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Vaccines offer prophylactic treatments against atherosclerosis by eliciting
effector T cell and antibody responses, which require effective delivery of
antigen and adjuvant to activate dendritic cells (DC). Here we show that
individual conjugation of antigen p210 and adjuvant CpG oligodeoxynucleo-
tides onto superparamagnetic iron oxide nanoparticles formulates a nano-
vaccine cocktail that activates DCs for antigen cross-presentation and
induction of co-stimulatory signals, cytokines and CD8" effector/effector
memory T cell responses. This nanovaccine modulates the DCs in the draining
lymph nodes, activates both CD4" and CD8' T cells, elicits memory responses,
and induces both anti-p210 IgM and IgG antibodies to suppress athero-
sclerosis. Lastly, three intradermal vaccinations of this nanovaccine mitigate
the atherosclerosis development in the ApoE” mice. Our nanovaccine design
and preclinical data thus presents a potential candidate for prophylactic
treatment for atherosclerosis.

Atherosclerosis, characterized by the development of lipid-rich pla-
ques in large and medium-sized arteries, is the primary underlying
cause of the progression of cardiovascular diseases'. Evidence indi-
cates that atherosclerosis is an inflammatory disease mediated by both
innate and adaptive systems>’. Therefore, vaccination strategies can
be used to treat or prevent the disease. Since Palinski and colleagues
conducted the first study on the effects of immunization on ather-
ogenesis with oxidized low-density lipoprotein*, various antibody- and
cell-based immunotherapies designed to activate B and T cells to clear
lipid-rich plaques have been investigated in animal models of athero-
sclerosis with promising results’. Low-density lipoprotein abundance,

particularly the abundance of ApoB, is strongly associated with human
atherosclerosis® and are thus candidate antigens for vaccine
development®’. By generating a library of the atheroprotective anti-
genic epitopes in human ApoB-100, Fredrikson et al. have identified
102 potential epitopes®. Among these, p210 has emerged as the pro-
totype antigen for atherosclerotic vaccines due to consistent ather-
oprotective results’™.

Cationic bovine serum albumin was previously investigated as a
carrier for native p210. Immunization of hypercholesterolemic mice
with the p210-albumin complex led to the generation of CDS" T cells"
and regulatory T cells (Tregs)"?, but the antibody responses observed
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were either minimal or insignificant®"®. Nanoparticles are efficient
carriers that enhance the density, stability, and bioavailability of anti-
gens and adjuvants to stimulate the activation/maturation of antigen-
presenting cells (APCs) that mediate cellular and humoral immune
responses™* ¢, Superparamagnetic iron oxide nanoparticles (SPIONSs)
are one of the most widely used inorganic nanovaccine materials for
cancer immunotherapies, due to their biocompatibility, easy mod-
ification, low-cost production, and good immune status” ™. To date,
nanovaccine formulation of p210 against atherosclerosis, including
incorporation into amphiphile micelles?® or co-delivery with retinoic
acid by poly(lactic-co-glycolic acid) nanoparticles”, have shown per-
sistent p210-specific immune responses with decreased inflamatory
activities and attenuated atherosclerotic lesions. Previous studies
suggest p210 does not have biological binding affinty for the mouse
MHC-II alleles (I-A®) but does bind to the MHC-I allele H2K°%,

Oligodeoxynucleotides containing the unmethylated cytosine-
phosphorothioate-guanine motifs (CpG-ODNs) are useful vaccine
adjuvants, but suffer from low cellular uptake, are degraded by
nucleases, and are subjected to rapid renal clearance. CpG-ODN
coating of SPIONs increases cellular uptake of nanoparticles into
lysosomes via Class A scavenger receptors (SR-As) and promotes
immune cell activation by targeting the TLR9 on lysosomal
membranes®* %, Concomitant packing of CpG-ODNs and antigens
onto nanoparticles enhances the dendritic cell (DC) targeting and
immunostimulatory activities of nanovaccines®>. CpG-ODNs also
potentiate DC-mediated activation of class I-restricted T cells*. As
scavenger receptor-mediated endocytosis rapidly traffics nano-
particles to lysosomes and results in poor cross-presentation®, alter-
native endocytic receptors need to be recruited to traffic antigens to
other endosomal compartments and avoid rapid lysosomal
degradation.

Recently, Chyu et al. reported that the free p210 peptide pre-
ferentially binds to proteoglycans on DC cell surface, suggesting that
p210 and CpG-ODNs have different cell uptake mechanisms and dif-
ferent cellular destinations?. We speculated that the different prop-
erties of CpG-ODNs and p210 may help to maximize the efficacy of the
nanovaccine. Here we tested a nanovaccine prepared from separate
conjugation of antigen p210 and adjuvant CpG oligodeoxynucleotides
onto superparamagnetic iron oxide nanoparticles and discovered that
the ‘cocktail’ vaccine was more effective than SPIONs simultaneously
carrying p210 and CpG-ODNs in mouse models. Taken together, the
two-pronged delivery of antigen and adjuvant to preferential intra-
cellular destinations represents a promising vaccinology approach for
treatment and prevention of atherosclerosis.

Results
Preparation and characterization of SPION-based nanovaccines
We first prepared superparamagnetic iron-oxide nanoparticles grafted
to polyethylene glycol (PEG-SPs) by the one-pot thermal decomposi-
tion approach®. The particles had a physical core diameter of ~15 nm as
shown by transmission electron microscopy (TEM) imaging (Supple-
mentary Fig. 1a); this is smaller than the threshold size necessary for
superparamagnetic properties®>°. Compared to the widely adopted
co-precipitation approach, the thermal decomposition method gen-
erates a hydrophilic carboxyl PEG layer as corroborated by the char-
acteristic Fe-O, C=0, and C-O-C bands in Fourier Transform Infrared
(FTIR) spectrum (Supplementary Fig. 1b). The abundant PEG ( - 85% by
weight) enhances the physiological stability of the nanoparticles
(Supplementary Fig. 1c)*. Using vibrating sample magnetometry
(VSM), we observed near-zero remanence for the PEG-SPs and found
that their saturation magnetization (M) value is 81 emu/(gram of
Fe;04) (Supplementary Fig. 1d). The SP-PEG particles have hydro-
dynamic diameters of around 58.6 nm (Supplementary Fig. 1e).

Next, we covalently conjugated amine-terminated CpG-ODNs
and/or p210 to the terminal carboxyl groups on the distal ends of PEG

on the PEG-SPs via carbodiimide crosslinker chemistry to prepare PEG-
SPs functionalized with CpG-ODNs (SP-D), with p210 (SP-P), or both at
a 1:1 ratio (SP-D1P1) (Fig. 1a). Surface functionalization did not affect
the spherical morphology nor did it cause the aggregation as observed
by TEM (Supplementary Fig. 1a). Functionalization did increase the
mean hydrodynamic diameters (Supplementary Fig. 1e). Demonstrat-
ing the successful attachment of negatively charged CpG-ODNs and
positively charged p210 peptide, SP-D and SP-P have a higher and
lower electrophoretic mobilities than PEG-SPs, respectively (Supple-
mentary Fig. 1f). When the loading ratio of free CpG-ODN and p210 was
varied from 2:1 to 1:2, the electrophoretic mobility of the resulting
nanoparticles gradually decreased (Supplementary Fig. 1f). In sub-
sequent sections of modulating the nanovaccine by changing the ratio
of antigen and adjuvant, SP-D1+P1 and SP-D1P1, especially SP-
D1+ P1 show potent effect in DC activation/maturation and thus were
chosen for animal studies (Fig. 1b). We also quantified the DNA and
peptide loadings of SP-D, SP-P, and SP-D1P1 nanoparticles. Based on
fluorescence intensities of Cy5-labeled CpG-ODNs after conjugation,
the average DNA loadings for SP-D and SP-DIP1 were ~-66 and
~75 strands per SPION. Using a bicinchoninic acid assay, we found that
the average p210 loadings for SP-P and SP-DIP1 were -61 and
~112 strands per SPION (Supplementary Fig. 1g).

Antigens and adjuvants promote intracellular delivery of nano-
carriers via different mechanisms

Prior to evaluation of uptake of nanoparticles, we measured the effect
of the nanoparticles on viability of murine bone marrow derived
dendritic cells (BMDCs) during 24-h culture. SP-D had the lowest ICsq
value of 1.4 mg/mL, followed by a 1:1 mixture of SP-P and SP-D (SP-
D1+ P1, ICso =2.9 mg/mL) SP-D1P1 (ICso = 3.5 mg/mL); PEG-SP was the
least toxic with an ICsq value of 5.0 mg/mL (Supplementary Fig. 2a). We
chose 300 pg/mL as the working concentration for all groups of
nanoparticles in subsequent cell studies; under these conditions cell
viabilities were higher than 80%.

As evidenced by the iron content of BMDC pellets after 24-h
incubation measured by inductively coupled plasma-mass spectro-
metry (ICP-MS), both CpG-ODN and p210 coatings enhanced cellular
uptake (Supplementary Fig. 2b), consistent with previous findings that
DNA coating of nanoparticles promotes intracellular delivery>*. SP-P
promoted cellular entry to a lesser extent (~25%) than SP-D, which
likely explains the higher toxicity of SP-D compared to other groups.
To track the association of different SPIONs with BMDCs, we fluores-
cently labeled CpG-ODNs and p210 with Quasar 670 and FITC,
respectively. Compared to the CpG-ODN and p210 counterparts not
tethered to SPIONs, nanoassembly promoted intracellular delivery of
both adjuvants and antigens (Supplementary Fig. 2c).

