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Introduction: Reactivation of the varicella-zoster virus (VZV) results in herpes zoster 
(HZ), which can lead to complications such as postherpetic neuralgia. The 
commercially available HZ subunit adjuvanted vaccine, Shingrix®, offers significant 
protection against HZ in older adults. However, the adjuvant system of this vaccine 
has limitations that necessitate the development of alternative adjuvant systems. 

Methods: In this study, we established a novel adjuvant system, BK-02, 
composed of both the Toll-like receptor 9 (TLR9) agonist BK-02C (CpG2006) 
and a squalene-based oil-in-water emulsion, BK-02M (MF59), using ELISA, 
ELISpot, and flow cytometry analyses. 

Results: Our results showed that when combined with glycoprotein E (gE), the 
active ingredient of a recombinant HZ vaccine, the BK-02 adjuvant system elicited 
significantly higher gE-specific IFN-g+ T-cell responses (486 SFU/10⁶ cells, 121-fold 
increase vs gE alone) and IgG antibody titers (Lg titers 5.2 vs 3.4 for gE alone). The 
optimal dose (5 mg gE  +  30  mg BK-02C + 1× BK-02M) for inducing gE protein-
specific cellular immunity was determined in mice. This corresponded to a clinical 
dose of “50 mg gE + 300/500 mg BK-02C + 0.5 mL BK-02M.” Additionally, pilot-
scale samples of the recombinant HZ vaccine demonstrated enhanced gE-specific 
CD4+ and CD8+ T-cell immune responses, compared to Shingrix®. Moreover, the 
gE/BK-02 adjuvant system induced a Th1-regulated mixed immune response, 
enabling robust cellular and humoral immunity. 

Discussion: These findings indicated that the BK-02 adjuvant system is a 
promising adjuvant candidate for the current HZ subunit vaccines. 
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1 Introduction 

Varicella zoster virus (VZV), a member of the genus 
Varicellovirus within the human Alphaherpesviruses, is a 
spherical virus of approximately 180–200 nanometers in 
diameter. VZV is a double-stranded DNA virus and has a 
genome of about 125 kb that encodes 71 genes and 67 proteins 
(1). Primary VZV infection results in varicella, following which the 
virus establishes latency within the dorsal root ganglia. The 
reactivation of latent VZV results in herpes zoster (HZ) (2). 
Although HZ can occur at any age groups in the populations, its 
reactivation is strongly linked to age-related decline in cell-
mediated immunity (CMI), making it more common among 
older adults (3–5). While rarely life-threatening, a significant 
number of patients experience complications such as postherpetic 
neuralgia (PHN), which can last for extended periods and 
substantially affect their physical and psychological well-being (3, 
6, 7). VZV-specific CMI is crucial for preventing HZ. Previous 
research indicated a strong correlation between diminished VZV-
specific CMI and a higher incidence of HZ as well as increased rates 
of PHN (8–10). Conversely, high levels of VZV-specific antibodies 
provide no protection against HZ (8). Therefore, inducing a robust 
VZV-specific CMI through vaccination has become a central focus 
in the development of HZ vaccines. 

Glycoprotein E (gE), the most abundantly expressed 
glycoprotein in VZV, plays a crucial role in mediating viral entry 
into host cells (11). Notably, gE contains both B cell and CD4+ T cell 
epitopes, enabling the induction of specific humoral and cellular 
immune responses. Because of its excellent immunogenicity, gE has 
been widely employed in the development of VZV vaccine 
development (12, 13). Currently, three HZ vaccines have been 
approved for clinical use, including Zostavax® (Merck), Shingrix® 

(GSK), and Live Vaccine (Changchun BCHT Biotechnology). 
Among these, the subunit vaccine Shingrix® utilizes the 
recombinant gE as its antigen component, combined with the 
AS01B adjuvant system. Compared to the other two live-
attenuated vaccines, Shingrix® demonstrates significantly 
enhanced protection in elderly populations (14, 15). Clinical data 
show that Shingrix® has achieved > 97.2% protection in individuals 
aged ≥ 50 years, with the protective efficacy remaining high (87%) 
even in those aged ≥ 80 years (16). Post-vaccination, both gE­
specific CD4+ T cell immune responses and humoral immune 
responses are significantly higher than those induced by the live 
attenuated herpes zoster vaccine (17). Consequently, the FDA has 
recently recommended Shingrix® as the preferred vaccine for HZ 
prevention. However, Shingrix® is frequently associated with 
adverse reactions, including those localized to injection sites as 
well as systemic effects (14, 15). Moreover, its application has been 
limited by patent restrictions on the adjuvant, high production cost, 
         

         

      

           

      

    

Abbreviations: VZV, Varicella-zoster virus; TLR9, Toll-like receptor 9; gE, 

Glycoprotein E; HZ, Herpes zoster; CMI, Cell-mediated immunity; PHN, 

postherpetic neuralgia; ODNs, Oligodeoxynucleotides; PFU, plaque-forming 

unit; CI, confidence interval; SEM, standard error of mean; ANOVA, analysis 

of variance; SFU, spot forming unit. 
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and low manufacturing output. These limitations underscore the 
need to develop alternative adjuvant systems. 

