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A novel built-in adjuvant
metallothionein-3 aids protein
antigens to induce rapid, robust,
and durable immune responses
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Rui Yu?, Jun Zhang*, Shuyi Wang*, Yue Zhang*, Jian Lin*,
Junjie Xu™ and Wei Chen™

!Laboratory of Vaccine and Antibody Engineering, Beijing Institute of Biotechnology, Beijing, China,
2Synthetic and Functional Biomolecules Center, Peking University, Beijing, China, *Department of
Pharmacy, Peking University Third Hospital, Beijing, China

Adjuvants are crucial components of vaccines that can enhance and modulate
antigen-specific immune responses. Herein, we reported for the first time that
human metallothionein-3 (MT3), a low molecular weight cysteine-rich metal-
binding protein, was a novel promising adjuvant candidate that could help
protein antigens to induce rapid, effective, and durable antigen-specific
immune responses. In the present study, MT3 was fused to outer membrane
protein 19 (Omp19) of Brucella abortus (MT3-Ompl19, MO) and C fragment
heavy chain (Hc) of tetanus neurotoxin (MT3-Hc, MH), respectively. The results
showed that MT3 as a built-in adjuvant increased the Omp19- or Hc-specific
antibody responses by 100-1000 folds in seven days after primary
immunization. Compared to other commercially available adjuvants, MT3
could stimulate earlier (4 days after primary injection) and stronger (10-100
folds) antibody response with lower antigen dose, and its adjuvanticity relied on
fusion to antigen. Although the mechanism was not clear yet, the fusion protein
MO was observed to directly activate DCs, promote germinal center formation
and improve the speed of Ig class switching. Interestingly, our subsequent
study found that other members of the mammalian MT family (human MT1 or
murine MT3 for examples) also had potential adjuvant effects, but their effects
were lower than human MT3. Overall, this study explored a new function of
human MT3 as a novel built-in adjuvant, which may have important clinical
application potential in vaccine development against global pandemics.
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Introduction

Vaccines are effective tools to prevent and control infectious
diseases. As the crucial components of vaccines, adjuvants could
enhance and modulate antigen-specific immune responses by
triggering and regulating the innate and acquired immunity (1).
Several adjuvants have been approved in licensed vaccines for
clinical use, such as aluminum salt, MF59, ASO system and
CpG1018 (2, 3). With the continuous progress of vaccinology
and basic immunology, the researches on new adjuvants were
also diversified. Adjuvants that induce CD8" T cells and tissue
resident memory T cells (4), adjuvants that target non-Toll-like
receptor (TLR) pattern recognition receptors, metabolic
adjuvants, cell death adjuvants and epigenetic adjuvants were
all the frontiers in adjuvants design and development (5).

Metallothioneins (MTs) are a family of cysteine-rich metal-
binding proteins with a low molecular weight about 7 kDa. It
was first discovered in studying the accumulation of metal
cadmium in horse kidney (6). MTs are broadly distributed in
all kinds of species, including animal, plant, microorganism, and
human (6, 7). There are four subfamilies of MTs in human,
named MT1, MT2, MT3 and MT4 (8). It was reported that MT's
could regulate the homeostasis of copper and zinc, mitigate
heavy metal poisoning, and alleviate superoxide stress (7). The in
vivo distributions of distinct MTs are different. MT3 can
maintain intracellular metal homeostasis, protect cells from
oxidative stress, and regulate cell growth and differentiation
like other MTs, but it is mainly expressed in the central
nervous system, and is supposed to have a unique neuronal
growth inhibitory activity (8-10). It has been reported that the
common structure among human MTs includes a preserved 20
cysteine residues and two major domains, which wrap around a
metal-thiolate cluster known as the o (C-terminal)- and B (N-
terminal)-domain (11). However, MT3 has several unique
structure features, which is absent in the structure of other
subfamilies of MTs. At the N terminal of its § domain, there are
a conserved “TCPCP” sequence and an acid-basic catalysis motif
“KCE”, and at the C terminal of its oo domain, there are a
“EAAEAE” hexapeptide insertion (11). This indicated that
human MT3 may be partially functionally different from other
MTs. It has been designed as a component of chemotherapy
drug delivery carrier for anti-tumor therapy previously (12).

In this research, we reported for the first time that human
MTS3 is a promising build-in adjuvant that could help protein
antigens to induce rapid, robust, and durable immune responses.
As a proof of concept, MT3 was fused to outer membrane
protein 19 (Ompl19) of Brucella abortus (MT3-Ompl9, MO)
and C fragment heavy chain (Hc) of tetanus neurotoxin (MT3-
Hc, MH), respectively. Brucella is a facultative intracellular
Gram-negative bacterial pathogen, and Omp19 was regarded
as a protective antigen for development of brucellosis candidate
vaccine (13, 14). Tetanus toxin is a neurotoxin produced by the
Gram-positive bacterium Clostridium tetani, and Hc retains full
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binding affinities to neuronal cells via gangliosides in lipid rafts
and is an important antigen to vaccine development against
tetanus (15-17). The results showed that MT3 could increase the
Omp19- or He-specific antibody responses by 100-1000 folds in
seven days after primary immunization, and stimulate earlier
and stronger antibody response with lower antigen dose
compared to other commercially available adjuvants. Our
study suggested that human MT3 may have important clinical
application potential in vaccine development against
global pandemics.

Materials and methods
Preparation of immunogens

MT3 (human)-Ompl9 (MO), MT1 (human)-Ompl9
(M;0), MT3 (murine)-Ompl19 (M,,0), MT3 (human)-Hc
(MH) and MT3 (human) genes were codon-optimized for
expression and synthesized. The proteins were expressed from
a pET28a plasmid in E. coli BL21. The fusion proteins were
purified from bacterial lysate supernatants by a HisTrapTM
affinity chromatography column (Cytiva, Uppsala, Sweden)
and DEAE SepharoseTM Fast Flow column (Cytiva, Uppsala,
Sweden). The effluents corresponding to the fusion proteins
were treated with an endotoxin removing gel (Cytiva, Uppsala,
Sweden). The fusion proteins (MO, M, 0, M,,0, MH, and MT3)
were collected, and assessed with SDS-PAGE and Western blot
analysis. In Western blot analysis, the bands were probed with
Ompl9 immunized mice serum and goat anti-mouse IgG Fc
(HRP) (Abcam, ab97265, Cambridge, UK) against Omp19, MO,
M;0 and M,,,0; with human monoclonal antibody TT0067 and
goat anti-human IgG Fc (HRP) (Abcam, ab97225, Cambridge,
UK) against Hc and MH, respectively. Hc and Omp19 were
prepared as described previously (18, 19). Lipopolysaccharide
(LPS) contamination was identified by the tachyplens amebocyte
lysate (TAL) assay (Chinese Horseshoe Crab Reagent
Manufactory, Xiamen, China).

