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Purpose: Heterologous immunization using different vaccine platforms has been demonstrated as an efficient strategy to enhance 
antigen-specific immune responses. In this study, we performed a head-to-head comparison of both humoral and cellular immune 
response induced by different prime-boost immunization regimens of mRNA vaccine and adjuvanted protein subunit vaccine against 
varicella-zoster virus (VZV) in middle-aged mice, aiming to get a better understanding of the influence of vaccination schedule on 
immune response.
Methods: VZV glycoprotein (gE) mRNA was synthesized and encapsulated into SM-102-based lipid nanoparticles (LNPs). VZV- 
primed middle-aged C57BL/6 mice were then subjected to homologous and heterologous prime-boost immunization strategies using 
VZV gE mRNA vaccine (RNA-gE) and protein subunit vaccine (PS-gE). The antigen-specific antibodies were evaluated using 
enzyme-linked immunosorbent assay (ELISA) analysis. Additionally, cell-mediated immunity (CMI) was detected using ELISPOT 
assay and flow cytometry. Besides, in vivo safety profiles were also evaluated and compared.
Results: The mRNA-loaded lipid nanoparticles had a hydrodynamic diameter of approximately 130 nm and a polydispersity index of 
0.156. Total IgG antibody levels exhibited no significant differences among different immunization strategies. However, mice received 
2×RNA-gE or RNA-gE>PS-gE showed a lower IgG1/IgG2c ratio than those received 2×PS-gE and PS-gE> RNA-gE. The CMI 
response induced by 2×RNA-gE or RNA-gE>PS-gE was significantly stronger than that induced by 2×PS-gE and PS-gE> RNA-gE. 
The safety evaluation indicated that both mRNA vaccine and protein vaccine induced a transient body weight loss in mice. 
Furthermore, the protein vaccine produced a notable inflammatory response at the injection sites, while the mRNA vaccine showed 
no observable inflammation.
Conclusion: The heterologous prime-boost strategy has demonstrated that an mRNA-primed immunization regimen can induce a better cell- 
mediated immune response than a protein subunit-primed regimen in middle-aged mice. These findings provide valuable insights into the design 
and optimization of VZV vaccines with the potentials to broaden varicella vaccination strategies in the future.
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Introduction
Varicella-zoster virus (VZV), a member of the herpesvirus family, is a neurotropic and lymphotropic virus with double- 
stranded DNA.1 The VZV virus can cause two types of diseases.1 The first is chickenpox, which primarily results from 
primary infection and typically occurs mostly in childhood. VZV is transmitted through respiratory droplets and skin-to- 
skin contact. Due to its high contagiousness, almost all adults have been exposed to VZV and become virus carriers since 
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childhood.2,3 Although patients recover from chickenpox, the VZV virus, which cannot be completely eradicated from 
the body, may reside in trigeminal nerve and other dorsal root ganglia. When the body’s immune system weakens or 
declines, VZV virus can be reactivated, causing herpes zoster (HZ).4,5 HZ leads to multiple complications, such as 
postherpetic neuralgia (PHN), a painful condition that may last for more than 3 months and cannot be effectively 
alleviated by available antiviral therapies.6 Therefore, it is necessary to develop a safe and effective vaccine to manage 
clinical discomfort caused by HZ.

Vaccines against varicella and HZ are different in their needs to induce an immune response. Varicella vaccines are 
primarily required to induce a humoral immune response to prevent VZV infection. Whereas, HZ vaccines are required to 
induce a cell-mediated immunity (CMI) to control or eliminate reactivated VZV from infected cells.7–10 The leading HZ 
vaccine currently in the market is Shingrix™ (Glaxo Smith Kline, Rockville, MD, USA), a VZV glycoprotein (gE)-based 
HZ subunit vaccine with AS01B as adjuvant. This vaccine is administered by intramuscular injection and is available 
since 2017. Compared with the live attenuated HZ vaccine Zostavax® (Merck & Co., Inc., Kenilworth, NJ, USA), 
Shingrix™ provides higher immunological efficiency.11–16 Clinical trials have shown that Shingrix™ provides >90% 
protection efficiencies in people aged 50–59 years and older than 70 years and reduces the risk of postherpetic 
neuralgia.13,16 Unlike Zostavax® which is challenging to manufacture and requires maintenance of high titers of live- 
attenuated virus, Shingrix™ is relatively straightforward to produce and store. Despite of obvious advantages of VZV 
subunit vaccines, QS21, a key component of adjuvant AS01B, has obvious limitations in production and availability and 
cannot be synthesized in a cost-effective and large-scale way.17,18 This is partially why subunit vaccines are very 
expensive and cannot be sufficiently produced. In contrast, mRNA vaccines have emerged as a promising alternative, 
demonstrated by the success of COVID-19 mRNA vaccines Comirnaty (BNT162b2) and Spikevax (mRNA-1273). To be 
specific, mRNA vaccines can be rapidly synthesized and self-assembled in vitro, with no need to purify virus and express 
the protein.19,20 Moreover, mRNA vaccines can effectively induce humoral and cellular immune responses without the 
addition of adjuvants.21,22 Therefore, the development of an mRNA vaccine for HZ is a promising strategy for the 
production challenges associated with subunit vaccines. Besides, strong cellular immune response elicited by mRNA 
vaccine may better meet the requirements for the prevention of vesicular diseases.