CpG oligodeoxynucleotides (ODNs) are immunomodulatory 
synthetic oligonucleotides specifically designed to stimulate the 
Toll-like receptor 9 (TLR9). Receptor activation triggers cellular 
signaling pathways that enhance both humoral and cellular 
immunity. ODNs are currently being developed as vaccine 
adjuvants for the prevention and treatment of cancers, infectious 
diseases, and allergies (18–22). Four distinct classes of CpG ODNs 
have been identified: Class B ODNs (also known as K-type), Class D 
ODNs (referred to as A-type), Class C ODNs, and Class P ODNs. 
Although each class contains at least one “CpG motif,” they differ in 
structure and immunological activity. Among them, Class B ODNs 
trigger pDC differentiation and TNFa production while stimulating 
B cell proliferation and IgM secretion, and they have been the most 
extensively characterized in clinical trials (18). ODN 2006 (also 
known as ODN 7909), a Class B CpG ODN with a high affinity for 
human TLR9, has been shown to elicit robust immune responses in 
both mice and humans, making it a promising candidate for vaccine 
adjuvant development (23–25). In addition, MF59, a squalene­
based oil-in-water emulsion adjuvant, induces stronger humoral 
immune responses than traditional aluminum-based adjuvants. As 
the first non-aluminum adjuvant approved for human vaccines, 
MF59 demonstrates excellent tolerability with no significant safety 
concerns even in more “sensitive” populations (26, 27). 

Recent reports indicated that combining both MF59 and CpG 
ODNs enhanced vaccine-induced T-cell responses (28, 29). 
Additionally, both MF59 and CpG adjuvants have been 
demonstrated to provide superior protective efficacy in elderly 
populations (30). MF59 has been extensively used as an adjuvant 
in seasonal influenza vaccines for older adults, with clinical studies 
confirming its significantly enhanced effectiveness compared to 
non-adjuvanted influenza vaccines (31). Even when administered 
in reduced-dose regimens, CpG-adjuvanted hepatitis B vaccines 
have shown better immunogenicity than traditional aluminum­

adjuvanted vaccines in elderly recipients (32). Research on 
Shingrix® has fully established the significant protective efficacy 
of its adjuvant system in older populations (14, 15). Our previous 
research demonstrated that the MF59/CpG2006 adjuvant system 
can induce immune responses comparable to those elicited by the 
Shingrix® adjuvant system, suggesting that the MF59/CpG2006 
combination holds substantial promise for clinical application and 
warrants further translational investigation (33). 

In this study, we developed and evaluated a novel adjuvant 
system, designated BK-02, which is a combination of CpG2006 
(BK-02C) and MF59 (BK-02M). Our major objective was to 
enhance the immunogenicity of the HZ gE subunit vaccine. 
Through systematic comparison with the commercially available 
Shingrix® vaccine, we assessed the ability of the gE/BK-02 system to 
induce gE-specific cellular and humoral immune responses. 
Subsequent dose optimization and pilot-scale production further 
characterized the immunogenicity of the vaccine. Moreover, we 
observed that the gE/BK-02 adjuvant system induced a Th1­
regulated mixed immune response, enabling robust cellular and 
humoral immunity. Our results demonstrate that the BK-02 
 frontiersin.org 
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adjuvant system significantly enhanced gE protein-specific cellular 
and humoral immunity, highlighting its potential as a promising 
alternative to the current HZ subunit vaccine adjuvants. 
    

    

         
        
        

       
       

        
         

2 Materials and methods 

2.1 Materials and reagents 

The live attenuated HZ vaccine, MF59 (BK-02M) adjuvant, gE 
protein, and recombinant HZ vaccine produced via Chinese 
hamster ovary (CHO cell expression were provided by 
Changchun BCHT Biotechnology Co., Ltd. (Changchun, China). 
CpG2006 (BK-02C) adjuvant was purchased from Asymchem 
Laboratories Co., Ltd. (Tianjin, China). The recombinant HZ 
vaccine Shingrix® was obtained from GSK plc (London, UK). 
    