Preparation of other adjuvants

According to the manufacturer’s instructions, antigens
were mixed or adsorbed with the different commercial
adjuvants for vaccine preparation. Briefly, Pam3CSK4
(VacciGradeTM, 10 pg), Poly (I:C) (HMW, VacciGradeTM, 10
ug), MPLA-SM (VacciGradeTM, 10 ng), R848 (VacciGradeTM, 10
ug), and Quil-A® Adjuvant (5 pg) were mixed with 5 pg of
Omp19 per mouse in phosphate buffer saline (PBS), respectively.
Addas03™ or AddaVax"" was added to 5 g Ompl9
suspension at a final volume ratio of 1:1. Alhydrogel® Alum
adjuvant (Al, 50 ug) (Croda Denmark, Frederikssund, Denmark)
was added to the 5 ug Omp19 suspension per mouse; and CpG
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(25 pg, synthesized by TAKARA BIO INC, Dalian, China) was
added to the Omp19 plus Alum adjuvant suspension (25 LLg) per
mouse. Except Al and CpG, all the other commercial adjuvants
were purchased from In vivoGen (Toulouse, France).

Immunization, sampling schedule and
ethics statements

Female BALB/c mice (6-8 weeks) were purchased from
Beijing SPF Biotechnology Co. Ltd. (Beijing, China). The
animals were bred under specific pathogen-free conditions.
The experiments involving animals were carried out according
to the Institutional Experimental Animal Welfare and Ethics
Committee guidelines. Mice were immunized with antigen or
antigen plus adjuvant at final volumes of 100 uL by
intramuscular (i.m.) injection. Animals were vaccinated in
accordance with different immunization schedules: either a
single injection or a standard schedule consisting of a primary
injection on day 0 and a booster on day 14. Sera were collected at
the indicated days post-immunization.

Enzyme-linked immunosorbent
assay (ELISA)

Antigen-specific serum antibodies (including IgG, IgG1 and
IgG2a, IgM) were determined by ELISA. Serum samples were
serially diluted in 0.1% bovine serum albumin (BSA)/phosphate
bufter saline- Tween-20 (PBST) and incubated for 1 h at 37°C.
After washing, horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG (Abcam, Cambridge, UK), IgG1, IgG2a and IgM
(Santa Cruz, Dallas, USA) were added to the samples and
incubated for 1 h at 37°C. Tetramethylbenzidine (TMB)
single-component substrate solution and stop solution
(Solarbio, Beijing, China) were added, and the assay was then
measured at 450 nm/630 nm (SPECTRA MAX 190, Molecular
Device, USA). The titers were presented as the highest sample
dilution resulting in an optical density (OD) value greater than
2.1 times the mean of the OD of the nonimmune control serum.

Dendritic cell (DC) activation and flow
cytometric analysis

Bone marrow-derived DCs (BMDCs) were generated by
cultivating bone marrow cells in RPMI 1640 (Thermo
Scientific, Waltham, USA) supplemented with 10% fetal
bovine serum (FBS) (Thermo Scientific, Waltham, USA), 1%
Penicillin/Streptomycin solution (Sigma-Aldrich, City of Saint
Louis, USA), 20 ng/mL mouse granulocyte-macrophage colony-
stimulating factor (mGM-CSF) (R&D, Minneapolis, USA) and
10 ng/mL mouse interleukin-4 (mIL-4) (R&D, Minneapolis,
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USA) for 7 days. The cells were stimulated with 10 pg/mL
MO, 10 pug/mL Omp19, 0.1 pg/mL LPS (Sigma-Aldrich, City of
Saint Louis, USA) or PBS for 24 h, respectively. The expression
levels of CD11c (FITC Hamster anti-mouse CDI11lc, BD
Pharmingen, clone HL3, Franklin Lakes, USA), MHC II
(Alexa Fluor® 647 Rat anti-mouse I-A/I-E, BD Pharmingen,
clone M5/114.15.2, Franklin Lakes, USA), and CD80 (PE
Hamster anti-mouse CD80, BD Pharmingen, clone 16-10A1,
Franklin Lakes, USA) on DCs were evaluated by BD canto II (BD
Biosciences, USA). The data were analyzed in FACS
Diva™ Software.

Early GC reactions and flow
cytometric analysis

In order to avoid variations linked to sex (20, 21), female
BALB/c mice aged 6-8 week were vaccinated at day 0 via i.m.
route with MO (5ug), Ompl9 (5ug), Ompl9+Al+CpG
(5pg+50ug+25pg), and PBS (MO, Ompl19, Ompl19+Al+CpG,
n=>5; PBS, n=3). Draining lymph nodes (DLNs) on day 4 were
harvested to prepare single-cell suspensions. The single-cell
suspensions were blocked with anti-mouse CD16/CD32
monoclonal antibody (BD Biosciences, Franklin Lakes, USA).
The live/dead fixable near-IR dead cell stain kit (Invitrogen,
Carlsbad, USA) was used to exclude dead cells from the data
analysis. For GC B cell staining, cells were incubated with
Brilliant Violet 421" anti-mouse CD4 (Biolegend, clone
GK1.5, San Diego, USA), FITC anti-mouse CD95(Fas)
(Biolegend, clone SA367HS, San Diego, USA) and APC anti-
mouse/human GL7 (Biolegend, clone GL7, San Diego, USA) for
30 minutes at 4°C. For Tth cell staining, cells were incubated
with PE/Cyanine7 anti-mouse/human CD45R/B220 (Biolegend,
clone RA3-6B2, San Diego, USA), PerCP/cy5.5 anti-mouse
CD185 (CXCR5) (Biolegend, clone L138D7, San Diego, USA)
and PE anti-mouse CD279 (PD-1) (Biolegend, clone RMP1-14,
San Diego, USA) for 30 min. After washing, cells were acquired
on a BD canto II (BD Biosciences, USA), and data were analyzed
in FACS Diva " Software.

Tetanus neurotoxin challenge of mice

Female BALB/c mice (6-8 weeks) were divided into 5 groups
(16 mice per group) (Table 1). The five groups of mice were
immunized with 1 pg MH, 1 ug Hc adjuvanted with Al, 1 ug He,
1 ug MT3 or PBS in final volumes of 100 uL by i.m. injection
once, respectively. Fourteen days or twenty-eight days after
primary immunization, eight mice from each group were
challenged with tetanus neurotoxin by intraperitoneal injection
of 5 LD50s of toxin with a volume of 0.4 mL in physiological
solution. Mice were observed for ten days, and those alive after
that time were scored as survivors.
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TABLE 1 Immunization schedule and procedure.

Immunogen and Dose Adjuvant and Dose

MH, 1ug \

He, 1ug Al(OH);, 50ug
Hc, 1ug \

\ MT3, 1ug
PBS \

“Immunization at 0 day (100ul/dose).

10.3389/fimmu.2022.1024437

Route® Number of mice®
im 16
im 16
im 16
im 16
im 16

"Eight mice from each group were challenged with tetanus neutotoxin at fourteen days after immunization, the other eight mice from each group were challenged at twenty-eight days

after immunization.

