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ABSTRACT

New vaccine technologies are urgently needed to produce safe and effective vaccines in a more timely
manner to prevent future infectious disease pandemics. Here, we describe erythrocyte-mediated systemic
antiviral immunization, a versatile vaccination strategy that boosts antiviral immune responses by using
erythrocytes decorated with virus-mimetic nanoparticles carrying a viral antigen and a Toll-like receptor
(TLR) agonist. As a proof of concept, polydopamine nanoparticles were synthesized via a simple in situ
polymerization in which the nanoparticles were conjugated with the SARS-CoV-2 spike protein S1 subunit
and the TLR7/8 agonist R848. The resulting SARS-CoV-2 virus-mimetic nanoparticles were attached to er-
ythrocytes via catechol groups on the nanoparticle. Erythrocytes naturally home to the spleen and interact
with the immune system. Injection of the nanoparticle-decorated erythrocytes into mice resulted in greater
maturation and activation of antigen-presenting cells, humoral and cellular immune responses in the
spleen, production of S1-specific immunoglobulin G (IgG) antibodies, and systemic antiviral T cell responses
than a control group treated with the nanoparticles alone, with no significant negative side effects. These
results show that erythrocyte-mediated systemic antiviral immunization using viral antigen- and TLR
agonist-presenting polydopamine nanoparticles-a generalizable method applicable to many viral infec-
tions-is effective new approach to developing vaccines against severe infectious diseases.

© 2021 Elsevier Ltd. All rights reserved.

Introduction

infections have created an urgent demand for vaccines that has not
been satisfied even by the improved speed of new vaccine devel-

Vaccination prevents infection by stimulating the immune
system to attack specific antigens [ 1], and mass vaccination prevents
the spread of infectious disease. Improvements in vaccine tech-
nology have yielded vaccines that boost effective immunity against
newly emerging infectious diseases [2,3], but the spread of new
infectious diseases still outpaces vaccine development. COVID-19
has caused more than 140 million confirmed infections with a 2.1%
mortality rate as of April 2021 [4]. The high infection rate of SARS-
CoV-2 (40-fold higher than that of SARS-CoV-1) [5], the high mor-
tality rate of COVID-19, and the high frequency of asymptomatic
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opment [6]. To prevent or mitigate future infectious disease pan-
demics, new vaccine technologies are needed that allow rapid
production of safe and effective vaccines.

Conventional vaccines employ attenuated or inactivated viruses,
viral vectors, recombinant protein antigens, or nucleic acids that
encode viral antigens |7]. Each of these approaches has limitations
[8]. For attenuated viruses, extensive additional testing is required to
verify their safety due to the risk of reversion to virulence [9]. For
inactivated viruses, their lowered immunogenicity requires the use
of adjuvants, and widely used adjuvants such as alum produce only a
humoral immune response [10]. For adenoviruses (the most
common viral vector), pre-existing immunity can dampen the im-
munogenicity of the vaccine [11]. For vaccines that employ proteins
and nucleic acids, instability during preparation, storage, transport,
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and administration restricts broad implementation [7], and in vivo
degradation and biological barriers limit accumulation of the ther-
apeutic proteins and nucleic acids at the desired sites [12,13].

Vaccines that employ virus-mimetic nanoparticles (VNPs) to
present viral antigens have shown promising safety and effective-
ness [7]. Nanoparticles can be engineered to target specific tissues
and cell types to improve targeted accumulation, and to deliver viral
antigens together with molecular adjuvants that boost protective
humoral and cellular immune responses |[14]. Nanoparticle carriers
can also improve the stability of their cargo [15]. These character-
istics make nanoparticles well-suited for use in vaccines against
pathogens that have been characterized genetically and structurally
[16,17]. However, nanoparticle vaccines penetrate biological barriers
and tissues passively by diffusion [14], and most nanoparticles are
rapidly eliminated by the mononuclear phagocyte system before
entering into the draining lymph nodes or being captured by tissue-
resident antigen-presenting cells (APCs), reducing the efficiency of
antigen presentation to lymphocytes [18]. Therefore, methods that
specifically and effectively deliver VNPs to secondary lymphoid or-
gans such as the spleen are needed.

