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anic camouflage circumvents
antibody-dependent enhancement of infection†

Xiaoyu Wang,a Yong-Qiang Deng,b Dong Yang,b Yun Xiao,a Hui Zhao,b

Qing-Gong Nian,b Xurong Xu,a Xiao-Feng Li,b Ruikang Tang *ac

and Cheng-Feng Qin*b

Pre-existing antibodies can aggravate disease during subsequent infection or vaccination via the

mechanism of antibody-dependent enhancement (ADE) of infection. Herein, using dengue virus (DENV)

as a model, we present a versatile surface-camouflage strategy to obtain a virus core-calcium phosphate

shell hybrid by self-templated biomineralization. The shelled DENV stealthily avoids recognition by pre-

existing antibodies under extracellular conditions, resulting in the efficient abrogation of the ADE of

infection both in vitro and in vivo. Moreover, the nanoshell can spontaneously degrade under

intracellular conditions to restore the virus activity and immunogenicity due to its pH-sensitive

behaviour. This work demonstrates that the biomimetic material shell can significantly improve the

administration safety and potency of the DENV vaccine, which provides the promising prospect of

chemically designed virus-material hybrids for immune evasion.
Introduction

The efficacy of current biomedicine is highly restricted by
unwanted immune responses.1–3 In nature, to hide from
immune surveillance, a few pathogenic bacteria use host serum
albumin to form a stealth surface coating.4 Inspired by such
a phenomenon, nanoparticles that are coated with endogenous
cell components can provide a stealth effect to overcome in vivo
immune clearance without compromising the activity.5–7

Although previous attempts have veried that the coating of
instinct components onto nanoparticles could confer an in vivo
immune evasion effect, biomimetic camouage strategies
remain rarely mentioned. We note that some living organisms
have the ability to produce biomineral shells, which are
biocompatible and endow protective functions.8 Inspired by the
unique characteristics of biominerals, we propose the incor-
poration of a biomimetic mineral shell onto the outside of
a virus could facilitate the camouage effect to circumvent pre-
existing immunity.

Pre-existing antibodies can increase the severity of viral
infectious diseases in humans upon secondary infection or
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administration, which is designated as antibody-dependent
enhancement (ADE) of infection.9 This effect is critically
serious in dengue virus (DENV) infection since 390 million
cases per year generate a high baseline of pre-existing anti-
DENV antibodies among people worldwide, leading to the risk
of fatal ADE of infection due to secondary exploration.10

Notably, the newly approved dengue vaccine is not recom-
mended for use in children under nine years old due to the risk
of ADE.11–13 During ADE of infection, a pre-existing antibody
recognizes the virus and forms a virus–antibody complex to
promote the entry and replication of DENV through ligation of
the antibody Fc portion to Fcg receptors on monocytes.14,15

Theoretically, viral epitopes that bind with pre-existing anti-
bodies can be subtracted or blocked to abrogate the ADE of
infection.16 However, the modication of virus surfaces without
compromising the native activity of the virus still remains
a great challenge.17 Chemical camouage is advantageous for
virus camouage owing to its exibility and low-cost.

A key challenge of forming an optimal camouage is that the
coating should be unrecognized by antibodies and be switch-
able: evading the undesired antibodies under extracellular
conditions, meanwhile precisely degrading to ensure the orig-
inal bioactivity under intracellular conditions. It is noteworthy
that abundant endogenous calcium phosphate (CaP) phases are
naturally formed in human intestines as a biological self-
component; they can avoid body clearance and chaperone
antigens to intestinal immune cells.18 Moreover, negatively
charged amino residues on viral surfaces benet the in situ
biomineralization, and the formed CaP shell could afford pH
sensitive biodegradation under endosomal pH conditions.19–21
This journal is © The Royal Society of Chemistry 2017
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Thus, the incorporation of such bio-originated biominerals to
viral surfaces could meet the needs for the proposed immune
camouage. In the present study, by using the self-templated
biomineralization of DENV, we report that viral particles can
be contained within a biodegradable CaP shell, and the result-
ing DENV-CaP core–shell hybrids can circumvent the ADE of
infection as well as maintain the original immunogenicity of
DENV.
Results and discussion
DENV-templated biomineralization

