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Abstract 

Background Elderly individuals face heightened susceptibility to infectious diseases and diminished vaccine 
responses. Vaccine adjuvants offer a solution. Despite aluminum adjuvant’s long history, its limitations in inducing 
strong cellular immunity and protecting immunocompromised individuals restrict its application. Building upon our 
previous development of zinc salt particle-based risedronate (Zn-RS), we systematically investigated the immunoen-
hancing effects of Zn-RS in aged mice and thoroughly explored the underlying mechanisms responsible for these 
observations in this study.

Results Compared to formulations using aluminum adjuvant, Zn-RS combined with either varicella-zoster virus 
glycoprotein E (gE) or SARS-CoV-2 monovalent STFK protein (STFK) elicited significantly higher IgG and neutralization 
titers, as well as superior long-term humoral immunity. Moreover, Zn-RS induced greater quantities of dendritic cells 
(DCs), antigen-presenting cells (APCs), follicular helper T  (TFH) cells, Th1/Th2/Th9/Th17 type immune cells, germinal 
center B cells (GCBs) and plasma cells.

Conclusions These findings support Zn-RS as a promising adjuvant candidate for elderly populations, warranting 
further exploration of its mechanisms and potential applications.
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Introduction
Aging is an inevitable, multifaceted process that occurs 
universally. Although vaccines designed to target mul-
tiple pathogens have saved millions of lives worldwide, 
their efficacy in elderly individuals is frequently dimin-
ished by immunosenescence, characterized by the age-
related deterioration of immune responses [1–3]. With 
the increasing proportion of elderly individuals world-
wide and the elevated risk of infectious disease pandem-
ics, research and development of vaccines and adjuvant 
systems that provide effective immune protection for 
older adults are crucial for promoting healthy aging 
worldwide and preventing severe diseases [4].

Adjuvants enhance vaccine effectiveness by employ-
ing multiple mechanisms, including stimulation of pro-
inflammatory cytokine production, recruitment and 
activation of innate immune cells, engagement of pat-
tern recognition receptors (PRRs) on immune cells, and 
potentiation of antigen presentation processes. Previ-
ous research has revealed that the directed transport of 
subunit vaccines requires the ability to navigate a com-
plex in  vivo cascade process involving six critical steps: 
initiating targeted delivery to lymph nodes, followed by 
specific targeting of dendritic cell (DC) subsets, modula-
tion of B cells, antigen-internalization and cross-presen-
tation, and finally, regulation of antigen-presenting cells 
(APCs) to elicit T-cell activation. However, in elderly 
individuals, the quantity of naïve T cells drops relative 
to that observed in younger individuals, thereby impair-
ing the immune response to previously unencountered 
antigens. Concurrently, changes in DC function encom-
pass impaired migratory capacity and reduced synthesis 
of specific cytokines, both of which are indispensable 
for eliciting T-cell-mediated protective immunological 
responses [5, 6]. To counteract age-associated declines in 
vaccine efficacy, enhancing the proliferation of DCs could 
constitute a promising and efficacious strategy.

Bisphosphonates (BPs) are synthetic drugs that are uti-
lized for therapeutic applications in bone diseases and 
feature a highly stable phosphorus-backbone-phospho-
rus structure, which provides increased affinity to the 
hydroxyapatite in bones [7, 8]. BPs are classified into two 
main categories: those with nitrogen content (N-BPs) and 
those without nitrogen content (non-N-BPs), of which 
N-BPs induce stronger immune responses. Studies have 
indicated that the application of pamidronic acid results 
in a higher proportion of γ/δ T cells [9]. Furthermore, 
zoledronic acid can activate and expand natural killer 
(NK) cells, DCs, and γ/δ T cells, which exhibit cyto-
toxic effects on various solid tumor cell lines [10,  11]. 
Zinc, ranking second only to iron among trace ele-
ments in the human body, plays a vital role in exchang-
ing information between cells, mediating processes of 

cell division and differentiation, and immune modula-
tion [12]. Decreased serum zinc levels are correlated with 
impaired neutrophil chemotaxis, reduced macrophage 
phagocytosis, increased apoptosis, and a diminished 
capacity of NK cells to secrete cytokines such as tumor 
necrosis factor-alpha (TNF-α) and interferon-gamma 
(IFN-γ) [13,  14]. Zinc is indispensable for orchestrating 
the proliferation, differentiation, and polarization of T 
helper (Th) cells. Additionally, reduced serum zinc levels 
are correlated with increased B lymphocyte apoptosis, 
compromised B-cell maturation and impaired receptor 
signaling [15,  16]. According to World Health Organi-
zation (WHO) statistics, the zinc deficiency rate of the 
population worldwide is approximately 17% to 20%, and 
elderly individuals are more likely to develop zinc defi-
ciency [17]. Zinc supplementation can reduce systemic 
inflammation and enhance the efficacy of vaccinations, 
while investigations into the prophylactic efficacy of a 
hybrid particulate adjuvant (aluminum-zinc) against 
influenza have demonstrated that zinc significantly con-
tributes to immune responses [18,  19]. BPs, which con-
tain two phosphate groups in combination with zinc 
salts, show potential as vaccine adjuvants for elderly indi-
viduals. Furthermore, it has been reported that a zinc-
aluminum hybrid adjuvant modified with N-BPs shows 
promise as a potential adjuvant in vaccines designed to 
protect against SARS-CoV-2 infection [20].