Homology analysis

The pairwise and multiple alignments of MT family proteins
were performed by ClustalW alignment using Geneious Prime
software (2021.1.1) and BioEdit software (7.0.9.0) with default
settings. For this alignment the following Uniprot/GenBank
accession numbers were used: Human MT1, P04731; Human
MT2, P02795; Human MT3, P25713; Human MT4, P47944;
MT3 RAT, P37361; MT3 MOUSE, P28184; MT3 RABIT,
Q2PS21; MT3 MACFA, Q2PFZ0; MT3 PIG, P55944; MT3
HORSE, P37360; MT3 BOVIN, P37359; MT3 BOSMU,
Q2MJS5; MT3 SHEEP, Q8MKE4.

Statistical analysis

Data were collected and presented as mean + SEM. Statistical
analysis was conducted using GraphPad v.9.0. One-way
ANOVA with Tukey’s multiple comparisons tests were applied
for the significant difference analysis where applicable. Survival
analysis were carried out by Log-rank (Mantel-Cox) test.
Statistically significant differences were considered (*p< 0.05;
#p < 0.05; **p < 0.001; ***p < 0.0001).

Results

The adjuvanticity of MT3 to Brucella
antigen Omp19

To evaluate the adjuvant effect of human MT3 to Brucella
antigen Omp19, MT3 was genetically fused to the N-terminus of
Ompl9 without signal peptide, and the fusion protein was
named MT3-Omp19 (MO) (Figure S1).

The immunogenicity of MO was assessed in BALB/c mice.
Female mice aged 6-8 week were randomly divided into 4
groups. One group was vaccinated with 20 pg of MO on days
0, 14 by intramuscular injection (100 uL per mouse). The sera
were collected on days 7, 14, 28, 35, 60, 180 to evaluate the
antibody response, respectively (Figure 1A). The other three
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groups were vaccinated with 20 pg of Ompl9, 20 pg of
Ompl19+Al+CpG or PBS as controls, respectively. The results
showed that mice vaccinated with MO or Omp19 adjuvanted
with Al+CpG exhibited the Omp19-specific IgG response on day
7 (Figure 1B), and compared to the group Al+CpG, MO induced
significantly stronger specific IgG production (~343 folds
higher) (1.4x10° vs 4.1x10% respectively). Mice administered
with Omp19 without any adjuvant or PBS poorly produced
serum IgG antibodies. Fourteen days after second
immunization, mice vaccinated with MO produced an
Omp19-specific IgG titer (1.7x10°) that was significantly
higher than the other groups (Figure 1B).

To define the type of Th immune responses tuned by MT3,
Omp19-specific IgG subclasses were evaluated on day 28.
Compared to the group Ompl9 immunized alone, MO
induced significantly stronger specific IgGl and IgG2a
production. It is well-known that IgGl and IgG2a were the
hallmarks of the Th2 and Th1 pathway, respectively. The IgG1/
IgG2a ratio of MO was 1.13 (>1), indicating the induction of a
Th2-type immune response to MO (Figure 1C).

To determine whether the antibody response induced by
MT3 adjuvant was persistent, IgG production in the sera of
immunized mice was monitored for up to 180 days. The results
showed that the MO-induced IgG response was durable, peaking
after the second injection and remained high at least day 180
post-vaccination (Figure 1D). Compared with the Ompl9
immunized alone, the antibody titer elicited by MO
continuously increased by ~10? folds.

To further assess the adjuvanticity of MT3, additional
immunization experiments were performed by reducing the
dose of injected antigens. Different immune dose groups of
MO (20, 10, 5, 1, and 0.1 pg) were set. The groups immunized
with 20 pg of Omp19, 20 ug Omp19 adjuvanted with Al+CpG or
PBS were used as controls. Antibody titers elicited by 5 ug MO
on day 7 were significantly higher (~10° folds) than those of the
control groups. There was no significant difference among MO
20ug, 10ug, 5pg dose groups. Fourteen days or twenty-eight days
after first immunization, antibodies elicited by MO 20 g, 10 g,
5 ug dose groups still keep a high antibody level without
significant differences. The antibodies elicited by 0.1 ug MO
were higher (~10 folds) than those induced by 20 pg Omp19.
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This indicated that the built-in MT3 could significantly allow
antigen dose sparing (Figure 1E).

MT3 stimulates early antibody response
and has low intrinsic immunogenicity,
whose adjuvanticity relies on

fusion to antigen

To compare the adjuvant effect of MT3 with other
commercially available adjuvants, besides MO, different
adjuvants were used to mix or adsorb with Ompl9, and

10.3389/fimmu.2022.1024437

immunized mice on day 0. The Omp19-specific antibody titers
on days 4, 7 and 14 were detected in mice serum. As shown in
Figure 2A, MT3 can significantly accelerate antibody production to
four days after primary immunization. In addition, MT3 induced a
much stronger antibody response than all other adjuvants in the
following days (~10 to100 folds). Besides, the MT3-specific
antibodies in mice immunized with MO and MT3 were detected
on day 14. Sera from group immunized with Omp19 adjuvanted
with Al+CpG, Omp19 alone or PBS were set as controls. The result
showed that MT3-specific antibody was nearly undetectable in
these groups (Figure 2B). These suggested MT3 was a promising
adjuvant with low intrinsic immunogenicity.
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To test whether MT3 needs a fusion to the antigen for its
adjuvanticity, antibody responses were detected in mice
receiving 5 ug MO and 5 pg Omp19 mixed with 50 pg MT3,
respectively. The groups immunized with 5 pg Omp19 alone,
5 ug Omp19 adjuvant with 50 pg Al + 25 ug CpG or PBS were
set as controls, respectively. As shown in Figure 2C, the Omp19-
specific antibody induced by 5 pg MO has already reached
4.6x10* on day 7 and 7.2x10° on day 28, which were
significantly higher than the Omp19 mixed with MT3 group
or Ompl9 adjuvanted with Al+CpG group. Meanwhile, the
Ompl9 mixed with MT3 group was at the background level
even after boost. The result suggested that MT3 is an effective
built-in adjuvant.

MT3 promoted the Omp19-specific DC
activation, early germinal center reaction
and antibody class switching

