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A B S T R A C T   

Co-delivery of antigens and adjuvants in a nanoparticle format could be beneficial for subunit vaccine devel
opment. Herein, we develop a nanovaccine comprising lactoferrin-Mn-PEG-diABZI-2-antigen, termed LaMP-A- 
antigen. Featuring a metalloprotein core, LaMP securely localizes manganese (Mn) in confined spaces formed 
by lactoferrin-PEG conjugates. LaMP efficiently coordinates imidazole-containing adjuvants (diABZI-2), yielding 
LaMP-A, which is subsequently functionalized by numerous his-tagged viral-derived antigenic proteins or pep
tides by simple admixture. Compared to regular metal chelation, LaMP-A-antigen is more physiologically stable 
and can be lyophilized and stored at room temperature without change in physical and immunological properties 
for months. Following screening of ten common metal ions, manganese and cobalt are found to enhance the 
adjuvant effect of diABZI-2 by activation of stimulator of interferon genes (STING). In particular, Mn2+ achieves 
a 39-fold adjuvant dose sparing effect. When the SARS-CoV-2 receptor-binding domain (RBD) is used as a model 
antigen, immunization with LaMP-A-RBD elicits strong mucosal, humoral and cellular immunity. Following a 
single intranasal administration of LaMP-A-RBD in hamsters, antigen-specific T cells as well as natural killer (NK) 
cells are induced, along with RBD-specific IgG and secretory IgA (sIgA), leading to rapid neutralization in a 
reporter pseudovirus challenge. Thus, the LaMP-A system represents a novel vaccine adjuvant system that dis
plays antigens, and exploits metalloimmune responses via the cGAS-STING pathway to improve vaccine 
immunogenicity.   

Introduction 

Vaccines represent a central public health policy for controlling 
numerous infectious diseases [1–4]. Among them, subunit vaccines are 
advantageous owing to a high level of safety, precise targeting of anti
gens of interest, and safe manufacture [5,6]. Subunit vaccines generally 
comprise antigens and adjuvants to stimulate effective and durable 
immune responses [7,8]. As such, rational design of new subunit vac
cines co-delivering different functional antigens and adjuvants to larger 
scaffolds has been a research focus [9]. However, development of vac
cines by a straightforward antigen and adjuvant attachment method for 
efficacious and stable formulations in physiological settings has been 

challenging. 
Methods for incorporating antigens and adjuvants into nanovaccines 

include encapsulation in nanoparticles or adsorption on surfaces 
[10–12]. However, hydrophilic antigens and adjuvants can suffer from 
low encapsulation efficiency and poor stability, leading to premature 
release [13,14]. Covalent conjugation chemistry offers a wide range of 
strategies [15–17] such as reacting antigens with amine or thiol groups 
to nanoparticles with maleimide, succinimidyl ester, and 
carboximide-activated carboxylic acid [18–20]. In spite of high yields 
achieved by chemical conjugation, the problem of impaired efficacy due 
to chemical structure change and the need for chemical reactions arises 
[21,22]. Moreover, covalent coupling may fail to release the pristine 
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antigens and adjuvants in immune cells, giving rise to impairment of 
immunogenicity due to alteration of chemical structures [23,24]. 
Coupling antigens and adjuvants to the lipid backbone in organic sol
vents has also been pursued [25,26], but this method is only suitable for 
small immunogenic peptides, but not for proteins that become perma
nently denatured in organic solvents [27,28]. An alternative strategy 
that avoids these limitations is the non-covalent approach by coordi
nating poly-histidine tag (his-tag)- containing antigenic polypeptides to 
metal-based scaffolds which sometimes suffer from limitations such as 
physiological instability [29,30]. Meanwhile, emerging vaccines ap
proaches that address these problems were also developed for treatment 
of malaria, cancers and coronavirus by generating strong cellular im
mune responses. For example, coordination of metal ions to his-tagged 
antigenic peptides (cobalt-porphyrin liposome vaccine [31,32], coor
dination of metal ions to STING agonists (cyclic dinucleotides (CDA), 
and aminobenzimidazoles (ABZI)) with imidazole groups (Mn-histidine 
liposome vaccine [33], Mn-naphthalocyanine micellar system[34]. 

Under pandemic circumstances, it is urgent to distribute sufficient 
vaccines around the world including in low- and middle-income coun
tries to trigger global herd immunity [35]. However, the COVID-19 
pandemic showed that the cold chain and frozen storage requirements 
pose a substantial bottleneck to vaccine distribution [36,37]. The 
physiological stability of subunit vaccines is of importance to guarantee 
injected vaccines are efficacious [38,39]. 

Taking the aforementioned points together, we herein introduce an 
approach to anchor metals on proteins yielding a new metal-based 
nanovaccine platform by confining manganese (Mn) in a lactoferrin 
(La)-PEG conjugate nanoreactor. As such, firmly embedded in the metal 
core of La-Mn-PEG (LaMP), Mn provides a coordination scaffold for 
anchoring imidazole-containing adjuvants (such as ABZI, CDA, diABZI, 
forming LaMP-A) and diverse his-tagged viral antigens (for coronavirus, 
influenza A H1N1, herpes simplex virus type 2 (HSV), human immu
nodeficiency virus (HIV), human papilloma virus (HPV), and hepatitis C 
virus (HCV)) simply by admixture in water. Using this method, the as- 
formed vaccine, termed LaMP-A-antigen, remains stable in serum and 
can be lyophilized for long-term storage at room temperature for 
months. As an example, LaMP-A-RBD elicited a broad spectrum of 
metalloimmune response mounted against the SARS-CoV-2 receptor- 
binding domain (RBD). Mn2+ synergistically enhanced the prevention 
effect of the STING agonist diaminobenzimidazole compound by the 
activation of cGAS-STING, and induced humoral immunity to produce 
neutralizing antibodies against SARS-CoV-2. A mucosal immune 
response was also triggered to produce antigen-specific secretory 
immunoglobulin A (sIgA) in the lung of immunized hamsters. Antigen- 
specific T cells and antigen-independent natural killer (NK) cells were 
activated, resulting in prevention of SARS-CoV-2 infection into lung 
epithelial cells after a single intranasal administration in a pseudovirus- 
infection model. 

Results and discussions 

His-tagged antigen protein binding to protein polymer metal core 

Lactoferrin (La) is considered to be a first-line defense protein, 
playing an important role in protecting against various microbial in
fections and preventing systemic inflammation [40]. La also has been 
reported to show immunomodulatory capability by interferon γ (IFN γ) 
activation and promotion of antigen-specific T cell generation by DC 
enhancement [41]. Therefore, we chose La as a template to react with 
aldehyde-functionalized PEG2000 to generate a protein-polymer con
jugate (La-PEG) via a Schiff base reaction. A metal core (La-Mn-PEG, 
termed LaMP) was obtained in situ on the La-PEG conjugate by reducing 
the metal ion (Mn2+) in aqueous solution containing 20% (v/v) meth
anol (Fig. S1a-c, Supporting information). Presumably, Mn2+ first bound 
to negatively charged amino acid residues on the protein surface, and 
were subsequently reduced by methanol and reducing amino acid 

residues in the protein [42,43]. Importantly, La should not be deacti
vated since the catalytic activity was well preserved after treatment by 
20% (v/v) methanol using catalase as a surrogate as shown in Fig. S2. 
Next, we conjugated imidazole-containing adjuvants by coordinating 
with metals on the metalloprotein by simply incubation. In this study, a 
STING agonist diABZI derivative (diABZI-2) was first synthesized, which 
has enhanced STING activation compared with ABZI we previously re
ported [34] (Fig. S3-35) and then diABZI-2 and LaMP metal core were 
admixed in aqueous solution containing 20% (v/v) DMSO, given the 
hydrophobicity of diABZI-2. The chelation efficiency of diABZI-2 
reached about 79.2% at Mn:diABZI-2 = 1:1 (n:n)(Fig. S36a-c). 