The approach for DENV-directed mineralization was feasibly
achieved by adding CaCl2 to sodium phosphate monobasic
containing Dulbecco’s modied Eagle medium (DMEM) sup-
plemented with DENV particles (Fig. 1A). The abundant gluta-
mic acid (green) and aspartic acid (red) displayed on the outside
of the DENV nanoparticles aid in concentrating calcium ions
and triggering the in situ nucleation (Fig. 1B).22 Zeta potential
measurement showed that native DENV had a surface charge of
�15.6 mV at pH 7.4 due to its anionic carboxylate groups. At an
early stage of mineral deposition, we found the electron dense
nanoclusters spontaneously assembled outside the viral
Fig. 1 Physiochemical characters of shelled DENV. (A) The scheme illust
nanoshells. (B) In the resolved cryo-electron microscopy (Cryo-EM) stru
exposed on the virus surface are coloured in green and red using PyMol
surface directed the nucleation of CaP nanoclusters at an initial stage of b
biomineralized DENV nanoparticle (scale bars: 100 nm). (E) Scanning TE
elemental mapping of the nanoparticle revealed the presence of Ca and
elementary composition. The Si signal was caused by an accessory for th
The grey background indicated the grid was covered with a layer of heavy
nanoparticles showed a solid sphere structure, indicating no biological
exhibited a spherical virus-core and CaP-shell structure. The hollow st
density and cannot be stained. The particle size is identical to the origin
ground, indicating a higher electron density than the phosphotungst
surrounding the virus core. (scale bars: 100 nm). (I) Identification of the
analysis of shelled DENV. (K) FT-IR analysis of shelled DENV.

This journal is © The Royal Society of Chemistry 2017
particle, indicating the presentation of acidic amino acids
promoting the mineral nucleation on the viral surface, as evi-
denced by non-stained transmission electron microscopy (TEM,
Fig. 1C). The nano hybrid was identied by the coexistence of
the CaP mineral phase and virus by energy dispersive X-ray
spectroscopy (EDS) and Fourier transform infrared spectros-
copy (FT-IR, Fig. S2B,† 1J and K). These results indicated that
viral surfaces can efficiently induce a heterogeneous CaP
deposition. Such DENV-templated mineralization was consis-
tent with the previous understanding that the negatively
charged biomolecules can induce biomineral nucleation.23,24

The prolonged deposition of CaP on the viral surface further
produced nanoparticles with a greater electron density (shelled
DENV) than the bare ones (Fig. 1D and F). To ensure the pres-
ence of the inner viral core, the hybrid was negatively stained.
The result depicted hollow spheres contained a white core with
an average diameter of around 60 nm, this corresponded to the
native virus particle (Fig. 1F and H), because the viral particle
has a low electron density and cannot be stained. In contrast,
the staining treatment of CaP nanoparticles exhibited a solid
sphere structure with an increased electron density compared
with that of the phosphotungstic acid background, indicating
the enhanced electron density of CaP in the staining TEM
rates that viral surfaces can initiate the formation of calcium phosphate
cture of a dengue virion, the glutamic acid and aspartic acid that are
software (Protein Data Bank: 3J27). (C) Non-stained TEM showing viral
iomineralization (scale bars: 100 nm). (D) Non-stained TEM showed the
M image of a single shelled DENV particle (scale bar: 50 nm). In situ
P on the surface of the nanoparticle. EDS spectra showed the surface
e instrument. (F) Phosphotungstic acid stained DENV, scale bar: 50 nm.
metal salts (phosphotungstic acid). (G) The negatively stained pure CaP
components, scale bar: 100 nm. (H) Negatively stained shelled DENV
ructures of single particles revealed viral particles had a low electron
al virus. The area surrounding the white core is darker than the back-
ic acid layer because the CaP shell increased the electron density
enclosed DENV from the hybrid by plaque formation assay. (J) XRD