A heterologous prime-boost immunization strategy involves sequential immunization with vaccines from different 
antigen types, such as DNA, mRNA and protein-subunit vaccines.23 Previous studies have demonstrated that hetero-
logous prime-boost immunization is an effective strategy to increase antigen immunogenicity and provide better 
protection efficiencies, including vaccines against COVID-19, HIV influenza, and hepatitis viruses.24–28 For example, 
various heterologous immunization combinations, such as mRNA and protein subunit vaccines for COVID-19 vaccines, 
mRNA and inactivated virus vaccines, mRNA and adenovirus-vectored (Adv) vaccines, inactivated virus and recombi-
nant protein vaccines, have been applied in pre-clinical and clinical studies.26,29–33 These combinations have been 
demonstrated to provide a superior or equivalent immunogenicity and protection efficiency than homologous vaccine 
immunization. Zhang et al performed a comparative study, in which BALB/c mice were immunized with COVID-19 
mRNA and protein subunit vaccines at a homologous, heterologous, or mixed immunization strategy.21 Their results 
demonstrated significant differences in humoral and cellular immune responses induced by different immunization 
combinations. Currently, no studies have investigated heterologous immunization strategies for VZV, probably due to 
limited choices in vaccine options. Here, we immunized VZV-primed middle-aged C57BL/6 mice with a VZV protein- 
subunit vaccine formulated with a MPL- and QS-21-loaded liposomal adjuvant and mRNA vaccine by a heterologous or 
homologous strategy. The effect of different immunization regimens on immune responses, particularly CMI, which is 
generally required for protection against herpes zoster, was evaluated and compared.

Materials and Methods
Materials
The recombinant pET-28a (+) plasmid harboring the sequence of interest downstream of a T7 promoter was synthesized 
by Nanjing GenScript Biotechnology Co., Ltd. The restriction endonuclease HindIII was purchased by TransGen Biotech 
(Cat. No. JH101-01, Beijing, China). The TIANquick Midi Purification Kit (Cat. No. DP204-02) was purchased from 
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TIANGEN BIOTECH, Beijing, China). The T7-FlashScribe™ Transcription Kit (Cat. No. C-ASF3507) and ScriptCap™ 
Cap 1 Capping System (Cat. No. C-SCCS1710) were purchased from Cellscript (USA). N1-methylpseudouridine-5’- 
triphosphate (Cat. No. N-1081-5) was purchased from Trilink (San Diego, CA). The MEGAclear transcription clean-up 
kit (Cat. No. AM1908), Lipofectamine™ 2000 (Cat. No. 11668030) and Quant-iTTM RiboGreenR RNA Reagent Kit 
(Cat. No. R11490) were purchased from Invitrogen (Carlsbad, CA, USA). RIPA buffer (Cat. No. P0013B) was purchased 
from Beyotime Biotechnology (Shanghai, China), which was added with 1% phosphatase-inhibitor mixture (Cat. No. 
P1048, Beyotime). The anti-VZV gE antibody (Cat. No. ab272686, 1:1000) was purchased from Abcam (Cambridge, 
UK). The lipid components 1.2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), monophosphoryl lipid A (PHAD), 
1.2-distearoyl-sn-glycero-3-phosphocholine (DSPC) (Cat. No. 850365C) and DMG-PEG2000 (Cat. No. 880150P) 
were purchased from Avanti Polar Lipids (Alabaster, AL). Cholesterol (Cat. No. C3045) was purchased from Sigma 
(USA). SM-102 was purchased from AVT Pharmaceutical Technology Co., Ltd. (Shanghai, China). QS-21 was 
purchased from Desert King International (San Diego, CA, USA). The gE proteins and live herpes zoster vaccine 
Ganwei® were kindly provided by Changchun BCHT Biotechnology Co., Ltd. (Changchun, China). The ELISpot assay 
kit (Cat. No. 3321–4HPW-10) was purchased from Mabtech (Cincinnati, OH, USA). The Protein transport inhibitor 
cocktail (500X, Cat. No. 00–4980-93), anti-CD3-eFluor™ 506 (69–0032-82), anti-CD4-APC-eFluor™780 (47–0041- 
82), anti-CD8-FITC (11–0081-82), anti-TNF alpha-eFluor 450 (48–7321-82), anti-IL-2-PE (12–7021-82) and anti-IFN 
gamma-APC (17–7311-82) were purchased from Thermo Fisher (Eugene, OR, USA). The anti-CD3-Percp 5.5 (Cat. 
No. 100218), anti-CD4-FITC (Cat. No. 100405), anti-CD8-APC (Cat. No. 100712), anti-CD44-PE (Cat. No. 103008) 
and anti-CD62L-Brilliant Violet 421 (Cat. No. 104436) were purchased from Biolegend (San Diego, CA, USA).