The spleen is a secondary lymphoid organ along with the lymph
nodes. Its primary functions are to filter pathogens from circulation
[19] to generate immune responses to blood-borne antigens [20],
and to remove abnormal erythrocytes. Erythrocytes home to the
spleen and are phagocytosed once they reach the end of their life-
span [21]. Erythrocytes capture and deactivate microorganisms in
blood, then present the captured pathogens to professional APCs in
the spleen [22,23]. Despite the mechanism of cargo uptake by APCs
has not been well-understood yet, the alteration of complement
receptor 1 (CR1) on erythrocytes has been reported to have a sti-
mulatory effect on particle binding and uptake [24]. These natural
functions of erythrocytes have been leveraged elegantly to carry
therapeutic payloads such as nanoparticle-based therapeutics for
targeted transport [25-27], including delivery of antigens to splenic
APCs [28]. Therefore erythrocytes are promising candidates for de-
livery of VNPs in a vaccine.

Here, we report a strategy called erythrocyte-mediated antiviral
immunization in which erythrocytes are decorated with poly-
dopamine nanoparticles that present a viral antigen and a Toll-like
receptor (TLR) agonist to produce systemic antiviral immunity with
both humoral and cellular immune responses (Fig. 1). The viral an-
tigen and TLR agonist are attached to the nanoparticles during in situ
oxide-induced self-polymerization of dopamine. Catechol groups on
the nanoparticle surface enable immobilization onto the erythrocyte
membrane. As a proof of concept, we decorated erythrocytes with
nanoparticles presenting the SARS-CoV-2 spike protein S1 subunit
and the TLR7/8 agonist R848, and evaluate the effectiveness of this
vaccination approach in terms of maturation and activation of pro-
fessional APCs, humoral and cellular immune responses in the
spleen, systemic side effects, production of anti-S1 antibodies, and
type 1 interferon-mediated antiviral T cell response.

Results and discussion
Design and preparation of virus-mimetic nanoparticles

We chose the SARS-CoV-2 spike protein S1 subunit [29-31] as a
model viral antigen for this proof-of-concept study since previous

SARS/MERS vaccines have demonstrated the effectiveness of S1 as a
viral antigen. Other effective antigens include full-length S protein
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and the S protein subunits RBD and S2 [32]. We selected R848, an
imidazoquinoline and agonist of TLRs 7 and 8 that mimics pathogen-
associated molecular patterns such as single-stranded RNA which
induce innate immunity against viral infections [33]. TLR agonists in
vaccines improve antibody production and enhance immune re-
sponses [34,35]. We hypothesized that nanoparticles presenting S1
and R848 would elicit a similar immune response as infection with
SARS-CoV-2, which is an enveloped, positive-sense, and single-
stranded RNA virus [36].

Polydopamine nanoparticles (PDA-NPs) can be easily obtained by
stirring dopamine monomer in an aerobic alkaline solution [37]. The
abundant active catechol groups in the nanoparticles allow con-
jugation of diverse molecules containing nucleophilic groups such as
primary amines and thiols via Michael addition and Schiff base re-
actions [38]. S1 protein and R848 were mixed with dopamine
monomer in an alkaline buffer to synthesize the S1/R848-presenting
VNPs (Fig. 2a), followed by purification by centrifugation. This
synthesis is simple and no organic solvent is used.