After obtaining the metalloprotein decorated with diABZI-2 (form 
LaMP-A), various water-soluble viral antigens could be coordinated 
further on metalloprotein by admixture in aqueous solution. We 
screened a series of virus-associated antigenic proteins or peptides 
including RBD, hemagglutinin (HA), antigen peptides of HIV, HPV, 
HCV, HSV (Fig. 1a,b). These antigens could also be readily chelated, 
forming LaMP-A-antigen with an efficiency of about 81.2% at RBD:Mn=
0.5:1 (m:m) (Fig. S36d). Therefore, we chose RBD:Mn= 0.5:1 to 
formulate vaccines. We found that using this artificial metalloprotein as 
a coordination scaffold, LaMP-A-antigen exhibited excellent stability in 
serum and its physical and biological properties were well preserved 
after lyophilization likely because the metal as coordination scaffold was 
steadily anchored in a confined space when forming protein-PEG con
jugate. We used regular form of coordination nanoparticle as a control 
by admixing of Mn2+, PEGylated diABZI-2 and antigen, termed Mn-A- 
antigen. These two forms of metal nanovaccines were chelated with 
various antigens including RBD, HA, antigen peptides of HIV, HPV, 
HCV, HSV, and then subjected to lyophilization and resuspension in 
ultrapure water. Subsequently, the size, polydispersity index (PDI), an
tigen and adjuvant retention and immunological properties of these two 
formulations were measured. As shown in Fig. 1c-f, compared with the 
Mn-A-antigen nanovaccine, the size, PDI, antigen and adjuvant content 
of the reconstituted LaMP-A-antigen did not change significantly. 
Similarly, after incubation in 20% FBS for 24 h, the contents of antigen 
and adjuvant and the size of LaMP-A-antigen nanovaccines remained 
unchanged (Fig. 1g-j). To further assess the immune function of this new 
metalloprotein-based nanoplatform, we vaccinated mice by intranasal 
administration of Mn-A-RBD and LaMP-A-antigen and measured the 
antibody levels of bronchoalveolar lavage fluid (BALF), nasopharyngeal 
lavage fluid (NPLF), and serum 14 days after vaccination. In stark 
contrast, LaMP-A-RBD exhibited higher levels of antigen-specific sIgA 
and immunoglobulin G (IgG) antibodies in BALF, NPLF and serum than 
that of Mn-A-RBD by 282, 348 and 167 times, respectively (Fig. 1k-n). 
Other antigens for respiratory and non-respiratory system associated 
diseases were also investigated. Similarly, compared with Mn-A-antigen, 
LaMP-A-antigen also induced higher antigen-specific sIgA and IgG an
tibodies in BALF, NPLF and serum (Fig. 1o,p and Fig. S37a,b). These 
results demonstrated that LaMP-A-antigen presented a generalized 
metal nanovaccine platform that could activate effective humoral and 
mucosal immunity in vivo. Given that SARS-CoV-2 and mutant strains 
have caused devastating global viral pandemic, resulting in severe 
global public health crisis, [44,45] our following experiments focus on 
the antigen RBD to detect the metalloimmune response triggered by 
LaMP-A-RBD. 

Mn2+ synergistically potentiates STING agonist activity in vitro and in vivo 

Before characterization of LaMP-A-antigen, we first investigated the 
mechanism how the combination of Mn2+ and STING agonist synergis
tically exerted their adjuvant effect. Previously, we and other research 
groups demonstrated that metal ions could effectively enhance STING 
agonist (ABZI) activity and boost interferon-I (IFN-I) response for anti- 
tumor immunotherapy and IFN-I is a key link between innate immu
nity and adaptive immunity, activating DC cells and T cells. IFN-I can 
also activate NK cells and induce NK cells to secrete factors (such as IFN 
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Fig. 1. His-tagged viral antigens bind to the LaMP metalloprotein. a, Schematic illustration of preparation of LaMP-A-antigen via in-situ reduction of Mn in pro
tein–polymer conjugates. b, The mechanism of LaMP formation. c-f, Changes in size (c), PDI (d), antigen retention rate (e) and adjuvant diABZI-2 retention (f) of Mn- 
A-antigen and LaMP-A-antigen nanoparticles before and after lyophilization. g-j, Changes in size (g), PDI (h), antigen retention rate (i) and adjuvant diABZI-2 
retention (j) of Mn-A-antigen and LaMP-A-antigen nanoparticles before and after incubation with 20% FBS for 24 h. k-n, RBD-specific sIgA antibody titers from 
BALF (k) and NPLF(l) and RBD-specific IgG antibody titers from BALF (m) and serum (n) detected by ELISA after intranasal administration of one single dose of Mn- 
A-RBD and LaMP-A-RBD nanoparticles in BALB/c mice, n 3. o,p, Different antigen-specific sIgA antibody titers from BALF (o) and different antigen-specific IgG 
antibody titers from serum (p) detected by ELISA after one single intranasal administration of LaMP-A-antigen nanoparticles (RBD, HA, antigen peptides of HIV, HPV, 
HCV, HSV) in BALB/c mice, n = 3. 
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γ and IL-12p70) [34]. We assumed that metal ions also played an 
important role in immune modulation for virus vaccination as well. 
Therefore, we screened various nutritive metal ions (such as Ca2+, Mg2+, 
Mn2+, Zn2+, Cu2+, Fe2+, Fe3+, Ni2+, K+, and Co2+) for immunity 
enhancement against SARS-CoV-2 pseudoviruses (SC2-PV, expressing 
SARS-CoV-2 S protein and GFP). A549 cells that can overexpress human 
ACE2 (A549/hACE2) were made first as an in vitro model, which were 
pre-incubated with different concentrations of metal ions for 24 h, and 
then SC2-PV (MOI = 0.1) was added. We found that the preincubation of 
Mn2+ or Co2+ induced less SC2-PV infection in a dose-dependent 
manner after challenge with GFP-labelled SC2-PV, indicated by the 
fluorescence intensity of GFP in the cells whereas other metals had 
negligible effect of immune modulation (Fig. S38a). This should be 
attributed to the activation of STING pathway and it has been previously 
reported that STING agonist pretreatment inhibited SARS-CoV-2 gene 
expression and replication in infected cells [46,47]. As shown in 
Fig. S38a,b, the immunity against SC2-PV (MOI = 0.1) was 
dose-dependent on the concentration of metal ions and diABZI-2, 
achieving a 39-fold dose saving effect. And the immunity was still pro
nounced even when SC2-PV reached MOI = 0.3 (Fig. S38c,d) and 0.6 
(Fig. S38e,f), achieving a dose-saving effect of 21 and 2.6 times, 
respectively. Meanwhile, RBD has proven to be a viable immunogen for 
SARS-CoV-2 vaccine development, capable of triggering antigen-specific 

immune responses.[48] As shown in Fig. S38g, the addition of antigen 
RBD also enhanced the prophylactic effect. Since Mn2+ has most pro
nounced synergy effect and has been approved by the US FDA for 
pharmaceutical use, [49] our following studies focused on the combi
nation of Mn2+, STING agonist and antigen RBD. In addition, similar 
levels of SC2-PV growth were observed when Mn2++diABZI-2 +RBD 
was added to A549/hACE2 cells 4 h before infection (T = − 4 h) or 4 h 
after infection (T = 4 h) (Fig. S38h), suggesting that Mn2++diAB
ZI-2 +RBD could be used as either vaccine or antivirus vector. In this 
study, we put the emphasis on the former. 

Next, in order to verify the above phenomenon is caused by STING 
activation, IFN β in A549/hACE cells as an indicator of cGAS-STING 
pathway activation was measured [50]. Compared with other con
trols, A549/hACE cells treated with Mn2++diABZI-2 +RBD secreted 
more IFN β to form IFN β enhanceosome (Fig. S38i). Maximal tran
scription of the IFN-I gene was dependent on the formation of the 
enhanceosome containing phosphorylated IRF3 and p65 [51,52]. Acti
vated IRF3 could translocate into the nucleus to induce the transcription 
of type I interferons and other inflammatory cytokines, resulting in an 
prophylactic effect [53]. Therefore, the effect of Mn2++diABZI-2 +RBD 
on the downstream of the STING-IFN-I signaling pathway was investi
gated. As shown in Fig. S38j, the combination of Mn2++diABZI-2 +RBD 
effectively enhanced the phosphorylation levels of TBK1, IRF3 and p65 

Fig. 2. Mn2+ augments the activity of STING agonist diABZI-2. i: PBS, ii: RBD, iii: Mn2++RBD, iv: diABZI-2 +RBD, v- Mn2++diABZI-2 +RBD. a, BMDCs were treated 
with various samples as indicated with 200 μM Mn2+, 1 μM diABZI-2 and 1 μg mL− 1 RBD for 24 h and then mouse IFN β secretion was quantified by ELISA. b,c, 
Representative flow cytometry plots of CD40 (b) and CD86 (c) in BMDCs treated with formulation i-v containing 200 μM Mn2+, 1 μM diABZI-2 and 1 μg mL− 1 RBD 
for 24 h. d, Schematic illustration of animal study design. e,f, IFN β (e) and TNF α (f) from BALF detected by ELISA, n = 3. g,h, RBD-specific sIgA antibody titers from 
NPLF (g) and BALF (h) detected by ELISA, n = 3. i,j, RBD-specific IgG antibody titers from BALF (i) and serum (j) detected by ELISA, n = 3. k, RBD-specific IgA 
antibody titers from serum detected by ELISA, n = 3. l, Neutralization of pseudovirus. 
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in A549/ACE cells. 
In addition, we also evaluated the effect of the combination of 

Mn2++diABZI-2 +RBD on immune cells such as bone marrow-derived 
dendritic cells (BMDCs) and bone marrow-derived macrophages 
(BMDMs). Similar to A549/ACE cells, Mn2+ was able to enhance the 
STING agonist diABZI-2 activity and IFN-I secretion in BMDCs and 
BMDMs, producing IFN β enhanceosome (Fig. 2a-c and Fig. S38k,l). The 
combination of Mn2+diABZI-2 +RBD also significantly upregulated 
CD40 and CD86 expression on BMDCs and CD86 expression on BMDMs 
(Fig. S38m). 