We then tracked the SPIONs as a function of time by confocal
microscopy. During the first 8 h of incubation, all types of particles
enter BMDCs in a time-dependent manner as indicated by a gradual
increase in fluorescence intensity (Supplementary Fig. 3a and Sup-
plementary Fig. 3b). The fluorescence due to all types of particles
decreased from 8 to 24 h, probably due to the degradation of DNA and
peptide inside acidic cellular compartment such as late endosomes or
lysosomes, which have been reported by previous studies including
ours®_ We also evaluated the intracellular retentions of CpG-ODN
and p210 on SP-D1P1 by tracking the co-localization of Quasar 670 and
FITC fluorescence. A consistent Pearson’s coefficient of -0.8 was
observed from 1h to 16 h after incubation (Supplementary Fig. 3c),
suggesting that both CpG-ODN and p210 remained on SPIONs during
incubation. In contrast, the Pearson’s correlation coefficient of Quasar
670 and FITC fluorescence signals from SP-D1 + P1 was much lower and
varied over time (Supplementary Fig. 3d), strongly suggesting that the
mechanisms of endocytosis of SP-D and SP-P differ.

Spherical nucleic acids (SNA)** and SNA-like nanoparticles®
enhance cellular uptake by associating with the SR-A. Supporting the
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Fig. 1| Preparation, intracellular delivery, and mechanism of SPION-based
nanovaccines. a Schematic illustration of preparation of SPIONs functionalized
with CpG-ODN (SP-D), with p210 (SP-P), and both (SP-DxPy, where x and y represent
the ratio between CpG-ODN and p210 added to the reaction). b Illustration of the

nanovaccine cocktail SP-D1 + P1 showing enhanced DC activation by endocytosis
via SR-A and MR for adjuvant and antigen uptake, promoting both cellular and
humoral immune responses, and exerting potent anti-atherosclerosis effects.
Created with BioRender.com. Han, Y. (2025) https://BioRender.com/I23k764.

hypothesis that these receptors are important for uptake of nano-
particles functionalized with CpG-ODN, we observed reductions in
fluorescent intensity for SP-D, SP-D1P1, and SP-D1 + P1 (as measured by
the intensity of Quasar 670-labeled CpG-ODN) of 92%, 93%, and 95% in
cells pre-treated with fucoidan, a competitive ligand of SR-A
(Fig. 2a, b)*. In cells incubated with SP-P and SP-D1 + P1 functiona-
lized with FITC-labeled p210, fucoidan inhibited uptake by 39% and
55%, respectively. Pre-treatment with amiloride, a blocker of macro-
pinocytosis, reduced the uptake of SP-P by 62%. Pre-treatment with
mannan, an inhibitor of phagocytosis mediated by the mannose
receptor (MR), reduced the uptake of SP-P and SP-D1 + P1 by 92% and
84%, respectively. These results suggest that the uptake of p210-
coated nanoparticles is largely mediated by macropinocytosis and
mannose receptor-mediated endocytosis. The uptake of SP-D1+ P1
appears to occur through both SR-A and MR-mediated endocytosis,
judging from the intensities of the two components.

We also evaluated the intracellular fates of the nanovaccines in
cells treated with Lysotrackers dye (Fig. 3a). Since the signals from
antigen and adjuvant co-localize well in SP-DIP1 (Supplementary
Fig. 3¢c), we only tracked Quasar 670-labeled CpG-ODN in SP-D1P1. By
analyzing the co-localization coefficients, we discovered that SP-D
and SP-D1P1 begin to co-localize with lysosomes between 4 and 8 h
after addition of the SPIONs to cells (Fig. 3b). In contrast, SP-P was
not co-localized with lysosomes until after 16 h of incubation. Sepa-
rate tracking of antigens and adjuvants in SP-D1 + P1 revealed that co-
localization of SP-P with Lysotracker dye by lagged that of SP-D
(Fig. 3¢). The lagged uptake of SP-P may also be caused by the down-
regulation of MR after DC activation*, which exhibited a slower rate
of intracellular accumulation (Supplementary Fig. 3b). The Pearson’s
coefficients between the SPION labels of SP-D, SP-DIP1 and SP-P
and the Lysotracker dye in all decreased after 24 h, which could be
due to the degradation of DNA and peptide in acidic compartments.
We cannot rule out the possibility that endosomal or lysosomal

escape occurs as this has been observed for SNAs*. Recently, the
significance of endocytosis-dependent routing into distinct endo-
somal compartments for antigen presentation has been demon-
strated; MR-internalized antigens are known to traffic to early
endosomes, a primary process involved in cross-presentation onto
MHC I molecules, leading to the activation of CD8' T cells*****, Since
p210 is known to bind to the to the mouse MHC-I allele H2K®?%, we
speculated that SP-D1+P1 would induce CD8" T cell immune
responses.

Nanovaccines activate DCs and promote cytokine secretion

in vitro

We investigated APC activation levels when stimulated by the prepared
nanovaccines in vitro. BMDCs were incubated with SP-D1P1, SP-D1 + P1,
a physical mixture of antigen and adjuvant (D+P), or antigen or
adjuvant alone. Cells were treated with 300 pg/mL SP-D1P1 and SP-
D1+ P1, corresponding to 490 nM CpG-ODN and 732 nM p210 in SP-
D1P1 and to 432 nM CpG-ODN and 399 nM p210 in SP-D1 + P1, based on
previously determined loadings. We used free CpG-ODN and p210 at
500 nM for comparisons, which were at similar concentrations of the
components in the nanovaccines. The nanoparticles or molecules were
incubated with BMDCs for 24 h or 72h and then analyzed by flow
cytometry. The DC population was defined as CDIlc" cells and the
upregulation of costimulatory surface markers (CD86 and CD80) and
MHC I and MHC II were evaluated (Fig. 4a). SP-D1+P1 upregulated
CD86, MHC 1, and MHC II to 26.0%, 21.3%, and 30.0% after 24 h of
incubation, whereas the mixture of adjuvant and antigen not bound to
nanoparticles (D +P) resulted in upregulations of 19.8%, 9.93%, and
24.2, respectively (Fig. 4b—-d). The expression of CD80 was not sig-
nificantly upregulated until after 72h (Supplementary Fig. 4a and
Supplementary Fig. 4b). BMDC maturation appears to be due mainly to
the adjuvant as SP-D enhanced the expression of CD86, MHC I, and
MHC I, although to a lesser extent than SP-D1 + P1 (Fig. 4b-d). The free
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Fig. 2 | Mechanisms of cellular uptake of SPION-based nanovaccines in BMDCs.
a Representative confocal images of BMDCs treated with anti-CD16/32 antibody,
fucoidan, mannan, or amiloride incubated with SP-D, SP-D1P1, SP-D1 + P1, and SP-P
for 4 h. CpG-ODN was Quasar 670-labeled (red) and p210 was FITC-tagged (green).
Nuclei were stained with Hoechst 33342 (blue). b Statistical analysis of the

fluorescent intensities after different treatments. n =5 individual experiments and
data are presented as mean + SD. One-way ANOVA with Dunnett’s post hoc test used
to determine significance versus the untreated group. Statistically significant p
values are reported; ns mean no significance. Source data are provided as a Source
Data file.

CpG-ODN was less potent than SP-D (Fig. 4b-d), likely due to lower
levels of uptake as shown above. SP-DIP1 was not as potent as SP-
D1+ P1 at 24 h of incubation but was a more persistent activator, for it
increased the expression levels of CD86, MHC I, and MHC Il even after
72 h (Supplementary Fig. 5, Supplementary Fig. 6a and Supplementary
Fig. 6b). Interestingly, although iron oxide nanomaterials are known to
induce pro-inflammatory immune responses and act as self-
adjuvants®***, which motivated us initially to use SPIONs as the
antigen/adjuvant carriers, we note that PEG-SPs may have immune
inhibitory effects on BMDCs, as the expression of the surface markers
generally decreased compared to untreated cells (Fig. 4b-d).

We collected BMDC cell supernatants after 24 h of incubation with
nanovaccine preparations to quantify cytokine secretion by enzyme-
linked immunosorbent assay (ELISA). IL-12p70, IL-6, and TNF-a were

quantified. Cytokine expressions was considerably upregulated by
treatment with SP-D1P1, SP-D1 + P1 as well as SP-D (Fig. 5a). Specifically,
the IL-12p70 secreted by BMDCs incubated with SP-D1P1 and SP-D1 + P1
was 130 and 242 pg/mL, 3-fold higher than that of BMDCs incubated
with the physical mixture of D +P or with CpG-ODNs (Fig. 5a). IL-12
plays a vital role as a licensing cytokine, driving the polarization of
activated CD4" T cells towards a Thi phenotype. This polarization is
instrumental in facilitating the generation of robust cytotoxic T lym-
phocyte responses*®. The high amount of IL-12p70 secreted by BDMCs
incubated with SP-DIP1 and SP-D1+P1 pulsed BMDCs suggest that
these preparations should induce CD8" T cell responses. The IL-6
content in cell supernatants was similar among all treatments that
included the CpG-ODN adjuvant (Fig. 5b), but the TNF-a concentration
was higher in cell supernatants of cells treated with SP-DIP1 and
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dye to mark lysosomes (shown in either red for SP-D and SP-D1P1 or green for SP-P).
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for SP-D (n=3 for 1h, n=4 for 4 h and 24 h, n =5 for other time points), SP-D1P1
(n=4for1h and 6 h, n=>5 for other time points), and SP-P (n=4 for 24 h, n=3 for
other time points). Pearson’s correlation coefficient of 0.7 or above indicates

substantial colocalization. The replicates are from individual experiments and data
are presented as mean + SD. Statistical significance at each time point was calcu-
lated using one-way ANOVA with Tukey’s post hoc test and p value was indicated; ns
means no significance. ¢ Representative confocal microscopy images of BMDCs
after 4-h incubation SP-D1+ P1, prepared with fluorescently tagged adjuvant or
antigen (indicated in green) and counter-stained with Lysotracker dye (red); yellow
signals reflect co-localization (n =3 individual experiments). Nuclei were counter-
stained by DAPI (blue).

SP-D1+P1 (Fig. 5c). Free p210, SP-P, and the carrier PEG-SP did not
promote cytokine secretion compared to untreated cells, confirming
the role of the adjuvant in DC activation/maturation.