Previous studies have shown that the Zinc-Risedronate 
(Zn-RS) adjuvant has an obvious antibody-enhancing 
effect on young mice [11]. In this study, we combined 
Zn-RS adjuvant with wild-type spike monomeric protein 
(STFK) [21] and varicella-zoster virus glycoprotein E (gE) 
[22] in aged mice and reported that the Zn-RS adjuvant 
enhanced the antibody and T-cell response. Mechanistic 
studies revealed that the Zn-RS adjuvant could enhance 
the proliferation of DCs, APCs, germinal center B (GCB) 
cells, plasma cells, and follicular helper T  (TFH) cells and 
promote the secretion of Th1/Th2/Th9/Th17 cytokines. 
Moreover, abnormal toxicity experiments in KM mice 
also showed good safety. In summary, this study serves as 
a valuable foundation for optimizing adjuvant formula-
tions in geriatric vaccinology.

Results
Characterization of the physicochemical properties 
and abnormal toxicity evaluation of adjuvants
The appearance, particle morphology, and settling prop-
erties of emulsions of suspensions serve as key indicators 
for evaluating their stability. Compared with aluminum 
salt adjuvant (Al-001), the Zn-RS adjuvant appeared 
milky white at 0  h. After 24 h, the precipitate of the 
Zn-RS adjuvant was more solid than that of the Al-001 
adjuvant. Under an electron microscope, both the Al-001 
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and Zn-RS adjuvants exhibited seaweed-like clusters 
with visible core particles (Fig. 1A). Aside from stability, 
the physicochemical properties of the adjuvant can be 
evaluated through its pH, particle size, and point of zero 
charge (PZC). Zn-RS had a similar pH to that of Al-001. 
However, the diameter of Zn-RS is smaller than that of 
Al-001 (Table  1), which may indicate superior adjuvant 
effects [23]. The two adjuvants demonstrated negative 
potentials when measured at a neutral pH (Fig. 1B). For 
the Al-001 and Zn-RS adjuvants, almost complete miner-
alization of the metal ions and risedronate was achieved 
(Fig. 1C). Zn-RS exhibited an approximately 90% adsorp-
tion rate for STFK, which was lower than that of Al-001 
(Fig. 1D).

After administering a 0.5 mL intraperitoneal injection 
of the adjuvant to the KM mice, all the KM mice in the 
Zn-RS adjuvant group and the Al-001 adjuvant group 
(control group) survived over a 7-day observation period, 
and all the KM mice gained body weight compared with 
the initial measurements at the conclusion of the obser-
vation period (Fig.  1E). These findings indicate that the 
safety profile of the Zn-RS adjuvant conforms to the cri-
teria set by the pharmacopoeia.

Zn‑RS formulated with STFK induced a robust Th1‑biased 
immune response and excellent neutralizing titers 
in young and elderly mice
We then explored the enhanced immunogenicity of the 
Zn-RS-adjuvanted STFK vaccine in C57BL/6 mice of 
two age groups: 1. young (6 weeks old) group; 2. aged (15 
months old) group. C57BL/6 mice (n = 6/group) received 
bilateral intramuscular immunizations with STFK-for-
mulated vaccine (1 μg/dose), with booster administration 
at 3-week intervals. Humoral immune responses were 
assessed 14 days after the first shot. Compared with the 
Al-001-containing STFK formulation, the Zn-RS-con-
taining STFK formulation enhanced the serum antibody 
titer directed against STFK and the RBD in mice from 
the two age groups (Fig. 2A, B; I-J). Moreover, sera from 
animals immunized with the Zn-RS adjuvant formula-
tion exhibited higher titers of anti-STFK IgG1, IgG2a 
and IgG2b (Fig.  2C-E; K-M), as well as higher IgG2a/
IgG1 (Fig. 2F, N) and IgG2b/IgG1 titer ratios (Fig. 2G, O) 
compared with those of the Al-001 adjuvant formulation. 

In conclusion, these findings demonstrated that Zn-RS 
induced more balanced Th1/Th2 immune responses.

Potent neutralizing antibodies serve as key serological 
correlates for evaluating vaccine efficacy against emerg-
ing SARS-CoV-2 variants. However, novel SARS-CoV-2 
strains, such as BA.4/5, demonstrate decreased suscep-
tibility to antibody-dependent neutralization in serum 
collected from convalescent or immunized individuals 
[24,  25]. To evaluate the potential of Zn-RS to enhance 
broad-spectrum neutralizing responses, we measured 
levels of antibody titers in serum collected from mice 
administered the vaccine formulated in conjunction 
with STFK antigens. Although we observed a decline 
in antibody-mediated neutralization efficacy of BA.4/5 
strain compared with those against the wild-type (WT) 
strain in our mouse model (after two doses of the STFK-
Zn-RS vaccine), the Zn-RS-adjuvanted group exhibited 
significantly greater neutralizing antibody titers than 
the control group did (Fig. 2H, P). Overall, in combina-
tion with the STFK antigen, the Zn-RS adjuvant elicits 
superior neutralizing capacity against prototype and 
BA.4/5 strains compare to the Al-001 adjuvant. Further-
more, in the present study, serum antibody titers against 
STFK and RBD were continuously monitored in both 
age groups (6 weeks old and 15 months old) of C57BL/6 
mice, which were administered Zn-RS and Al-001 immu-
nization formulations over a period of 10 weeks follow-
ing the initial immunization. In the two age groups, the 
Zn-RS formulation induced higher titers of anti-STFK- 
and anti-RBD-binding antibodies than did the Al-001 
formulation, which persisted until the 10 th week. This 
effect was more pronounced in aged mice (Fig. 2Q, R).