Transmission electron microscopy (TEM) images of both PDA-NPs
and VNPs showed spherical structures with a narrow size distribu-
tion. VNPs appeared slightly larger and with a rougher surface than
PDA-NPs via TEM (Fig. 2b, c). The average size of the particles was
170 £ 44 nm for the PDA-NPs, and 195 + 81 nm for the VNPs, based
on dynamic light scattering (DLS) analysis (Figs. 2d and S1). With the
introduction of the negatively charged S1 protein, the zeta potential
of the nanoparticles decreased dramatically, from -1.96 + 4.84 for
the PDA-NPs to -34.20 + 5.87 mV for the VNPs (Fig. 2e). As shown in
Fig. S2, the particle size of VNPs remained stable during this period,
which implied a satisfactory storage stability. To confirm grafting of
S1 onto the nanoparticles, S1 was labeled with Rhodamine B (RhB)
and the nanoparticles were observed with confocal laser scanning
microscopy (CLSM). Distinct fluorescence signals were associated
with VNPs but not PDA-NPs, indicating incorporation of S1 in the
VNPs (Fig. S3). Flow cytometric analysis confirmed conjugation of S1
(Fig. 2f, g). S1 antigen loading was 15 wt% based on the change in
protein concentration in the reaction solution following poly-
merization (Fig. S4a). Incorporation of R848 was confirmed by the
presence of a characteristic absorption peak at 320 nm in the ul-
traviolet-visible (UV-vis) spectra of the VNPs (Fig. S4b) and a stan-
dard calibration curve of R848 (Fig. S4c). The loading of R848
increased from 2 to 25 wt% as the R848 concentration in the reaction
solution increased from 50 to 200 pg/mL (Fig. 2h, i).

Anchoring virus-mimetic nanoparticles onto erythrocytes

We implemented erythrocyte-mediated systemic antiviral im-
munization against SARS-CoV-2 infection by anchoring erythrocytes
with VNPs that present the antigenic SARS-CoV-2 S1 protein and the
TLR7/8 agonist R848 to mimic the immune response induced by
infection with SARS-CoV-2. The attachment of S1/R848-functiona-
lized nanoparticles onto the surface of the erythrocytes was ac-
complished in a simple single-step reaction by mixing the VNPs and
erythrocytes (Fig. 3a). To characterize the conjunction of VNPs with
erythrocytes, the nanoparticles were labeled with fluorescein iso-
thiocyanate (FITC) and the VNP-decorated cells were imaged by
CLSM. CLSM images showed numerous green fluorescent dots con-
centrated on VNP-erythrocytes which were not be observed on bare
erythrocytes (Figs. 3b and S5). Scanning electron microscope (SEM)
images indicated that VNPs were anchored to the VNP-erythrocytes,
and there was no significant change in cell morphology after
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Fig. 1. Erythrocyte-mediated systemic antiviral immunization. A systemic antiviral immune response is elicited by erythrocytes decorated with virus-mimetic nanoparticles
(VNPs) that present the antigenic SARS-CoV-2 spike protein S1 subunit and the TLR7/8 agonist R848. The innate functions of erythrocytes include spleen enrichment and immune
system interactions. VNP-decorated erythrocytes induce the maturation of antigen-presenting cells and robust humoral and cellular immune responses in the spleen.

modification (Fig. 3c). TEM showed a uniform distribution of VNPs
on the cell surface (Figs. 3d and S6). Image ] was used to calculate the
number of VNPs on the surface of erythrocytes. The results showed
that the average VNP number on each erythrocyte was 120-150 (Fig.
S7). Flow cytometry analysis confirmed conjugation of the cells with
VNPs (Fig. 3e). Limited aggregation is a prerequisite for systemic
administration [39]. No visible aggregation occurred when using
erythrocyte-to-VNP ratios from 1:30 to 1:240 based on a visual ag-
glutination assay. Agglutination was observed at 1:480 (Fig. 3f). We
further quantified the modification of cell membranes with VNPs by
testing the expression of phosphatidylserine and the level of CD47
on the cell membrane. The expression of phosphatidylserine in-
creased dramatically at erythrocyte-to-VNP ratios of 1:210, 1:240,
and 1:480 (Figs. 3g and S8). As shown in Fig. S9, the CD47 expression
of VNP-erythrocytes was observed lower than that of erythrocytes,
which could be ascribed to the shielding effect of VNPs. Modification
of erythrocyte membranes with VNPs could promote their accu-
mulation in the spleen by leveraging the spleen’s function of re-
moving abnormal erythrocytes [28].