Dendritic cells (DCs) are important to link between
innate and adaptive immunity, and activation of DCs is a
vital part of initiating adaptive immune responses (22). The
ability of MO to directly activate DCs was determined by
analyzing the expression of MHC and co-stimulator
molecules in vitro. BMDCs from wild type mice were
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treated with MO, Omp19, LPS or PBS for 24 h, respectively.
As shown in Figure 3, following in vitro stimulation with MO,
53.8% CD11c" MHCII" DCs and 65.1% CD11c¢" CD80" DCs
were observed, which were significantly higher than the
Omp19-treated group (25.2% and 37.5%). Besides, 32.4%
CD1lc" MHCII" CD80" DCs were also observed in the
MO-treated group, which were significantly higher than
Ompl9 group (15.9%) or PBS group (11.3%). This
suggested that incubation with MO could up-regulate the
expression of T cell activation signal molecules on the surface
of DCs, and promote the activation and maturation of DCs.
Moreover, MO formulation may effectively induce the
adaptive immunity by accelerating APC maturation.
Vaccine responses are mainly generated in secondary
lymphoid organs, where the antigen is presented to activated T
cells and B cells within the germinal center (GC). Previously, it
was observed that a high level of Omp19-specific antibody could
be detected on the mouse model 4 days after MO immunization.
The germinal center reaction of the proximal lymph nodes was
detected at the injection site on day 4 to determine whether MO
induced rapid antibody responses by promoting GC formation
or not. As shown in Figure 4A and Figure S3, significant
differences were observed among groups in the total GC cells
(B220" Fas™ GL7" cells) in draining inguinal lymph nodes
samples. Compared to mice immunized with Omp19 alone or
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MT3 showed strong adjuvant activities with low intrinsic immunogenicity and the adjuvanticity relies on fusion to antigen. Female BALB/c mice
aged 6-8 week were vaccinated at day O via i.m. route with MO (5ug), Omp19 (5ug) alone or Omp19 (5ug) combined with different adjuvants,
the control group of mice were vaccinated with PBS or MT3 (n=6). Serum samples were obtained at indicated time points for measurement of
Omp19-specific antibodies (A) and MT3-specific antibodies (B). (C) Female BALB/c mice aged 6-8 week were vaccinated at day 0,14 via i.m.
route with MO (5 ug), Omp19 (5ug), Ompl9+MT3 (5ug+50ug), Ompl9+Al+CpG (5pg+50pg+25ug) or PBS (n=5). Serum samples were obtained
at indicated time points for measurement of Omp19-specific antibodies. All data are presented as mean + SEM. Statistical analyses were carried
out by One-way ANOVA followed by Tukey's multiple comparison test (*p<0.05, **p<0.005, ***p<0.001, ****p<0.0001).
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multiple comparison test (*p<0.05).

Omp19 adjuvanted with Al+CpG group, about 0.88% GC cells
were detected in MO immunized mice on day 4.

T follicular helper (Tfh) cells are a subset of CD4" T cells
specialized in regulating B cell responses in GCs. Total Tth cell
(CD4" CXCR5" cells) frequencies were evaluated on day 4. As
shown in Figure 4B and Figure S3, 0.38% Tth cells were detected
in MO group, which were significantly higher than the Omp19
group. In addition, high frequencies of Tth cells in the Omp19
adjuvanted with Al + CpG group were observed. This indicated
that the Tth cell response may begin before B cell response in
GCs and prepared for the occurrence of B cell response.
Moreover, these data demonstrated the early recruitment of
GC B and Tth cells in vivo, particularly after immunization
with MO.

IgM is the earliest antibody produced by the immune
system. Upon activating B cells by antigen, the immunoglobin
(Ig) classes are converted from IgM to IgG. The class switching
between IgM and IgG induced by the Omp19 immunized group
alone occurred between 5-7 days after primary immunization
(Figure 4C), whereas class switching induced by MO occurred
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3-5 days after immunization with high IgG titers. Thus, MT3
could accelerate the Ig class switching and promote the early
generation of IgG.

Adjuvant effect of MT3 to tetanus
antigen Hc

Next, the adjuvant effect of MT3 was evaluated using the
Tetanus antigen Hc and the fusion protein MT3-Hc (MH) was
prepared (Figure S1). Since Hc is a protein with strong
immunogenicity itself, one-shot immunization was used to
investigate the immunogenicity of MH. During days 0-14, MH
was observed to induce early antibody production (Figure 5A).
Likewise, 5 ug MH elicited significantly higher antibody
responses than the Hc group (~100 folds) and Hc adjuvanted
with Al group (~10 folds) on day 7 (Figure 5B). As a built-in
adjuvant, therefore, MT3 could also significantly and rapidly
increase the Hc-specific antibody response.
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MT3 promoted Ompl9-specific early germinal center reaction and antibody class switching. (A) Results are presented as percentage of total GC
cells (B220"Fas*GL7"). (B) Results are presented as percentage of total Tth cells (CD4"CXCR5"). (C) Female BALB/c mice aged 6-8 week were
vaccinated at day 0 via i.m. route with MO (5 png), Omp19 (5ug); Ompl9-specific IgG and IgM antibodies were determined by ELISA to
investigate Ig class switching (n=5). All data are presented as mean + SEM. Statistical analyses were carried out by One-way ANOVA followed by

Tukey's multiple comparison test (***p<0.001, ****p<0.0001)

In the dosage experiment, MT3 fusion could maintain the
immune response to Hc by reduction of the antigen dosage. On
day 7, the Hc-specific antibody induced by 5 pg MH was
significantly higher than Hc adjuvanted with Al and Hc alone
immunized group (Figure 5C). Significant differences were not
observed between 5 ng-MH immunized group and 1 ug-MH
immunized group, whereas Hc-specific antibody induced by 1
png MH were about 100 folds higher than 5 pg He group. On day
14, significant differences in antibody level were not observed
among the 5 ug MH group, 1 pg MH group and Hc adjuvanted
with Al group. However, the antibody induced by 5 ug MH
group or 1 ug MH group were significantly higher than 5 pug Hc
immunized alone. In particular, the antibody titer induced by 1
ug MH were about 10 folds higher than 5 ug Hc immunized
alone. The result suggested that fusion of MT3 could also allow
antigen dose sparing and shorten the onset time of
immune response.
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Besides, Hc-specific durable immune response induced by
MH was detected. As show in Figures 5D, E, Hc-specific
antibody induced by MH still kept in a high level during 90
days, which were about 100 folds higher than the Hc immunized
group persistently. The results verified that fusion of MT3 could
stimulate highly effective and durable antigen-specific
immune response.

The protective effect of MH was evaluated by challenge of
mice. Mice were divided into 5 groups (16 mice per group),
groups of mice were received 1 ug MH, 1 pug Hc adjuvant with
Al, 1 pg He, 1 ug MT3 or PBS once, respectively. Eight mice
form each group were challenged with 5 LD50s of TeNT on days
14 or 28. The result showed that MH and Hc adjuvanted with Al
group could provide 100% protection (Figure 5F). The
protection provided by Hc immunized group was only 25% on
day 14 or 12.5% on day 28. The mice immunized with MT3 or
PBS were all dead in 6 days. The survival rate of the MH-
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MT3 enhances the Hc-specific antibody responses. (A) Immunization and blood collection schedule. Female BALB/c mice aged 6-8 week were
vaccinated at day O via i.m route with MH (5pg), Hc+Al (5pug+50pg), He (5pg) or PBS (n=5). Serum samples were obtained at indicated time
points for ELISA. (B) Hc-specific IgG titers in sera of immunized mice. (C) Hc-specific IgG antibody response after immunization at day O via i.m
route with either 0.1, 1, 5ug of MH alone, Hc+Al (5pug+50 pg), He (5pg) or PBS (n=5), respectively. Serum samples were obtained at indicated
time points for ELISA. (D) Immunization and blood collection schedule. Female BALB/c mice aged 6-8 week were vaccinated at day O via i.m
route with MH (1ug), Hc+Al (1pg +50ug), He (1ug) or PBS (n=5). Serum samples were obtained at indicated time points for ELISA. (E) Kinetics of
Hc-specific total IgG titers in sera of immunized mice over a period of 90 day. All data are presented as mean + SEM. Statistical analyses were
carried out by One-way ANOVA followed by Tukey's multiple comparison test (no significant difference, ns; **p<0.005, ***p<0.001,
****%0<0.0001). (F) Protection against TeNT challenge. Female BALB/c mice aged 6-8 week were divided into 5 groups (16 mice per group),
groups of mice were received 1ug MH, 1ug Hc adjuvant with Al, 1ug Hec, 1ug MT3 or PBS once respectively. Eight mice form each group were
challenged with 5 LD50s of TeNT 14days or 28 days after vaccination. Survival was monitored every 12 h for 10 days following challenge.
Statistical analyses were carried out by Log-rank (Mantel-Cox) test (**p<0.005).
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immunized group was significantly higher than that of the Hc-
immunized group alone. Thus, MT3 could effectively increase
the immune protection of Hc.