We further assessed the in vivo immune responses against SARS-CoV- 
2 induced by Mn and diABZI-2, so BALB/c mice were intranasally 
administered with PBS, RBD, Mn2++RBD, diABZI-2 +RBD, 
Mn2++diABZI-2 +RBD (containing 15 μg Mn2+, 5 μg diABZI-2 and 
300 ng RBD) on days 0 and 7, and immunoassays were performed on day 
14 (Fig. 2d). Compared with other controls, the combination of 
Mn2++diABZI-2 +RBD effectively activated the cGAS-STING pathway 
of cells in BALF, producing a large amount of IFN β (Fig. 2e)[46,54], TNF 
α (Fig. 2f) and chemokine CXCL 10 (Fig. S38n) that recruits adoptively 
transferred CXCR3+ effector CD8+ T cells.[55] To further assess mucosal 

immune antibody responses, we measured RBD-specific sIgA antibodies 
in NPLF and BALF of mice. Intranasal administration of Mn2++diAB
ZI-2 +RBD produced the highest amount of RBD-specific sIgA antibodies 
in NPLF (Fig. 2g) and BALF (Fig. 2h). Antigen-specific sIgA responses 
provide a dynamic immune barrier preventing pathogen invasion.[56] 
Interestingly, RBD-specific IgG responses were also observed in BALF 
(Fig. 2i). Furthermore, inhalation of Mn2++diABZI-2 +RBD induced the 
most RBD-specific IgG antibodies (Fig. 2j) and RBD-specific immuno
globulin A (IgA) antibodies in serum (Fig. 2k). And the antibodies pro
duced in serum could neutralize the SARS-CoV-2 virus (Fig. 2l and 
Fig. S38o). These results suggested Mn2++diABZI-2 +RBD could effec
tively stimulate strong metalloimmune responses in forms of mucosal 
and humoral immunity against SARS-CoV-2. 

Preparation and characterization of lyophilizable LaMP-A-RBD 

Although Mn+A+RBD induced promising immune responses, the 
Mn+A+RBD mixture had disadvantages such as low limited endocytosis 
and rapid clearance rate. Therefore, STING agonist, and antigen RBD 
were chelated on LaMP and the image of SDS-PAGE gel verified the 

Fig. 3. Preparation and characterization of lyophilizable LaMP-A-RBD a, SDS–PAGE gel of different samples as indicated. b, TEM image of LaMP-A-RBD. c, Dynamic 
light scattering of different sample. i: PBS, ii: Mn+A+RBD, iii: LaMP-RBD, iv: LaMP-A-RBD. d, STEM image of LaMP-A-RBD and the corresponding elemental 
mapping for P and Mn. Scale bars: 200 nm. e, Binding of FITC-labeled RBD, in soluble or particulate form, to hACE2-expressing cells. f,g, Cellular uptake of difference 
formulations. BMDCs were incubated with Mn+A+RBD (FITC-RBD, diABZI-2 and Mn), LaMP-RBD (FITC) and LaMP-A-RBD (FITC) for different times, followed by 
analysis of intracellular fluorescence of FITC by microplate reader (f) and confocal microscopy (g), Scale bars, 50 µm. h–j, Size change (h), RBD level change (i) and 
binding of FITC-labeled RBD (j) of LaMP-RBD or LaMP-A-RBD after lyophilization. 
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successful conjugation on LaMP (Fig. 3a). The LaMP-A-RBD exhibited 
spherical morphology as shown in Fig. 3b. The hydrodynamic diameter 
of LaMP-A-RBD was 130 ± 21 nm with a polydispersity index (PDI) of 
0.154, measured by dynamic light scattering in Fig. 3c. The corre
sponding energy dispersive X-ray spectra and Mn2p X-ray photoelectron 
spectroscopy spectra further confirmed the successful confinement of 
Mn in LaMP (Fig. 3d and Fig. S39). Mn2+, diABZI-2 and RBD were more 
easily released from LaMP-A-RBD at pH= 5.5, likely because the ester 
bond between PEG and LF was cleaved at pH= 5.5 (Fig. S40). 

To study the cellular uptake by A549/hACE2, RBD protein was flu
orescently labelled by Fluorescein 5-isthiocyanate (FITC). As shown in 
Fig. 3e, significant uptake was observed when A549/hACE2 was incu
bated with Mn+A+RBD, LaMP-RBD or LaMP-A-RBD, whereas the same 
cell line lacking hACE2 expression (A549) exhibited minimal cellular 
uptake of RBD. It showed that after chelation, RBD remained its capa
bility of combining with hACE2 of SARS-CoV-2. We further investigated 

the uptake of LaMP-A-RBD by immune cells BMDC in vitro. Mn+A+RBD 
form was poorly internalized by BMDC, while LaMP-A-RBD and LaMP- 
RBD with RBD labelled by FITC showed significantly increased 
cellular uptake (Fig. 3f and Fig. S41). Confocal microscopic images also 
showed that LaMP-A-RBD and LaMP-RBD were up taken more than 
controls and they were able to escape from lysosomes, delivering Mn, 
diABZI-2 and RBD to the cytoplasm for cGAS-STING pathway activation 
(Fig. 3g). Compared with the Mn+A+RBD, LaMP-RBD and LaMP-A-RBD 
vaccines were more efficacious to prevent SC2-PV infection by 
enhancing adaptive immunity, but the prophylactic rate of LaMP-RBD 
was significantly lower than that of LaMP-A-RBD (Fig. S41c). Since it 
was desired to transport and store clinical freeze-dried vaccine as solid 
powder, LaMP-based formulations were lyophilized and stored at room 
temperature for 3 months. After hydration, the size, RBD content and 
cellular uptake by A549/hACE2 cells of LaMP-A-RBD before and right 
after or 3 months after lyophilization and storage were compared 

Fig. 4. LaMP-A-RBD activates immune cells to induce the phagocytosis. i: PBS, ii: Mn+A+RBD, iii: LaMP-RBD, iv: LaMP-A-RBD. a,b, BMDCs were treated for 24 h 
with formulation i-iv, followed by the analysis for CD40 (a) and CD86 (b) expression by flow cytometry. c-e, BMDCs were treated with formulation i-iv containing 
500 ng mL− 1 RBD, 500 ng mL− 1 diABZI-2 and 12 μM Mn2+ for 24 h, and then IFN β (c), IFN γ (d) and TNF α (e) secretion was quantified by ELISA. f, Western blot 
analysis of the activation of the cGAS-STING-IFN-I pathway in BMDCs after treatment with formulation i-iv containing 500 ng mL− 1 RBD, 500 ng mL− 1 diABZI-2 and 
12 μM Mn2+ for 6 h, representative data from two independent experiments with similar results are shown. TBK1, IRF3, and p65 were used as the loading controls. g, 
Illustration of phagocytosis and elimination of SARS-CoV-2 induced by LaMP-A-RBD via activating the macrophages. h, Quantitative analysis of phagocytosis and 
elimination of SC2-PV (expressing GFP) in RAW264.7 macrophages (M 0) primed by the formulation i-iv containing 500 ng mL− 1 RBD, 500 ng mL− 1 diABZI-2 and 
12 μM Mn2+. i, Macrophages were pretreated with formulation i-iv for 4 h, and infected with the indicated GFP-tagged SARS-Cov-2 0.1 MOI for 48 h, SARS-Cov-2 
GFP expression was determined. j, Macrophages pretreated with preparations i-iv were incubated with ACE2/HEK293 cells pre-infected with SARS-Cov-2 pseu
dovirus for 48 h, and the activity of ACE2/HEK293 cells was analyzed by CCK8 kit. k, CD86 expression in RAW264.7 macrophages (M 0) after incubation with 
formulation i-iv for 48 h. l, RAW264.7 macrophages (M 0) were treated with formulation i-iv with 500 ng mL− 1 RBD, 500 ng mL− 1 diABZI-2 and 12 μM Mn2+ for 
24 h, and then IFN β secretion was quantified by ELISA. 
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(Fig. 3h-j), showing that freeze-drying and storage at room temperature 
did not affect the size and binding capacity of RBD to hACE2. In addi
tion, diABZI-2 and RBD of LaMP-A-RBD retention rate still reached 
> 95% in serum up to 5 days (Fig. S42). 