Maturation and activation of APCs by VNP-decorated erythrocytes

Dendritic cells (DCs) are the most potent APCs [40]. In vaccina-
tion, antigen uptake by immature DCs initiates adaptive immune
responses, and combination with adjuvants can amplify the im-
munization [10,41]. After antigen capture, DCs mature and become
fully functional APCs with upregulation of costimulatory molecules,
the major histocompatibility complex (MHC), and cytokine secretion
[42]. To assess the capacity of VNP-erythrocytes to activate APCs, we

co-cultured VNP-erythrocytes with induced bone marrow-derived
dendritic cells (BMDCs). PBS, PDA-NPs, and unmodified erythrocytes
were used as negative controls. VNP and R848 alone were positive
controls. After an overnight co-incubation, the cells were analyzed
by flow cytometry. Cells treated with R848 exhibited a more than
two-fold higher percentage of mature BMDCs (CD80*CD86") than
the negative controls (Figs. 4a and S10, S11). Co-culture with VNPs
and VNP-erythrocytes further increased BMDC maturation, which
was consistent with previous studies showing that co-delivery of
antigens and adjuvants promoted APC maturation [43]. Expression
levels of the costimulatory molecules CD80 and CD86 on BMDCs
incubated with R848 were significantly higher than on BMDCs in the
PBS, PDA-NP, and unmodified erythrocyte groups (Fig. 4b, c). Co-
culture of BMDCs with VNPs and VNP-erythrocytes increased the
expression levels of CD80 and CD86. Co-culture with VNP-ery-
throcytes caused a greater increase in CD80 expression than treat-
ment with VNPs alone (Fig. 4b). Increases in CD80 expression have
been shown to be important for maintaining T cell responses [44,45].
The maturation and activation of BMDCs by co-incubation with
VNP-erythrocytes is also consistent with previous studies using
erythrocytes conjugated with nanoparticles [28].

Antigen presentation might be augmented by uptake of VNPs
that have detached from erythrocytes. To investigate this hypothesis,
flow cytometric analysis and CLSM imaging were performed to
measure cellular uptake of VNPs containing fluorescently-labeled S1.
The results indicated a dramatic increase with incubation time in
fluorescence intensity (Figs. 4d, e and S12). CLSM images confirmed
that RhB-labeled S1 was endocytosed into the cytoplasm of DCs after
6 h of co-culture (Fig. 4f and S13).
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Fig. 2. Preparation and characterization of virus-mimetic nanoparticles. (a) Schematic of the preparation of VNPs by conjugating antigenic proteins and agonists with poly-
dopamine nanoparticles via in situ polymerization. Gray and blue means PDA-NPs and the attached adjuvant and antigen, respectively. (b, c) TEM images of PDA-NPs (b) and VNPs
(c). Scale bar, 200 nm. (d, e) Size distribution (d) and zeta potential (e) of PDA-NPs and VNPs measured by DLS. (f, g) Flow cytometry histograms (f) and mean fluorescence
intensity (MFI) (g) of PDA-NPs without S1 and VNPs with FITC-labeled S1. Data are mean + SEM (n = 3). Statistical analysis was performed using Student's t-test; P < 0.001. (h, i)
Loading efficiency (h) and loading capacity (i) of R848 in VNPs at different feed concentrations measured by UV/vis spectrophotometry. Data are mean + SEM (n = 3).

Blood circulation and accumulation in the spleen

We next evaluated the pharmacokinetics of RhB-labeled VNP-
erythrocytes by collecting and analyzing peripheral blood sampled
from mice at 2, 4, 8, 20, 30, and 48 h after intravenous injection.
Blood samples were examined by flow cytometry to measure the
percentage and fluorescence intensity of erythrocytes presenting
RhB signal. Limited variation in the percentage of RhB* erythrocytes