Zn‑RS‑adjuvanted gE vaccine enhanced immune responses 
in young and aged mice
To evaluate systemically the capacity of Zn-RS and 
Al-001 in inducing humoral versus cellular immunologi-
cal outcomes, we immunized two age groups (6 weeks 
old and 15 months old) of C57BL/6 mice with the Zn-RS- 
or Al-001-adjuvanted gE vaccine. To evaluate the impact 
of vaccination on the enhancement of antibody titers, we 
assessed the binding titers two weeks following the initial 
immunization and one week after the subsequent immu-
nization. As a result, in these two tests, the mice that 
received gE-Zn-RS presented higher antibody titers than 

Fig. 1 Physicochemical property standards and abnormal toxicity tests of the Zn-RS and Al-001 adjuvants. A Macroscopic appearance 
and representative IEM images of Al-001 and Zn-RS. B Zeta potential of adjuvants at pH 7.0. C Measurement of metal element contents in adjuvants 
and their supernatants. The formula used for calculation was as described previously: [1 – (supernatant metal content/total metal content)] * 100%. 
Measurements for each metal element were performed in triplicate. D The concentration of STFK before combination with adjuvants was 200 μg/
mL. E Weight changes and survival timeline of KM mice injected intraperitoneally with 0.5 mL of Al-001 or Zn-RS over a 7-day observation period

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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did those that received gE-Al-001 (Fig. 3A, B). Similarly, 
data obtained from the serum samples of the two age 
groups mentioned above demonstrated that the Zn-RS 
group induced higher binding titers within the 0–5-week 
period (Fig. 3C, D). In aged mice, the Zn-RS group pre-
sented significantly greater neutralizing antibody titers 
(P < 0.01) compared to the Al-001 group (Fig.  3E). In 
the analysis of gE-specific T-cell responses by IFN-γ 
ELISpot, peptide stimulation induced 64-fold higher 
spot-forming unit counts in splenocytes isolated from 
gE-Zn-RS-immunized young C57BL/6 mice relative to 
the gE-Al-001 immunization group. Additionally, there 
was a 3.8-fold increase in the number of lymph node 
cells. Similarly, in aged mice, gE-Zn-RS was observed to 
induce an increased secretion of IFN-γ in both the spleen 
and lymph nodes compared with gE-Al-001 (Fig.  3F). 
To conduct quantitative immunophenotyping analysis 
of draining lymph nodes (dLNs), seven days after the 
second shot, the number of cells that produce IFN-γ or 
interleukin (IL)−4 within dLNs was measured via flow 
cytometry. Compared with the Al-001 group, the Zn-RS 
group demonstrated a higher absolute number of  CD4+ 
and  CD8+ cells that secreted IFN-γ or IL-4 in the two age 
groups (Fig. 3G-J).

Enhanced antigen presentation capacity was elicited 
in the Zn‑RS‑adjuvant group
APCs and LNs are both essential for integrating and 
regulating natural and adaptive immune responses. Spe-
cifically, APCs are responsible for delivering antigens 
to T cells, and LNs serve as critical sites for integrat-
ing immune responses. Overall, they are essential for 
coordinating adaptive immune responses and enhanc-
ing immune responses to vaccines [26,  27]. Activation 
of innate immune mechanisms triggers an immediate 
immunological response in LNs characterized by lym-
phocyte accumulation and upregulated expression of 
proinflammatory mediators [28, 29]. To further elucidate 
the functional mechanism of the Zn-RS formulation, 
we harvested inguinal lymph nodes 7  days post-injec-
tion of either the Zn-RS or the Al-001 adjuvant formu-
lation. MF59, a clinically licensed squalene-stabilized 
oil-in-water emulsion adjuvant, not only enhances Th1 
(IFN-γ+)/Th2 (IL-4+) T-cell responses but also promotes 

germinal center (GC) development [30, 31] and was used 
as a benchmark adjuvant in this study. When immu-
nized with different formulations, the Zn-RS formulation 
induced greater proliferation of macrophages, mononu-
clear cells, neutrophils, DCs and B cells in C57BL/6 mice 
(6 weeks of age and 15 months of age). Furthermore, the 
trend was essentially the same in the lymph nodes and 
spleens (Fig. 4A-C). The results of the binding antibody 
assay revealed that, compared with the Al-001 group, the 
Zn-RS group had a greater binding antibody titer. This 
effect may be attributed to the enhanced proliferation of 
APCs in the lymph nodes and spleens during the early 
stages of immunization. These results indicate that com-
parable pathways may be activated by the Zn-RS adju-
vant in mice of different age groups (6 weeks old and 15 
months old).

The Zn‑RS adjuvant promoted the proliferation of GCB 
and memory B/T cells
Germinal center responses are essential for induc-
ing robust and sustained B-cell responses, with  TFH 
cells serving as core regulators of these processes [32]. 
Class-switched, affinity-matured antibodies generated 
from plasma cells, together with sustained memory 
B cells, constitute the cornerstone of effective and 
enduring humoral immunity against infectious agents 
[33]. Long-lived plasma cell and memory B-cell for-
mation critically relies on the signals provided by  TFH 
cells within GCs [34].  TFH cells are distinctly identified 
within the  CD4+ T-cell population by their surface-
expressed C-X-C chemokine receptor 5 (CXCR5) and 
programmed cell death protein 1 (PD-1) [35]. To gain 
deeper insights into the impact of vaccine adjuvants 
and age on GC responses and memory B/T responses, 
we immunized C57BL/6 mice (6 weeks old and 15 
months old) with STFK1628x [21] vaccines formu-
lated with Al-001 or Zn-RS. Two weeks after the ini-
tial immunization, we measured the number of GC_B, 
 TFH, and plasma cells from the spleen and lymph 
node tissues of the mice (Fig. 5A). Compared with the 
Al-001 group, the Zn-RS group presented significantly 
greater numbers of plasma cells (Fig.  5A),  TFH cells 
(Fig. 5A), and GC_Bs (Fig. 5A). This enhancement was 
consistent with the swift antibody-mediated immune 