        
       

           
          

        
         

          
        

          
         

       
          

          
          
         

           
           

         
    

2.2 Animals and immunizations 

Female C57BL/6J mice (3–4/6–8 weeks old) were purchased 
from Liaoning Changsheng Biotechnology Co., Ltd. (Liaoning, 
China) and divided into three experimental groups, i.e., A, B, and 
C (Table 1). In experiments A and C, mice were pre-immunized 
with 1000 plaque-forming units (PFU) of zoster-attenuated live 
vaccine on day 1, followed by primary and secondary 
immunizations on days 36 and 50, respectively. We employed a 
prime-boost immunization strategy with a 14-day interval between 
two doses of the recombinant HZ vaccine. The positive control 
group received Shingrix® , while the negative control was 
administered phosphate-buffered saline (PBS). Blood and spleen 
samples were collected on days 78 (experiment A) and 64 
(experiment C). In experiment B, the mice received the same pre­
immunization (1000 PFU on day 1), with primary and secondary 
immunizations administered on days 43 and 57, respectively. Blood 
and spleen samples were collected on day 71. Blood samples were 
obtained via orbital venous plexus puncture and collected in 1.5 mL 
EP tubes. Spleens were aseptically excised, with fascia and 
connective tissue carefully removed. 
     
      

 

        
          

              
              

            
           

            
            
              

           

2.3 Quantification of gE protein-specific 
IFN-g-secreting T cells based on ELISpot 
assay 

Splenocytes were isolated and adjusted to a working 
concentration of 5 × 106 cells/mL. The specific procedures were 
as follows: a 70 mm cell strainer was placed in a culture dish, added 
with 2 mL of 1640 medium, and a single spleen tissue was placed on 
the strainer and ground using the plunger of a syringe. The ground 
cells were transferred to a 15 mL centrifuge tube for centrifugation 
at 400 g for 15 min at room temperature. The supernatant was 
discarded. A total of 2.5 mL of 1640 medium was added to 
resuspend the cells, then a total of 5 mL of ACK lysing buffer was 
added and incubated at room temperature for 5 min with occasional 
    Frontiers in Immunology 03 
            
         

           
           

           
        

               
               

          
            
             

           
         

         
          
          
        

shaking, followed by centrifugation at 200 g for 10 min at room 
temperature. The supernatant was discarded, and the sample was 
resuspend in 10 mL of RPMI-1640 medium, and then centrifuged at 
200 g for 5 min at room temperature. The supernatant was 
discarded and the sample was resuspend in 1 mL of mouse 
lymphocyte medium. The splenocytes was diluted 50-fold, then 
20 mL of cells were mixed evenly with 20 mL of trypan blue (a 2-fold 
dilution of cells); finally, a total of 20 mL of the mixture was added to 
a hemocytometer and the total number of viable cells (transparent 
and unstained with a reflective halo) was counted in 4 squares. The 
cell density (cells/mL) = (total cell count in 4 squares/4) × 104 × 
dilution factor × 2. The splenocytes were diluted to 5×106 cells/mL 
using mouse lymphocyte medium for subsequent assays. The cell 
suspension (100 mL/well) was co-cultured with the gE protein 
stimulant (10 mg/mL, 100 mL/well) in ELISpot plates, which were 
incubated at 37°C with 5% CO2. Spot formation was detected 
according to the manufacturer’s instructions 24 h post-incubation. 
         
  

   
   

 

         

  

     

      

      

  

 

      

       

       

        

        

        

       

       

        

        

  

  

 

    

    

    

  

  

TABLE 1 Immunization and experimental groupings of animals in 
this study. 

Experiment Number of 
mice (n) Treatment 

A 

5 5 mg gE/50 mg BK-02C + 1× BK-02M 

5 Shingrix® 

5 5 mg gE/1× BK-02M 

5 5 mg gE/50 mg BK-02C 

5 5 mg gE + PBS 

5 PBS 

B 

6 5 mg gE + 30  mg BK02C+1× BK02M 

6  10  mg gE + 30  mg BK02C +1× BK02M 

6  10  mg gE + 50  mg BK02C +1× BK02M 

6 5 mg gE +  50  mg BK02C +1× BK02M 

6 5 mg gE +  50  mg BK02C +2× BK02M 

6 5 mg gE +  30  mg BK02C +2× BK02M 

6  10  mg gE + 30  mg BK02C +2× BK02M 

6  10  mg gE + 50  mg BK02C +2× BK02M 

6 5 mg gE +  10  mg BK02C +1× BK02M 

6 5 mg gE +  70  mg BK02C +1× BK02M 

6 Shingrix® 

6 PBS 

C 

8 Pilot-scale sample 1 

8 Pilot-scale sample 2 

8 Pilot-scale sample 3 

8 Shingrix® 

8 PBS 
                 
     

Dosage equivalents: 1× BK-02M = 25 mL; 2× BK-02M = 50 mL. Shingrix® dose is diluted to 
10% of the original concentration. 
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2.4 Detection of gE protein-specific IgG 
antibodies and IgG subtypes based on 
ELISA 