mRNA Synthesis and Expression
The VZV glycoprotein (gE) mRNA sequence, which included 5’ untranslated region (UTR), open reading frame (ORF), 3’UTR 
and an 80-nt poly(A) tail, was referenced from previous study.34 For mRNA synthesis, the pET-28a (+) plasmid harboring full 
length of gE sequence was first linearized by HindIII and purified by a TIANquick Midi Purification Kit. Following linearization, 
gE mRNA sequence was synthesized with a T7 polymerase transcription reaction using a T7-FlashScribe™ Transcription Kit. In 
the present study, N1-methylpseudouridine-5’-triphosphate was used to replace UTP (uridine 5’-triphosphate) to generate 
a modified mRNA. gE mRNA was purified with a MEGAclear transcription clean-up kit from Invitrogen. Synthesized 
mRNA was further capped using a ScriptCap™ Cap 1 Capping System and purified again. The length of gE mRNA was 
analyzed using a denaturing agarose gel electrophoresis. The human embryonic kidney cell-line HEK293T was obtained from 
the American Type Culture Collection (ATCC, Manassas, VA, USA). For mRNA expression, HEK293T cells were seeded into 
a 6-well plate and grown to 50%–70% confluence. 2μg of gE mRNA was then transfected into HEK293T cells using 
Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA). After transfection for 48 h, the cells were lysed by a RIPA buffer 
with the addition of phosphatase-inhibitor mixture. Afterward, the total proteins were separated by 10% SDS-PAGE gels and 
transferred to Western-Blot. The interest protein was detected using an anti-VZV gE antibody (Cat. No. ab272686, 1:1000, 
Abcam, Cambridge, UK).

Preparation of Vaccines
gE mRNA was encapsulated into lipid nanoparticles (LNPs) using a modified procedure described in a previous 
study.35,36 In brief, the gE mRNA was dissolved into 100 mM citrate buffer (pH 4.0) to a final concentration of 
0.17 mg/mL. Lipid components, including SM-102, DSPC, cholesterol and DMG-PEG2000, were dissolved in 
ethanol at a molar ratio of 50:10:38.5:1.5. The lipid mixture was combined with mRNA solution at a volume ratio 
of 1:3 using a microfluidic mixer (Precision Nanosystems, Vancouver, BC, Canada). The synthesized LNPs/gE 
mRNA were then dialyzed against PBS, concentrated using Amicon ultra centrifugal filters (EMD Millipore, 
Billerica, MA, USA) and stored at 4°C until used. Hydrodynamic particle size and polydispersity index of LNPs 
were detected using Zetasizer Nano ZS particle size analyzer (Malvern Panalytical, Malvern, UK). The encapsu-
lated mRNA was analyzed using a Quant-iTTM RiboGreenR RNA Reagent Kit. The morphological characters of 
LNPs were analyzed using a Talos transmission electron microscope (TEM, FEI Company, Hillsboro, OR, USA).

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S464720                                                                                                                                                                                                                       

DovePress                                                                                                                       
8031

Dovepress                                                                                                                                                                 Li et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


MPL- and QS-21-loaded liposomal adjuvant was prepared using a thin-film method reported in a previous study.37 

Liposome consists of 1.2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and cholesterol, and the DOPC/cholesterol weight 
ratio is 4:1. The gE protein antigen was obtained from Changchun BCHT Biotechnology Co., Ltd. The hydrodynamic particle 
size and polydispersity index of the resultant liposomal adjuvant were detected using the Zetasizer Nano ZS particle size 
analyzer (Malvern Panalytical, Malvern, UK). Antigens and adjuvants were mixed immediately before use.

Animal Studies
Twenty-five specific pathogen-free (SPF) C57BL/6 mice (6–8 weeks old, 15–18 g, female) were purchased from 
Liaoning Changsheng Biotechnology Co. Ltd (Liaoning, China) and maintained in the SPF conditions with free access 
to food and water. Routine laboratory tests and regular examinations by veterinarians during a quarantine period were 
used to ensure that these experimental animals were pathogen-free and in good physical condition. To simulate the real- 
world scenario where most people have already been infected by VZV in childhood before inoculate VZV vaccine, we 
used a VZV-primed mouse model.38 Briefly, C57BL/6 mice were primed with VZV via subcutaneous injection of 1/5 
human dose of attenuated live herpes zoster vaccine Ganwei®. Eleven months later, the mice were randomly divided into 
five groups (n = 5) and immunized as follows. It is worth noting that, in this case, mice with 12.5–13 months old are 
equivalent to human adults of 42–45 years old at which shingles disease begins to occur.39–41