in peripheral blood was observed between these time points
(Fig. 4g). Interestingly, the fluorescence intensity of VNP-ery-
throcytes decreased steadily over this period (Fig. 4h). To confirm
the release of VNPs by VNP-erythrocytes, we measured the amount
of fluorescence due to RhB-labeled VNPs on the surface of the ery-
throcytes. The fluorescence intensity of VNP-erythrocytes decreased
when incubated in PBS with 20% mouse serum at 37 °C (Fig. 4i, j). The
disassociation of VNPs from erythrocytes was also directly visualized
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Fig. 3. Preparation and characterization of VNP-decorated erythrocytes. (a) Schematic of binding VNPs with erythrocytes. Gray and blue separately indicate PDA-NPs and the
attached adjuvant and antigen. (b) CLSM images of VNP-erythrocytes (top) and unmodified erythrocytes (bottom). VNPs were labeled with FITC (green). Scale bar, 5 pm. (c, d) SEM
(c) and TEM (d) images of VNP-erythrocytes and erythrocytes. Scale bar, 2 pm. (e) Flow cytometry histograms of unmodified erythrocytes and VNP-erythrocytes with FITC-labeled
VNPs. (f, g) Visual agglutination assay (f) and phosphatidylserine expression (g) of erythrocytes after binding with different ratios of VNPs. Data are mean = SEM (n=4).
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Fig. 4. Immunogenicity, blood circulation, and spleen enrichment of VNP-erythrocytes. (a-c) Percentage of mature BMDCs (CD80*CD86") (a), MFI quantification of costimulatory
markers CD80 (b) and CD86 (c) analyzed by flow cytometry after different stimulations for 24 h. Statistical analysis was performed using one-way ANOVA with the Tukey’s post-
test (n1=3); "P < 0.01, P < 0.0001. (d-f) Flow cytometry histograms (d), MFI (e), and CLSM images (f) of DC2.4 cells after incubation with RhB-labeled VNPs for 6 h. Statistical
analysis was performed using one-way ANOVA with the Tukey’s post-test (n=3); " P < 0.0001. Scale bar, 5 pum. (g, h) Kinetics of percentage of VNP-erythrocytes in peripheral
blood total erythrocytes (g) and MFI of VNP-erythrocytes in peripheral blood (h) over 48 h after intravenous injection in mice. Data are mean + SEM (n =5). (i-k) Shedding kinetics
of VNPs from VNP-erythrocytes determined by flow cytometric analysis (i), MFI quantification (j) and CLSM imaging (k) at 37 °C in PBS contained 10% mouse serum. Scale bar,
5 pm. (1, m) IVIS images (1) and MFI (m) of the spleens harvested from mice 2 days after injection. Scale indicates low (blue) to high (red) radiant efficiency. Statistical analysis was
performed using one-way ANOVA with the Tukey's post-test (n1=4); P < 0.0001.
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Fig. 5. Inmune responses elicited by erythrocyte-mediated antiviral immunization. (a, b) Kinetics of SARS-CoV-2 S1-specific IgG antibody titers (a) and ratio of IgG2a/IgG1 at day
21 (b) in serum assessed by ELISA after immunization mice with PBS, PDA-NPs, VNPs, and VNP-erythrocytes via intravenous injection on days 0, 7, and 14 (n = 6). (c) Percentage of
SARS-CoV-2 S1-specific B cells analyzed by flow cytometry. Cells were stained with SARS-CoV-2 S1-his protein and anti-his antibody labeled with PE. (d) MFI quantifications of
activation marker CD69 on B cells. (e) Immunohistochemical staining of CD3, IgD, and GL7 in the spleen. Red arrows indicate GC B cells. Scale bar, 200 um. (f, g) MFI quantification
of costimulatory markers CD80 (f) and CD86 (g) on DCs. (h-m) Total T cell (h, i), CD8" T cell (j, k) and CD4" T cell (I, m) responses in the spleen determined by intracellular IFN-y and
Ki67 staining. (n, o) IFN-g (n) and IFN-y (o) levels in serum of immunized mice measured by ELISA. Statistical analysis was performed using two-way ANOVA with the Bonferroni
correction post-test and one-way ANOVA with the Tukey’s post-test (n=6); *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

by CLSM. The number of green fluorescent dots indicating FITC-la-
beled VNPs on erythrocytes decreased with incubation time up to
48 h (Fig. 4k).

