing those in the pNZ8148-gD-IL-2 group. The results 
showed that recombinant L. lactis with gD as the target 
and IL-2 as the adjuvant showed better results when 
fused with Fc fragments. FcRn is a specific receptor for 
immunoglobulin IgG, and fusion proteins can effectively 
cross mucosal barriers under the mediation of FcRn [18]. 
In mice inoculated with HSV-1 0ΔNLS, it was found that 
the absence of FcRn significantly reduced the neutral-
izing titer of antibodies against HSV-1 and the level of 
reactivity to HSV-1 [36]. Preliminary studies have shown 
that the recombinant L. lactis pNZ8148-gD-IL-2-Fc vac-
cine constructed at our institute has good immunogenic-
ity and can significantly improve cellular and humoral 
immune responses in the body.

Pattern recognition receptors (PRRs) are responsible 
for detecting pathogen-associated molecular patterns 
and stimulating innate immunity in mice [37]. As one 
of the canonical PRRs, TLR2 is crucial for detecting the 
presence of invasive microbes and is involved in antiviral 
immunity [38, 39]. These effects are mediated by signal-
ing pathways that are both MyD88-dependent and inde-
pendent [40]. We found that intestinal tissues had much 
higher expression levels of TLR2, MyD88, and TRAF6. 
These findings suggest that the innate immune signal-
ing pathways of intestinal immunological tissues can be 
directly activated by antigen processing cells (APCs). It 
was demonstrated that MyD88, a key adaptor protein in 
TLR signaling, was essential for the activation of down-
stream pathways involved in cytokine production and 
inflammation, such as the nuclear factor-kappa B (NF-
κB) pathway [41]. ​Additionally, the recombinant vaccina-
tion strain stimulated the production of genes linked to 
cytokines and inflammation, including IL-1β, IRF7, and 
p65. In the gut, IL-1β was released after an increase in 
p65 [42].

Final immune protection was assessed using HSV-1 
challenge monitoring post-challenge, which indicated 
that the HSV-1 gD copy number was significantly 
lower in the pNZ8148-gD-IL-2 group than in the PBS 
and pNZ8148 groups, and significantly reduced in the 
pNZ8148-gD-IL-2-Fc group. To examine the protective 
effect of recombinant L. lactis in mice, we conducted HE 
staining of mouse lung tissue. The results indicated that 
the recombinant L. lactis pNZ8148-gD-IL-2-Fc group 
did not show significant lung tissue damage. In contrast, 
the PBS and pNZ8148 groups showed severe lung tissue 
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damage, thickening of the lung interstitium, and infiltra-
tion by a significant number of inflammatory cells.

There weren’t significant changes in the expression 
of TLR2, MyD88, and TRAF6 observed in the lungs of 
recombinant vaccine-immunized mice before and after 
viral challenge. This indicated that the vaccine had an 
immunomodulatory effect, capable of reducing excessive 
innate immune activation during viral infection, thus pre-
venting tissue damage caused by an overreactive immune 
system. Furthermore, our study indicated that the vacci-
nation can significantly elevate IgG and IgA levels in the 
lungs, enhancing defense against HSV-1. According to 
the experimental data, mice vaccinated with the proto-
type not only exhibited strong cellular immune responses 
at the immunization site (intestine) but also showed sig-
nificant enhancement of cellular immune responses in 
mucosal sites distant from the immunization site (the 
lungs). This indicated that the oral vaccine in this study 
could effectively induce and enhance immune responses 
throughout the body, providing broad protective effects.

A previous study showed that mice intranasally vacci-
nated with pSIP401-HA1-ZN-3 exhibited strong mucosal 
immune responses [43]. During our preliminary intrana-
sal experiments, we observed significant side effects that 
worsened infection in mice. Consequently, we focused 
exclusively on oral immunization for the remainder of 
our study and demonstrated that the recombinant L .lac-
tis vaccine could generate systemic immune effects and 
resist HSV-1 viral infection.

Conclusions
In conclusion, recombinant L. lactis used for the prepa-
ration of the herpes simplex virus vaccine has potential 
developmental value. This study demonstrates that the 
oral L. lactis vaccine can effectively induce mucosal and 
systemic immune responses and provide immune pro-
tection against HSV-1 infection in a mouse model via 
the oral route, providing a new strategy and theoretical 
foundation for the prevention and control of herpes virus 
infection in clinical practice.
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