RNA-gE used in this study was an mRNA vaccine that encoded VZV gE antigen. PS-gE was a VZV gE protein subunit 
vaccine formulated with an AS01B-like liposomal adjuvant containing 5 μg MPL, 5 μg QS-21 and 5 μg gE. The mice were 
divided into five groups: 1) PBS; 2) 15 μg of RNA-gE for two doses (2×RNA-gE); 3) Primed with 15 μg of RNA-gE and 
boosted with 5 μg of PS-gE (RNA-gE>PS-gE); 4) Primed with 5 μg of PS-gE and boosted with 15 μg of RNA-gE (PS- 
gE>RNA-gE); 5) 5 μg of PS-gE for two doses (2×PS-gE). All immunizations were performed twice during a 2 week interval. 
Blood was collected from the cheek (submandibular) at week 2 after first immunization and weeks 2, 3 after boosted 
immunization. The volume of collected blood was approximately 100 μL for each mouse. Animal studies were carried out in 
accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council), and all animal 
procedures were reviewed and approved by the Animal Welfare and Research Ethics Committee at Jilin University (Ethical 
approval number 2022YNPZSY1007). At the end of the experiment, mice were sacrificed by CO2 asphyxiation.

Enzyme-Linked Immunosorbent Assay (ELISA) of Antibody Titers
The gE-specific antibodies were detected by ELISA assay. The gE protein antigen was dissolved into a sodium 
carbonate buffer (5 µg/mL) and added into a 96-well ELISA plate at a volume of 100 μL/well. After incubation at 
4°C overnight, the plates were washed with PBST buffer (phosphate-buffered saline containing 0.05% Tween-20) 
and blocked with PBS containing 3% bovine serum albumin (BSA) for 1 h. After washed with PBST buffer for 
three times, the plates were added with 3.5-fold diluted serum samples and incubated for 1 h at 37°C. After 
incubation, the plates were washed with a PBST buffer for three times and then incubated with HRP-labeled goat 
anti-mouse IgG, IgG1 and IgG2c for 1 h at 37°C, followed by development with TMB substrate (Solarbio, 
Beijing, China). The OD values at 450 nm were measured by an ELISA plate reader (Gene Company, Beijing, 
China). The dilution factor and OD values were subjected to a linear regression analysis. The antibody titer of 
each sample was defined as log10 of the highest serum dilutions yielding 2.1-fold OD value of negative controls.

Enzyme-Linked Immunospot Assay (ELISpot) of Splenocytes
At 3 weeks after boost immunization, mice were executed and spleens were excised. The monodispersed spleen cells were 
acquired using a 70 µm cell strainer (BD, USA). Red blood cells were then lysed by ammonium–chloride–potassium (ACK) 
lysis buffer at room temperature for 5 minutes. The remaining cells were resuspended in a Roswell Park Memorial Institute 
(RPMI) 1640 medium with 10% v/v fetal bovine serum (Thermo Fisher) and 1% penicillin–streptomycin (Thermo Fisher). 
After cell counting, the splenocytes density was adjusted to 1×107 cells/mL. For ELISpot assay, gE proteins containing 
extracellular domain were added into 96-well plates of ELISpot assay kit at a concentration of 10 μg/mL. 100 μL of 
splenocytes solution was then added to each well of the 96-well plates and incubated for 24 h. The IFNγ secreting cell 
spots were detected on an ELISPOT reader system (Autoimmun Diagnostika GmbH, Germany).
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Flow Cytometry
1×106 splenocytes were incubated with 10 µg/mL extracellular domain of gE for 2 h at 37°C. Protein transport inhibitor 
cocktail (500X, Cat. No. 00–4980-93, Thermo Fisher) was added and incubated for 6 h to block cytokine release. After 
incubation with Fc receptor blocking antibodies for 10 min at 4°C, splenocytes were stained with anti-CD3-eFluor™ 
506, anti-CD4-APC-eFluor™780 and anti-CD8-FITC for 30 min at 4°C, followed by cell fixation and permeabilization. 
Cells were then stained with eFluor 450-TNF, PE-IL-2 and APC-IFN-gamma for 30 min at room temperature. After 
being washed with permeabilization wash buffer, the polyfunctional T cells were analyzed using flow cytometry on 
a CytoFLEX flow cytometer (Beckman, Indianapolis, IN, USA). For the evaluation of memory T cells, splenocytes were 
incubated with Fc receptor blocking antibodies for 10 min at 4°C and then stained with anti-CD3-Percp 5.5, anti-CD4- 
FITC, anti-CD8-APC, anti-CD44-PE and anti-CD62L-Brilliant Violet 421 for 30 min at 4°C. After being washed by 
a staining buffer, cells were analyzed by flow cytometry.

Histological Staining
The mice were immunized with PBS, RNA-gE (15 μg) or PS-gE (5 μg) by intramuscular injection. The muscle tissues at 
the injection sites were collected at Day 1, Day 3 and Day 7. The heart, liver, spleen, lung and kidney were collected at 
Day 7. The tissues samples were fixed with paraformaldehyde for 24 h dehydrated in an alcohol gradient and placed on 
a paraffin slicer for sectioning. After stained with Hematoxylin and Eosin (HE, Sigma-Aldrich), tissues sections were 
observed on an Olympus IX51 microscope with a Qlmaging digital camera (Qicam Fast, Qimaging, Surrey, Canada).