We next evaluated the effect of the loading ratio between CpG-
ODN and p210 antigens. During the conjugation of CpG ODNs and
p210 to SPION, the molar ratios of the initial free DNA and peptide

were adjusted to prepared SP-D2P1, SP-D1P1, and SP-D1P2, which have
ratios of adjuvant to antigen of 2:1, 1:1, and 1:2, respectively. We also
prepared mixtures SP-D2 + P1, SP-D1 + P1, and SP-D1 + P2 at these same
ratios. In flow cytometric analysis for MHC 1, MHC II, co-stimulatory
signals, and cytokines secreted after 24 h of incubation, we did not find
significant differences resulting from differences in ratios of adjuvant
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were identified based on light scattering properties, live/dead staining, and CD1lc  generate FACS data shown in Supplementary Figs. 4-7. Source data are provided as
fluorescence using FACS analysis. Antibody staining for CD86 (b), MHC I (c), and a Source Data file.

MHC 11 (d) expression with indicated preparations for 24 h. Representative FACS

to antigen (Supplementary Fig. 7). Therefore, SP-DIP1 and SP-D1+P1  of CD8" T cells (Fig. 5d). These results can be explained by the different
were used in subsequent experiments. proliferation patterns. CD8" T cells proliferated under the no treat-
ment condition and upon treatment with PEG-SP, D + P, and SP-D1 + P1
Nanovaccines promote functional T cell responses in cell culture  (Supplementary Fig. 9a), whereas CD4" T cell expansion was observed
Functional assays of DC responses in vitro were also conducted to upon treatment with SP-DIP1 and SP-P (Fig. 5e and Supplemen-
confirm the CD8" T cell responses induced by our two-pronged tary Fig. 9b).
nanovaccination strategy. BMDCs treated with nanoparticle prepara- As the memory phenotype cells (CD44"), especially the effector
tions SP-D1P1 and SP-D1+ P1 and controls PEG-SP, SP-P, and the com- and/or effector memory cells in the spleen*, proliferate after
bination of adjuvant and antigen were co-cultured with autologous immunostimulation*®*°, we evaluated CD44 and CD62L markers. The
splenocytes labeled with carboxyfluorescein succinimidyl ester for expansion of CD8" cells in D + P and SP-D1+ P1 groups could indeed
4 days before proliferation analysis by flow cytometry (Supplementary  be attributed to the proliferation of effector and/or effector memory
Fig. 8). All treated groups show decreased proportions of CD8" T cells T cells. The percentages of CD44'CD62L" cells relative to all CD8"
relative to all CD3" T cells compared to the untreated group, and cells were 77.65% and 75.43% for D +P and SP-D1+P1 groups, sig-
treatment with SP-D1P1 and SP-P resulted in a much lower percentage nificantly higher than the untreated (56.97%) and PEG-SP-treated
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Fig. 5 | Cytokine secretion by and functional analyses of BMDCs treated with
SPION preparations. a-c After incubation with indicated adjuvant and antigen
preparations for 24 h, the BMDC supernatants were collected and IL-12p70 (a), IL-6
(b), and TNF-a (c) were quantified by ELISA. Data are presented as mean + SD
(n=3 samples per group). Statistical significance was calculated using one-way
ANOVA followed by Tukey’s multiple comparisons test. d-g BMDCs treated as
indicated were co-cultured with splenocytes for 4 days and percentages of CD8"

cells in CD3" T cells (d), CD4" cells in CD3" T cells (e), CD44'CD62L in CD8" T cells
(f), CD44°CD62L in CD4" T cells (g), and CD44'CD62L in CD4" T cells (h) were
determined. Data are presented as mean + SD (n =5 samples per group except that
n=4 for SP-D1+ Pl in (f, h), n=4 for SP-D1P1 in (g). Statistical significance was
calculated using one-way ANOVA followed by Tukey’s multiple comparisons test.
Significant p values were indicated; ns means no significance. Source data are
provided as a Source Data file.

(47.97%) groups, whereas few CD8" effector and/or effector memory
T cells were detected upon treatment with SP-D1P1 and SP-P (Fig. 5f).
No treatments altered the proliferation of CD4" effector and/or
effector memory T cells with the exception of a slight decrease
induced by SP-DIP1 (Fig. 5g). Interestingly, expansion of the CD4"
T cells in the presence of SP-DIP1 and SP-P were attributed to pro-
liferation of CD44° CD62L" cells (Fig. 5h), a poorly characterized cell
population. These data suggest that SP-D1+P1 and SP-DIP1 have
different activation mechanisms. Cytokine profiling revealed that
nanovaccines enhanced levels of IFN-y and IL-17 and decreases levels
of IL-10 and IL-4 (Supplementary Fig. 10a-d). Taken together, these
in vitro experiments show that the two-pronged uptake of antigens
and adjuvants promote CD8" effector and/or effector memory T cell
proliferation. These could be the effector cells in the ather-
oprotective immunomodulation.

Nanovaccines traffic to lymph nodes and activate DCs in mice

To investigate the lymph node retention of the nanovaccines, C57BL/6
mice were given subcutaneous injections of PBS, D + P, SP-D1P1, SP-
D1+ P1, or SP-P in the dorsal area between the scapula (Fig. 6a). At 20,
48, and 72 h post-injection, we collected brachial lymph nodes and
inguinal lymph nodes from the animals and compared their sizes.
Treatment with all preparations except SP-P resulted in at least one
visibly enlarged brachial or inguinal lymph node at 20 h with generally
decreased sizes at 72 h (Supplementary Fig. 11a). Prussian blue staining
of sectioned lymph nodes also suggested drainage of SP-D1P1, SP-
D1+ P1, and SP-P groups at 20 h as indicated by Prussian blue staining
in the subcapsular space by afferent lymphatic vessels (Fig. 6b). This
staining was significantly decreased at 48 h and was not observed at
72h (Supplementary Fig. 11b). We also noted an increase in DCs
(CD11c") and infiltration of T lymphocytes (CD3") in lymph nodes of
mice treated with in SP-DIP1 and SP-D1+P1 at 20h, which was
decreased at 72 h (Supplementary Fig. 12). These observations indicate

that retention of the nanovaccines peaks in lymph nodes peaks at 20 h
post-injection.

In another experiment, we used fluorescently-labeled CpG-ODNs
and p210 for nanovaccine preparation and collected the draining
lymph nodes at 20 h for cellular level analysis after a single sub-
cutaneous injection of various preparations. Fluorescence imaging
confirmed the presence of TAMRA-labeled p210 and Quasasr 670-
labeled CpG-ONDs in at least one brachial or inguinal lymph node from
mice treated with D + P, SP-D1P1, SP-D1+ P1, and SP-P (Fig. 6c¢). Enlar-
gement of draining lymph nodes was again observed in mice treated
with D + P, SP-D1P1, and SP-D1 + P1 but not SP-P (Fig. 6¢).

We then digested the lymph nodes and used flow cytometry to
quantify DCs that were positive for FITC-labeled p210 (FITC'CDI1c").
Mice treated with SP-D1P1, SP-P, and SP-D1+ P1 had higher FITC' DC
populations than did mice treated with PBS or with D +P (Fig. 6d),
suggesting less cellular uptake of D+P despite the obvious dLN
retention in Fig. 6¢. Immunofluorescence staining of the lymph node
sections showed obvious co-localization and/or close contact between
TAMRA(p210)/Quasar 670 (CpG-ODN) signals and DCs in mice treated
with SP-D1P1, SP-P, and SP-D1+P1, and co-localization was also
observed between TAMRA/Quasar 670 and macrophages (Fig. 6e). Co-
localization was observed to a lesser extent in mice treated with D + P
(Fig. 6€). In mice treated with SP-D1P1, the Quasar 670 signals from the
tagged CpG-ODNs largely co-localized with TAMRA signal from the
labeled p210 in SP-D1P1, whereas this was not always the case in mice
treated with D + P and SP-D1 + P1(Fig. 6e).

Analyses using inductively coupled plasma optical emission
spectrometry (ICP-OES) to detect iron levels revealed no significant
trafficking of SPIONs to the organs such as heart, liver, kidney, pan-
creas, or brain in mice treated with any of the preparations (Sup-
plementary Fig. 13a). However, SP-P showed higher retention in the
lungs than did the other preparations (Supplementary Fig. 13a). We
then tracked the antigens and adjuvants separately by fluorescence
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Fig. 6 | SPION-based nanovaccines promote lymph node retention, DC uptake,
and interactions with macrophages. a Schedule for one-dose subcutaneous
injection of C57BL/6 mice. b Representative photographs of draining lymph nodes
excised 20 h after vaccination with indicated preparations, separately merged with
fluorescence signals from the nanovaccines formulated with TAMARA-labeled p210
or Quasar 670-labeled CpG ODNs (n =3 individual experiments). ¢ Prussian blue
staining of sectioned brachial lymph nodes (BLN) and inguinal lymph nodes (ILN)
excised at 20 h post vaccination (n =3 individual experiments). d Flow cytometric
analyses of FITC-labeled p210 in DC cells (CD11c") from draining lymph nodes of
mice treated with the indicated preparations. The data are presented as mean + SD

PBS

D+P SP-D1P1 SP-D1+P1 SP-P

200 m

FITC* in CD11c* cells (%)

(n=3 mice per group). Statistical significance was calculated via one-way ANOVA
with Dunnett’s post hoc test versus the D + P group. Statistical significant p values
were reported; ns means no significance. e Representative images of lymph nodes
from C57BL/6 mice treated with one dose of Quasar 670-labeled CpG-ODNs (pur-
ple) and TAMRA-labeled p210 (red) nanovaccines. DCs and macrophages were
immunofluorescently stained for CD11c and CD68, respectively (green). Nuclei
were counterstained with DAPI (blue). White arrows in the representative images
indicate co-localization between or close contact of the vaccines and DCs or
macrophages. n =3 individual experiments in each treatment group. Source data
are provided as a Source Data file.

imaging. CpG-ODN signals (Quasar 670) from D + P were detected in
all the organs except brain, whereas the CpG-ODN signal from SP-
D1P1 and SP-D1 + P1 were detected mostly in blood serum, livers and
kidneys (Supplementary Fig. 13b). Interestingly, we saw obvious
retention of TMARA-labeled p210 in lung and serum in SP-P group,
consistent with the ICP-OES data, suggesting antigen transferring to
the blood, which was not seen in mice treated with D +P or SP-D1P1
(Supplementary Fig. 13b). By tracking the fluorescence intensities
in vivo at injection sites from 4h to 168h after injection, we
found that D + P had a longer half-life, particularly for the adjuvant, at
the injection site than other preparations (Supplementary
Figs. 14-18).