Homology analysis and immunogenicity
study of MT family proteins

The representative sequences of mammalian MT family
were compared by Geneious Prime software (2021.1.1) and
BioEdit software (7.0.9.0). The homology between multiple
sequences of human MTs and MT3 sequences from multiple
species was compared. Among the four human MT subtypes, the
homology values of MT1-MT2, MT1-MT3, MT1-MT4 and
MT3-MT4 were 90.1%, 64.7%, 61.2% and 54.4%, respectively
(Figure 6A). Moreover, the homology of MT3 from common
species such as rat (Rattus norvegicus), mouse (Mus musculus),
rabbit (Oryctolagus cuniculus), macfa (Macaca fascicularis), pig
(Sus scrofa), horse (Equus caballus), bovin (Bos taurus), sheep
(Owis aries), bosmu (Bos mutus grunniens) and human (Homo
sapiens) were also compared, the result show the homology in all
the species were nearly above 80%, except sheep compared to
rats (75%) or mice (76.4%).

To explore whether other MT proteins have adjuvant effects
or not, human MT1 and murine MT3 were selected as
representatives to fused with Omp19, and the fusion proteins
MT1(H)-Omp19 (M;0) and MT3(M)-Ompl9 (M,,0) were
prepared (Figure S2). The results showed that human MT3
could help to induce significantly higher antigen-specific
antibody titer than human MT1 and murine MT3 four days
after primary immunization. Seven days later, the specific
antibody titer stimulated by human MT1 based protein (M;0O)
increased significantly. The antigen specific antibody titer
stimulated by human MT1 and MT3 were significantly higher
than murine MT3. Fourteen days after primary immunization,
the antibody titer induced by MT-based proteins were still
higher than that of Omp19 immunized alone, Omp19 with Al
or Ompl9 with Al + CpG group (Figure 6B). Thus, the
mammalian MTs family (human MT1 or murine MT3 for
examples) also had potential adjuvanticity, although their
effects were lower than human MT3.

Discussion

As an important component, adjuvants can significantly
increase the effectiveness of vaccines, especially recombinant
subunit vaccines. The ideal vaccine adjuvants should be able to
magnify the immunogenicity of weak antigens, accelerate and
prolong the desired immune responses, allow required antigen
dose sparing, reduce the frequency of immunization, broaden
the breath of immune response and improve the effectiveness of
the vaccine for those who do not respond well. These were also
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the crucial gaps in modern vaccine product development need to
be filled by appropriate adjuvant technologies (1).

In this study, MT3 was studied as a novel built-in vaccine
adjuvant for recombinant protein vaccines. When it was fused
with Omp19, the fusion protein MO increased the antibody
titers by approximately 340 folds compared to the Ompl9
adjuvanted with Al+CpG, or 1000 folds compared to the
Ompl9 alone in seven days after primary immunization.
When immunized twice (days 0 and 14), the antibody titers
induced by MO persisted at a high level until day 180, suggesting
that the MT3 could help to maintain a durable antigen-specific
immune responses. Results from the dose research showed that
the antibody titers elicited by 5 ug MO increased by about 1000
folds compared to 20 pg Ompl9 immunized alone on day 7.
And the antibody response elicited by 0.1 pg MO was 10 folds
higher than 20 [ilg Omp19 on day 14. It suggested that MT3 may
help to achieving antigen dose sparing. It is well known that the
production ability inhibits the global vaccine supply. If an
adjuvant could remarkably reduce the antigen usage in a
vaccine for induction of target antibody titers, it will increase
the global vaccine supply and save more people around the
world (23).

When Hc was used as a model antigen, similar to the results
observed in MO, MT3 could help the fusion protein MH to
stimulate a rapid, highly effective, durable Hc-specific immune
response, and reduced acquired antigen dose. It was observed that
the antibody titers elicited by MH were slightly lower than that of He
adjuvanted with Al 14 days after immunization, the possible reason
may be the strong immunogenicity of Hc itself, but the adjuvant
effect of MT3 was still obvious. Besides, MH led to the full protection
of the immunized mice against a lethal dose tetanus toxin challenge,
suggested that MT3 could increase the neutralization antibody titers
as well as the overall antigen-specific antibodies.

Moreover, the adjuvant capacity of MT3 was compared with
several commercially available adjuvants. The adjuvants included
the broadly used aluminum hydroxide adjuvant, TLR-based
adjuvants such as Pam3CSK4 (TLR1/2 agonist) (24), polyl:C
(TLR3 agonist) (25, 26), MPLA-SM (TLR4 agonist) (27), R848
(TLR7/8 agonist) (28), CpG (TLR9 agonist) (28), and squalene-
based oil-in-water adjuvant AddaVax (based on the formulation
of MF59) (29), AS03-like vaccine adjuvant (AddsS03) (30), and
saponin vaccine adjuvant (Quil-A) (1). As a built-in adjuvant,
MT3 could dramatically accelerate the antibody production up to
four days after primary immunization, and the antibody titers
significant increased by 10 to 100 folds in comparison to other
adjuvants. The results demonstrated a rapid and robust immune
response induced by MT3 again.

In order to explore the mechanism of MT3 enhancing early
acquired immune response, several key points were chosen for
evaluation. DC is the most efficient antigen presentation cell
(APC) and is the only APC that can activate the primary T-cells.
Consequently, DC is often considered to be the initiator of the
adaptive immune response. In general, most DCs are immature
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FIGURE 6

Homology analysis and immunogenicity study of MT family proteins. (A) Sequence alignment of MTs family proteins. (a) Amino acid sequence
alignment between MT3 and other human-derived MT family proteins. (b) Amino acid sequence alignment between human MT3 and other
species-derived MT3 proteins. Sequence alignment was prepared with Geneious Prime (2021.1.1) and BioEdit software (7.0.9.0).