Statistical Analysis
Data were shown as mean and standard deviation (SD). Differences among groups were analyzed with one-way analysis 
of variance (ANOVA) followed by Dunnett’s multiple comparisons test. GraphPad Prism 8.0 (GraphPad Software Inc., 
La Jolla, CA. USA) was used for statistical analyses.

Results
VZV gE mRNA Was in vitro Transcribed from DNA Vector and Encapsulated into LNP 
with a Uniform Particle Size
In order to prepare a VZV mRNA vaccine, gE full-length sequence, 3’ UTR and 5’ UTR were inserted into the DNA 
vector and then transcribed into gE mRNA in vitro using RNA polymerase. As shown in Figure 1A, the synthesized gE 
mRNA showed good integrity in denatured agarose gel as bands of approximately 2000 bases. To verify antigen 
expression, gE mRNA was transfected into HEK193T cells and cell lysate was subjected to Western blot. As shown in 
Figure 1B, the gE mRNA group exhibited a clear protein band at 75–100 KD, indicating an effective protein expression. 
The gE mRNA was then encapsulated into the LNP. TEM images indicated that the size of LNP/mRNA was about 100 
nm (Figure 1C). The hydrodynamic diameter of LNP/mRNA was 133.2 ± 0.608 nm (Figure 1D). The zeta potential of 
LNP/mRNA was 5.47 ± 0.205 mV. The polydisperse index (PDI) of the LNP/mRNA was 0.156 ± 0.016 indicating a good 
uniformity of the particle sizes. The larger diameter of gE mRNA-LNPs detected by dynamic light scattering technique 
than that by TEM is as expected as the former includes the thickness of the hydrated water layers around LNP/mRNA 
nanoparticles. The hydrodynamic diameter of the liposomal adjuvant used in the protein subunit vaccine was 105.3 ± 
0.872 nm (Figure 1E). The zeta potential of the liposomal adjuvant was −23.47 ± 1.65 mV. The polydisperse index (PDI) 
was 0.116 ± 0.024, suggesting a monodisperse system.

The Safety Profiles of VZV mRNA Vaccine and Protein Subunit Vaccine
The experimental procedure for animal study is shown in Figure 2A. The mice were divided into five groups: 
PBS; Two doses of VZV gE mRNA vaccine (2×RNA-gE); RNA-gE boosted with PS-gE (RNA-gE>PS-gE); PS- 
gE boosted with RNA-gE (PS-gE>RNA-gE); Two doses of protein subunit vaccine (2×PS-gE). In order to 
evaluate the safety profiles of mRNA and protein vaccine in vivo, C57BL/6 mice were injected with 15 μg of 
RNA-gE or 5 μg of PS-gE and mice body weight, temperature and possible tissue inflammations were monitored. 

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S464720                                                                                                                                                                                                                       

DovePress                                                                                                                       
8033

Dovepress                                                                                                                                                                 Li et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


As shown in Figure 2B, both RNA-gE and PS-gE groups experienced a transient weight loss on Day 1 after 
immunization (P < 0.05). Then the mice rapidly regained weight. The body temperature exhibited no significant 
change in both groups during 5 h after immunization (Figure 2C). HE staining results are shown in Figure 2D 
and E. The PBS and RNA-gE groups exhibited no inflammation at injection sites. However, PS-gE group 
displayed an obvious inflammatory cell infiltration on Day 3 as evidenced by the increasing amount of blue 
(nuclear) staining. The inflammatory state in PS-gE group was rapidly alleviated at Day 7. The HE staining of 
visceral organs at Day 7 after immunization had no significant pathological condition in all groups.

Immune Response Types Triggered by Homologous and Heterologous Immunization 
with RNA-gE and PS-gE
In order to determine a superior immunization strategy for mRNA vaccine and protein subunit vaccine, our synthesized 
gE mRNA vaccine (RNA-gE) and a gE protein subunit vaccine (PS-gE) harboring N-terminal 546 amino acids were used 
for homologous and heterologous prime-boost immunization. At week 2 after first immunization, mice produced a high 
titer of IgG antibodies (~106), with no significant differences between different immunization strategies (P > 0.05, 
Figure 3A). After a homologous or a heterologous booster immunization, the total IgG levels in all groups still remained 

Figure 1 Preparation and characterization of LNP/gE mRNA vaccine. (A) Agarose gel electrophoresis showing the integrity of synthesized gE mRNA with bands at 
approximately 2000 bases. (B) Western blot analysis of gE protein expression in HEK293T cells transfected with gE mRNA, exhibiting a clear band at 75–100 kDa. (C) 
Transmission electron microscopy (TEM) images indicating the size of LNPs/mRNA to be approximately 100 nm. (D) Characterization of LNPs/mRNA with hydrodynamic 
diameter (133.2 ± 0.608 nm). (E) Characterization of MPL/QS-21-loaded liposomal adjuvant with hydrodynamic diameter (105.3±0.872 nm).
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at comparable levels (Figure 3B–D). The above results suggest that homologous and heterologous prime-boost regimens 
have no remarkable influence on the immunogenicity of vaccines in middle-aged mice. Further study is needed to 
illustrate the possible effect of inoculation doses on vaccine immunogenicity.