Of note, the nanovaccines did not cause liver toxicity, as the
serum liver function markers at 20 h post the injection and at week 13
after full vaccination did not show abnormalities in albumin, alanine
transaminase, and aspartate transaminase levels (Supplementary
Fig. 19a, b). Moreover, bodyweights of vaccinated mice were not sig-
nificantly different from those of mice injected with PBS at week 13
(Supplementary Fig. 19¢).

We also evaluated the effects of two subcutaneous injections of
vaccines on DCs in draining lymph nodes of ApoE”" mice at week 13
(one week after the second booster). Flow cytometric analysis showed
that both CD1ic" and CDI1c*CD86" DC populations in mice treated
with SP-D1 + P1 were increased slightly compared to the other groups
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(Supplementary Fig. 20a-c), suggesting that this preparation stimu-
lated DC maturation in the draining lymph nodes more effectively than
did other preparation. These data suggest that nanoformulation of
antigens and adjuvants reduces unwanted distribution to organs like
heart and lungs, enhances the draining lymph node targeting, and
better activates DCs in draining lymph node, which is a prerequisite for
the atheroprotective immune responses.

SPION-based nanovaccines alleviate atherosclerotic plaque
development

We next examined the atheroprotective effects of nanovaccines in the
ApoE” mouse models. Mice were fed on a standard chow diet and
were given a primary subcutaneous immunization with D + P, SP-D1P1,
SP-D1 + P1, or SP-P at 7 weeks of age, followed by two boosters at 9 and
12 weeks of age; control mice were injected with PBS on the same
schedule (Fig. 7a). One week after the last booster, mice were switched
to a high-cholesterol diet for 14 weeks, which was previously shown to
result in development of atherosclerotic plaques™. We first evaluated
the atheroprotective effect of vaccinations by staining whole aortas
(Fig. 7b, ¢) and aortic root sections (Fig. 7d) with Oil Red O (ORO). The
percentages of lesion areas in the whole aortas from mice treated with
SP-P, D + P, SP-D1P1, and SP-D1 + P1 were all significantly lower than the
percentages of PBS group. SP-D1 + P1 showed the most potent efficacy
with an overall reduction in lesion area by ~55% compared to PBS
treament (Fig. 7d). SP-D1P1 was slightly less effective but was more
effective than SP-P or D + P. The areas of lesions within the mice’s aortic
roots in the SP-D1+ P1 group were significantly smaller compared to
those from the PBS, D + P, SP-D1P1, and SP-P groups, with ~58% smaller
lesion areas for SP-D1 + P1-treated mice than untreated mice (Fig. 7d).
We then examined the effect of the vaccines on the plaque stabiliza-
tion by quantifying the collagen-expressing areas, as low collagen
content is linked to atherosclerotic plaques that are prone to rupture®.
Masson’s trichrome staining of aortic root sections revealed a notably
thicker collagen cap surrounding the plaques in the SP-D1 + P1 group
compared to all other groups (Fig. 7e).

We also investigated the inflammatory cell types in the aortic root.
ICAM-1, CD68, and CDIIc are the markers of inflammatory endothelial
cells, macrophages, and DCs, respectively. The weakest signals for all
three cell types were observed in aortic roots of mice treated with SP-
D1 + P1. Statistical analysis showed the aortic CD68-, CD11c-, and ICAM-
1-positive areas for the SP-D1+ P1 mice were 49.5%, 41.1%, and 43.2%
smaller respectively, than these areas in mice treated with PBS
(Fig. 7f-h). SP-D1P1 was less effective than SP-D1 + P1 but still induced a
significant reduction compared to PBS (Fig. 7f-h).

The effect of nanovaccines on the plasma cholesterol levels were
also evaluated by measurement of the total cholesterol, low-density
lipoprotein cholesterol, high-density lipoprotein cholesterol, and tri-
glyceride in serum of vaccinated ApoE”" mice at 26 weeks (Supple-
mentary Fig. 21a). Although a previous p210-related immunization
strategy was shown to reduced serum cholesterol*’, which suggests
interactions between immune responses and cholesterol
metabolism®?>, we did not observe significant differences between
vaccinated and control groups.

None of the vaccine preparations affected the bodyweight in
this experiment (Supplementary Fig. 21b). Moreover, our nano-
vaccines did not impact the histological structures of the major
organs of the ApoE”" mice at 26 weeks (Supplementary Fig. 22).
Despite some residual iron in the skin close to injection sites (Sup-
plementary Fig. 23), inductively coupled plasma-mass spectrometry
measurements of the major organs did not show significant differ-
ences in terms of iron contents between vaccinated mice and mice
given PBS (Supplementary Fig. 24), suggesting that the vaccination
strategy did not pose an extra iron burden due to biodegradation of
the iron oxide nanoparticles. Together, these data suggest that the

SP-D1+P1 preparation had optimal atheroprotective effects of the
preparations tested and that the vaccines are biocompatible.

Antibody responses to nanovaccine immunization

In studying the vaccinations against atherosclerosis, an ongoing chal-
lenge is deciphering the mechanism of action, a prerequisite for
translation of a vaccination protocol to humans. Regulatory T cells,
CD8" T cells, and antigen-specific IgG may confer atheroprotective
effects, depending on the administration form, adjuvant type, dose, or
route of delivery***. The induction of p210-specific antibodies has
been reported in studies using complete/incomplete Freund’'s
adjuvant®, and using Pan-DR T cell epitopes peptide and alum as car-
rier and adjuvant, respectively*®. Although recent studies suggest
atheroprotection does not require IgG antibodies®, we measured the
IgM and IgG levels against p210 in immunized ApoE”" mice both at
10 weeks and 26 weeks of age. Levels of serum IgM and IgG levels
against p210 increased by at least 4 folds compared to the PBS-treated
mice at both time points for mice treated with D + P, SP-D1P1, and SP-
D1+P1 (Fig. 8a, b). The significant increase in both IgM and IgG at
10 weeks (one week after the primary booster) suggested that the
immunoglobin class switching had already occurred in response to the
nanovaccines. At week 26, immunization with SP-D1 + P1 resulted in the
higher levels of both antibodies than did SP-D1P1 or D + P. Consistent
with a previous study”, PBS treatment also led to a significant increase
in p210 IgM titer at 26 weeks compared to that at 10 weeks age, sug-
gesting an immune response against endogenous p210 in the ApoE™”
mice. To exclude this factor, we measured IgM and IgG levels against
p210 in C57BL/6 mice fed a standard chow diet at 10 weeks and
15 weeks following the same vaccination protocol. Vaccination
enhanced both IgM and IgG levels at 10 weeks of age in the C57BL/6
mice and vaccination with SP-D1 + P1 resulted in higher levels of anti-
bodies than other preparations (Supplementary Fig. 25a, b). Taken
together, these experiments indicate that vaccination with CpG-ODNs
and p210 induces specific humoral responses within a week after the
primary booster and that SP-D1 + P1 leads to the highest level of anti-
body titers of the preparations tested.

Nanovaccine immunization elicits both CD4* and CD8" T cell-
mediated immune responses

Given that our nanovaccines were expected to result in CD8" T cell
immune responses, we evaluated the responses of CD8" T cells of
ApoE™ mice to our immunization protocols. One week after the first
booster, splenocytes were collected and subjected to flow cytometric
analysis (Supplementary Fig. 26). Previously, increases in CD8'CD25"
T cells were observed in ApoE”™ mice early after p210 immunization®,
and immunomodulatory functions of CD4*CD25" regulatory cells were
reported to reduce atherosclerosis®™. We did not detect any significant
difference in the percentage of splenic CD8" or CD8'CD25" cells
between mice vaccinated with D + P, SP-D1P1, or SP-D1 + P1 or controls
injected with PBS (Fig. 8c, d), but the CD8'IL-10* population was
detected at much higher levels in the SP-D1 + P1-treated group than in
the other three groups (Fig. 8e). Although the IL-10-secreting CD8*
T cells have not been linked to the development of atherosclerosis,
they are known to be a suppressor T cell lineage***°.