(B) Immunogenicity study of MT family proteins. Female BALB/c mice aged 6-8 week were vaccinated at day 0 via i.m route with MO (5ug),
MmO (5pg), M;O (5pg), Ompl9 (5ug), Ompl9+Al (5ug +50ug), Ompl9+Al+CpG (5pg +50 pg+25ug) or PBS (n=5). Serum samples were obtained
at indicated time points for measurement of Omp19-specific antibodies. All data are presented as mean + SEM. Statistical analyses were carried
out by One-way ANOVA followed by Tukey's multiple comparison test (*p<0.05, **p<0.005, ***p<0.001, ****p<0.0001).

with low antigen presentation capacity (31, 32). They express
low levels of MHC-II molecules and costimulatory molecules
(such as CD40, CD80 and CD86). However, immature DCs
express FcR and pattern recognition receptors (such as mannose
receptors, toll like receptors, etc.) at high levels, and have strong
antigen uptake and processing capabilities (33). After ingesting
the antigen or certain stimulation, immature DCs begin to

Frontiers in Immunology

differentiate and mature, which is typically characterized by a
significant up-regulation in the expression level of MHC-II
molecules and costimulatory molecules, effectively activating T
cells and initiating immune responses (34). In our study,
incubation of MO with BMDC significantly up-regulated
MHC-II and CD80 level on the surface of DCs. When MO
was ingested by DC in vivo, more MHC-II molecular were
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expressed to present antigen peptide to T cell due to the
stimulation of MT3, and the CD80 was up-regulated as a
second activation signal to activate T cell. Then, T cell began
to proliferate and differentiate to produce CD4" Th cells and
Tth cells.

The process of B cells differentiating into plasma cells is
incredibly vital to production of antibodies in adaptive response.
With the help of Tth cell, the activated B cell moved to the follicular
area for proliferation, and at the absence of T cell to create a unique
structure (the germinal center, GC) (35). B cells manufacture
antibodies with high affinity and numerous subtypes when
undergoing somatic hypermutation (SHM) and class switch
reaction (CRS) in GC (36, 37). GC is the key to the production of
high affinity antibodies and the main supply of long-lived plasma
cells, which also makes the antibody in the body persist (38). In our
study, high level of antibody titer elicited by MO was observed as
early as day 4 in mice model, and the GC reaction of the proximal
lymph nodes was thus detected at the injection site on day 4. The
frequencies of GC B cell obviously increased and the high
frequencies of Tth cell were elicited. The maturation of B cells to
plasma cells can occur in three main ways (39). The way that plasma
cells are generated from germinal center B cells in the course of
follicular responses is the most concerned way, and in this way, the
time for formation of germinal center is regarded to be 6-7 days at
least (35). Our results seemed not consistent with the conventional
views, one explanation is that the observed antibody response on day
4 may be contributed by both GC reaction and extrafollicular
response, although the detailed mechanism needs further study.

Considering the sequence and structure similarity of mammalian
MT family proteins, we selected human MT1 and murine MT3 as
representatives to explore whether other MT proteins have adjuvant
effects. The results showed that both human MT1 and murine MT3
could enhance immune response to fusion proteins M;O and M,,,0,
but human MT3 could help to induce a more rapid antigen specific
immune response than human MT1 and murine MT3. And human
MT1/MT3 could help to induce a higher immune response than
murine MT3. Thus, the MT family members also had potential
adjuvanticity, but the difference between species and the amino acid
sequence consistency could affect the adjuvant effect of MTs.
According to our results, it is difficult to compare the adjuvant
effects of murine MT3 or human MT3 in human, but as a potential
adjuvant for human vaccines, the human MT3 may be the better
choice, and the further safety evaluation is needed.

At present, the molecular mechanisms of adjuvant activity of
MT3 are not clear yet. As a member of MTs, MT3 could regulate
the homeostasis of heavy metal such as copper and zinc (Zn). Zn
homeostasis is essential to all biological processes, and it was
reported that Zn deficiency or excess is not conducive to
antibody and cytokine production, proliferation and function of
immune cells (7). On the other hand, MT3 mainly expresses in the
central nervous system, and it was reported that brain activity may
directly control the adaptive immune response of lymphoid organs
(40, 41). Whether MT3 regulates adaptive immune response by

Frontiers in Immunology

12

10.3389/fimmu.2022.1024437

modulating Zn homeostasis and the participation of its neuron
inhibitor function are worthy of further investigation.

In conclusion, this study provided convincing evidence that
human MT3 as a novel built-in adjuvant can help protein
antigens to stimulate rapid, effective, and durable antibody
responses, which may have important clinical application
potential in vaccine development against global pandemics.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material. Further
inquiries can be directed to the corresponding authors.

Ethics statement

The animal study was reviewed and approved by the
Laboratory Animal Care and Use Committee of the Beijing
Institute of Biotechnology.

Author contributions

WC, JX, and YY were responsible for overall experimental
design and supervision of studies. YG, YY, RL, RY, SW and YZ
performed experiments. XdZ and YY performed bioinformatics
analysis. YY, YG, XdZ and RL analyzed the data. XjZ, JL, and JZ
contributed reagents and materials. YY, JX and YG wrote the
manuscript. WC, JX, and JL reviewed the manuscript. All
authors contributed to the article and approved the
submitted version.

Funding

This work was partially supported by the National Natural
Science Foundation of China (32170945).

Acknowledgments

We thank Dr. Tao Hu for useful discussion and language
editing. We thank Yujie Li and Jianglan Long for technical
assistance. We thank Dr. Yilong Yang, Dr. Yaohui Li and Dr.
Chuge Zhou for helpful comments on the manuscript.

Conflict of interest

Beijing Institute of Biotechnology has submitted patent
applications related to use of MTs as vaccine adjuvants.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1024437
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yin et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.1024437/full#supplementary-material

References

1. Reed SG, Orr MT, Fox CB. Key roles of adjuvants in modern vaccines. Nat
Med (2013) 19(12):1597-608. doi: 10.1038/nm.3409

2. Liang F, Lindgren G, Sandgren KJ, Thompson EA, Francica JR, Seubert A,
et al. Vaccine priming is restricted to draining lymph nodes and controlled by
adjuvant-mediated antigen uptake. Sci Transl Med (2017) 9(393):eaal2094.
doi: 10.1126/scitranslmed.aal2094

3. HogenEsch H, O’Hagan DT, Fox CB. Optimizing the utilization of aluminum
adjuvants in vaccines: You might just get what you want. NPJ Vaccines (2018) 3:51.
doi: 10.1038/s41541-018-0089-x

4. Akondy RS, Johnson PL, Nakaya HI, Edupuganti S, Mulligan M]J, Lawson B,
et al. Initial viral load determines the magnitude of the human Cd8 T cell response
to yellow fever vaccination. Proc Natl Acad Sci U.S.A. (2015) 112(10):3050-5.
doi: 10.1073/pnas.1500475112

5. Pulendran B, SA P, O’Hagan DT. Emerging concepts in the science of vaccine
adjuvants. Nat Rev Drug Discovery (2021) 20(6):454-75. doi: 10.1038/s41573-021-
00163-y