To assess the ability of VNP-erythrocytes to accumulate in the
spleen, mice were intravenously injected with 100 uL of RhB-VNP-
erythrocytes. PBS and RhB-labeled VNPs without erythrocytes were
used as controls. Two days after injection, the detection of fluores-
cence intensity of RhB in peripheral blood displayed a prolonged
blood circulation for anchored VNPs compared to free VNPs (Fig.
S14). Meanwhile, spleens were harvested from mice and imaged
with an in vivo imaging system (IVIS). In contrast to free VNPs,
fluorescence images and quantitative analysis showed a significantly
enhanced accumulation of VNP-erythrocytes in the spleen (Fig. 41,
m). These results indicated that the erythrocytes afforded an effec-
tive depot [46] for the vaccine components with a long circulation
time, which could improve the distribution of the vaccine in the
spleen and stimulate an enhanced immune response.

Eliciting of humoral and cellular immune responses

Having confirmed spleen enrichment as well as BMDC matura-
tion and activation, we evaluated the immunogenicity of VNP-ery-
throcytes in a mouse model. C57BL/6 mice were injected
intravenously with PBS, PDA-NPs, VNPs, or VNP-erythrocytes (Fig.
S15). After prime-boost vaccinations on days 0, 7, and 14, serum was
collected on days 7, 21, and 35 for ELISA analysis. VNP-erythrocytes
evoked significantly higher titers of anti-S1 immunoglobulin G (IgG)
than all other groups (Figs. 5a and S16). The ratio of IgG2a to IgG1
antibody titers is an indicator of Th1 and Th2 bias [47]. The IgG2a/
IgG1 ratio of VNP-erythrocyte-immunized mice was significantly
higher than that of other groups (Fig. 5b), suggesting that the VNP-
erythrocytes initiated a Th1-polarized protective immune response
[48]. The spleens of immunized mice were harvested and homo-
genized on day 35 to analyze the activation and production of an-
tigen-specific B cells, which is critical for induction of antibody-
mediated immune responses [49]. VNPs alone and VNP-erythrocytes
increased the percentage of S1-specific B cells (Fig. 5c). Notably, the
VNP-erythrocyte group showed significantly higher expression of
CD69 on B cells than the VNP-only group (Fig. 5d). The induction of
CD69, an early activation marker of B cells, indicated the promoted
B-cell proliferation and immunoglobulin production [50]. Germinal
center (GC) formation in the spleen and lymph nodes is important
for long-lived T cell-dependent humoral immunity [51]. The for-
mation of GCs in the spleen of immunized mice was confirmed by
immunohistochemical staining. Mice immunized with VNP-ery-
throcytes formed GL7" GC B cells in their spleens, unlike mice in the
PBS and PDA-NP groups (Fig. 5e). These results demonstrated that
the erythrocyte-mediated antiviral immunization evoked a humoral
immune response.

The mean fluorescence intensities of CD80 and CD86 expressed
by DCs were higher in mice treated with VNP-erythrocytes than in
mice treated with the controls (Fig. 5f, g), indicating the importance
of DC antigen presentation. T cell-mediated immunity plays a critical
role in preventing SARS-CoV-2 infection [52]. CD8* T cells can be
attracted into an infected site to kill invading cells, while CD4" T cells
help prime B cells and produce cytokines [53]. Therefore, we eval-
uated the T cell properties after vaccination. The levels of interferon-
gamma (IFN-y) production and Ki67 expression in CD3* T cells in the
spleen were significantly higher in the VNP-erythrocyte group than
in the other groups, indicating that the VNP-erythrocytes promoted
T cell activation and proliferation (Figs. 5h, i and S17a, b). The VNP-
erythrocytes promoted the activation and proliferation of both CD8*
and CD4" T cells (Figs. 51-m and S17¢-f), indicating that S1 epitopes
were presented by the MHC-I and MHC-II of DCs. IFN-y is a crucial
immunomodulatory cytokine for resistance to multiple pathogens
[54,55], and IFN-B is a type 1 IFN that is essential for controlling viral
infections [56,57]. Treatment with VNP-erythrocytes achieved up-
graded secretions of IFN-g, IFN-y, and IL-6 in the serum (Figs. 5n, o
and S18), demonstrating that the erythrocyte-mediated antiviral
immunization initiated a strong systemic antiviral immune re-
sponse. Collectively, the assistance of erythrocytes could prime T-cell
and B-cell responses, leading to robust antibody production. These
advantages could be attributed to the erythrocyte-mediated pro-
longed circulation in the blood, enhanced accumulation in the
spleen, and improved antigen uptake by DCs.