Table 1 pH and particle size of Al-001 and Zn-RS; each measurement was repeated three times

pH Diameter, µm

1 st 2nd 3rd AVE + SD 1 st 2nd 3rd AVE + SD

A1-001 6.30 6.34 6.33 6.32 ± 0.02 14.84 19.45 15.90 16.73 ± 1.89

Zn-RS 6.38 6.39 6.40 6.39 ± 0.01 2.64 2.63 2.54 2.60 ± 0.04
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Fig. 2 Antibody responses were induced by STFK formulated with Zn-RS in young and aged mice. Six-week-old and fifteen-month-old C57BL/6 
mice were injected intramuscularly on days 0 and 21 with 1 μg of the STFK protein with Al-001 or Zn-RS. Retro-orbital blood was collected on day 
14 (A to H) and day 28 (I to P). A and I Binding titers against STFK, B and J anti-RBD IgG, C and K anti-STFK IgG1, D and L anti-STFK IgG2a, E 
and M anti-STFK IgG2b, F and N anti-STFK IgG2a:IgG1 ratio, G and O anti-STFK IgG2b:IgG1 ratio, H and P NT50 of the STFK prototype or BA.4/5 were 
assessed, n = 6 per group. Q and R Anti-STFK and anti-RBD binding titers of immune sera from young and aged C57BL/6 mice from Week 1 to Week 
10 or Week 8. The data were log-transformed and tested employing Mann–Whitney U test. *p < 0.05, **p < 0.01, ***p < 0.001
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response and accelerated antibody affinity maturation 
observed in two age groups of mice immunized with 
the Zn-RS-adjuvanted STFK vaccine. Furthermore, 
compared with the Al-001 formulation, the Zn-RS for-
mulation induced greater proliferation of memory B 
cells and memory T cells in aged mice (Fig. 5B), which 
may be related to the age-associated alterations in the 
immune system in the two age groups.

Increased Th1/Th2/Th9/Th17 cytokine release after Zn‑RS 
stimulation
In the late 1980 s, Mossman and Coffman categorized 
 CD4+ and  CD8+ T cells into Th1 and Th2 cells based on 
distinct cytokine secretion patterns. Th1 cells (featured 
by their secretion of IFN-γ) are essential components of 
cellular immunity. In contrast, Th2 cells primarily release 
interleukin (IL)−4, IL-5, and IL-13. Th2 lymphocytes are 
considered as pivotal regulators of humoral immunity 

Fig. 3 Zn-RS-adjuvanted gE elicited potent immune responses in young and aged mice. Young adult, 6-week-old C57BL/6 and aged, 15-month-old 
C57BL/6 mice received intramuscular injections on days 0 and 28 with 5 μg of gE protein with Al-001 or Zn-RS. Retro-orbital blood was collected 
weekly, and A binding antibody titers against gE at Week 2, B binding antibody titers against gE at Week 5, C and D dynamic changes of binding 
antibody titers against gE from week 1 to week 5 (6-week-old and 15-month-old C57BL/6). E Neutralizing titer of only aged individuals at Week 
5. F Spleens and lymph nodes were collected 1 week flowing the final immunization and then stimulated with a gE peptide pool before being 
subjected to ELISpot and G to J flow cytometry, n = 6. F Quantification of IFN-γ released from cells within each well was performed via ImmunoSpot 
software. G to J Absolute numbers of IFN-γ+CD4+ T helper (Th1), IL-4+CD4+ T helper (Th2), IFN-γ⁺CD8⁺ T, and IL-4⁺CD8⁺ T cells were examined 
via flow cytometry. Statistical significance was determined via the Mann‒Whitney U test. *p < 0.05, **p < 0.01, ***p < 0.001
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and controllers of extracellular pathogens [36]. Th9 lym-
phocytes are distinguished by their expression of IL-21, 
IL-9, and IL-10 [37]. Th17 lymphocytes constitute a dis-
tinct  CD4+ T helper subset characterized by their secre-
tion of cytokines such as IL-17 A/IL-17 F heterodimers. 
The influence of Th9 and Th17 lymphocytes on the pro-
cess of carcinogenesis is predominantly dictated by the 
specific tissue microenvironment or cancer context [38]. 

Notably, the Th1 immune response caused by Al-001 
or Zn-RS in aged mice was much stronger than that in 
young mice, whereas the Th2 immune response was 
largely equivalent between the two age groups (Fig. 6A), 
which is consistent with the imbalance of Th1/2 immune 
responses in the aged population mentioned in the litera-
ture. This leads to chronic inflammation in older individ-
uals [39]. Compared with the Al-001 adjuvant, the Zn-RS 

Fig. 4 The Zn-RS adjuvant formulation elicited robust APC responses. C57BL/6 mice (young adults: 6 weeks old; aged: 15 months old) received 
subcutaneous injections of 10 μg of the STFK1628x protein formulated with either the Al-001 or Zn-RS adjuvant following single- or double-dose 
immunization protocols. Spleens and draining lymph nodes were aseptically collected 7 days post-primary immunization for immune cell profiling. 
A Absolute numbers of macrophages, monocytes and neutrophils; B myeloid DCs and lymphocyte DCs; C B cells and T cells. The data are presented 
as the means ± SDs (n = 6/group). Statistical significance was evaluated via the Mann‒Whitney U test (two-group comparison) or one-way ANOVA 
(multi-group comparison). *p < 0.05, **p < 0.01, ***p < 0.001
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adjuvant combined with STFK1628x [21] elicits stronger 
and balanced Th1 and Th2 immune responses, achieving 
a balanced cytokine environment (Fig. 6A, 2C-E; 2 K-M). 
Moreover, the Zn-RS adjuvant induced more Th9/17 
cytokines than the Al-001 adjuvant did in the young and 
aged mice’s lymph nodes and spleens (Fig. 6B). Raw flow 
cytometry plots for all the groups in Fig.  6, the gating 
strategy for the different populations (Fig. S1 A, B) and 
the antibody panels used is available from Supplementary 
data.