6. Krezel A, Maret W. The bioinorganic chemistry of mammalian
metallothioneins. Chem Rev (2021) 121(23):14594-648. doi: 10.1021/
acs.chemrev.1c00371

7. Subramanian Vignesh K, Deepe GSJr. Metallothioneins: Emerging
modulators in immunity and infection. Int J Mol Sci (2017) 18(10):2197.
doi: 10.3390/ijms18102197

8. Vasak M, Meloni G. Mammalian metallothionein-3: New functional and
structural insights. Int ] Mol Sci (2017) 18(6):1117. doi: 10.3390/ijms18061117

9. Uchida Y, Takio K, Titani K, Thara Y, Tomonaga M. The growth inhibitory
factor that is deficient in the alzheimer’s disease brain is a 68 amino acid
metallothionein-like protein. Neuron (1991) 7(2):337-47. doi: 10.1016/0896-6273
(91)90272-2

10. Palmiter RD, Findley SD, Whitmore TE, Durnam DM. Mt-Iii, a brain-
specific member of the metallothionein gene family. Proc Natl Acad Sci U.S.A.
(1992) 89(14):6333-7. doi: 10.1073/pnas.89.14.6333

11. KohJY, Lee SJ. Metallothionein-3 as a multifunctional player in the control
of cellular processes and diseases. Mol Brain (2020) 13(1):116. doi: 10.1186/s13041-
020-00654-w

12. Zhu XJ, Li RF, Xu L, Yin H, Chen L, Yuan Y, et al. A novel self-assembled
mitochondria-targeting protein nanoparticle acting as theranostic platform for
cancer. Small (2019) 15(2):e1803428. doi: 10.1002/smll.201803428

13. Pasquevich KA, Estein SM, Garcia Samartino C, Zwerdling A, Coria LM,
Barrionuevo P, et al. Immunization with recombinant brucella species outer
membrane protein Ompl6 or Ompl9 in adjuvant induces specific Cd4+ and
Cd8+ T cells as well as systemic and oral protection against brucella abortus
infection. Infect Immun (2009) 77(1):436-45. doi: 10.1128/IAL.01151-08

14. Zai X, Yin Y, Guo F, Yang Q, Li R, Li Y, et al. Screening of potential vaccine
candidates against pathogenic brucella spp. Using Compositive Reverse Vaccinology.
Vet Res (2021) 52(1):75. doi: 10.1186/s13567-021-00939-5

Frontiers in Immunology

10.3389/fimmu.2022.1024437

SUPPLEMENTARY FIGURE 1

Characterization and analysis of the MT3-based proteins. (A) MT3 based
structure design. (B) SDS-PAGE analysis of the purified MT3-based
proteins. (C) Analysis of the purified MT3-based proteins by Western
blot. The bands were probed with Ompl9 immunized serum against
Omp19 and MO, with human monoclonal antibodies against Hc and MH

SUPPLEMENTARY FIGURE 2

Characterization and analysis of MT-based proteins. (A) MT based
structure design. (B) SDS-PAGE analysis of the purified MT-based
proteins. (C) Analysis of the purified MT-based proteins by Western blot.
The bands were probed with Omp19 immunized serum against Omp19,
MO, and M;0.

SUPPLEMENTARY FIGURE 3

Representative flow cytometry analysis of GC B cells, Th cells at day 4. The
cells were stained and the expression of B220"Fas*GL7" (GC B cells) and
CD4*CXCR5" (Tfh cells) was analyzed by BD canto I, and data were
analyzed in FACS Diva™ Software.

15. YuR,Yi S, Yu G, Fang T, Liu S, Yu T, et al. A conformational change of ¢
fragment of tetanus neurotoxin reduces its ganglioside-binding activity but does
not destroy its immunogenicity. Clin Vaccine Immunol (2011) 18(10):1668-72.
doi: 10.1128/CV1.05244-11

16. Umland TC, Wingert LM, Swaminathan S, Furey WF, Schmidt JJ, Sax M.
Structure of the receptor binding fragment hc of tetanus neurotoxin. Nat Struct Biol
(1997) 4(10):788-92. doi: 10.1038/nsb1097-788

17. XuX, YuR, Xiao L, Wang ], Yu M, Xu J, et al. Safety and immunogenicity of
a recombinant tetanus vaccine in healthy adults in China: A randomized, double-
blind, dose escalation, placebo- and positive-controlled, phase 1/2 trial. Adv Sci
(Weinh) (2021) 8(15):€2002751. doi: 10.1002/advs.202002751

18. Yu R, Hou L, Yu C, Liu S, Ren J, Fang T, et al. Enhanced expression of
soluble recombinant tetanus neurotoxin hc in escherichia coli as a tetanus vaccine
candidate. Immunobiology (2011) 216(4):485-90. doi: 10.1016/j.imbi0.2010.09.001

19. GuY, Yin Y, Li Y, Zai X, Xu J. Optimization of preparation method and
immunogenicity evaluation of recombinant brucella outer membrane protein
Ompl9. Anim Husb Feed Sci (2022) 43(3):1-7. doi: 10.12160/j.issn.1672-
5190.2022.03.001

20. Zimmermann P, Curtis N. Factors that influence the immune response to
vaccination. Clin Microbiol Rev (2019) 32(2):e00084-18. doi: 10.1128/CMR.00084-
18

21. Fehervari Z. Vaccine sex differences. Nat Immunol (2019) 20(2):111.
doi: 10.1038/s41590-018-0310-0

22. Qian C, Yang L], Cui H. Recent advances in nanotechnology for dendritic
cell-based immunotherapy. Front Pharmacol (2020) 11:960. doi: 10.3389/
fphar.2020.00960

23. Lofano G, Mallett CP, Bertholet S, O’Hagan DT. Technological approaches
to streamline vaccination schedules, progressing towards single-dose vaccines. NPJ
Vaccines (2020) 5:88. doi: 10.1038/s41541-020-00238-8

24. Caproni E, Tritto E, Cortese M, Muzzi A, Mosca F, Monaci E, et al. Mf59
and Pam3csk4 boost adaptive responses to influenza subunit vaccine through an
ifn type I-independent mechanism of action. J Immunol (2012) 188(7):3088-98.
doi: 10.4049/jimmunol. 1101764

25. Stahl-Hennig C, Eisenblatter M, Jasny E, Rzehak T, Tenner-Racz K,
Trumptheller C, et al. Synthetic double-stranded rnas are adjuvants for the
induction of T helper 1 and humoral immune responses to human
papillomavirus in rhesus macaques. PloS Pathog (2009) 5(4):e1000373.
doi: 10.1371/journal.ppat.1000373

26. Longhi MP, Trumpfheller C, Idoyaga J, Caskey M, Matos I, Kluger C, et al.
Dendritic cells require a systemic type I interferon response to mature and induce
Cd4+ Th1 immunity with poly ic as adjuvant. ] Exp Med (2009) 206(7):1589-602.
doi: 10.1084/jem.20090247

27. Mata-Haro V, Cekic C, Martin M, Chilton PM, Casella CR, Mitchell TC.
The vaccine adjuvant monophosphoryl lipid a as a trif-biased agonist of Tlr4.
Science (2007) 316(5831):1628-32. doi: 10.1126/science.1138963