The 96-well plates were coated with gE protein (1 mg/mL, 50 
mL/well) overnight at 4°C. Following washing three times and 
blocking, serial dilutions of mouse serum samples were prepared, 
starting at 1:10 dilution, with the highest dilution factor of 5 × 105. 
After three washes with 0.05% PBS-T, HRP-conjugated goat anti-
mouse IgG (Thermo Fisher, USA, Cat. no. A16078), HRP-

conjugated goat anti-mouse IgG1 (Abcam, UK, Cat. no. 
Ab97240), HRP-conjugated goat anti-mouse IgG2b (Abcam, UK, 
Cat. no. Ab97250), and HRP-conjugated goat anti-mouse IgG2c 
(Abcam, Cat. no. Ab97255) were added to detect antigen-specific 
total IgG, IgG1, IgG2b, and IgG2c levels, respectively. The reaction 
was developed with the TMB substrate and terminated with sulfuric 
acid. The optical density (OD) was measured at a wavelength of 450 
nm. Antibody titers were calculated based on the standard curves. 
    

          
            

          
         

         
         

        
            

            
           
         

          
         

            
        

            
         

          
         

      

2.5 Th1/Th2 cytokine detection 

Splenocytes were prepared at 5 × 106 cells/mL and stimulated 
with gE protein in 96-well plates. After 46–48 h of incubation, the 
supernatants were collected and analyzed for IFN-g, IL-2, IL-4, and 
IL-10 profiles using the Mouse Th1/Th2 Uncoated ELISA Kit 
(Invitrogen, USA, Cat. no. 88-7711-44) in accordance with the 
manufacturer’s protocol. The detailed steps were as follows: The 
capture antibodies were diluted to their working concentrations 
(IFN-g 1:1000, IL-2 1:250, IL-4 1:250, and IL-10 1:250), then 100 µL 
was added per well and coated overnight at 4°C. After blocking, 100 
µL of diluted supernatant samples was added per well, along with 
the standard working solution for in-plate gradient dilution. The 
plate was incubated at room temperature for 2 hours, then biotin-
labeled detection antibodies (IFN-g 1:1000, IL-2 1:250, IL-4 1:250, 
and IL-10 1:250) were added and incubated for 1 hour at room 
temperature. Next, 100 µL of streptavidin-HRP working solution 
(1:100 dilution) was added per well and incubated for 30 minutes at 
room temperature. Finally, TMB substrate was added for color 
development, the reaction was stopped after 15 minutes, and the 
absorbance was measured at 450 nm. The cytokine concentrations 
were determined using a standard curve. 
      
     

          
           

          
         

          
          

            
           

2.6 Flow cytometric analysis of gE protein-
specific CD4+/CD8+ T cell responses 

Splenocytes were prepared at 1.2 × 107 cells/mL (100 mL/well) 
and stimulated with gE protein (10 mg/mL, 50 mL/well) in 96-well 
plates. After 24 h of incubation, a GolgiPlug protein transport 
inhibitor was added to enhance cytokine accumulation. 50 mL 5×  
protein transport inhibitor cocktail was added to 96-well plates, and 
the plates were incubated overnight. The 96-well plates were then 
centrifuged at 600 g for 5 minutes at room temperature. Cells were 
washed once with 150 ml of cell staining buffer. Subsequently, cells 
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were stained for surface markers. 200 ml fixation buffer was added to 
each well to fix the cells, ensuring complete resuspension of cells in 
the added solution. The plates were incubated at room temperature 
in the dark for 20–60 minutes. 200 ml 1× permeabilization buffer 
was added to each well, followed by centrifugation at 800 g for 5 
minutes, after which the supernatant was discarded. The pellet was 
resuspended in the remaining volume, and the volume was adjusted 
to approximately 100 ml using 1× permeabilization buffer. Finally, 
cells were stained for intracellular cytokines prior to flow 
cytometric analysis. 
   

         
          

         
             
        

         
        

2.7 Statistical analysis 

Data were analyzed and graphically presented using the GraphPad 
Prism 10.4.1 (GraphPad Software, USA). Data in the figures were 
presented as geometric means with 95% confidence interval (CI), 
while data in the tables were presented as means ± standard error of 
mean (SEM). Statistical significance among multiple groups was 
determined by one-way analysis of variance (ANOVA), followed by 
t-tests for pairwise comparisons based on P < 0.05.  
  

      
    

    

        
         

          
        

           
           

           
          

       
         

           
          

         
        

         
         

          
          

       

3 Results 

3.1 gE/BK-02 adjuvant system induces gE 
protein-specific cellular and humoral 
immunity in immunized mice 