Discussion
The share of elderly individuals within the population 
worldwide is on the rise. Senior citizens are especially 
at risk for numerous infectious conditions, notably res-
piratory viruses such as SARS-CoV-2 and influenza 
[40]. Elderly individuals exhibit increased susceptibility 
to COVID-19 and demonstrate a marked predisposi-
tion toward severe illness compared with their younger 
counterparts. Additionally, their hospitalization and 
mortality rates following infection exceed those recorded 
in younger populations [41]. The decline in geriatric 
and dysregulation of immunological function, termed 
immunosenescence, may significantly contribute to the 

heightened vulnerability of older adults to severe out-
comes from SARS-CoV-2 [42]. There is an imperative 
requirement to develop age-tailored vaccines to optimize 
defensive immunity in older adults. Adjuvants are sub-
stances that enhance vaccine efficacy [43]. A good adju-
vant is needed to protect aged patients from infectious 
diseases [44–47].

Serum neutralization potency against spike protein 
or receptor-binding domain contributes significantly to 
providing defense the progression of SARS-CoV-2 infec-
tion. The significant impact of COVID-19 infection and 
restricted access to efficacious therapies, particularly 
for elderly patients, necessitate a more systematic and 
rational approach to managing the disease. The develop-
ment of effective cellular immunity in aged individuals is 
crucial for ensuring the efficacy of vaccines [48]. Herpes 
zoster (HZ), which differs from respiratory infections, is 
a viral disease that typically appears in older adults and 
has a pathology closely associated with a decline in cel-
lular immunity [49]. Here, we evaluated the formula-
tion of Zn-RS with the gE antigen or STFK in young and 
aged mice. And found that Zn-RS combined with the 
gE or STFK induced stronger humoral responses and 
higher neutralizing antibody titers in 6-week-old and 

Fig. 5 The Zn-RS adjuvant formulation drove the expansion of GCB and memory B/T cells. Young adult (6-week-old) and aged (15-month-old) 
C57BL/6 mice were subcutaneously injected with 10 μg of the STFK1628x protein (formulated in the Al-001 or Zn-RS adjuvant) on days 0 and 21 
post-initial treatment. A Spleen and lymph node samples were collected 14 days post-initial injection. Absolute numbers of GCB cells, plasma cells 
and  TFH cells. B Draining inguinal LNs and spleens were harvested 14 days following the second injection. Absolute numbers of memory B cells 
and T cells. The data are presented as the means ± SDs (n = 6/group). Statistical significance was evaluated using Mann–Whitney U test (two-group 
comparison) or one-way ANOVA (multi-group comparison). *p < 0.05, **p < 0.01, ***p < 0.001
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15-month-old mice. Moreover, in 15-month-old mice, 
compared with Al-001, Zn-RS prolonged humoral immu-
nity. At the same time, the Zn-RS formulation elicited 
a Th1-type immune response bias and stronger T-cell 
response than the aluminum formulation did in young 
and aged mice.

Recently, regulatory authorization has been 
granted to MF59®-adjuvanted influenza vaccines 
(Fluad™), despite incomplete characterization of this 

emulsion-based adjuvant’s mechanism of action. Alter-
natively, authorization for employing the Fluzone® 
high-dose vaccine in the United States began in 2009. 
Additionally, these vaccines were not intentionally 
designed to compensate for the particular inefficiencies 
in the mechanisms of aging B cells. Instead, their for-
mulations progressed through the clinical trial phases, 
primarily because they enhance overall vaccine effec-
tiveness. While these vaccines can induce elevated 

Fig. 6 The Zn-RS adjuvant formulation promoted Th1/Th2/Th9/Th17 cytokine release. Young adult (6-week-old) and aged (15-month-old) 
C57BL/6 mice were subcutaneously injected with 10 μg of the STFK1628x protein (formulated in the Al-001 or Zn-RS adjuvant) following either a 
single or double immunization. Spleen and lymph node tissues were harvested 2 weeks post-primary injection. Flow cytometric analysis 
of cytokine-producing T-cell subsets: A IFN-γ+CD4+ T helper (Th1) cells, IL-4+CD4+ T helper (Th2) cells, IFN-γ⁺CD8⁺ T cells, and IL-4⁺CD8⁺ T cells. 
B IL-9⁺CD4⁺ T helper (Th9) cells, IL-17⁺CD4⁺ T helper (Th17) cells, IL-9⁺CD8⁺ T cells, and IL-17⁺CD8⁺ T cells. The data are presented as the means ± SDs 
(n = 6/group). Statistical significance was tested by the Mann‒Whitney U test for pairwise comparisons and one-way ANOVA for multiple group 
comparisons. *p < 0.05, **p < 0.01, ***p < 0.001
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protective antibody levels among older individuals, 
the precise mechanisms through which they provoke 
such robust immune responses remain incompletely 
elucidated. Understanding the functional mechanisms 
of adjuvants has been crucial to their successful use 
in enhancing immune responses, which can guide the 
strategic development of novel vaccine formulations 
that target diseases sharing comparable biological char-
acteristics. Here, we combined Zn-RS with STFK1628x 
[21] and reported that it induced similar proliferation 
of immune cells in young and old animals, with greater 
increases in DCs, APCs, GCBs, plasma cells,  TFH cells, 
and other lymphocytes in older mice, suggesting its 
potential as a vaccine adjuvant for the elderly and 
providing a basis for the development of other adju-
vants that target this population by promoting similar 
immune cells. Additionally, to gain deeper mechanistic 
insight into Zn-RS, our study will concentrate on eluci-
dating the transcriptomic differences between immune 
responses elicited by Zn-RS and those induced by 
Al-001, aiming to clarify the mechanisms of Zn-RS and 
contribute to the progression of personalized vaccina-
tion strategies designed specifically for seniors.