LaMP-A-RBD activates DC and macrophages 

DC maturation and macrophage activation play a key role in acti
vating immune responses.[57] The LaMP-A-RBD induced DC maturation 
(Fig. 4a,b) and IFN β response (Fig. 4c) more significantly than other 
controls. Similarly, type II interferons (such as IFN γ) and TNF α were 
also induced (Fig. 4d,e), because LaMP-A-RBD could promote the 
phosphorylation of TBK1, and IRF3 proteins and activate the 
cGAS-STING pathway in BMDCs (Fig. 4f). Type I interferons induced the 
expression of various interferon-stimulated genes that interfere with 
viral replication. SC2-PV were effectively phagocytized by macrophage 
RAW264.7 treated by LaMP-A-RBD for 24 h, and the virus was effec
tively neutralized in the subsequent degradation process, but 
Mn+A+RBD and LaMP-RBD induced weaker SC2-PV phagocytosis and 
degradation in macrophage RAW264.7 (Fig. 4g). Presumably, 
LaMP-A-RBD polarized macrophage from M 0 to M 1, leading to 
enhanced phagocytosis, which was important for viral infection 

prevention, phagocytosis and elimination (Fig. 4h).[57] Uptake of 
SC2-PV did not cause infection of macrophages, because no significant 
virus release was observed in culture (Fig. 4i). Besides, CCK8 assay 
showed that LaMP-A-RBD induced macrophages activation to kill 
A549/hACE cells infected with SC2-PV by phagocytosis (Fig. 4j). This 
may be because LaMP-A-RBD-mediated co-delivery of Mn2+, diABZI-2 
and RBD to RAW264.7 activated macrophages (Fig. 4k), and pro
moted the secretion of cytokines IFN β and TNF α (Fig. 4l and Fig. S43). 

LaMP-A-RBD vaccination induces mucosal immune response in a hamster 
infection model 

We next explored whether LaMP-A-RBD can in vivo promote and 
amplify mucosal, cellular and humoral immunity to prevent SARS-CoV- 
2 infection after vaccination (Fig. S44). Given that SARS-CoV-2 was 
unable to bind to murine ACE2, we selected 5–6-week-old female 
hamsters for animal model establishment. Since the mucosa is the main 
route of entry for pathogens, activation of the mucosal immune response 
could be a solution for neutralizing pathogen[58]. Hamsters were 
inhaled various formulations including PBS, Mn+A+RBD and 
LaMP-RBD and experimental group of LaMP-A-RBD (containing 50 μg 
Mn2+, 30 μg diABZI-2 and 500 ng RBD). 2 weeks after vaccination, 

Fig. 5. Vaccination of hamsters with LaMP-A-RBD induces mucosal immunity efficiently neutralizing SARS-CoV-2 pseudovirus. a, Schematic illustration of LaMP-A- 
RBD vaccination in hamster. i: PBS, ii: Mn+A+RBD, iii: LaMP-RBD, iv: LaMP-A-RBD. b, c, Ex vivo imaging of lungs (b) and quantification (c) of GFP fluorescence in 
lungs for vaccinated mice that were inoculated with SARS-CoV-2 pseudovirus with GFP expression., n = 4 per group. d, Immunostaining imaging of parenchyma of 
hamsters with different vaccinations. Nuclei stained by DAPI shown was in blue and SARS-CoV-2 pseudovirus expressing GFP was shown in green. e, Quantification 
of SARS-CoV-2 pseudovirus with GFP fluorescence from parenchyma. f, Western blotting analysis of TBK1, IRF3, p65 and phosphorylation of the proteins in 
pneumocytes. g, Quantification of CD4+CD3+ T cells in BALF derived from vaccinated hamsters. h, Quantification of B cell activation in BALF derived from 
vaccinated hamsters. i,j, RBD-specific sIgA antibody titers from BALF (i) and NPLF (j) measured by ELISA, n = 4.k, RBD-specific IgG antibody titers in BALF of 
hamsters detected by ELISA. 
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hamsters were intratracheally challenged by SC2-PV (Fig. 5a). Subse
quently, lung tissues were imaged to evaluate the neutralize SC2-PV 
after hamsters was sacrificed and challenged. The GFP signal in 
LaMP-A-RBD group was significantly reduced, indicative of effective 
neutralize SC2-PV (Fig. 5b,c). Immunostaining imaging of the paren
chyma demonstrated that less SC2-PV was distributed in parenchyma 
with vaccination by LaMP-A-RBD than that in the Mn+A+RBD and 
LaMP-RBD group (Fig. 5d,e). 

To further investigate the mechanism of mucosal immune response 
by LaMP-A-RBD, we collected NPLF and BALF for immunoassay. First, 
similarly as the in vitro results discussed above, hamsters with inhala
tion of LaMP-A-RBD significantly activated cGAS-STING pathway in 
NPLF and BALF cells and induced TBK1, p65 and IRF3 phosphorylation 
(Fig. 5f). The IFN β secretion in the LaMP-A-RBD group was about 9-fold 
and 4-fold higher than that in Mn+A+RBD and LaMP-RBD groups, 
respectively (Fig. S45a). This may be because the Mn2++ diABZI- 
2 +RBD mixture could not be effectively taken up by cells. The increased 
secretion of IFN β and the chemokine CXCL10 further supported that 
LaMP-A-RBD induced activation of the STING pathway (Fig. S45b). 
Also, LaMP-A-RBD synergistically amplified the activation of STING 
agonist diABZI-2. It was also previously demonstrated that type I in
terferons play an important role in preventing severe COVID-19 and 
protect the body against viral infection[59]. We assumed that IFN β 
secretion via STING pathway activated by LaMP-A-RBD further pro
moted DC maturation. Subsequently mature DCs secreted a variety of 
pro-inflammatory cytokines to regulate differentiation and recruitment 
of T cells. To test this hypothesis, we measured mature DC in the lavage 
fluid by flow cytometry analysis. The CD40+CD86+ DC of LaMP-A-RBD 
was nearly 3-fold and 2-fold higher than that of Mn+A+RBD and 
LaMP-RBD, respectively (Fig. S46). The secretion levels of 
pro-inflammatory cytokines interleukin 12p70 (IL-12p70) and TNF α 
were also enhanced (Fig. S47a,b). Presumably, antiviral cytokines (such 
as TNF α, IL-12p70) are produced early after infection and the inflam
matory chemokines might play an important role in innate antiviral 
defense by coordinating the responses of macrophages, neutrophils, DC 
cells, and NK cells at the site of infection. However, in a later phase after 
infection, viral infection should be promptly neutralized by antibodies 
and immune cells, resulting in reduced inflammatory responses. 
Therefore, more future work is needed to assess toxicity of the vaccine in 
hamsters and other species. 

Although T cells and B cells do not directly confer sterilizing im
munity, they are involved in limiting viral spread and preventing 
aggravation after the virus is first neutralized by humoral immunity, and 
CD4+ T cells that participate in antigen recognition by TCR of helper T 
cells.[60] As shown in Fig. 5g and Fig. S47c, LaMP-A-RBD increased 
CD4+ T cells in the BALF, demonstrating that antigen presentation 
further aided B cell activation. B lymphocytes are transformed into 
plasma cells under the stimulation of antigens, and produce antibodies 
specifically binding to antigens to neutralize the invading virus.[60] 
After B cells are activated, CD40 markers are expressed on the surface. 
Thus, we measured the level of CD40 on the surface of B cells in BALF by 
flow cytometry (Fig. 5h and Fig. S48). Compared with Mn+A+RBD and 
LaMP-RBD, inhalation of LaMP-A-RBD induced a higher expression level 
of CD40 on the surface of B cells. In addition, inhalation of LaMP-A-RBD 
produced the highest amount of sIgA antibodies in BALF (Fig. 5i) and 
NPLF (Fig. 5j). Interestingly, a detectable IgG response against RBD was 
also observed in BALF (Fig. 5k). These results indicated that the 
LaMP-A-RBD vaccination could effectively generate large amounts of 
sIgA neutralizing pathogens by amplify STING activation and IFN-I 
secretion to stimulate the respiratory mucosal immune system. 

Cellular response by LaMP-A-RBD vaccination 

Since spleen is an important immune organ, we further evaluated 
whether the inhalable LaMP-A-RBD metal-based vaccine could effec
tively activate the metalloimmune response in spleens. After vaccination 