Our BK-02 adjuvant system consisted of both BK-02C 
(CpG2006) and BK-02M (MF59). To assess its effectiveness, we 
combined BK-02 with the active component (gE protein) of a 
recombinant HZ vaccine (produced via CHO cell expression) 
(experiment A in Table 1). Consistent with studies on Shingrix® , 
we also employed CMI as a key immunological endpoint, given its 
strong correlation with a reduced incidence of HZ and a lower 
likelihood of PHN development (8–10, 34). The number of gE 
protein-specific IFN-g-secreting cells in mouse splenocytes was 
quantified by ELISpot (Figure 1A). Results were expressed as 
spot-forming unit (SFU) per 1 × 106 cells. The gE, gE/BK-02C, 
gE/BK-02M, and “gE/BK-02 C + BK-02M” groups induced 4, 183, 
268, and 486 SFUs, respectively. The “gE/BK-02C + BK-02M” 
group exhibited the highest IFN-g response. Additionally, we 
measured gE-specific IgG antibody titers in the mouse serum 
(Figure 1B). After log transformation (Lg), the antibody titers 
were 3.4 (gE group), 5.0 (gE/BK-02C), 5.5 (gE/BK-02M), 5.2 (gE/ 
BK-02C + BK-02M), 5.5 (Shingrix®), and 1.7 (PBS control). No 
significant differences were observed between adjuvant groups. 
    

        
            

            

3.2 Th1/Th2 cytokine secretion 

After stimulating mouse splenocytes with gE protein, we 
measured IFN-g, IL-2, IL-4, and IL-10 levels induced by 5 mg gE/ 
50 mg BK-02C + 1× BK-02M and Shingrix® (Table 2). By measuring 
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the levels of these cytokines, we determined the Th1/Th2 cytokine 
polarization induced in the experimental groups. The results 
showed that the gE/BK-02 adjuvant system induced relatively 
high levels of IFN-g, IL-10, and IL-2, and low IL-4 levels, which 
were generally consistent with those induced by Shingrix® . 
     
  

          
          

        
          

             
         

            
             

          
          

           
          

              
           

         
         

            
          
               
           

            
         

        
     

3.3 Optimization of gE/BK-02 adjuvant 
system formulation 

To determine the optimal dose ratio of the active component 
(gE protein) of the recombinant HZ vaccine and the BK-02 
adjuvant system, we conducted a series of immunization 
experiments (experiment B in Table 1). Initial screening of the 
BK-02C adjuvant doses (10, 30, 50, and 70 mg) revealed that 30 mg 
BK-02C induced the highest number of gE-specific IFN-g SFU 
(1068 SFU/106 cells), followed by 50 mg (942 SFUs), 70 mg (940 
SFUs), and 10 mg (705 SFUs) (Figure 2A). Based on these results, 30 
mg and 50 mg BK-02C were selected for further evaluation. 

Considering that Shingrix® used 50–100 mg gE in clinical studies 
(with mouse doses typically one-tenth of human doses), we evaluated 5 
mg and  10  mg gE. Both doses induced comparable IFN-g responses 
(1068 vs. 1053 SFUs for 30 mg BK-02C; 942 vs. 867 SFUs for 50 mg BK­
02C), with slightly higher responses observed at 5 mg (Figure 2B). This 
finding was consistent with the pharmacodynamic data derived from 
Shingrix® studies in mice, establishing 5 mg gE as the  optimal  dose.  

Comparative analysis of 30 mg vs. 50 mg BK-02C (with fixed 5 
mg gE and 1× BK-02M) showed marginally stronger responses with 
30 mg (1068 SFUs for 30 mg vs. 942 SFUs for 50 mg). For BK-02M, 
no significant difference was observed between the 1× and 2× doses 
(1068 vs. 1153 SFUs), leading to the selection of the standard 1× 
dose (equivalent to the MF59 content in licensed influenza 
vaccines). All formulations induced high gE-specific IgG titers 
without significant differences (Figure 2C). 
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3.4 Cellular immune responses induced by 
pilot-scale recombinant HZ vaccine 

Three pilot-scale production batches of the recombinant HZ 
vaccine, produced via CHO cell expression (Lots P1, P2, and P3), 
were formulated with “50 mg gE/300  mg BK-02C + 0.5 mL BK-02M” 
(experiment C in Table 1). All three pilot-scale batches induced 
robust cellular immunity, with gE-specific IFN-g SFU per 1 × 106 cells 
measured at 700, 795, and 607 SFUs for the recombinant vaccine 
batches vs. 589 SFUs for Shingrix® (Figure 3). No significant inter-
batch variations compared to Shingrix® treatment were observed.  

In addition, we examined the gE-specific CD4+ T/CD8+ T cell 
immune responses. Flow cytometry results showed that the pilot-
scale sample 1 (PSS1) induced significantly higher numbers of CD4+ 

T cells, including gE protein-specific IFN-g+, IL-2+, and TNF-a+ 

single-positive CD4+ T cells, as well as IL-2+IFN-g+, IL-2+TNF-a+, 
and IFN-g+TNF-a+ double-positive CD4+ T cells, compared to those 
for the Shingrix® vaccine (Figure 4A). While no statistically 
significant difference was observed in total CD8+ T cell count 
compared to those of the Shingrix® vaccine, PSS1 induced a 
significantly increase in the numbers of gE protein-specific IFN-g+ 

and TNF-a+ single-positive CD8+ T cells,  as  well  as IL-2+IFN-g+, IL­
2+TNF-a+, and IFN-g+TNF-a+ double-positive CD8+ T cells in 
stimulated splenocytes from immunized mice (Figure 4B). 
      