Flow cytometric analysis also showed no significant differences
between the percentages of splenic CD8'CD62L" cells among groups
(Fig. 8f). Vaccination with D +P slightly enhanced the percentage of
CD8" central memory cell (CD8'CD44'CD62L*) compared to the other
groups (Fig. 8g). Both SP-D1P1 and SP-D1 + P1 significantly increased
the percentage of CD8" effector memory cells (CD8'CD44'CD62L’) by
about 5% compared to PBS and D + P groups (Fig. 8h). These results
suggest the establishment of immunological protection by the mem-
ory cytotoxic T lymphocytes in mice vaccinated with the dual-
functions SPIONs.
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Fig. 7| SPION-based nanovaccines reduce and stabilize atherosclerotic plaques.
a Schedule for full vaccination of ApoE”~ mice and analysis timeline. One week after
the final booster, mice were switched to a high-cholesterol diet that continued until
euthanasia at the age of 26 weeks. b Representative images of Oil Red O-stained
aortas of ApoE”" mice; Oil Red O stains fat (red). ¢ Fractional plaque areas in total
aorta for mice given SP-D1+ P1 (n=15), SP-D1P1 (n=11), D +P (n=14), SP-P (n=11),
and PBS (n=13). The data are from biological replicates across 2 batches of
experiments and presented as mean + SD. Statistical significance was calculated via
one-way ANOVA with Tukey’s post hoc test. Statistically significant p values are
reported; ns means no significance. d Representative images of Oil Red O-stained
sections of aortic roots and plaque areas in aortic roots for mice given PBS (n =21),
D +P (n=26),SP-D1P1 (n =15), SP-D1+ P1(n=19), and SP-P (n =15). e Representative
images of Masson’s staining of aortic root sections and stained areas in mice given
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PBS (n=15), D + P(n=10), SP-DIP1(n =9), SP-D1+ P1 (n =12), and SP-P (n = 6). In the
enlarged black boxed areas, the borders of plaques were indicated by black dotted
lines, fibrous caps by the black arrows, and necrotic cores by the black asterisks.
f-h Representative images after immunohistochemistry staining (brown) of the
aortic root sections with anti-CD68 antibody (f) (n=18, 11, 11, 10, and 10 for PBS,
D + P, SP-D1P1, SP-D1+ P1, and SP-P, respectively), anti-CD11c antibody (g) (n=12, 6,
5,6,and 7 for PBS, D + P, SP-D1P1, SP-D1 + P1, and SP-P, respectively), and anti-ICAM-
1 antibody (h) (n=8, 7,7, 9, and 9 for PBS, D +P, SP-D1P1, SP-D1 + P1, and SP-P,
respectively). The slides were counterstained with hematoxylin (blue) to visualize
the cell nuclei. All data are from biological replicates and presented as means + SD.
Statistical significance was calculated by one-way ANOVA with Tukey’s test for post
hoc analysis. Statistically significant p values are reported; ns means no significance.
Source data are provided as a Source Data file.
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Fig. 8 | Nanovaccines induce humoral responses and CD8* T lymphocytes
responses in ApoE”~ mice. Levels of anti-p210 IgM (a) and IgG (b) antibodies levels
at10 weeks and 26 weeks) in ApoE”" mice treated as indicated. n=3, 3, 4, and 6
(10 weeks) and n=6, 6, 4, and 7 (26 weeks) for PBS, D + P, SP-D1P1, and SP-D1+P1,
respectively, for [IgM measurement. n =3, 3,4, and 4 (10 weeks) and n=6, 6, 5,and 7
(26 weeks) for PBS, D + P, SP-D1P1, and SP-D1 + P1, respectively, for IgG measure-
ment. All data are shown as mean + SD. Statistical significance was calculated by
one-way ANOVA with Tukey’s test for post hoc analysis. Statistically significant p
values are reported. Flow cytometric analyses of spleen T lymphocytes of ApoE”

mice treated as indicated for percentages of CD8' T cells (c), CD8'CD25" T cell s (d),
CDS'IL-10" T cells (e), CD8'CD62L" T cells (f), CD8" central memory T cells
(CD8'CD44CD62L") (g), and CD8" effector memory T cells (CD8'CD44*CD62L)
(h). i Viability of BMDCs cultured for 4 h with CD8" T cells from indicated experi-
mental groups. n =3, 3, 4, and 4 for PBS, D + P, SP-D1P1, and SP-D1 + P1, respectively.
All the results are shown as mean + SD. Statistical significance between each
treatment was calculated by one-way ANOVA with Tukey’s test for post hoc analysis.
Statistically significant p values are reported; ns means no significance. Source data
are provided as a Source Data file.

Next, we tested the cytolytic activities of CD8" T isolated from
vaccinated mice against DCs. A week after the second booster (week
13), CD8' T cells were extracted from spleens of vaccinated and control
mice and were co-cultured with BMDCs that had been cultured in fetal
bovine serum-containing culture medium for 10 days. The fetal bovine
serum contains ApoB-100 in the low-density lipoprotein cholesterol
fraction, so the antigen-experienced BMDCs are targets of CD8"
effector T cells. Viabilities of the BMDCs after incubation with CD8"
T cells were assessed by flow cytometry (Supplementary Fig. 27). We
found that CD8" T cells from SP-D1+Pl treated mice had higher
cytolytic activity (~29% of BMDCs survived) than CD8" T cells from
mice vaccinated with other preparations or with PBS (-~ 42% of BMDCs
survived; Fig. 8i).

Although a high-cholesterol diet enhances the systemic proin-
flammatory response and activation of T cells, anticipated to occur
along with the enlargement of lymph nodes draining the athero-
sclerotic aorta®', the CD11c" cell fraction in the draining lymph nodes of
ApoE™" mice was significantly decreased at week 26 by vaccination
with SP-D1 + P1 group (Supplementary Fig. 28a). Although no obvious
differences were detected in the CD8"CD25" T cell population (Sup-
plementary Fig. 28b), the total CD8" T cell population decreased in the
vaccinated groups compared to the PBS-treated mice (Supplementary
Fig. 28¢). The percentage of splenic CD8'CD62L" cells, CD8"* central
memory T cells, and CD8" effector memory T cell populations at
26 weeks were not significantly different in vaccinated and control
mice (Supplementary Fig. 28d-f). T cell activation is a hallmark of
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Fig. 9 | Nanovaccines induce CD4* T lymphocytes responses in ApoE”~ mice.

Flow cytometric analyses of spleen T lymphocytes from ApoE”™ mice at 10 weeks
post vaccination for percentages of CD4" T cells (a), CD4'CD25" T cells (b), CD4'IL
-10" T cells (c). n=3, 3, 4, and 4 for PBS, D + P, SP-D1P1, and SP-D1 + P1, respectively.
Spleen T lymphocytes isolated from C57BL/6 mice at week 15 post-vaccination were
labeled with CSFE and stimulated with p210 for 5 days and CD4" (n=3, 3, 4, and 4

for PBS, D + P, SP-D1P1, and SP-D1 + P1, respectively) (d) and CD8" (n =3 animals per
group) (e) T cell proliferation was quantified. The data are shown as mean + SD.
Statistical significance was calculated by one-way ANOVA with Tukey’s test for post
hoc analysis. Statistically significant p values are reported; ns means no significance.
Source data are provided as a Source Data file.

atherosclerosis in ApoE”" mice fed a high-cholesterol diet®>. For
example, the T helper cells mature into antigen-experienced effector
memory and central memory cells®*** that might mask the immuno-
logical responses brought about by the nanovaccines. Therefore, we
found that nanovaccinations (especially SP-D1 + P1) elicited CD8" T cell
response by increasing the CD8'IL-10" population, CD8" effector
memory cells, and cytotoxic activity to dendritic cells at one week after
the primary booster, but not to an obvious extent at a later stage of
atherosclerosis.

We also analyzed the CD4" T subpopulations in the spleens of
immunized ApoE”" mice at week 10. No differences in the percentages
of total CD4" T cells (Fig. 9a) were observed, but a significant increase
was detected in CD4°CD25" regulatory T cells in the SP-D1 + P1-treated
group compared to the control mice (Fig. 9b); an increase in this
population was previously associated with the reduction of
atherosclerosis'>®. In addition, vaccinations with SP-D1+ P1, SP-D1P1,
and D +P decreased the percentage of CD4'IL-10" T cell population
compared to PBS-treated control group, with SP-D1+ P1 resulting in
the highest increase (Fig. 9¢). These data suggest that SP-D1 + P1 elicits
both CD8" and CD4" T cell responses. How these cells mediate the
atheroprotective effect is debated®**°. Populations of splenic
CD4'CD62L" cells, CD4" effector memory T cells (CD4'CD44'CD62L),
and CD4" central memory T cells (CD4'CD44"'CD62L") were not altered
at week 10 or at week 26 by vaccination (Supplementary Fig. 29).

We next performed experiments in wild-type mice to minimize
the effect of confounding factors that may arise from the potential
antigenic exposure resulting from serum cholesterol. T cell prolifera-
tion was assessed by cytometric analysis of splenic cells from immu-
nized C57BL/6 mice at week 15, three weeks after the secondary
booster (Supplementary Fig. 30). Stimulation with p210 for 5 days did

not cause appreciable CD4" T cell proliferation (Fig. 9d) but did result
in higher average values of CD8" T cell proliferation in vaccinated mice
compared to controls (Fig. 9e). As both CD8' T and CD4" T responses
were observed in ApoE”" mice at 10 weeks of age, we also measured
the cytokines related to the two T cell subtypes. CD8' T effector cells
mainly secrete proinflammatory cytokines like TNF-a and IFN-y*,
whereas regulatory T cells are believed to exert atheroprotection by
secreting IL-10°®. In both ApoE™~ and C57BL/6 mice, we found that the
nanovaccinations increased IFN-y and IL-10 levels and that SP-D1 +P1
was even more potent than SP-D1P1 (Supplementary Fig. 31a-d). This
observation, however, did not persist for the long term as we did not
find significant differences at 26 weeks in ApoE”~ mice (Supplementary
Fig. 31e, f). IFN-y inhibits IL-10 expression®>’°, but it stimulates IL-10
production in B cells triggered with CpG-ODNs that are TLR9
agonists”. As anti-p210 antibodies are present at 10 weeks in vacci-
nated ApoE”" mice, B cells as well as both CD4* and CD8" T cell-
mediated immune responses might be involved in the response to
atherosclerotic plaques after vaccination with SP-D1P1 and SP-D1 + P1.