of hamsters by the formulations as indicated, spleens were removed for 
immunoassay. It was found that the spleens in the LaMP-A-RBD vacci
nation group was significantly heavier than that in other control groups 
(Fig. S49a,b). We supposed that it should be some immune responses 
caused by either virus or vaccines or both that induced splenomegaly, 
which needs further investigation. We also detected the activation of 
cGAS-STING pathway in splenocytes. Similarly, LaMP-A-RBD also 
effectively induced STING-dependent phosphorylation of TBK1, p65 and 
IRF3 in splenocytes too (Fig. S49c). Activated IRF3 could translocate 
into the nucleus to induce the transcription of type I interferons and 
other inflammatory cytokines to establish a protective immunity state. 
[53] LaMP-A-RBD induced effective secretion of cytokines including IFN 
β, CXCL 10, IL-12p70 and TNF α in splenocytes of hamsters inhaling 
LaMP-A-RBD (Fig. 6a-c and Fig. S49d). Among them, the secretion of 
IFN β in the LaMP-A-RBD group was nearly 14 times and 5 times than 
that of the Mn+A+RBD and the LaMP-RBD groups, respectively 
(Fig. 6a). IFN β can induce a large number of downstream 
IFN-stimulated genes (ISGs) to establish a “protective immunity state” in 
host cells to prevent viral infection.[61] And pro-inflammatory cyto
kines and chemokines enhance the adaptive immune response and re
cruit a variety of immune cells to further prevent viral infection and 
restrain viral spread.[62] In addition, splenocytes were analyzed by 
enzyme-linked immunosorbent spot (ELISpots) for IFN γ. LaMP-A-RBD 
induced significantly higher IFN γ secretion (Fig. 6d). Specifically, 
LaMP-A-RBD inhalation induced approximately 500 spot-forming units 
(s.f.u.) per 106 splenocytes, significantly higher than other control 
groups (Fig. 6d). Since presentation of viral antigens to 
antigen-presenting cells (APCs) such as DCs is also important for pro
tection against pathogens,[63] splenocytes after one single immuniza
tion was collected and restimulated with RBD to assess DC activation by 
flow cytometry. In splenocytes, more DCs were activated with greater 
proportion of CD40+CD86+ after hamsters were vaccinated by 
LaMP-A-RBD (Fig. 6e,f). In addition, macrophage activation can not 
only facilitate phagocytosis and elimination of viruses, but also enhance 
the antigen presentation of MHC II molecules on macrophages, resulting 
in adaptive immune responses.[57] Therefore, we studied the expres
sion of CD86+ on F4/80 macrophages. In splenocytes from the 
LaMP-A-RBD group, a greater proportion of F4/80 was CD86+, indi
cating that more macrophages were efficiently activated (Fig. 6g,h). 
Moreover, natural killer cells (NK) play an important role in innate 
immunity to protect against viral infection, not only by directly target
ing and killing infected cells, but also by regulating adaptive T-cell re
sponses.[64,65] Thus, we also detected the NK cell activity in 
splenocytes and found that compared with the Mn+A+RBD and 
LaMP-RBD groups, the proportion of NK cell activity in splenocytes 
vaccination by LaMP-A-RBD increased by nearly 5 times and 3 times 
(Fig. 6i,j), because Mn2+ enhanced diABZI-2 activity and amplified IFN-I 
response, resulting in generation of more IFN β and IL-12p70 cytokines 
(Fig. 6a, c). IFN β and IL-12p70 cytokines were shown to increase NK cell 
cytotoxicity, but also protect NK cells from “cannibalism”, thereby 
promoting population expansion and preventing infection.[66,67]. 

T cell response of LaMP-A-RBD vaccination after virus challenge 

CD4+ T cells are critical for long-term immunity and memory by T 
helper 1 (TH1) and T follicular helper (TfH) cells. The adaptive immune 
system provides robust and durable cellular and humoral immunity, 
coupled with T-cell and B-cell responses to fight against SARS-CoV-2. 
[60] We therefore examined systemic T and B cell responses following 
vaccinations by inhalable LaMP-A-RBD. Notably, inhalation of 
LaMP-A-RBD resulted in higher frequency of CD4+ T cells (Fig. 7a and 
Fig. S50a) and RBD-specific activated B cells (Fig. 7b,c). Next, we 
collected spleens to study the induction of memory T cell responses and 
found that the number of effector memory T cells (TEM, CD44+CD62L− ) 
and central memory T cells (TCM, CD44+CD62L+) only increased slightly 
after vaccination by Mn+A+RBD and LaMP-RBD, indicating that 
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Mn+A+RBD were rapidly metabolized and pure manganese had little 
effect on TEM and TCM activation. In contrast, inhaled LaMP-A-RBD 
stimulated higher levels of memory T cells (Fig. 7d,e), showing its 
great potential of induction of strong immune memory. TEM immedi
ately initiate an immune response by secreting effector molecules after 
stimulation by antigens once virus evades[68] As shown in Fig. 7f, 
inhalation of LaMP-A-RBD generated the most specific anti-RBD anti
body in mouse serum. In particular, the IgG subclass was further 
assessed and LaMP-A-RBD effectively elicited most type 1 T helper (Th1) 
immune response among these groups with an IgG2a/IgG1 ratio more 
than 1 (Fig. 7g). In addition to IgG isotypes, LaMP-A-RBD also sub
stantially produced more RBD-specific IgA antibodies in serum than 
other groups (Fig. 7h). Moreover, the SC2-PV neutralization capability 
of antibodies produced in serum was evaluated. Neither the IgA nor IgG 
antibodies of the hamster vaccinated by PBS could prevent the entry of 
the SC2-PV into A549 cells expressing the ACE2 receptor. Compared 
with the Mn+A+RBD and LaMP-RBD groups, serum obtained from 
hamsters immunized by LaMP-A-RBD had significant SC2-PV neutral
izing activity owing to the synergistically enhanced metalloimmune 
responses and cGAS-STING pathway activation induced by this new 
metal-based nanovaccine of LaMP-A-RBD (Fig. 7i and Fig. S50b). Also, 
Hematoxylin and eosin staining suggested that inhalation of 
LaMP-A-RBD did not cause overt acute toxicity (Fig. S51). These 

datasets demonstrated that LaMP-A-RBD inhalation had good biocom
patibility and strongly induces systemic T-cell and B-cell immune re
sponses by activating the cGAS-STING pathway in splenocytes to 
generate type I interferon enhancer. 

Immunity of LaMP-A-RBD vaccination with no virus challenge 

To further verify that the LaMP-A-RBD vaccine could also triggers 
mucosal, cellular and humoral immunity prior to viral challenge to rule 
out the interference of virus with the immunity evaluation, female 
BALB/c mice aged 6 to 8 weeks were immunized intranasally with 
LaMP-A-RBD vaccine on day 0 and boosted on the day 14. Lymph nodes, 
spleens and blood were collected for immune analysis on the day 17. 
Alum adjuvant that is a commercial adjuvant facilitating antigens pro
moting immune responses was used as a control (alum+RBD). As shown 
in Fig. S52 a-c, in lymph nodes, LaMP-A-RBD vaccine could promote 
dendritic cell maturation and activate downstream T cells (CD4+ and 
CD8+ T cells). Compared to Alum+RBD, LaMP-A-RBD vaccine was even 
better to activate T cells. Similarly, for DC, T cell, NK cell and B cell 
activation in spleen, LaMP-A-RBD vaccine also out-performed 
alum+RBD and other control groups (Fig. S52d-h). The activation of 
CD4+ T cells and B cells was shown more conducive to the production of 
antigen-specific antibodies. Cytokines including IFN β, TNF α, IL-12p70 

Fig. 6. Vaccination of hamsters with LaMP-A-RBD elicited immunity against virus via regulating cellular response. a-c, IFN β(a), CXCL-10(b) and IL-12p70(c) levels 
from splenocytes supernatant restimulated by RBD, n = 4. d, Number of IFN γ spots in a 96-well plate with 106 splenocytes per well after rechallenge with RBD. 
Splenocytes were derived from each group intranasally given formulation i-iv, IFN γ splenocytes shown as s.f.u. per 106 cells, n = 4. e, Flow cytometry analysis of DC 
maturation (gated on CD11c+ DCs) in the splenocytes derived from vaccinated hamsters. f, Quantification of DC maturation (gated on CD11c+ DCs) in the sple
nocytes derived from vaccinated hamsters. g, Representative flow cytometry analysis images of F4/80+CD86+ cells in splenocytes. h, Relative quantification of F4/ 
80+CD86+ cells in the splenocytes. i, Representative flow cytometry analysis images and j, Relative quantification of CD49+CD107a+ cells in splenocytes of 
vaccinated hamsters. i: PBS, ii: Mn+A+RBD, iii: LaMP-RBD, iv: LaMP-A-RBD. 
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were significantly boosted after immune cells were activated (Fig. S52i- 
k), demonstrating that the LaMP-A-RBD vaccine induced a strong 
cellular immune response in vivo. More importantly, LaMP-A-RBD 
activated a strong metal immune response in DCs after inhalation, 
producing a large amount of IFN β to activate other immune cells 
(Fig. S52i). Since the production of antibodies was particularly critical 
for viral vaccination. Next, we assessed antibody levels in BALF, NPLF, 
and serum. Compared with PBS, RBD and Mn+A+RBD, both LaMP-RBD 
and Alum+RBD induced more obvious sIgA and IgG antibody produc
tion, which made alum adjuvant widely used in vaccines. We also found 
LaMP-A-RBD vaccine outperformed Alum+RBD, inducing more sIgA 
and IgG antibody production and stronger mucosal and humoral im
munity (Fig. S52l-m). Serum antibodies obtained from mice immunized 
with alum+RBD could effectively neutralize PsV, however, immuniza
tion with LaMP-A-RBD vaccine showed higher PsV neutralizing activity 
(Fig. S53o). These sets of data suggested that LaMP-A-RBD vaccine was 
more capable of inducing cellular, humoral and mucosal immune re
sponses in vivo than commercial alum adjuvant, highlighting the great 
potential of LaMP-A-RBD vaccine in clinical applications. 