In addition to efficacy, safety is equally critical in vac-
cine development, particularly for populations such as 
the elderly, who have diminished immunity and toler-
ance. This study demonstrated that Zn-RS exhibited 
excellent safety in KM mice. Next, we will also study the 
safety of Zn-RS in SD rats of different ages and in BALB/c 
mice. Also, neurotoxicity and long-term toxicity should 
be taken into consideration. For elderly patients receiv-
ing bisphosphonate therapy for osteoporosis prevention, 
antibodies targeting bisphosphonates deserve attention 
due to potential treatment interference. Then the absence 
of reported antibody-mediated bisphosphonate depletion 
in osteoporosis patients [50,  51] underscores the mini-
mal risk of antibody development in clinical use. Moreo-
ver, vaccination protocols typically involve a significantly 
reduced dosing burden compared to clinical treatment. 
Nevertheless, future trials incorporating immunogenicity 
assays could help clarify this risk, particularly for patients 
undergoing concurrent vaccinations or immunomodula-
tory therapies.

In conclusion, Zn-RS combined with VZV gE or STFK 
induces higher binding and neutralizing antibody titers 
in two age groups (6 weeks old and 15 months old) than 
does an aluminum adjuvant. Additionally, prolonged 
binding enhances antibody effectiveness. Zn-RS also 
increases the production of DCs, APCs, GCBs, plasma 
cells,  TFH cells, and other lymphocytes in aged mice, 
offering valuable insights for the exploration of novel vac-
cine adjuvant systems for older adults.

Materials and methods
Designation of the study
This study aimed to explore the enhanced immune 
response of Zn-RS adjuvant in aged mice. The mechanism 
was then explored preliminarily. Sample size estimation 
was empirically optimized to accommodate result vari-
ability and meet statistical potency requirements, while 
also minimizing animal participation in accordance with 
the ethical principle of reduction. Two age groups (young 
adults: 6 weeks old; aged: 15 months old) C57BL/6 mice 
were randomly allocated into experimental cohorts (n 
= 6 per group) for measurement of antibody titers and 
assessment of different immune system responses. For the 
abnormal toxicity assay, six KM mice were randomly allo-
cated to each group for the experimental study. The study 
was conducted without blinding procedures, and experi-
mental replication numbers varied among the experi-
ments, with details provided in the figure legends.

Animals
All the animals utilized in the study, including female 
C57BL/6 mice (6 weeks old) and female KM mice (5 
weeks old), were provided by Shanghai SLAC Labora-
tory Animal Co., Ltd. Female, 15-month-old C57BL/6 
mice were acquired from Xiamen University Laboratory 
Animal Center. All animal experiments were performed 
following the strict guidelines provided by the Guide for 
the Care and Use of Laboratory Animals. The mice were 
euthanized by cervical dislocation when the experiments 
were ended. For the mice used for the mechanistic study, 
their draining lymph nodes (dLNs) and spleens were har-
vested. Consideration was given to animal welfare, with 
efforts made to minimize potential suffering.

Preparation and characterization of the Zn‑RS and Al‑001 
adjuvants
Al-001 represents aluminum salt adjuvant, while Zn-RS 
represents the adjuvant composed of  Zn2⁺, risedronate, 
and phosphate. The key technique employed for creat-
ing this adjuvant is termed T-mixing, which ensures 
the uniform mixing of its various components [20]. 
The AKTA purifier liquid chromatography system 
facilitated precise and uniform mixing at a constant 
flow rate of 100 mL/min. The liquid containing  Zn2⁺ or 
 Al3+ served as Solution A, whereas the liquid contain-
ing phosphate or a mixture of risedronate and phos-
phate acted as Solution B. To ensure that the final pH 
of the adjuvant was close to the neutral pH of humans, 
we adjusted the pH of Solution B to approximately 7.5 
by adding NaOH reagent cautiously. After autoclav-
ing at 121 °C for 60 min, these adjuvants were ulti-
mately obtained, with a total metal concentration of 
approximately 31 mM. For Zn-RS, the concentration of 
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risedronate was 3.9 mM. Furthermore, MF59 was pre-
pared according to the established protocol for MF59™; 
in contrast to Zn-RS and Al-001, MF59 utilizes a dis-
tinctive oil-in-water emulsion formulation comprising 
10% (v/v) squalene and 1% (w/v) each of Tween 80 and 
Span 85.

Prior to characterization via JEOL JEM-1200EX 
transmission electron microscopy, the adjuvants were 
diluted by a factor of 50. Zn-RS and Al-001 were 
diluted to equal volumes with physiological saline and 
then placed into a 10 mL glass vial, which was left at 
room temperature for 24 h. Before and after this dura-
tion, photographs were taken to document the appear-
ance of the adjuvant. A Nano-Brook Omni analyzer 
(Brookhaven) was employed to measure the hydro-
dynamic diameter and zeta potential of the adjuvants 
precisely. To characterize the adjuvants further, we 
employed an Agilent multi-collector inductively cou-
pled plasma optical emission spectroscopy system, 
which measured the total and supernatant metal con-
tents in the adjuvants with high accuracy. The biomin-
eralization rate was obtained using the following 
formula: [1 – (supernatant metal content/total metal 
content)] * 100%. The risedronate concentrations were 
determined through UV/Vis absorption spectroscopy 
(260 nm detection wavelength) with a DU800 system 
(Beckman Coulter). For the quantification of rise-
dronate, calibration curves were established based on 
the optical density  (OD260) measured from a series of 
risedronate standards at the following concentrations: 
0.16, 0.08, 0.06, 0.04, 0.03, 0.02, 0.015, and 0.01 mg/mL. 
The formula used to calculate the biomineralization 
rate of risedronate was analogous to that employed for 
calculating the metal biomineralization rates.

Prior to being combined with either Zn-RS or Al-001 
at a 1:1 volume ratio, the STFK underwent saline-based 
dilution, resulting in 200 μg/mL. And then the mixture 
was stored at 4 °C overnight. Following centrifugation at 
13,000 r per minute for 10 min, the supernatant was used 
to determine absorption by ELISA with 36H6 as the coat-
ing antibody and 85 F7-HRP as the catching antibody. 
Adsorption rate = [(100 − STFK concentration in the 
supernatant)/100] * 100%.