Discussion

In this study, we prepared a “cocktail” vaccine against atherosclerosis
by conjugating p210 and CpG-ODNs onto separate SPIONs and mixing
them at 1:1 ratio (Fig. 10). The SPION-based carrier substantially upre-
gulates the uptake of antigens and adjuvants into DCs via SR-A and MR-
mediated endocytosis, respectively. The disassembled endolysosomal
localizations of the SP-D and SP-P enhanced the cross-presentation of
antigens, maximizing the activation of DCs in a way to promote type 1
immunity. Three subcutaneous doses of SP-D1+P1 prophylactically
mitigated the plaque progression in ApoE™ mice challenged by a high-
cholesterol diet. Our results suggest the MR-mediated uptake of p210
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type 1 cytokine secretion and co-signal expression, generates regulatory and
memory responses in both CD4" and CD8" T cells, and induces both anti-p210 IgM
and IgG antibodies to achieve an atheroprotective effect.

conjugated to the SPION facilitates antigen routing into the endosomal
compartment for better MHC class I presentation, as evidenced by the
CD8" T proliferation. In deciphering the working mechanism of
nanovaccines, we collected evidence of increased CDS8'IL-10* and
CD4'CD25" T cell populations shortly after full vaccination. The cell-
mediated immune responses, however, were not obvious at the later
stage of atherosclerosis. Humoral responses, on the other hand, might
provide longer term of protection, as evidenced by the generation of
both anti-p210 IgM and IgG antibodies that lasted for a longer duration
of time. How effector cells mediate the atheroprotective process and
how long the nanovaccines protect against atherosclerosis require
further investigation, but our findings demonstrate that the two-
pronged nanovaccine delivery strategy is effective against
atherosclerosis.

Methods

Materials

Polyethylene glycol 2000 (OH-PEG;000-OH, Catalog No. 8210371000),
potassium bromide (KBr, 299.0%, Catalog No. 243418), 2,2,6,6-tetra-
methyl-1-piperidinyloxy (TEMPO, 98%, Catalog No. 214000), iron (III)
acetylacetonate [Fe(acac)s;, 299.0%, Catalog No. 517003], and oleyla-
mine (technical grade, 70%, Catalog No. 07805) were purchased from
Sigma-Aldrich (US). Sodium hypochlorite solution (HCIO, -8%, Catalog
No. S101636), diphenyl ether (=99.9%, Catalog No. D130016),
dichloromethane (DCM, CH,Cl,, ACS grade, Catalog No. D433567), N-
hydroxysuccinimide (NHS, >98%, Catalog No. H109330), and N,N-
dicyclohexylcarbodiimide (DCC, >99%, Catalog No. D106074) were
purchased from Aladdin Chemicals Co., Ltd (China). Anhydrous diethyl
ether (=99.0%, Catalog No. AH1045B) was purchased from RCI Labs-
can Group (Thailand). Anhydrous dimethyl sulfoxide (99.8%, Catalog
No. 043998) was purchased from Alfa Aesar Fine Chemicals & Metals
(Fisher Scientific, US). Ethanol (EtOH, 95%, Catalog No. E801077) were

purchased from Macklin Chemicals Co., Ltd (China). Hydrochloric acid
(HCI, 36.0-38.0%, AR grade, Catalog No. 10011018) and sodium
hydroxide (NaOH, >96%, AR grade, Catalog No. 10019718) were pur-
chased from China National Pharmaceutical Group Co Ltd (Sino-
pharm). All the chemicals were used without purification if no further
specification was given. The CpG-ODNs with amine functionalization
(fully thiol-modified oligodeoxynucleotide CpG 1826, 5'-tcc
atgacgttcctgacgtt-NH,) and Quasar 670-labeled CpG-ODNs at the 5-
end (>99%) were purchased from Shanghai DNA Bioscience Co. Ltd
(Shanghai, China). The p210 peptide (KTTKQ SFDLS VKAQY KKNKH)
and p210 labeled with TAMRA or FITC in the N-terminal (> 95%) were
ordered from Nanjing Peptide Biotech Ltd (Jiangsu, China).

Synthesis of PEG-SP
Dicarboxyl-terminated PEG (Mw=2000, termed as HOOC-PEG;qo0-
COOH) was prepared by oxidation of HO-PEG,p00-OH with TEMPO
following previous protocol’”. Typically, 10g of HO-PEG;p00-OH
(10 mmol primary alcohol), 7.8 mg of TEMPO (0.05 mmol), and 0.119 g
of KBr (1mmol) were fully dissolved in 70 mL of deionized water (D.I.
water). In a separate beaker, HCIO solution (8%, w/v) containing
30 mmol active chlorine was adjusted to pH 10 by adding 4 M HCI
solution. Both solutions were mixed after cooling below 4 °C on ice
bath, and the temperature of the mixture was maintained below 4 °C
while the pH was maintained at pH 10 by addition of 0.5M NaOH
during the 5h of oxidation reaction. After adding 5 mL of EtOH to
quench the reaction, the pH of solution was adjusted to 3 by addition
of 4 M HCI. The obtained HOOC-PEG,00o-COOH was extracted three
times with CH,Cl,, concentrated by rotary evaporator, precipitated
with diethyl ether, crystallized from EtOH, and stored at —80 °C for
future use.

SPIONs coated with HOOC-PEG2000-COOH were prepared by
thermal decomposition method according to previous study™.
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Typically, 525 mg of ferric acetylacetonate [Fe(acac);], 6.0 g of HOOC-
PEG,000-COOH, and 2.0 mL of oleylamine were added in 25.0 mL of
diphenyl ether. After aging the mixture at 80 °C under nitrogen for 4 h,
the reaction was heated to 260 °C at a rate of 10 °C/min and kept at
reflux for 30 min. By re-dispersing the product in ethanol and pre-
cipitating with chilled diethyl ether for three cycles, the obtained PEG-
SPs were purified, dialyzed against deionized water for 48 h, filtered via
0.22 um syringe filter, and freeze-dried. The lyophilized particles were
tightly sealed and stored at -80 °C until used.

Preparation of SPION-based nanovaccines

Typically, 10 mg of PEG-SPIONs were dissolved in 1 mL of anhydrous
DMSO, activated with 40 pmol of DCC and 60 umol of NHS for 2h
before 12 nmol of CpG-ODN, 12 nmol of p210, or mixture of CpG-ODN
and p210 were added (total 12 nmol at a molar ratio of x to y), which
yield to SP-D, SP-P, and SP-DxPy, respectively. The mixture was soni-
cated for 30 min and left on an orbital shaker for 8 h. After dialyzing
against distilled water for 48 h, the nanoparticles were filtered with
0.22 pm syringe filter and freeze-dried. SP-Dx+Py was prepared as
physical mixture of SP-D and SP-P at a molar ratio of x to y.

Characterizations of PEG-SP and SPION-based nanovaccines
The size and morphology of the PEG-SPs were determined by TECNAI
G2 20 transmission electron microscope (TEM) (LaB6, FEI Nether-
lands). The hydrodynamic sizes and zeta potentials of the nano-
particles were tested in both water and complete cell culture medium
using Zetasizer Nano ZS90 (Malvern, UK) with Zetasizer family soft-
ware (version 8.01). The magnetic property of the lyophilized PEG-SPs
was measured by using a vibrating sample magnetometer (VSM, HH-
15). Magnetization was measured over a range of applied field from
-60000e to 6000 0e at 300K. The thermogravimetric analyses
(TGA) of the dried samples were performed using a thermo-
gravimetric analyzer (SDTA 85le, Mettler Toledo, Switzerland) at a
heating rate of 10 °C/min from room temperature to 600 °C under
nitrogen flow. The surface coating of the nanoparticles was recognized
by Fourier transform infrared spectroscopy (Nicolet iS20, Thermo
Fisher, USA) ranging from 500 cm™ to 4000 cm™ with a step size of
4 cm™. The gel electrophoresis of nanoparticles was performed in 0.5%
agarose gel soaked in 1% TAE buffer at 120 V for 20 mins.

Culture of BMDCs

Monocytes were isolated from the femurs and tibias of C57BL/6 mice
at age of 4-6 weeks and differentiated to BMDCs according to previous
protocol’. Specifically, mice kept under specific pathogen-free condi-
tions were euthanized by CO, inhalation followed by cervical disloca-
tion. After removing the femurs and tibiae, they were rubbed with
Kleenex tissues to remove the surrounding muscle tissues. After
soaking the intact bones in 70% ethanol for 3 min, they were washed
with PBS, cut open at both ends. The bone marrow was flushed with
cold PBS using a syringe with a 22-gauge spinal needle, passed through
the 70 um cell strainer, and collected with a sterilized 50 mL conical
tube. The leukocytes were pelleted by centrifugation at 500 g for 5 min
and suspended in cell culture medium. Cells were cultured at a density
of 10%/mL in DC culture medium composed of RPMI medium (Thermo
Fisher Scientific) supplemented with 10% FBS (Gibco, Thermo Fisher
Scientific, Catalog No. A5256701), 10 units/mL penicillin and 10 pg/mL
streptomycin (Gibco, Thermo Fisher Scientific, Catalog No.15070063),
50 uM B-mercaptoethanol (B-ME) (Gibco, Thermo Fisher Scientific,
Catalog No. 21985023), 2 mM L-glutamine (Gibco, Thermo Fisher Sci-
entific, Catalog No. A2916801), 20 ng/mL murine GM-CSF (Novopro-
tein Technology, China, Catalog No. CK02) and 10 ng/mL murine IL-4
(Novoprotein Technology, China, Catalog No. CK15) at 37 °C and 5%
CO,. Fresh medium containing the same concentration of growth
factors was added to cells on Day 3 and Day 7. On Day 8, the cells were
ready to use.

Animals

Male ApoE knockout (ApoE”") mice aged 4-5 weeks (stock No.
TO01458) and age-matched male C57BL/6JGpt mice (stock No.
N000013) were provided by Gem Pharmatech Company, China. The
animals were housed in a specific pathogen-free animal facility accre-
dited by Nanjing First Hospital, Jiangsu, China. The mice were kept on a
12 h day/night cycle at temperature of 20-26 °C and relative humidity
of 40-70% with unrestricted access to water and food. Experimental/
control mice from each litter were co-housed in individually vented
cages on the same rack in the animal facility. All animal procedures
followed the guidelines stipulated by the Animal Experimentation
Ethics Committee (AEEC) at Nanjing First Hospital, Jiangsu, China
(DWSY-1901323).

Cell proliferation study

BMDCs were seeded in a 96-well plate at a density of 5.0 x 10° cells per
well in 200 pL complete DC culture medium for 24 h at 37°C. The
SPION-based vaccines were added at different concentrations
(0-1000 pg/mL) to the BMDCs and incubated for 24 h before the Cell
Counting Kit-8 (CCK-8) (Apexbio, USA, Catalog No. K1018) was per-
formed according to the manufacturer’s protocol.