Memory and safety of LaMP-A-RBD vaccination 

To assess whether LaMP-A-RBD can induce immune memory after 
intranasal vaccination, we collected mouse spleens on the day 30 after 
intranasal vaccination to study the induction of memory T cell re
sponses. Indeed, inhaled LaMP-A-RBD vaccine elicited higher levels of 

memory T cells (TEM and TCM), confirming LaMP-A-RBD can induce 
great immune memory (Fig. S53). At last, we further investigated the 
safety of LaMP-A-RBD by measuring the body weight of the mice and 
blood analysis after mice were vaccinated. We found that the spleen did 
not become enlarged (Fig. S54a,b). Body weight did not change signif
icantly during the experimental period (Fig. S54c). And the hemato
logical parameters of mice immunized with LaMP-A-RBD twice had no 
significant difference from that of the PBS group (Fig. S54d). These re
sults show that inhalation of LaMP-A-RBD vaccine did not cause overt 
toxicity. 

Conclusion 

In summary, we have developed a generalized metal-based nano
vaccine platform that remains stable in serum and can be lyophilized for 
long-term storage at room temperature for at least three months. Using 
the metal core of LaMP as a scaffold, adjuvants with imidazole group 
such as ABZI, CDA, diABZI-2 can be coordinated generating LaMP-A that 
can synergistically activate cGAS-STING pathway. Furthermore, versa
tile virus antigens (such as RBD, HA, antigen peptides of HIV, HPV, HCV, 
HSV and others) could be also coordinated by simple admixture in 
aqueous solution. LaMP-A-antigen allows immune cells for establish
ment of a protective immunity state for infection prevention, because 
Mn2+ enhances the adjuvant activity of diABZI-2 and amplifies the IFN-I 
responses. After one single intranasal vaccination of LaMP-A-RBD in 
hamsters, strong mucosal, humoral and cellular immunity were induced 

Fig. 7. Effective induction of T cell immune response after vaccination by LaMP-A-RBD. a, RBD-specific CD4+ T cells in the splenocytes of hamsters collected one 
week after the last vaccination by different formulations as indicated, i: PBS; ii: Mn+A+RBD; iii: LaMP-RBD; iv: LaMP-A-RBD, n = 4. b,c, Representative flow 
cytometry plots (b) and quantification (c) of B cell activation in splenocytes collected from vaccinated hamsters. d,e, Representative flow cytometry plots (d) and 
quantification (e) of TEM (CD44+CD62L− ) and TCM (CD44+CD62L+) in the splenocytes of vaccinated hamsters. f, Anti-RBD antibody titers from murine serum 
measured by ELISA, n = 4. g, Ratio of RBD-specific IgG2a to IgG1 antibody after vaccination on hamsters, n = 4. h, RBD-specific IgA antibody titers in serum of 
hamster after one dose of vaccination with LaMP-A-RBD and other controls as labelled. i, Antibody neutralization assay against SC2-PV using serum of hamsters. 
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in vivo to protect lungs from virus infection into the airway mucosa. 
Antibodies in serum were also able to neutralize SARS-Cov-2 pseudo
virus. This nanoplatform could be generalized to other vaccine manu
facture for the management of a variety of infectious viral diseases. 
Future research directions include efficacy studies on real virus and 
more mechanism investigations for the use of this new metal-based 
vaccine. 

Materials and methods 

Synthesis of diABZI-2 

See supplementary information. 

Cell lines 

A549 cell (BNCC337696) were purchased from the Beijing BeNa 
Culture Collection. DC2.4 cells were purchased from ORiCells Biotech
nology Co., Ltd (Shanghai). The cells were cultured in 1640 or DMEM 
medium with 100 U mL− 1 of streptomycin, 100 U mL− 1 of penicillin, 
and 10% FBS (Yeasen, Shanghai, China) at 37 ◦C in a humidified incu
bator with 5% CO2. 

Synthesis and characterization of LaMP-A-antigen 

For CHO-PEG2000 grafted lactoferrin (La), 29.43 mmol La and 
0.125 mmol CHO-PEG2000 were dissolved in 20 mL distilled water, and 
3 mg mL− 1 sodium cyanoborohydride was added to react for 20 h. In 
order to remove unreacted CHO-PEG2000, 3500 Da dialysis bag was 
used for dialysis for 24 h, and then subjected to freeze-dry to obtain La- 
PEG. 

The obtained La-PEG and manganese acetate (m:m = 10:1) were 
added to a mixed solution of 20% methanol and 80% H2O and stirred for 
20 h, and then dialyzed with 3500 Da dialysis bag for 24 h to remove 
excess manganese acetate. Finally, freeze-dry to obtain metal core (La- 
Mn-PEG, termed LaMP). In order to chelate diABZI-2 and antigen pro
teins or peptides, LaMP and diABZI-2 were added (nMn:ndiABZI-2 = 1:1) 
20% DMSO aqueous solution was stirred for 10 h, and then directly 
lyophilized to remove DMSO. The LaMP-A reconstituted in water was 
centrifuged (2000 rcf, 5 min) to remove unchelated diABZI-2. Different 
antigen (RBD, Flu, HPV, HIV, HSV, HCV) was added and stirred for 3 h, 
and then dialyzed to remove excess antigen, and the final general metal 
nanovaccine platform LaMP-A-antigen was obtained. The RBD plasmid 
was extracted from the SARS-Cov-2-RBD-6His overexpression strain 
(Genechem) using EndoFree Mini Plasmid Kit II (REF: DP118-02, 
TianGen). SARS-CoV-2 Spike RBD Protein ELISA Kit was purchased 
from Abclonal (RK04135). His-tagged RBD expressed in the human 
embryonic kidney 293 cells (HEK293) cell line was purchased from 
Genscript. Influenza A H1N1 (A/swine/Jiangsu/J004/2018) Hemag
glutinin / HA Protein (ECD, his-tag) was purchased from Sino Biological 
Inc (40649-V08H). HSV antigen gB498–505HHHHHH peptide (SSIE
FARLHHHHHH), HIV antigen eOD-GT8 gp120 protein (residues AKF
VAAWTLKAAAHHHHHH), HCV antigen HCV E2 envelope glycoprotein 
(residues 412 − 423HHHHHH, QLINTNGSWHINHHHHHH) and HPV 
antigen peptide E7HHHHHH49–57 (HHHHHHRAHYNIVTF) was synthe
sized by GenScript. 

The contents of Mn2+ and diABZI-2 in LaMP-A-antigen were deter
mined by inductively coupled plasma optical emission spectrometer 
(ICP-OES) (iCAP7000 series) and microplate reader (excitation =
324 nm, emission = 436 nm), respectively. The concentration of RBD on 
LaMP-A-antigen was quantified using an ELISA kit (Cat: EKnCov-RBD- 
01, Frdbio). The morphology of LaMP-A-antigen was observed using 
transmission electron microscope (JEM-F200, JEOL). The size of the 

LaMP-A-antigen were measured using a Zetasizer (Nano ZS). 
For the physical stability characterization of metal nanovaccine 

platforms, the LaMP-A-antigen were freeze-dried and treated with 20% 
FBS for 24 h, respectively. Changes of antigen and adjuvant content, 
particle size and PDI before and after LaMP-A-antigen treatment was 
detected. 

For in vivo metal nanovaccine platform immune performance eval
uation, 6–8 weeks old female BALB/c mouse were intranasally admin
istered one dose of Mn-A-RBD, LaMP-A-antigen (RBD, Flu, HIV, HPV, 
HCV, HSV). On the 14th day, BALF, NPLF and serum were collected for 
subsequent antibody titer detection. All the animal procedures were 
approved by the Animal Experiment Ethics Committee at the Tianjin 
University (permit number: TJUE-2022–007). 

Assessing the effect of metal ions and STING agonists on SARS-Cov-2 
infection prevention 

For viral cell prophylactic assay, 2 × 104 A549/hACE2 cells (made 
and provided by Prof. Bin Zheng at Tianjin University) were added to a 
96-well plate and incubated overnight. Metal ions (CaCl2, MgCl2, CoCl2, 
FeCl2, FeCl2, ZnCl2, MnCl2, NiCl2, KCl, CuCl2) with or without diABAI-2 
were pre-incubated for 20 h and then cells were infected with GFP- 
SARS-Cov-2 pseudovirus (MOI of 0.1, 0.3 and 0.6) (Genomeditech) for 
20 h. The medium containing the virus was sucked away and washed 
twice with PBS, RAPI lysate was added to lyse the cells, and the fluo
rescence intensity of GFP was measured by a microplate reader. 

For mouse immune activation effect assay, 6–8 weeks old female 
BALB/c mouse intranasally inhaled PBS, Mn2++RBD, diABZI-2 +RBD 
and Mn2++diABZI-2 +RBD with 20 μg Mn2+, 15 μg diABZI-2 and 
300 ng RBD on day 0 and day 7 respectively. On the 14th day, cytokines, 
antibody titer tests and neutralizing antibody titer tests were performed. 
All the animal procedures were approved by the Animal Experiment 
Ethics Committee at the Tianjin University (permit number: TJUE- 
2022–007). 