    

        
          

          
       

         

3.5 IgG antibody subtypes induced by 
pilot-scale recombinant HZ vaccine 

Our results demonstrated that PSS1 induced antibody titers 
comparable to those of Shingrix®, including total IgG, IgG1, IgG2b, 
and IgG2c, with no significant differences among the induced IgG 
subtypes (Figure 5A). To visually demonstrate Th1/Th2 
polarization, we compared IgG2c and IgG1 levels using the 
  

                    
                      

FIGURE 1 

Evaluation of cellular and humoral immune responses induced by the gE/BK-02 adjuvant system in mice. (A) gE protein-specific IFN-g-secreting T 
cells in splenocytes quantified by ELISpot. (B) gE-specific IgG antibody titers in serum measured by ELISA. **P < 0.01, ****P < 0.0001. 
      

     

                   

             

TABLE 2 Th1/Th2 cytokine secretion profile. 

Group IFN-g IL-2 IL-4 IL-10 

5 mg gE/50 mg BK-02C +1× BK-02M 9187.7 ± 2578 607.2 ± 145.8 23.6 ± 2.56 544.9 ± 185.4 

Shingrix® 10892.4 ± 3896 400.6 ± 60.14 27.4 ± 1.53 549.3 ± 89.7 
                        Data are presented as means ± SEM. No significant difference is detected between 5 mg gE/50 mg BK-02C + 1× BK-02M and Shingrix® treatments. 
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IgG2c/IgG1 ratio (Figure 5B). Results showed that both PSS1 (0.99) 
and Shingrix® (0.94) exhibited ratios slightly below 1 (IgG2c/IgG1 
< 1), indicating marginally higher IgG1 levels. Notably, our pilot 
samples demonstrated a higher IgG2c/IgG1 ratio than Shingrix® , 
suggesting enhanced Th1-regulated mixed immune responses 
induced by our BK-02 adjuvant system. 
   Frontiers in Immunology 06
  

          
         
          

         

4 Discussion 

The reactivation of VZV results in HZ, posing a significant 
public health challenge. Its reactivation is strongly linked to age-
related decline in CMI, making it more common among older 
adults (3–5). Among HZ vaccines currently approved for clinical 
  

                   
                        

                       
              

FIGURE 2 

Evaluation of cellular and humoral immune responses induced by different gE/BK-02 adjuvant formulations in mice. (A) Quantification of gE-specific 
IFN-g-secreting T cells in splenocytes based on ELISpot after immunization with gE protein combined with 10, 30, 50, or “70 mg BK-02C + 1× BK­
02M.” (B) gE-specific IFN-g+ T cell responses (ELISpot) elicited by varying combinations of gE protein (5/10 mg), BK-02C (30/50 mg), and BK-02M (1×/ 
2×). (C) gE-specific IgG antibody titers in serum measured by ELISA. *P < 0.05. 
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use, Shingrix® demonstrates the highest protective efficacy in 
elderly populations (14, 15). However, its adjuvant system has 
inherent limitations, highlighting the need to develop alternative 
adjuvant systems. In this study, we developed and evaluated a novel 
adjuvant system BK-02, which is a combination of CpG2006 (BK­
02C) and MF59 (BK-02M). 
  
     
     
  

          
         

         
       

         
       

     
        

         
         

       
          

        
         

        
       

          
         

           
         

         
  

4.1 Enhanced cellular and humoral 
immune responses by the gE/BK-02 
adjuvant system 

We combined BK-02 with the active component (gE protein) of 
a recombinant HZ vaccine. The “gE/BK-02C + BK-02M” group 
exhibited the highest IFN-g response, indicating that the combined 
adjuvant system significantly enhanced gE-specific T-cell immunity 
compared to the gE group or single-adjuvant formulations. These 
results align with previous studies demonstrating that 
combinatorial adjuvants (e.g., AS01B in Shingrix®) enhance

cellular immune responses by activating multiple innate immune 
pathways (35, 36). Notably, the “gE/BK-02C + BK-02M” group 
elicited a comparable IFN-g response to the positive control 
(Shingrix®). Also, the adjuvanted gE formulations effectively 
induced robust humoral immunity. We observed that the use of 
MF59 significantly increased gE-specific IgG antibody titers, which 
is consistent with previous studies reporting that MF59 enhances 
humoral immune responses (37–39). In conclusion, the gE/BK-02 
adjuvant system significantly enhances gE-specific cellular (IFN-g+ 