Safety assessment

We assessed the safety of VNP-erythrocytes in vitro and in vivo. To
evaluate cytotoxicity, HEK 293T cells were incubated with VNP-ery-
throcytes at a 5:1 ratio for 24 h and were stained with Annexin V and
propidium iodide for imaging by CLSM. The amount of apoptosis in-
duced by VNP-erythrocytes was similar to that induced by PBS, PDA-
NPs, and VNPs (Fig. 6a), indicating negligible cytotoxicity. Flow cyto-
metric analysis of the apoptosis rate showed a comparable percentage
of annexin V* cells in the VNP-erythrocyte group as in the PBS group
(Fig. 6b). This cytocompatibility may be due to the use of erythrocytes
and the limited toxicity of polydopamine, which has been widely used
in biomedical applications [58,59]. Cell viability was measured with a
cell counting kit-8 (CCK8) assay. The viability of HEK 293T cells after
exposure to different ratios of VNP-erythrocytes for 24 h was similar
to the viability of cells incubated with PBS, PDA-NPs, or VNPs (Figs. 6¢
and S19), further indicating low cytotoxicity. We also monitored
mouse body weight before and after vaccination and observed no
fluctuation in body weight (Fig. 6d). Histological examination by he-
matoxylin and eosin (H&E) staining showed no detectable damage to
major organs in all immunized mice (Fig. 6e), indicating the favorable
safety of this vaccination method.
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Fig. 6. Safety assessment. (a) CLSM images of apoptotic cells after incubation HEK 293T cells with PBS, PDA-NPs, VNPs, and VNP-erythrocytes for 24 h. PC indicates apoptosis
positive control. Scale bar, 10 pm. (b, c) Percentages of cell apoptosis (b) and viability (c) of HEK 293T cells after exposure to different treatments for 24 h (n = 3). (d, e) Body weight
(d) and H&E staining images (e) of the lung, liver, spleen, and kidney. Mice were separately immunized with PBS, PDA-NPs, VNPs, and VNP-erythrocytes on days 0, 7, and 14 and
were sacrificed on day 21 for organ collection (n =6). Scale bar, 200 pm.
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Conclusion

In summary, we report the use of erythrocyte-mediated antiviral
immunization with virus-mimetic polydopamine nanoparticles
presenting viral antigen and a TLR agonist as a versatile and effective
strategy to provoke robust antiviral immunity. This approach em-
ploys in situ polymerization of dopamine to incorporate viral anti-
gens and TLR agonists in a nanoparticle. The synthesis method is
simple and is suitable for loading other viral antigens due to the
flexibility of polydopamine for conjugating structurally diverse
molecules. Due to the innate ability of erythrocytes to accumulate in
the spleen and interact with APCs, erythrocytes anchored with virus-
mimicking nanoparticles deliver viral antigens effectively to splenic
DCs and activate potent humoral and cellular immune responses
upon systemic administration. Treatment with erythrocytes bearing
SARS-CoV-2-mimetic nanoparticles presenting the S1 antigen and
the TLR7/8 agonist R848 elicited adequate production of specific
IgGs and a systemic antiviral T cell response with limited side effects.
Despite substantial advances in the laboratory settings, batch-to-
batch variation in preparation of VNP-erythrocytes, stability for
long-term storage, pressure on the demand for erythrocytes, and
patient reluctance to intravenous injection need to be considered for
future translation. Moreover, further studies are needed to evaluate
the biosafety of this erythrocyte-mediated antiviral immunization
method in large animal models and to optimize the dosage and
treatment frequency of the conjugated cells before evaluation in
humans. In general, given the versatility of polydopamine in pre-
senting structurally diverse molecules, we anticipate widespread use
of this method as a safe and universal platform for vaccine devel-
opment against new infectious diseases.
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