To investigate the effect of homologous and heterologous prime-boost schedules on immune response types, the levels of 
VZV gE protein-specific IgG1 and IgG2c levels were detected at 2 weeks after boost immunization. In C57BL/6 mice, serum 
IgG2c is widely recognized as a marker of Th1 cellular immune response and IgG1 indicates a humoral immune response.42 As 
shown in Figure 4A, both 2×PS-gE and PS-gE>RNA-gE induced the highest levels of IgG1, while that in 2×RNA-gE group 
were the lowest. The IgG1 levels of RNA-gE>PS-gE and PS-gE>RNA-gE groups had no significant differences (P > 0.05). 
2×RNA-gE, RNA-gE>PS-gE and PS-gE>RNA-gE induced a similar level of IgG2c, all of which were higher than that induced 
by PS-gE (Figure 4B). The IgG1/IgG2c ratio was similar between 2×RNA-gE and RNA-gE>PS-gE groups, both were lower 
than that of PS-gE>RNA-gE and 2×PS-gE (Figure 4C). The above results suggested that 2×RNA-gE and RNA-gE>PS-gE 

Figure 2 Safety evaluation of mRNA vaccine and protein vaccine in mice. (A) Experimental procedure for homologous and heterologous prime-boost immunization with 
RNA-gE and PS-gE vaccines. (B) The body weight of mice was monitored during 7 days after immunization. (C) The body temperature of mice was monitored at -0.5 h, 0.5 
h, 1 h, 2 h and 5 h after immunization. (D) The muscle tissues at the injection sites was collected at Day 1, Day 3 and Day 7 after immunization and HE staining was 
performed. The inflammatory cell infiltration was shown by white arrow. Scale bar =200 μm (E) The visceral organs, including heart, liver, spleen, lung and kidney, were 
collected at Day 7 after immunization and HE staining was performed. *P<0.05, **P<0.01 and ***P<0.001.
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tended to induce a Th1-biased immune response, while PS-gE>RNA-gE and 2×PS-gE tended to induce a Th2-biased immune 
response in middle-aged mice.

Two doses of VZV mRNA vaccine or mRNA vaccine boosted with protein subunit 
vaccine produced superior CMI in middle-aged mice
CMI induced by homologous and heterologous prime-boost immunization was evaluated using ELISPOT assay. As 
shown in Figure 5, after gE protein stimulation, 2×RNA-gE and RNA-gE>PS-gE produced the most IFN-γ-producing 
splenocytes (127 spots per 5×105 splenocytes for 2×RNA-gE and 146 spots for RNA-gE>PS-gE), followed by 
PS-gE>RNA-gE and 2×PS-gE groups (31 spots per 5×105 splenocytes for PS-gE>RNA-gE and 13 spots for 2×PS-gE).

To further investigate the effect of different vaccination regimens on the frequency of antigen-specific multifunctional 
T cells, the whole spleen flow cytometry assay was performed. Splenocytes from immunized mice were collected and 

Figure 3 Binding antibody analysis of mice given homologous and heterologous prime-boost immunization. (A) High titers of IgG antibodies at week 2 after the first 
immunization, with no significant differences among different immunization strategies. (B-D) Total IgG levels remained consistent after booster immunizations. n=5 for each 
group.
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stimulated with gE protein. The proportions of CD4+/CD8+ T cells expressing IFNγ, IL-2, and/or TNFα were determined. 
As shown in Figure 6A and B, individual cytokine analysis shows that 2×RNA-gE and RNA-gE>PS-gE had the highest 
levels of IFN-γ and TNFα in both CD4+ and CD8+ T cells, with similar IL-2 expression among all groups. In general, 
there were no significant differences between 2×RNA-gE and RNA-gE>PS-gE, as well as PS-gE>RNA-gE and 2×PS-gE. 
The proportions of polyfunctional T cells were also analyzed. Polyfunctional T cells represent a category of T cells that 
can simultaneously express two or more functional proteins, including cytokines, on a per cell basis. Previous studies 

Figure 4 Antibody isotype of mice given homologous and heterologous prime-boost immunization (A and B) Levels of IgG1 and IgG2c against VZV gE protein at 2 weeks 
after boost immunization. (C) IgG1/IgG2c ratios. n=5 for each group. *P<0.05, **P<0.01 and ***P<0.001.