RBD binding assay to A549/hACE2 cells 

RBD was labeled with FITC at room temperature. FITC DMSO solu
tion was added dropwise to RBD sodium bicarbonate buffer (pH 9) for 
labeling (nFITC:nRBD = 1.5:1), and then dialyzed three times with PBS to 
remove FITC. 3 × 105 A549 cells or A549/hACE2 cells were incubated 
with RBD-FITC, LaMP-RBD-FITC, LaMP-A-RBD-FITC (RBD, 
0.5 µg mL− 1) on ice for 20 min. After incubation, cells were washed 
twice with ice-cold PBS. Cells were lysed with RAPI lysis buffer for 
10 min on ice. The samples were placed in a 96-well plate, and the 
fluorescence signal of the FITC-labeled RBD was detected at the exci
tation/emission of 480/520 nm. 

In vitro release of RBD, diABZI-2 and Mn2+

To study the RBD, diABZI-2 and Mn2+ release at pH= 5.5 or 7.4, 
LaMP-A-RBD-FITC was put in dialysis bag (molecular weight cut off: 
100000 Dalton) against 30 mL of 0.01 M phosphate buffer solution 
(pH=5.5 or 7.4). At pre-determined timepoints (20, 40, 60, 80, 120, 
240 min). 0.2 mL of the buffer inside the dialysis bag was taken out for 
the quantification of RBD and diABZI-2 by microplate reader. 0.2 mL of 
the buffer inside the dialysis bag was taken out for the quantification of 
Mn2+ by ICP-OES (iCAP7000 series). 

LaMP-A-RBD internalization by APCs 

To visualize and quantify the cellular uptake of nanovaccine, RBD- 
FITC, LaMP-RBD-FITC and LaMP-A-RBD-FITC were incubated with 
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BMDCs. To study uptake kinetics, samples and cells were incubated for 
different times (t = 0.5, 1, 2, 4, 6, 8, 12 h). PBS and RAPI cell lysate were 
added to wash and lyse the cells respectively, and the fluorescence in
tensity (480/520 nm) was measured with a microplate reader. For 
confocal imaging, cells incubated for 6 h were washed three times with 
PBS. 50 nM lysosomal red fluorescent probe FluoLysoTM (UElandy, 
Suzhou, China) was incubated at 37 ◦C for 30 min for lysosome staining, 
1 mL DAPI (Cat No.4072SES03; Yeasen, Shanghai, China) was added for 
8 min at room temperature for nuclei staining, washed twice with PBS, 
and then used a confocal microscope imaging. To quantify cellular up
take, cells were harvested and washed twice with PBS. Fluorescence of 
FITC was analyzed using flow cytometry, and data were processed using 
FlowJo (v.10.5). 

Lyophilization and stability studies 

To test the effect of lyophilization, LaMP-RBD and LaMP-A-RBD so
lutions were lyophilized by freeze dryer, and enzyme-free sterile water 
was added for reconstitution. The redissolved samples were subjected to 
performance tests such as particle size test, RBD content and RBD uptake 
signal detection. In order to detect the effect of dry powder storage at 
room temperature on the performance of nanovaccine, freeze-dried 
LaMP-RBD and LaMP-A-RBD dry powders were stored at room tem
perature for 3 months, and enzyme-free sterile water was added for 
reconstitution. The redissolved samples were subjected to performance 
tests such as particle size test, RBD content and RBD uptake signal 
detection. 

In vitro assessment of BMDC maturation and STING activation 

The preparation method of BMDCs was described previously. In 
order to observe the activation of BMDCs by diABZI-2 and Mn2+, 
1 × 106 BMDCs were seeded in 6-well plates and incubated for 24 h with 
samples. Cell supernatants were collected for IFN β (Amoy Lunchang
shuo Biotech, Co., Ltd.), IFN γ, TNF α cytokine ELISA detection (Solar
bio, Beijing, China). The treated BMDCs were collected, APC anti mouse 
CD11c antibody, FITC anti-mouse CD40 antibody, PerCP-Cy5.5 anti- 
mouse CD86 antibody (Biolegend, California, America) were sequen
tially added and incubated on ice for 40 min. After incubation, cells 
were washed twice with PBS and resuspend in 500 μL PBS for future 
flow cytometry assay. Cells were analyzed for fluorescence using flow 
cytometry and data were processed using FlowJo (v.10.5). 

Western blot analysis 

BMDCs and A549/hACE2 cells incubated with samples for 6 h were 
collected, and RAPI lysate was added to lyse on ice for 10 min. The 
protein solution was collected by centrifugation at 10000 rcf for 10 min. 
Protein solution and protein loading buffer were boiled at 100 ◦C for 
5–10 min. After cooling, the protein mixture solution was added to the 
wells of 12% SDS-PAGE gels. This process requires control that the total 
protein added to the 12% SDS-PAGE gels is the same. The voltage was 
80 V for 30 min and 120 V for 2 h. When the protein bands were clearly 
separated on the SDS-PAGE gels, the power was turned off. SDS-PAGE 
gels were transferred to PVDF membranes (Solarbio, Beijing, China) at 
220 mA on ice. After 2.5 h of transfer, the PVDF membrane was washed 
three times with TBST (Solarbio, Beijing, China), and 5% skimmed milk 
was added for blocking for 80 min. Primary antibodies were added and 
incubated overnight at 4 ◦C. Primary antibodies included phospho-NF- 
kappaB p65 (pS536) (Abways technology, Shanghai, China), NF- 
kappaB p65 (Abways technology, Shanghai, China), phospho-IRF3 
(pS396) (Cell Signaling Technolog), IRF3 (Abways technology, 
Shanghai, China), phospho-TBK1 (pS172) (Abways technology, 
Shanghai, China), TBK1 (Abways technology, Shanghai, China). After 
washing three times with TBST, goat anti-rabbit IgG (Solarbio, Beijing, 
China) was added and incubated at room temperature for 1 h. Protein 

bands were visualized by chemiluminescence imaging with SHSP/ 
substrate. 

Effect of activated macrophages on SARS-Cov-2 infection 

For macrophage activation experiments, RAW264.7 was incubated 
with PBS, Mn+A+RBD, LaMP-RBD and LaMP-A-RBD (500 ng mL− 1 

RBD, 500 ng mL− 1 diABZI-2 and 12 μM Mn2+) for 24 h. Cells were 
stained with PerCP-Cy5.5 anti-mouse CD86 antibody (Biolegend, Cali
fornia, America) for 40 min. Fluorescence of PerCP-Cy5.5 was analyzed 
using flow cytometry, and data were processed using FlowJo (v.10.5). 

For uptake/degradation experiments, RAW264.7 was incubated with 
PBS, Mn+A+RBD, LaMP-RBD and LaMP-A-RBD (500 ng mL− 1 RBD, 
500 ng mL− 1 diABZI-2 and 12 μM Mn2+) for 24 h. SARS-Cov-2 pseu
dovirus (MOI of 0.1) was added to macrophages for 24 h (uptake 
period). The medium containing the SARS-Cov-2 pseudovirus was then 
replaced with fresh medium and cultured for another 24 h (degradation 
period). After the culture was completed, RAPI lysate was added, and 
GFP fluorescence was detected using a microplate reader. 

For infection experiments, sample-incubated macrophages were 
incubated with SARS-Cov-2 pseudovirus (MOI of 0.1) for 24 h and then 
washed with PBS to remove extracellular virus. After an additional 24 h 
of incubation with fresh medium, cells were lysed for luciferase 
assessment. 

For the killing experiment of infected cells, the activated macro
phages with sample were added to HEK293/hACE2 cells infected with 
SARS-Cov-2 pseudovirus and incubated for 24 h, and the cell activity 
status was detected using the CCK8 kit. 

LaMP-A-RBD vaccination on mice without pseudovirus challenge with 
Alum+RBD control 

Female BALB/c mouse aged 6–8 weeks were intranasally adminis
tered two dose of PBS, RBD, Mn+A+RBD, LaMP-RBD, LaMP-A-RBD 
(contains 50 μg Mn2+, 30 μg diABZI-2 and 500 ng RBD) and alhydrogel 
2% aluminum gel (Cat: KX0210054, Biodragon)+RBD on day 0 and day 
14, respectively (n = 5). On day 17, BALF, NPLF, blood, spleen and 
lymph nodes were collected for immunological analysis. 

Safety profile of LaMP-A-RBD 

Female BALB/c mouse aged 6–8 weeks were intranasally adminis
tered two dose of PBS, RBD, Mn+A+RBD, LaMP-RBD, LaMP-A-RBD 
(contains 50 μg Mn2+, 30 μg diABZI-2 and 500 ng RBD) and alhydrogel 
2% aluminum gel (Cat: KX0210054, Biodragon)+RBD on day 0 and day 
14, respectively (n = 6). Blood and spleen were collected for serum 
biochemical analysis and weighed, respectively on day 17. During the 
administration period, changes in the body weight of the mice were 
detected. 