To evaluate the safety of Zn-RS, we injected KM mice 
(6 mice per group) intraperitoneally (0.5 mL per mouse) 
according to the instructions of the Chinese Pharma-
copoeia, with Al-001 as the control. Body weight and 
survival rates were recorded daily from day 0 to day 7 fol-
lowing their initial injection.

Adjuvants and immunization
To assess the enhancement in antibody titers of the 
Zn-RS adjuvant, female C57BL/6 mice in two age groups 

(young adults: 6  weeks; aged: 15 months) were system-
atically distributed across 4 treatment cohorts (n = 6 per 
group). Each group was administered one of four dis-
tinct formulations: 1  μg of STFK with Zn-RS or Al-001 
adjuvants or 5  μg of VZV gE proteins [22] with Zn-RS 
or Al-001 adjuvants. At the beginning of the experiment 
and subsequently on day 21 or 28, each mouse in all the 
groups received an intramuscular injection of 150 μL. 
For antibody titer measurement, serum samples were 
collected via orbital bleeding. Before analysis, the sam-
ples were first centrifuged at 13,000 r per minute for 10 
min and then stored at −20  °C. For further evaluation 
of immune responses, an enzyme-linked immunospot 
assay (ELISPOT) and flow cytometry were conducted on 
splenocytes and lymphocytes harvested 1 week post the 
boost immunization. The mice involved in the mechanis-
tic study were administrated subcutaneously with vac-
cines (10 μg of STFK1628x formulated with Zn-RS or 
Al-001 adjuvants). Like in the antibody response assess-
ment experiment, a single dose of 150 μL or two doses 
were given on days 0 and 21. Following the collection of 
splenocytes and lymph node tissues at three time points 
(days 7, 14, and 35), the resulting cellular suspensions 
were immediately analyzed via flow cytometry.

Enzyme‑linked immunosorbent assay
Before the experiment, the STFK protein was diluted to 
1 μg/mL in 1 × CB9.6, coated onto 96-well plates (100 μL 
per well), and then incubated at 37 °C for 2 h. The wells 
were subsequently blocked with 1 × ED for 2 h at 37 °C. 
Serum samples were consecutively diluted and trans-
ferred into 96-well plates, followed by 1-h antigen‒anti-
body-specific interactions at 37 °C. After being washed 
five times, horseradish peroxidase (HRP)-labeled anti-
bodies (goat-anti-mouse IgG, IgG1, IgG2a, or IgG2b anti-
bodies) obtained from Abcam were added to the wells 
separately. After being maintained at 37 °C for an addi-
tional 0.5 h, they were then reacted with tetramethylb-
enzidine chromogen solution (Wantai, 100 μL/well). Ten 
minutes later, 2 M sulfuric acid  (H2SO4) was added to ter-
minate the chromogenic reaction in the case of excessive 
color development. Finally, the absorbance at an optical 
density (OD) of 450–630 was read. Each plate contained 
six serum samples collected before the first injection, and 
the cutoff value was established by adding three stand-
ard deviations to the average value obtained from the six 
serum samples. The endpoint titer was established as the 
last serial dilution maintaining an optical density meas-
urement greater than the predetermined threshold value. 
For anti-gE binding titer measurement, the coating solu-
tion was 1 × PBS, the sealing solution was sealing fluid-3, 
and the incubation time after the addition of serum was 
the same as that after the addition of the goat-anti-mouse 
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antibody conjugated with HRP (0.5 h). The serum was 
diluted with SD-1, and the anti-mouse horseradish per-
oxidase conjugates were diluted with ED-13. For the anti-
RBD binding titer measurement, the coating solution was 
1 × CB 9.6, and the other solution was the same as that 
used for the anti-gE binding titer measurement.

SARS‑CoV‑2 pseudovirus neutralizing antibody titer 
measurement
On the basis of our established methodology [52], neu-
tralization assays were performed using BHK21-hACE2 
cellular models challenged with pre-generated SARS-
CoV-2 pseudotyped particles (based on vesicular sto-
matitis virus). Briefly, the cells were initially cultured in 
96-well plates, and then the serum samples (tenfold serial 
dilutions) were incubated with pseudoviruses at 37 °C 
under a 5% CO₂ atmosphere for 1  h. The serum‒virus 
complexes were subsequently transformed into pre-
seeded cellular monolayers and maintained under iden-
tical culture conditions for 12‒16 h. Finally, fluorescence 
quantification was conducted through automated high-
content image acquisition with the Operetta CLS System 
(PerkinElmer). Serum-free virus-infected wells served 
as positive controls for normalization of 100% infection 
rates. Neutralization potency was determined via four-
parameter logistic regression analysis (GraphPad Prism 
8), with the 50% inhibitory dilution (ID₅₀) defined as the 
serum dilution required to reduce pseudovirus infection 
by 50% relative to positive controls.

VZV‑specific neutralization assay
ARPE-19 cells were utilized in the experiment, as 
reported previously. The study was conducted based on 
previous literature and our preliminary studies [53,  54]. 
Prior to co-culture, cells were plated and pre-incubated 
in 24-well plates under standard culture conditions (37 
°C, 5%  CO2) for 12 h. Serum samples were subjected to 
heat inactivation at 56 °C for 0.5 h to eliminate comple-
ment proteins. The serum samples were subsequently 
subjected to fivefold serial dilutions via virus stabilization 
buffer (pH 7.4; 25 mmol/L histidine, 150 mmol/L NaCl, 
and 9% w/v sucrose). Each diluted serum sample was 
mixed with: (a) rabbit complement (1/10 of the total vol-
ume), (b) 100 plaque-forming units of cell-free virus. The 
virus-serum-complement mixtures were incubated at 37 
°C/5% CO₂ for 60 min before being applied to the pre-
seeded ARPE-19 monolayers. Following a 60-min viral 
adsorption phase at 37 °C, the infectious medium was 
carefully replenished with fresh medium, and the cultures 
were maintained for 72 h under standard conditions. 
Infection efficiency was quantified via an ELISPOT assay 
according to established protocols [55,  56]. Serum-free 

wells containing virus and complement served as positive 
controls for maximal infection. Neutralization antibody 
titers were determined as the maximum serum dilution 
that demonstrated a ≥ 50% inhibition of viral infection in 
the positive control wells.