Figure 5 Analysis of IFNγ-secreting T cells induced by homologous and heterologous prime-boost immunization. Evaluation of cell-mediated immune response using 
ELISPOT assay after gE protein stimulation. n=5 for each group. (A) The images of IFNγ-producing splenocytes splenocytes. (B) The numbers of IFNγ-producing splenocytes 
were calculated from the ELISPOT assay. *P<0.05, **P<0.01 and ***P<0.001.The Figure 5 legend was as above. Besides, please change the + sign to superscript for CD4+ and 
CD8+ in all figure legends.
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have demonstrated that polyfunctional T cells play a crucial role in vaccine-induced protective immunity across multiple 
virus infections, such as HIV and VZV.35,43 As shown in Figure 6C and D, 2×RNA-gE and RNA-gE>PS-gE exhibited the 
higher levels of CD4+/CD8+ T cells expressing two or three kinds of cytokines than PS-gE>RNA-gE and 2×PS-gE 
groups. In summary, the mRNA vaccine-primed immunization strategy induced a superior cell-mediated immune 
response compared to the protein subunit vaccine-primed regimen in middle-aged mice.

Different Immunization Strategies Induced Similar T Cell Memory
Central memory T (TCM) cells, highly expressing CD44 and CD62L, have strong abilities to proliferate and differentiate 
into effector T cells upon repeated infection with identical or similar viruses.44,45 TCM cells are located in peripheral 
lymphatic organs, such as spleen. Here, splenocytes were collected from immunized mice and TCM cell proportions were 
determined using flow cytometry 3 weeks after boost. As shown in Figure 7, there were no significant differences in the 
proportions of CD4+CD44+CD62L+ and CD8+ CD44+CD62L+ among all groups, which implies that middle-aged mice 

Figure 6 Intracellular cytokine analysis by flow cytometry. (A) and (B) Fow cytometry analysis of CD4+ and CD8+ T cells expressing IFN-γ, IL-2, and TNF-α. (C) and (D) 
The proportion of poly-functional CD4+ T cells and CD8+ T cells. n=5 for each group. *P<0.05, **P<0.01.

Figure 7 Flow cytometry analysis of memory T cell response. (A) Proportions of memory CD4+ T cells; (B) Proportions of memory CD8+ T cells. n=5 for each group.
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received different immunization strategies have similar capacities to induce T-cell memory. Further investigation is 
needed to illustrate the kinetics of memory T cells in the spleens of middle-aged mice.

Discussion
A variety of vaccine platforms have been developed to date, including live attenuated and inactivated vaccines, protein- 
subunit vaccines, nucleic acid vaccines (DNA-based or mRNA-based), and viral vector vaccines. These platforms differ 
significantly in the strength and type of immune responses they induce. With the advent of COVID-19 epidemic and the 
widespread use of Comirnaty (BNT162b2) and Spikevax (mRNA-1273) vaccines, mRNA vaccines have emerged as 
a promising strategy to prevent infectious diseases in recent years. These vaccine delivery antigen-encoding mRNAs to 
host cells using lipid nanoparticles, where they are translated into viral antigens. In contrast, traditional vaccine 
platforms, such as live attenuated and inactivated vaccines and protein subunit vaccines, involve the direct uptake and 
processing of engineered antigens by antigen-presenting cells, which are then presented to the adaptive immune system 
to elicit an immune response. mRNA vaccines have demonstrated the ability to induce strong cellular and humoral 
immune responses, while subunit vaccines tend to favor humoral responses unless paired with adjuvants that promote 
Th1-biased immunity. Therefore, combining mRNA vaccines with other platforms may be a reasonable attempt to induce 
stronger and longer-lasting immune responses. For VZV, several mRNA-based vaccines have shown strong immune 
responses in mice and nonhuman primates.35,36,46 In this study, a VZV mRNA vaccine encoding gE antigen named RNA- 
gE and a protein subunit vaccine named PS-gE were evaluated to determine optimal immunization strategy in middle- 
aged C57BL/6 mice. Middle-aged mice were used as they are equivalent to human adults of 42–45 years old at which 
shingles typically begin to occur. This model may better reflect the real-world clinical situation. In addition, a deep 
understanding of heterologous prime–boost regimens with VZV mRNA vaccine and adjuvanted protein subunit vaccine 
may provide valuable information to broaden varicella vaccination strategies in the future.

First, we evaluated the immunogenicity of VZV mRNA vaccine and protein subunit vaccine. The results showed that a 15 
μg dose of RNA-gE elicits a total IgG titer (~106) comparable to a 5 μg of PS-gE. Similar results were observed in the RNA- 
gE>PS-gE and PS-gE>RNA-gE groups. However, antibody isotyping results revealed that RNA-gE induced a much lower 
IgG1/IgG2c ratio than PS-gE, indicating a bias of cellular immune response for RNA-gE vaccine and a bias of humoral 
immune response for PS-gE vaccine. For heterologous prime-boost regimens, IgG2c was the dominant IgG subtype in the 
groups given RNA-gE as prime immunization, while the PS-gE>RNA-gE regimen produced a higher IgG1 proportion in total 
IgG. It revealed that RNA-gE as the prime immunization tended to exhibit cellular immune response while PS-gE>RNA-gE 
had a bias of humoral immune response. During humoral immune response, activated B cells will produce different Ig isotypes 
under the influence of various factors, including cytokines exposure and T-dependent (TD) or T-independent (TI) activation 
mode. In C57BL/6 mice, when B cells are stimulated with IFNγ, they will switch to IgG2c.47 Compared with IgG1, IgG2c 
strongly activates receptor FcγRIV, which mediates antibody-dependent cellular cytotoxicity (ADCC) of NK cells.48 The 
previous study has demonstrated a correlation between ADCC-associated antibodies and vaccine efficiency, as well as herpes 
zoster (HZ) episodes. Furthermore, IgG1/IgG2c ratio can be used to indicate Th1/Th2 immune bias to some extent.49