Cell uptake, pharmacological inhibition, and intracellular
trafficking

The nanovaccines made from Quasar 670-labeled CpG-ODN and FITC-
tagged p210 were added to the BMDCs pre-seeded on 12 mm glass
coverslips (Marienfeld, Fisher Scientific, Catalog No. 10006111) in 24-
well plates and incubated for different durations of time. The cells
were then fixed with 4% paraformaldehyde (PFA) (Beyotime, China,
Catalog No. P0099), washed with PBS three times, stained with
Hoechst 33342 (Beyotime, China, Catalog No. C1022) and mounted
with Fluoromount-G mounting medium (Absin, China, Catalog No.
abs9240).

For pharmacological inhibition study, BMDCs were pre-treated
with cell culture medium containing different concentrations of che-
mical blockers or blocking antibodies for 1 h. These blockers include
fucoidan (50 pg/mL, Yuanye Bio-Technology, China, Catalog No.
S11142), mannan (1 mg/mL, Yuanye Bio-Technology, China, Catalog No.
S$51698), amiloride (500 pg/mL, Glpbio, USA, Catalog No. GC17853),
antibody against CD16/32 (10 pg/mL, BiolLegend; 101302). After
removing the inhibitor-containing medium, 03mL of serum-
containing cell culture medium that contains the same inhibitor at
the original concentration and 200 pg/mL of SP-P, SP-D, SP-D1P1, and
SP-D1 + P1 were subsequently added to the cells. After 4 h of incuba-
tion, the medium was removed, and the cells were rinsed with PBS. The
cells were then fixed with 4% PFA, washed with PBS three times, stained
with Hoechst 33342, and mounted with Fluoromount-G mounting
medium.

In the intracellular trafficking of nanovaccines, the cells were
incubated with fluorescently tagged nanovaccines for different dura-
tions of time. The cells were washed with PBS and stained with Lyso-
Tracker Red (Beyotime, China, Catalog No. C1046) alive according to
the manufacturer’s protocol.

In the three studies above, the cells were prepared to be visualized
by using an Olympus confocal microscope (FV3000) with FV31S-SW
Viewer software (version 2.3.1). The excitation wavelength for Hoechst
33342/DAPI was 405 nm, and the corresponding emission filter was
440-500 nm. The excitation wavelength for the FITC-labeled nano-
vaccines was 488 nm, and the corresponding emission filter was 500-
530nm. The excitation wavelength for Quasar 670-labeled nano-
vaccines was 640 nm, and the corresponding emission filter was 650-
750 nm. Image]) (Fiji contributors) with a JACoP plugin (version 1.53)
was used to quantify the colocalization of the two fluorescence
signals in the images required, and the Pearson’s colocalization coef-
ficient was calculated. The average fluorescence intensities of the
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nanovaccines before and after pharmacological treatments were also
measured by Fiji.

BMDC:s in vitro activation

BMDCs were seeded in a 24-well plate at a density of 1.0 x 10° cells per
well in 1 mL of complete RPMI medium for 24 h at 37 °C. Next, the cells
were treated with various SPION-based vaccines (300 pg/mL), physical
mixture of CpG-ODN and p210 (500 nM each), and the counterparts
without nanoparticle conjugation (500 nM for CpG-ODN and p210) for
24 h or 72 h. Lipopolysaccharides (LPS) from Escherichia coli (Beyo-
time, China, Catalog No. ST1470) were added at 1 pg/mL as positive
controls. The cells were then collected with cold PBS treatment for
flow cytometric analysis or quantification of Fe content by inductively
coupled plasma mass spectrometry (ICP-MS).

To check the surface expression of different markers, the col-
lected cells were stained with Fc blocker (anti-mouse CD16/32) toge-
ther with APC anti-mouse CD1lc, FITC anti-mouse CD40, FITC CD80
(B7-1) monoclonal antibody, PE anti-mouse CD86, PE MHC Class I (H-
2Kb) monoclonal antibody, or FITC MHC Class Il (I-A/I-E) monoclonal
antibody before staining with Zombie Aqua fixable viability dye (Bio-
Legend; 423101). Finally, the cells were resuspended in 200 pL FACS
buffer (5 mM EDTA and 1% FBS in PBS) for flow cytometry analysis. The
antibodies used for flow cytometric analysis including the clone, type,
supplier, catalog number, and dilution are summarized in Supple-
mentary Table 1. To quantify the cellular uptake of Fe in each treat-
ment, the cells from each well were digested with 65% HNO3 for 12 h,
diluted with deionized water to 2% HNO; solution, and analyzed with
ICP-MS (iCAP Q, Thermo Fisher, USA).

For cytokine expression, the cells were incubated with SPION-
based vaccines (300 pg/mL) or the counterparts without nanoparticle
conjugation (500 nM for CpG-ODN and p210; 1 pg/mL for LPS) for 24 h.
The supernatants were collected and the cytokine levels (TNF-a, IL-6,
and IL-12p70) were tested with individual enzyme-linked immunoassay
(ELISA) kits according to the manufacturer’s protocol (Multisciences
Biotech, China, Catalog No. EK282, EK206, and EK212, respectively).

T cell priming in vitro

The male C57BL/6 mice aged at 4-5 weeks were euthanized by CO,
inhalation followed by cervical dislocation before collecting the
spleens and bone marrow monocytes. The splenocytes in single cell
suspensions were cryopreserved after lysis of red blood cells, and the
monocytes were cultured into BMDCs as indicated above. BMDCs were
activated by addition of SPION-based vaccines (300 pg/mL) or D +P
(500 nM CpG-ODN and p210) for 24 h, and the autologous splenocytes
were labeled by carboxyfluorescein succinimidly ester (CFSE) (Thermo
Fisher Scientific; C34554) and cocultured with BMDCs for 4 days for T
cell priming. The supernatants after co-culture were collected and
tested for the cytokine levels including INF-y, IL-10, IL-12, and IL-17
according to the manufacturer’s protocol (Multisciences Biotech,
China, Catalog No. EK280, EK210, EK212 and EK217). The cells were
then collected with cold PBS treatment for flow cytometric analysis.
Cells were stained with Fc blocker (anti-mouse CD16/32,) together with
BV786 CD3e monoclonal antibody, FITC anti-mouse CD4 antibody, PE-
eFluor 610 CD8a monoclonal antibody, eFluor 450 CD62L monoclonal
antibody, PE-Cyanine5 CD44 monoclonal antibody. The cells were then
stained with Zombie Aqua Fixable Viability Kit (BioLegend; 423101) and
resuspended in 200 pL of FACS buffer for flow cytometry analysis by a
BD FACSCeleste cell analyzer. Data were analyzed by the FCS Express
7 software (Reachsoft) (Version 7.18.0030).

dLN trafficking of nanovaccines in vivo

The male C57BL/6 mice aged at 6-7 weeks were subcutaneously
injected with different vaccines into the dorsal area between the sca-
pulas. At different timepoints (20 h, 48 h, and 72 h) after injection, the
mice were euthanized by CO, inhalation followed by cervical

dislocation, and both brachial and inguinal lymph nodes were col-
lected. The samples were photoed by a Xiaomi cell phone, fixed with
10% formalin solution (Solarbio Life Sciences, China, Catalog No.
G2162) embedded in paraffin, and sectioned into 10 pm-thick slides.
Paraffin-sections were deparaffinized in xylene, rehydrated through a
series of ethanol (100%, 90%, 70%), and deionized water. The sections
were further subjected to immunohistochemistry staining of CDllc
(1:400 dilution, Servicebio; GB11059), CD68 (1:400 dilution, Service-
bio; GB113109), or CD3 (1:1000 dilution, Servicebio; GB150004), and
Prussian blue staining (Servicebio; GP1068) to visualize the localization
of SPIONs.

In another experiment, the mice were subcutaneously injected
with different vaccines (n=3), in which the CpG-ODNs were labeled
with Quasar 670 at the 5-end, and p210 were labeled with FITC in the
N-terminal. At 20 h after injection, the mice were euthanized as above.
The dLNs were extracted and passed through a 70 pum cell strainer,
stained with Fc blocker (anti-mouse CD16/32) together with and PE
anti-mouse CD86. The cells were then stained with Zombie Aqua Fix-
able Viability Kit (BioLegend; 423101) and resuspended in 200 pL of
FACS buffer for flow cytometry analysis by a flow cytometer (BD
FACSCantoll). Data were analyzed by the FlowJo 10 software
(Tree Star).

Biodistribution of nanovaccines in vivo

The male C57BL/6 mice aged at 6-7 weeks were shaved in the back,
subcutaneously injected with different vaccines into the scruff area of
the necks (n=3), in which the nanovaccines were formulated with
Quasar 670 labeled CpG-ODNs and TAMRA-labeled p210. After injec-
tion, the mice were subjected to in vivo fluorescence imaging by the
VISQU® InVivo Smart-LF system (Viewworks, Korea) at 4 h to 7 days
(168 h). A separate group of mice was first fully anesthetized at 20 h
post injection by the RWD isoflurane anesthesia system (RWD Life
Science, China) and retro-orbital blood was collected for serum
separation. After euthanasia by cervical dislocation, the dLNs near the
injection sites and major internal organs were collected for fluores-
cence imaging by the in vivo imaging system. The dLNs were then fixed
by 10% formalin, embedded with paraffin, and sectioned for 10 pm-
thick slides for immunofluorescence staining. They were first stained
with primary antibodies including CD11c (1:400 dilution, Servicebio;
GB11059) and CDé68 (1:400 dilution, Servicebio; GB113109), further
stained with secondary antibody FITC-conjugated goat anti-rabbit IgG
(H +L) (1:2200 dilution, Servicebio; GB22303), washed, and stained with
Hoechst 33342 and mounted with Fluoromount-G mounting medium.
Samples were imaged by a panoramic scan Il digital scanner (3Dhis-
tech, Hungary) provide by Nanjing Youmeng Biotechnology Co., Ltd.
(China) and processed by the SlideViewer Software (Version 2.1.76).