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.1024437/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1024437/full#supplementary-material
https://doi.org/10.1038/nm.3409
https://doi.org/10.1126/scitranslmed.aal2094
https://doi.org/10.1038/s41541-018-0089-x
https://doi.org/10.1073/pnas.1500475112
https://doi.org/10.1038/s41573-021-00163-y
https://doi.org/10.1038/s41573-021-00163-y
https://doi.org/10.1021/acs.chemrev.1c00371
https://doi.org/10.1021/acs.chemrev.1c00371
https://doi.org/10.3390/ijms18102197
https://doi.org/10.3390/ijms18061117
https://doi.org/10.1016/0896-6273(91)90272-2
https://doi.org/10.1016/0896-6273(91)90272-2
https://doi.org/10.1073/pnas.89.14.6333
https://doi.org/10.1186/s13041-020-00654-w
https://doi.org/10.1186/s13041-020-00654-w
https://doi.org/10.1002/smll.201803428
https://doi.org/10.1128/IAI.01151-08
https://doi.org/10.1186/s13567-021-00939-5
https://doi.org/10.1128/CVI.05244-11
https://doi.org/10.1038/nsb1097-788
https://doi.org/10.1002/advs.202002751
https://doi.org/10.1016/j.imbio.2010.09.001
https://doi.org/10.12160/j.issn.1672-5190.2022.03.001
https://doi.org/10.12160/j.issn.1672-5190.2022.03.001
https://doi.org/10.1128/CMR.00084-18
https://doi.org/10.1128/CMR.00084-18
https://doi.org/10.1038/s41590-018-0310-0
https://doi.org/10.3389/fphar.2020.00960
https://doi.org/10.3389/fphar.2020.00960
https://doi.org/10.1038/s41541-020-00238-8
https://doi.org/10.4049/jimmunol.1101764
https://doi.org/10.1371/journal.ppat.1000373
https://doi.org/10.1084/jem.20090247
https://doi.org/10.1126/science.1138963
https://doi.org/10.3389/fimmu.2022.1024437
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yin et al.

28. Vasilakos JP, Smith RM, Gibson SJ, Lindh JM, Pederson LK, Reiter MJ, et al.
Adjuvant activities of immune response modifier r-848: Comparison with cpg odn.
Cell Immunol (2000) 204(1):64-74. doi: 10.1006/cimm.2000.1689

29. Vono M, Taccone M, Caccin P, Gallotta M, Donvito G, Falzoni S, et al. The
adjuvant Mf59 induces atp release from muscle that potentiates response to
vaccination. Proc Natl Acad Sci U.S.A. (2013) 110(52):21095-100. doi: 10.1073/
pnas.1319784110

30. Garcon N, Vaughn DW, Didierlaurent AM. Development and evaluation of
As03, an adjuvant system containing alpha-tocopherol and squalene in an oil-in-
Water emulsion. Expert Rev Vaccines (2012) 11(3):349-66. doi: 10.1586/erv.11.192

31. Jensen PE. Recent advances in antigen processing and presentation. Nat
Immunol (2007) 8(10):1041-8. doi: 10.1038/ni1516

32. Pishesha N, Harmand TJ, Ploegh HL. A guide to antigen processing and
presentation. Nat Rev Immunol (2022). doi: 10.1038/s41577-022-00707-2

33. Jing B, Xiong S. Medical immunology. bei jing: People’s medical publishing
house. (2008).

34. Pearce EJ, Everts B. Dendritic cell metabolism. Nat Rev Immunol (2015) 15
(1):18-29. doi: 10.1038/nri3771

Frontiers in Immunology

14

10.3389/fimmu.2022.1024437

35. Victora GD, Nussenzweig MC. Germinal Centers. Annu Rev Immunol
(2012) 30:429-57. doi: 10.1146/annurev-immunol-020711-075032

36. Biram A, Davidzohn N, Shulman Z. T Cell interactions with b cells during
germinal center formation, a three-step model. Immunol Rev (2019) 288(1):37-48.
doi: 10.1111/imr.12737

37. Cyster JG, Allen CDC. B cell responses: Cell interaction dynamics and
decisions. Cell (2019) 177(3):524-40. doi: 10.1016/j.cell.2019.03.016

38. Akkaya M, Kwak K, Pierce SK. B cell memory: Building two walls of
protection against pathogens. Nat Rev Immunol (2020) 20(4):229-38. doi: 10.1038/
s41577-019-0244-2

39. MacLennan IC, Toellner KM, Cunningham AF, Serre K, Sze DM, Zuniga E,
et al. Extrafollicular antibody responses. Immunol Rev (2003) 194:8-18.
doi: 10.1034/j.1600-065x%.2003.00058.x

40. ZhangX, Lei B, Yuan Y, Zhang L, Hu L, Jin S, et al. Brain control of humoral
immune responses amenable to behavioural modulation. Nature (2020) 581
(7807):204-8. doi: 10.1038/s41586-020-2235-7

41. Cathomas F, Russo SJ. Brain-spleen connection aids antibody production.
Nature (2020) 581(7807):142-3. doi: 10.1038/d41586-020-01168-0

frontiersin.org


https://doi.org/10.1006/cimm.2000.1689
https://doi.org/10.1073/pnas.1319784110
https://doi.org/10.1073/pnas.1319784110
https://doi.org/10.1586/erv.11.192
https://doi.org/10.1038/ni1516
https://doi.org/10.1038/s41577-022-00707-2
https://doi.org/10.1038/nri3771
https://doi.org/10.1146/annurev-immunol-020711-075032
https://doi.org/10.1111/imr.12737
https://doi.org/10.1016/j.cell.2019.03.016
https://doi.org/10.1038/s41577-019-0244-2
https://doi.org/10.1038/s41577-019-0244-2
https://doi.org/10.1034/j.1600-065x.2003.00058.x
https://doi.org/10.1038/s41586-020-2235-7
https://doi.org/10.1038/d41586-020-01168-0
https://doi.org/10.3389/fimmu.2022.1024437
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	A novel built-in adjuvant metallothionein-3 aids protein antigens to induce rapid, robust, and durable immune responses
	Introduction
	Materials and methods
	Preparation of immunogens
	Preparation of other adjuvants
	Immunization, sampling schedule and ethics statements
	Enzyme-linked immunosorbent assay (ELISA)
	Dendritic cell (DC) activation and flow cytometric analysis
	Early GC reactions and flow cytometric analysis
	Tetanus neurotoxin challenge of mice
	Homology analysis
	Statistical analysis

	Results
	The adjuvanticity of MT3 to Brucella antigen Omp19
	MT3 stimulates early antibody response and has low intrinsic immunogenicity, whose adjuvanticity relies on fusion to antigen
	MT3 promoted the Omp19-specific DC activation, early germinal center reaction and antibody class switching
	Adjuvant effect of MT3 to tetanus antigen Hc
	Homology analysis and immunogenicity study of MT family proteins

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