The effect of VZV vaccine on preventing the onset of HZ and reducing the severity of HZ-related pain in patients is mainly 
dependent on VZV-specific cellular immune response rather than humoral immune response.7 Here, we demonstrated that 
mRNA vaccine primed regimens induced a stronger gE-specific cell immune response in middle-aged mice compared to 
protein subunit vaccine primed immunization regimens, consistent with the relatively lower level of IgG1/IgG2a in these 
groups. In previous studies on the heterologous prime-boost immunization of COVID-19 vaccine, researchers demonstrated 
that administration of RBD encoded mRNA vaccine boosted with protein subunit vaccine produced a higher IgG2a/IgG1 ratio 
and IFNγ secreting T lymphocytes than protein subunit vaccine primed regimens in mice.21 Protein subunit vaccine primed 
regimens exhibited a strong capability in inducing neutralizing antibodies against COVID-19 virus.21 However, studies on the 
adenovirus vectored (Adv) vaccine (another type of nucleic acid vaccine) suggest that the Adv vaccine administered as a boost 
to immunization after a recombinant protein vaccine or an inactivated viral vaccine would produce a stronger CMI, but 
a down-regulated neutralizing antibody level than Adv-primed regimens.50,51 The differential results between mRNA vaccine 
and Adv vaccine might be due to the underlying differences between mRNA and DNA vaccines in antigen expression, 
presentation, and immune activation. As reported in previous reviews, the immune efficacies of heterogeneous prime-boost 
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immunization strategies often involve various factors, such as immunodominant epitopes of the antigen, anti-vector immunity, 
the relative strengths of cellular and humoral immunity et al52,53 mRNA vaccines could imitate the process of natural viral 
infections, displaying more conformational epitopes than recombinant proteins. Therefore, co-delivery of mRNA vaccine and 
protein subunit vaccine can induce antibodies with broader neutralizing epitopes.21 Additionally, the lipid components and 
mRNA in mRNA vaccines can provide extra-adjuvant effects for protein vaccines.21 In another study, researchers proposed 
a mechanistic model for sequential immunization with an inactivated virus vaccine and a protein vaccine.54 In this model, the 
prime immunization with a protein vaccine generates antigen-specific CD8+ T cells, which significantly enhances the 
proliferation of antigen-specific CD8+ T cells upon the subsequent administration of the inactivated virus vaccine. In contrast, 
the inactivated virus vaccine-prime regimen often leads to the generation of CD8+ T cells that targeted non-specific virus 
epitopes, which could weaken the cellular immune response of the booster protein vaccine. As mRNA vaccine mainly induced 
a Th1-biased immunity, it results in a higher proportion of Th1-CD4+ T cells and CD8+ T cells, as well as corresponding 
memory cells. Consequently, the boosted protein vaccine will lead to a stronger activation and proliferation of these cell- 
mediated immunity-related T cells, while the activation of humoral immune response will be relatively weaker. Furthermore, 
the broad-spectrum CD8+ T cell epitopes provided by mRNA prime immunization may also be a crucial influence factor in 
mRNA prime-protein boost strategy. In addition, age is an important risk factor for HZ onset. Along with age, the incidences 
of HZ and associated PHN increase significantly after the age of 40–50 years, largely due to the age-related decline of CMI 
response.55,56 Furthermore, aging also leads to a weakened response to vaccines in vaccinated individuals, diminishing the 
protective efficiency of VZV vaccine over time.13,16 Therefore, the age of mice used in this study may influence the observed 
immune responses, warranting further investigation.

Conclusion
To summarize, we investigated the optimal immune strategy of VZV mRNA vaccine and protein-subunit vaccine in VZV- 
primed C57BL/6 mice, which are equivalent to human adults of 42–45 years old at which shingles disease begins to occur, and 
found that the cell immune response elicited by heterologous prime-boost regimen of “RNA-gE prime and PS-gE boost” was 
equal with mRNA vaccine, but significantly stronger than protein-subunit vaccine primed regimens. These findings provide 
valuable information to the design and optimization of VZV vaccines, which helps broaden varicella vaccination strategies in 
the future. The complexity of the immune response resulting from various vaccination combinations will require further 
investigation into the underlying mechanism in order to apply them in real world situation.
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