T cells) and humoral (IgG) immune responses in mice. The 
combined effects of BK-02C and BK-02M effectively improved the 
immunogenicity of the HZ subunit vaccine. Given the crucial role of 
CMI in restricting VZV reactivation (8–10, 34), our adjuvant 
system has demonstrated its significant potential as an alternative 
adjuvant strategy. 
    Frontiers in Immunology 07 
     
   

         
          

       
      

       
          

          
         

        
       

    
         

       
        

         
            

        
           

        
             
          

      
        

       
      

        
      

          
   

4.2 Th1-regulated mixed immune response 
induced by gE/BK-02 

When stimulated with different antigens, most CD4+ T cell 
lines differentiate into two functional subsets, Th1 and Th2, which 
produce distinct lymphokines and exhibit different effector 
functions, activation requirements, and cytoplasmic signaling 
mechanisms. Th1 cells primarily secrete IFN-g, IL-2,  and  TNF-
a, mediating cellular immunity with IFN-g as the major marker. 
Th2 cells mainly produce IL-4, IL-5, IL-6, IL-10, and IL-13, 
mediating humoral immunity with IL-4 as the primary marker 
(40, 41). To systematically evaluate the immune polarization 
profi l es  induced  by  di fferent  adjuvanted  gE  vacc ine  
formulations, we performed Th1/Th2 cytokine analysis.  The
results indicated that our gE/BK-02 adjuvant system induced a 
Th1-regulated mixed immune response, characterized by strong 
Th1-type cellular immunity (high level of IFN-g), regulatory 
modulation (high level of IL-10), and Th2-type suppression (low 
level of IL-4). This pattern may be related to the composition of 
the adjuvant systems. Previous studies have demonstrated that 
CpG activates dendritic cells (DCs) and B cells through TLR9 to 
promote IFN-g secretion and induce Th1-type immune responses 
(42). CpG ODN may also activate B cells to secrete IL-10 via TLR9 
(43). MF59 itself enhances antigen uptake by activating DCs and 
promotes Th2-biased immune responses; however, when 
combined with CpG, it induces Th1-type immune responses 
(44).  In  summary,  the gE/BK-02 adjuvant system induced a 
Th1-regulated mixed immune response, demonstrating its 
ability to induce cellular immune responses and mediate 
immunoregulation.  The  Th1/Th2  cytokine  profi le  was  
comparable to that of the Shingrix® , consistent with our 
previous findings (33). 
      
    

            
         

             
           

          
         

          
            

             
         

         
         
         

         
           
        

     

4.3 Optimal dose and pilot-scale validation 
of the gE/BK-02 formulation 

The dose ratio study of the active ingredient (gE protein) of the 
recombinant HZ vaccine and the BK-02 adjuvant system identified 
the optimal dose group for mouse studies as “5 mg gE/30 mg BK-02C 
+ 1× BK-02M.” This is consistent with prior preclinical studies of 
gE-based vaccines, showing that 5 mg gE combined with adjuvants 
(e.g., AS01B) elicited maximal T-cell responses in mice (34). 
Calculated via a 10-fold extrapolation from the murine dose, the 
clinical doses were established as “50 mg gE/300 mg BK-02C + 0.5 
mL BK-02M” and “50 mg gE/500 mg BK-02C + 0.5 ml BK-02M” for 
the standard and high dose groups, respectively. This scaling 
approach is consistent with FDA guidelines for vaccine dose 
translation. Notably, Shingrix® uses 50 mg gE clinically (45), 
supporting the feasibility of our extrapolated dose, while the 
higher adjuvant dose (500 mg BK-02C) may provide superior 
therapeutic efficacy (46). In conclusion, “5 mg gE/30 mg BK-02C + 
1×BK-02M” represents the optimal dose for inducing gE protein-
specific cellular immunity in mice. 
  

        
         

     

FIGURE 3 

gE-specific IFN-g-secreting T cells induced by a pilot-scale 
recombinant HZ vaccine produced via Chinese hamster ovary (CHO) 
cell expression. NS, not significant. 
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FIGURE 4 

Cellular immune responses induced by a pilot-scale recombinant HZ vaccine produced via Chinese hamster ovary (CHO) cell expression. (A) Flow 
cytometric analysis of cytokine-positive percentages in CD4+ T cells (IFN-g+, IL-2+, and TNF-a+ single/double-positive subsets), showing the images 
of dot plots and gating strategy as well as the corresponding statistical analyses. (B) Flow cytometric analysis of cytokine-positive percentages in 
CD8+ T cells (IFN-g+, IL-2+, and TNF-a+ single/double-positive subsets), showing the images of dot plots and gating strategy as well as the 
corresponding statistical analyses. The first plot in parts A and B shows the gated T cell population. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 
0.0001; NS, not significant. 
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After successfully formulating the gE recombinant HZ vaccine, 
produced via CHO cell expression and containing the BK-02 adjuvant 
system at the pilot scale, we found that the pilot-scale sample induced 
superior cellular immune responses compared to those induced by the 
Shingrix® vaccine in immunized mice. All three pilot-scale batches of 
the recombinant HZ vaccine induced gE protein-specific T-cell 
responses with no significant inter-batch variations, consistent with 
the high reproducibility of industrial-scale CHO cell cultures (47). The 
pilot-scale recombinant HZ vaccine demonstrated improved gE 
protein-specific CD4+ T and  CD8+ T cell immune responses 
compared with the Shingrix® vaccine. While Shingrix® relies on 
liposome-based delivery of AS01B (35), our BK-02 system may more 
effectively cross-present antigens through the proposed DC activation 
pathway of BK-02 (42, 48). 