Immunization protocol

Male ApoE”" aged 4-5 weeks mice were first maintained on normal
chow diet (Cat. No. 1010001, Jiangsu Xietong Pharmaceutical Bio-
engineering Co., Ltd., China), each received subcutaneous primary
immunization of PBS, mixture of 20 nmol of CpG-ODN and 20 nmol of
p210 (D +P), 2.5 mg of SP-D1P1(containing ~3.0 nmol of CpG-ODN and
3.2 nmol of p210), or 2.5 mg of SP-D1 + P1 (containing ~2.2 nmol of CpG-
ODN and -~3.7nmol of p210) in the dorsal area between scapula at
7 weeks of age, followed by a booster at 9 and 12 weeks of age. One
week after the last booster, the diet was switched to high cholesterol
chow (Cat. No. XTIO8C, Jiangsu Xietong Pharmaceutical Bio-
engineering Co., Ltd., China) and continued until euthanasia at the
age of 26 weeks. The mice were first fully anesthetized by isoflurane
inhalation for retro-orbital blood collection and euthanized by cervical
dislocation, followed by organ collection. Other mice under the same
immunization protocol (both male ApoE™" and age-matched C57BL/6
mice) were treated by the same procedures one week after the primary
booster injection to access immune responses by flow cytometry.

Nature Communications | (2025)16:2111

15


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57467-5

Harvesting, preparation, and staining of aorta and aortic roots
ApoE”" mice were euthanized and the whole aortas were harvested,
washed with PBS, and stained with Oil Red O (ORO) staining solution
(Sigma-Aldrich) to assess the development of atherosclerosis en face.
The samples were imaged, and the percentage of ORO-positive area
was calculated by Image) software (version 1.53). The hearts were
harvested and embedded in OCT compound (Sakura Finetek, USA),
froze at =80 °C, and serially sectioned into 10 um-thick slices. After
fixation, cryosections were blocked with 2% bovine serum albumin
(BSA) for 1h, and stained with PBS containing 2% BSA and primary
antibodies for 1h at room temperature. The primary antibodies
include recombinant rabbit primary antibody against CD68 (1:200
dilution, Servicebio; GB113109), rabbit polyclonal primary antibody
against ICAM-1 (1:50 dilution, Proteintech; 10020-1-AP), and anti-CD11c
rabbit primary antibody (1:400 dilution, Servicebio; GB11059). The
aortic sections were further stained with HRP-conjugated goat anti-
rabbit IgG(H + L) (1:1000 dilution, Servicebio; G1213) and developed
over a 3,3-diaminobenzidine (DAB) solution (Servicebio; G1212).
Samples were then mounted and imaged by the panoramic scan I
digital scanner (3Dhistech, Hungary) and processed by the SlideViewer
Software (Version 2.1.76).

Serum ELISA, liver function, and cholesterol level analysis
ELISA basic kit (Multisciences; 70-EK0O11) was used to prepare the
p210 pre-coated 96 well plates for detection of anti-p210 IgM and IgG
in the mice serum. Specifically, 20 pg/mL of p210 was added to the
plates and incubated at 4°C overnight to assess antibody levels
according to the manufacturer’s protocol. HRP-conjugated goat anti-
mouse IgG Fc (Abcam; ab97265) or IgM p chain specific (Proteintech;
SA00012-6) was used as detecting antibodies, which was further
detected by developing in TMB (Multisciences Biotech, Catalog No.
70-E0231) as substrate. The optical density values were recorded at
450 nm, using 570 nm as the reference by a Tecan multimode micro-
plate reader (Infinite F50, Tecan group Ltd., Switzerland). The other
cytokine levels in the serum including IFN-y and IL-10 were tested with
ELISA kits according to the manufacturer’s protocol (Multisciences
Biotech, Catalog No. EK280 and EK210).

The liver functions after vaccination were assessed by measuring
levels of serum albumin (ALB), aspartate aminotransferase (AST), and
alanine transaminase (ALT) in the C57BL/6 mice at 20 h post the first
injection, or 1 week after the third injection of vaccines (week 13),
respectively. The plasma cholesterol levels including total cholesterol
(TC), high-density lipoprotein cholesterol (HDL-C), low-density lipo-
protein cholesterol (LDL-C), and triglycerides (TG) were measured in
the immunized ApoE™ mice at the age of 26 weeks. All the measure-
ments were performed with the commercially available kits from Rayto
Life and Analytical Sciences Co., Ltd according to the manufacturer’s
protocol.

Flow cytometry for immune regulatory profile in vivo

At 10 weeks and 26 weeks of age, the immunized ApoE™~ mice were
anesthetized for blood collection and euthanized as indicated above.
The spleens and dLNs were excised, minced, and filtered (70 pm; BD
Biosciences) to generate a single-cell suspension and centrifuged at
4 °C at 1800 rpm for 10 min. After lysis of red blood cells, the pelleted
splenocytes were resuspended in FACS buffer together with APC
anti-mouse CD11c antibody, PE CD4 monoclonal antibody, PE CD8a
monoclonal antibody (53-6.7), APC anti-mouse CD25 antibody, FITC
IL-10 monoclonal antibody, APC anti-mouse CD62L antibody, and
FITC anti-mouse/human CD44 antibody. The dLNs were extracted
and passed through a 70 pum cell strainer, stained with Fc blocker
(anti-mouse CD16/32) together with APC anti-mouse CD11c antibody
and PE anti-mouse CD86. The cells were then stained with Zombie
Aqua Fixable Viability Kit (BioLegend; 423101) and resuspended in
200 pL of FACS buffer for flow cytometry analysis by a flow

cytometer (BD FACSCantoll). Data were analyzed by the FlowJo
software (Tree Star).

CDS8" T cell isolation from animals and co-culture with BMDCs
Immunized ApoE”" mice at the age of 13 weeks were euthanized by
CO, inhalation followed cervical dislocation and the splenocytes were
collected as above. The CD8" T cells were then isolated using BD IMag
cell separation kit (anti-mouse CD8a particles-DM 53-6.7, BD Pharma-
gin; 551516) per manufacturer’s protocol, and co-cultured with BMDCs
in a CD8: DC ratio of 3:1. After co-culture for 4 h, the cells were col-
lected and processed for flow cytometric determination of CD11c and
live/dead staining by the Zombie Aqua Fixable Viability Kit (BioLegend;
423101).

T cell proliferation assay of vaccinated animals in vitro

Male wild-type mice (C57BL/6) were fed on regular chow diet and
immunized at the same timepoints as the ApoE”" mice above. At
15 weeks of age (3 weeks after the second booster), the mice were
anesthetized for blood collection and euthanized as indicated above.
The splenocytes from each mouse in the treatment group (n > 3) were
labeled with 2 pM of CFSE at 37 °C (Thermo Fisher Scientific; C34554)
for 10 min. Equal number of cells were seeded into the 6-well plates
and stimulated with p210 at 20 pg/mL in complete RPMI medium
supplemented with IL-2 at 20 ng/mL (Novoprotein, China, Catalog No.
CK24). Cells were harvested after 5 days and stained with PE CD4
monoclonal antibody or PE CD8a monoclonal antibody (53-6.7) and
subjected to flow cytometry.

Histological staining for in vivo toxicity

The lower heart, brain, liver, spleen, lung, kidney, and skin around the
injection sites were fixed in 10% formalin fixative overnight, embedded
in paraffin, and cut into sections of 5 um thick. Paraffin-sections were
deparaffinized in xylene, rehydrated through a series of ethanol (100%,
90%, 70%) and deionized water, and stained by hematoxylin (Sigma-
Aldrich, Catalog No. 65066-M) and eosin solutions (Sigma-Aldrich,
Catalog No. R03040) (H&E stain). The stained sections were dehy-
drated in ethanol, cleared in xylene, mounted with Canada balsam
mountant (Solarbio Life Sciences, China), and imaged with an inverted
fluorescence microscope (Optika, Italy) in bright-field mode. To
examine the residual SPIONs in the mouse tissues, the collected organs
were also stained with freshly made Prussian blue staining solutions
(mixture of 20% hydrochloride and 10% potassium ferrocyanide),
counter-stained with Nuclear Fast Red staining solution (Beyoetime
Biotechnology, China, Catalog No. C0151).

In vivo organ-level distribution of SPIONs

C57BL/6 mice euthanized at 20 h after the first injection of nano-
vaccines or ApoE”" mice at the age of 26 weeks after full vaccination
were perfused with saline to remove the blood from the organs as
much as possible. The internal organs including were excised and
weighted, including heart, lung, liver, spleen, pancreas, kidney, brain,
and skin near the injection site. The organs were then each digested in
0.5 mL HNO; for three days to ensure full reaction. The lysates were
diluted to 2% HNOj; solution with deionized water and passed through
0.22um hydrophilic syringe filters for transparent solutions.
The Fe contents were then measured by an iCAP Pro inductively cou-
pled plasma optical emission spectrometer (Thermo Fisher
Scientific, USA).

Data processing and statistical analysis

OriginPro software (version 2016 SRO 226) was used for plotting the
FTIR, TGA, and VSM results. The GraphPad Prism software (version
10.2.0) was used for data analysis and graph construction. To deter-
mine the statistical significance in the comparison of two groups, an
unpaired two-tail t test was performed. To determine the statistical
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significance in the comparison of multiple groups, an unpaired one-
way analysis of variance (ANOVA) was performed with Tukey’s test or
Dunnett’s test for post hoc analysis. Results are considered significant
at p<0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data are included in the Supplementary Information or available
from the authors, as are unique reagents used in this Article. The raw
numbers for charts and graphs are available in the Source Data file
whenever possible. Source data are provided with this paper. The raw
data for flow cytometric analysis have been deposited in the Dryad
database [https://doi.org/10.5061/dryad.zpc866tk7]. Source data are
provided with this paper.
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