Hamster studies with pseudovirus 

Female Syrian golden hamsters aged 6–8 weeks were intranasally 
administered one dose of PBS, Mn+A+RBD, LaMP-RBD and LaMP-A- 
RBD (contains 50 μg Mn2+, 30 μg diABZI-2 and 500 ng RBD). One 
week after inoculation, 1.0 × 105 TU SARS-CoV-2 (Genomeditech) was 
injected intranasally (30 μL per well). On the second day, ex vivo fluo
rescence imaging was performed on the lung tissue. On day 7, BALF, 
NPLF, blood, spleen and lymph nodes were collected for immunological 
analysis. For lung tissue immunoanalysis, lung tissue was collected, 
sectioned, and the sections were immunostained for analysis. 

IgG antibody titer assay 

RBD-specific IgG from serum was detected using ELISA. 100 μL of 
3 μg mL− 1 RBD coating buffer (Solarbio, Beijing, China) was added to 
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the microtiter plate and incubated overnight at 4 ◦C. 200 μL of 2% (w/v) 
bovine serum albumin (BSA) wash solution was added for blocking wells 
at 37 ◦C for 1 h. After washing 3 times with washing solution, serial 
serum dilutions (1:50,1:100, 1:1000, 1:5000, 1:10,000, 1:50,000, 
1:100,000, 1:200,000) were added. A 1:100 dilution of the control 
serum sample was added to the wells and incubated at room tempera
ture (25 ± 2 ◦C) for 120 min. The titration plate was washed 3 times 
with washing solution, HRP-labeled anti-mouse IgG secondary antibody 
(100 μL per well) or HRP-labeled anti-hamster IgG secondary antibody 
(100 μL per well) was added and incubated for 45 min at room tem
perature (25 ± 2 ◦C). 100 μL of chromogenic substrate TMB was added 
to each well, and after 10–25 min of color development at room tem
perature (25 ± 2 ◦C) in the dark, 50 μL of stop solution was added. The 
order in which the stop solution is added should be the same as the order 
in which the chromogenic substrates are added. Within 5 min, use a 
microplate reader to detect the absorbance (450 nm). Endpoint titers for 
IgG were quantified by the reciprocal of the maximal serum dilution that 
exceeded the mean reading in the control group by more than twofold. 

IgA antibody titer assay 

RBD-specific sIgA from NPLF and BALF was detected using ELISA. To 
collect NPLF, the trachea was cut in the middle and the nasopharynx was 
flushed upwards from the cut with 200 μL PBS. The liquid was collected 
and washed twice, taking a total of 400 μL of washing liquid. To collect 
BALF, the trachea was exposed through a thoracotomy and transected at 
the top of the bronchial bifurcation. A needle was inserted into the 
trachea and the lungs were washed with 200 μL of PBS. The washing 
liquid was collected, and the washing was repeated three times, taking a 
total of 600 μL of washing liquid. 100 μL of 3 μg mL− 1 RBD coating 
buffer (Solarbio, Beijing, China) was added to the microtiter plate and 
incubated overnight at 4 ◦C. 200 μL of 2% (w/v) bovine serum albumin 
(BSA) wash solution was added for blocking wells at 37 ◦C for 1 h. Serial 
dilutions of NPLF and BALF (1:50, 1:100, 1:1000, 1:10,000, 1:50,000, 
1:100,000, 1:1000,000) were added and incubated at room temperature 
for 120 min (the control sample was diluted 1:50). The titration plate 
was washed 3 times with washing solution, 100 μL of detection antibody 
working solution was added to the reaction well, and the plate was 
sealed at room temperature (25 ± 2 ◦C) for 60 min 100 μL of enzyme 
conjugate working solution was added to the reaction wells, incubated 
at 37 ◦C for 30 min, and washed 4 times. 100 μL of chromogenic sub
strate TMB was added to each well, and after 10–25 min of color 
development at room temperature (25 ± 2 ◦C) in the dark, 50 μL of stop 
solution was added. The order in which the stop solution is added should 
be the same as the order in which the chromogenic substrates are added. 
Within 5 min, use a microplate reader to detect the absorbance 
(450 nm). Endpoint titers of sIgA were quantified by the reciprocal of 
the maximal serum dilution that exceeded the mean reading by more 
than twofold in the control group. 

Cytokine measurement in BALF and splenocytes 

The collected BALF was ELISA tested for cytokines IFN β, IFN γ, TNF 
α and chemokine CXCL-10 according to the protocol provided by the 
manufacturer (Solarbio, Beijing, China). Splenocytes from each vacci
nated mouse were cultured in 24-well plates (1 ×105 cells per well) and 
restimulated with 5 μg mL− 1 RBD. After a 48 h incubation, antigen- 
specific cytokine amounts of IFN β, IL-12p70 and TNF α from culture 
medium were detected by ELISA using ELISA kits (Solarbio, Beijing, 
China) following the manufacturer’s protocols. Splenocytes from each 
vaccinated mouse were challenged with 1 μg mL− 1 RBD and plated into 
ELISpot wells (106 per well) that were coated with anti-mouse IFN γ 
capture antibody. RBD-specific cells secreting IFN γ were measured 
using an ELISpot assay according to the manufacturers’ protocol 
(Dakewe Biotech Co., Ltd, Shenzhen, China). 

Immune response of lung cells, spleen cells and lymphocytes 

Hamster BALF, lymph nodes and spleens were collected on day 7 
after inoculation. BALF was centrifuged at 500 rcf for 5 min to collect 
lung cells. Lymph nodes and spleens were triturated and single cells 
collected through a 70 µm cell strainer in 50 mL tubes. Centrifuge at 500 
rcf, add red blood cell lysate and lyse on ice for 5 min. Lymphocytes and 
splenocytes were collected by centrifugation at 500 rcf for 5 min. To 
detect cytokines in antigen-specific T cells, 1 µg mL− 1 of RBD was used 
to stimulate cells for 18 h. To evaluate dendritic cell maturation, cells 
were stained with APC anti mouse CD11c antibody, FITC anti-mouse 
CD40 antibody, PerCP-Cy5.5 anti-mouse CD86 antibody for 40 min on 
ice. To evaluate T cell activation, cells were stained with PE anti-mouse 
CD4+ antibody, FITC anti-mouse CD3+ antibody, PerCP/Cyanine5.5 
anti-mouse CD45 antibody, and APC anti-mouse CD8+ antibody for 
40 min on ice. To evaluate NK cell activation, cells were stained with 
PerCP/Cyanine5.5 anti-mouse CD45 antibody, PE/Cyanine7 anti-mouse 
CD107a, APC anti-mouse CD49b (pan-NK cells), FITC anti-mouse CD3+

antibody for 40 min on ice. To evaluate B cell activation, cells were 
stained with PE anti-mouse/human CD45R/B220 antibody, FITC anti- 
mouse CD40 antibody on ice for 40 min. To evaluate local immune 
memory, cells were stained with FITC anti-mouse CD3+ antibody on ice, 
PE anti-mouse/human CD62L antibody, APC anti-mouse/human CD44 
antibody for 40 min on ice. After staining, wash twice with PBS, use flow 
cytometer to analyze cell fluorescence, and use FlowJo (v.10.5) to 
process the data. All antibodies were purchased from Biolegend. 

Virus-based neutralizing antibody titer assay 

A549-hACE2 cells were seeded into 96-well plates overnight at a 
density of 1 × 105 cells/well. Serial dilutions of serum were incubated 
with virus for 30 min at room temperature, then 50 μL of different di
lutions of virus and serum were added to each well after removal of 
50 μL of medium, and cells were incubated for 48 h. Medium was 
removed from each well, 200 μL PBS was used to wash the cells, and 
then 200 μL luciferase substrate (Genomeditech) was added to measure 
luciferase activity. 

Immune memory assessment 

Mouse spleens were collected on day 30 after inoculation. Spleens 
were triturated and single cells were collected through a 70 µm cell 
strainer in 50 mL tubes, then subjected to centrifugation at 500 g and 
adding red blood cell lysates and sitting on ice for 5 min. Splenocytes 
were collected by centrifugation at 500 rcf for 5 min. To evaluate im
mune memory, cells were stained with FITC anti-mouse CD3+ antibody 
on ice, PE anti-mouse/human CD62L antibody, APC anti-mouse/human 
CD44 antibody for 40 min on ice. After staining, samples were washed 
twice with PBS, following flow cytometry analysis. Data were processed 
by FlowJo (v.10.5). All antibodies were purchased from Biolegend. 

Statistical analysis 

Data were given as mean ± standard deviation (S.D.). Flow cytom
etry results were analyzed by FlowJo v10. NIR fluorescence images were 
analyzed by Living Image 4.3 software. The statistical significance of 
tumor growth and survival rate were calculated via the two-way ANOVA 
with Tukey’s test and log-rank test, respectively. For multiple compar
isons, a one-way analysis of variance (ANOVA) with Tukey’s post hoc 
test was used. The level of significance was defined at *p < 0.05, 
* *p < 0.01, * **p < 0.001, * ** *p < 0.0001. All statistical analyses 
were performed using GraphPad Prism 8.0 software. All the data sup
porting the findings of this study are available within the article and its 
supplementary information files and from the corresponding author 
upon reasonable request. A reporting summary for this article is avail
able as a Supplementary Information file. 
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