Enzyme‑Linked Immunospot Assay (ELISPOT)
Spleens and lymph nodes collected from the mice were 
ground and filtered through cell strainers. Spleen cells 
were resuspended in ELISPOT assay medium and stand-
ardized to a density of 1 × 10⁶ cells per well, and the num-
ber of lymph node cells was set at 4 ×  105 cells per well. 
They were then plated onto ELISPOT plates pre-coated 
with an anti-mouse IFN-γ antibody (Dakewei Biotech). 
These cells were subsequently incubated with gE pep-
tides (concentration: 5  μg/mL) at 37 °C/5% CO₂ for 20 
h. Wells containing the added stimulants served as posi-
tive controls, whereas those without stimulants served as 
negative controls. After completing the subsequent steps 
referring to the manufacturer’s manual, the signals were 
scanned and counted via a CTL-ImmunoSpot S5 Ana-
lyzer. The number of IFN-γ-releasing cells in the experi-
mental wells was determined via the following formula: 
(Average spot count in positive wells—Average spot 
count in negative wells)/6; here, the number 6 represents 
the number of mice in each group.

LN and spleen immunophenotyping by flow cytometry
To comprehensively evaluate the development and acti-
vation of immunocytes, we analyzed cytokine secretion 
from specific cell types along with the expression of phe-
notypic and activation markers. We initially filtered the 
harvested lymph nodes and spleens through a 70-μm fil-
ter to eliminate larger tissue fragments. The filtered cells 
were subsequently resuspended in 2% FBS-supplemented 
PBS, followed by ice-cold blocking with a CD16/32 
antibody for 30 min. Finally stained on ice using fluo-
rochrome-labeled monoclonal antibodies (mAbs) corre-
sponded with immune cells for 30 min. For intracellular 
cytokine staining (ICS), the cells were initially incubated 
with pooled spiked peptides (concentration: 1.0 μg/mL) 
or gE peptides (concentration: 1.25 μg/mL) and then 
maintained in a humidified incubator at 37 °C with 5% 
 CO2 for 18 h. For accurate detection of cells that produce 
cytokines, the cells were further incubated with Golgi-
Plug (BD Biosciences) for another 6 h. The cells were first 
washed, and surface staining was performed to identify 
specific markers with fluorescent markers coupled with 
antibodies at 4  °C for half an hour. BD Cytofix/Cytop-
erm was then utilized for cell fixation and permeabiliza-
tion. After being treated with fluorochrome-conjugated 
mAbs for intracellular staining, the cells underwent a 
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45-min period on ice. Finally, the results were analyzed 
via a BD LSRFORTessa X-20 flow cytometry system. All 
the following antibodies were used in this study: anti-
MHCII (PE/Cy7, BD), anti-CD11c (PerCP/Cy5.5, BD), 
anti-CD11b (PE, BD), anti-CD80 (FITC, Biolegend), anti-
CD86 (BV421, Biolegend), anti-Ly6c (APC/Cy7, BD), 
anti-Ly6 g (BV605, BD), anti-B220 (PE/Cy7 and FITC, 
Biolegend), anti-TCRβ (PerCP/Cy5.5, Biolegend), anti-
CD95 (PE, BD), anti-IgD (FITC, Biolegend), anti-GL-7 
(APC, Biolegend), anti-CD138 (BV421, Biolegend), Puri-
fied CXCR5 (Biolegend, Biolegend), Biotin-rat IgG2a 
(BD), APC streptavidin (BD), anti-mouse CD8 (APC, 
Biolegend), anti-mouse CD4 (FITC, Biolegend), anti-
mouse PD1 (BV421, Biolegend), anti-mouse IL-4 (PE, 
Biolegend), anti-mouse IFN-γ (APC, Biolegend), anti-
mouse IL-9 (APC, BD), anti-mouse IL-17 (PE, BD), anti-
mouse PD L2 (BV421, BD), anti-mouse CD73 (AF647, 
Biolegend), anti-mouse CCR7 (PE, Biolegend), anti-
mouse CD62L (APC, BD), and anti-mouse CD44 (BV605, 
BD). The LLIVE/DEAD® Fixable Aqua Dead Cell Stain 
Kit was also employed to assess cell viability. For the anal-
ysis of data from the experiment, FlowJo X 10.0.7r2 was 
utilized, while GraphPad Prism version 8 facilitated both 
statistical analysis and the creation of graphs.

Ethics statement
Animal experiments were conducted with the approval of 
Institutional Animal Care and Use Committee of Xiamen 
University (Permit Number: XMULAC20190145), ensur-
ing compliance with ethical standards. All experimen-
tal procedures involving mice were conducted in strict 
adherence to the guidelines established by the Chinese 
Regulations on Laboratory Animals and the Require-
ments for Laboratory Animal Environment and Housing 
Facilities.

Statistical analysis
Statistical analyses were performed with SPSS software 
(version 20.0), and graphing was achieved with GraphPad 
Prism 8 software. Statistical details are provided in the 
figure legends. All the data are presented as the means 
± standard deviations (SDs). The definition of statistical 
significance was as follows: *p < 0.05, **p < 0.01, ***p < 
0.001.
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