Finally, we examined the IgG antibody subtypes induced by the 
pilot-scale samples in mouse models to validate our Th1/Th2 
cytokine secretion analysis. Human IgG is divided into four 
subtypes (IgG1 to IgG4), whereas mouse IgG has five subtypes 
(IgG1, IgG2a, IgG2b, IgG2c, and IgG3). Notably, human IgG1 and 
IgG3 strongly correlate with Th1 responses, while IgG2 and IgG4 
associate with Th2 responses. In mice, IgG1 is strongly linked to 
Th2, both IgG2a and IgG2c to Th1, and IgG2b to both Th1 and Th2 
cells (49–52). Our Th1/Th2 cytokine secretion experiments 
demonstrated that the gE/BK-02 adjuvant system elicited a Th1­
regulated mixed immune response, which was further confirmed by 
the IgG subtype analysis, indicating that our BK-02 adjuvant system 
has potent humoral immunostimulatory capacity. CpG2006 
directly activates Th1 via the TLR9 pathway. This activation 
increases IFN-g levels and elevates the levels of IgG2b/2c, while 
indirectly inducing IL-10 secretion in B cells (42, 43). IL-10 
secretion enhances IgG1 production, which helps achieve a 
balanced IgG2c/IgG1 ratio, approaching 1. Meanwhile, MF59 
enhances antigen presentation to maintain total IgG levels and 
synergizes with CpG to suppress Th2 responses, leading to reduced 
IL-4 production (44). In summary, our gE/BK-02 adjuvant system 
induces a Th1-regulated mixed immune response, activating both 
cellular and humoral immunity. Moreover, it generates IgG 
antibody profiles comparable to that of Shingrix® , demonstrating 
its potential as a promising adjuvant candidate for next-generation 
HZ subunit vaccines. 
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4.4 Limitations 

Several limitations of our study are noted. Given that HZ 
predominantly occurs in elderly populations with compromised 
CMI (3–5), subsequent experiments should incorporate aged mouse 
models. Furthermore, due to the strict species specificity of VZV, 
which exclusively causes clinical symptoms in humans and non­
human primates, murine models cannot support viral latency or 
reactivation (53). Therefore, comprehensive efficacy evaluation in 
rhesus macaque models represents an essential approach for 
preclinical development. Moreover, we did not evaluate 
neutralizing antibody responses, which represent an important 
functional component of vaccine-induced immunity (54). 
Subsequent work should include neutralization assays to more 
comprehensively assess the protective capacity of antibodies 
induced by the BK-02 adjuvant system. Addressing these aspects 
will provide a more complete understanding of our vaccine 
candidate’s potential. 
  

          
         

        
        

           
        

       
            

        
        
        
       
         

        
         

        
            

       

5 Conclusions 

In this study, we developed a novel adjuvant system, BK-02, 
consisting of both BK-02C (CpG2006) and BK-02M (MF59). We 
systematically evaluated the immunogenicity of the BK-02 adjuvant 
system in combination with the recombinant varicella-zoster virus 
glycoprotein E (gE) in mice. Our results demonstrated that the gE/ 
BK-02 adjuvant system effectively induced robust cellular and 
humoral immune responses comparable to Shingrix®, with  optimal  
immunogenicity achieved at a dose of “5 mg gE  +  30  mg BK-02C +  1×  
BK-02M” in mice. The adjuvant system’s efficacy was further 
confirmed in pilot-scale vaccine production. These effects are 
attributed to the combined action of CpG2006-mediated Th1 
activation and MF59-enhanced antigen presentation. This study 
establishes BK-02 as a promising alternative adjuvant for HZ 
vaccines, with several critical next steps. Comprehensive evaluation 
in aged animal models to better recapitulate the immunosenescent 
state of elderly populations. Comprehensive efficacy evaluation in 
rhesus macaque models prior to clinical trials. Phase I clinical trials to 
assess safety and immunogenicity in human subjects. 
  

                   
FIGURE 5 

IgG antibody subtypes. (A) Antibody titers of IgG, IgG1, IgG2b, and IgG2c. (B) Ratio of IgG2c/IgG1. NS, not significant. 
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