Chem. Sci., 2017, 8, 8240–8246 | 8241
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(Fig. 1G). In Fig. 1H, the area surrounding the white core is
darker than the background, representing a CaP shell. The
negative staining TEM revealed a distinct core–shell structure as
compared with the pure CaP control. To further conrm the
formation of a CaP shell on a single nanoparticle, we used
scanning transmission electron microscopy (STEM) to investi-
gate the coexistence of Ca and P elements on shelled DENV
(Fig. S3†). The energy dispersive X-ray spectroscopy (EDS)
attached to the STEM conrmed that Ca and P are distributed
on the exterior of the shelled DENV (Fig. 1E), indicating that the
shelled DENV was similar to endogenous CaP both in phase and
size. The virus enclosed in the complex was conrmed by the
infectivity of the shelled DENV (Fig. 1I). This material-based
modication strategy could be generally applied to all four
serotypes of DENV with high efficiency (Fig. S1 and S2†).
Reversible bioactivity of camouaged DENV

In order to investigate whether the biomimetic CaP shell is
biodegradable, to release the enclosed virus, and whether the
released virus remains active, we examined the capability of the
shelled virus to translate and replicate the envelope (E) protein.
The indirect immunouorescence-staining assay (IFA) showed
that the viral E protein was expressed efficiently in BHK21 cells
aer incubating with shelled DENV (Fig. 2A and S4†). Further-
more, the plaque formation assay revealed that the shelled
DENV (81 plaques) is a little more infectious than the native
DENV (33 plaques) (Fig. 2B and S4†). Such phenomena could be
explained by the well-established understanding about the
receptor-independent cellular uptake pathway of CaP nano-
particles and the pH-switchable degradability of CaP within
intracellular microenvironments, which enhances the delivery
of virion to BHK-21 cells, resulting in the increasing number of
plaques formed.25 Additionally, the CaP nanoshell exhibited no
extra cytotoxic effect on the cells compared with the native
DENV due to its similarity to endogenous materials (Fig. S5†).
Camouaged DENV circumvents antibody binding

Under extracellular conditions, we evaluated the camouage
effect of the CaP shell to inhibit the interaction between the
Fig. 2 Shelled-DENV is biodegradable to restore viral bioactivity. (A)
The expression of the viral envelope protein was detected by DENV-
specific antibody 2A10G6 at 72 h post infection. (B) The infectivity of
the shelled DENV was examined by a plaque formation assay at 72 h
post infection.

8242 | Chem. Sci., 2017, 8, 8240–8246
anti-DENV antibodies and DENV. The binding affinities
between the shelled DENV and different kinds of antibodies
were examined by indirect enzyme-linked immunosorbent
assays (ELISAs). Expectedly, all serotypes of bare DENV showed
high binding affinities towards the anti-avivirus monoclonal
antibodies, including 4G2 and 2A10G6 26 (Fig. 3B, C and S6†). In
contrast, these antibodies were insufficient to recognize the
shelled DENV as the binding affinities were substantially
reduced (Fig. 3B, C and S6†). In addition, the cross-reactive
polyclonal human anti-sera were also incapable of recognizing
shelled DENV using a native dot-blot assay (Fig. S7†). As
a consequence of insufficient formation of the virus–antibody
complex, the CaP shell signicantly ablated the ligation of
DENV to the Fcg receptor (FcgR) on K562 cells (Fig. S8†). The
CaP shell protected the virus from the antibody recognition and
receptor ligation (Fig. 3A), showing its camouage effect under
extracellular conditions.
Camouaged DENV abrogates ADE infection in vitro

The camouage effect of the resulting CaP shell can eliminate
the ADE of infection (Fig. 4A). DENV or shelled DENV was
opsonized with a serial concentration of a cross-reactive 4G2
antibody to form the virus–antibody complex, which was then
allowed to infect K562 cells bearing FcgR. As a result, the
intracellular viral load in groups of the native DENV was obvi-
ously enhanced by the pre-existing antibody, whilst the shelled
DENV completely ablated the enhancement of viral load (Fig. 4B
and S9†). The CaP shell abrogated the augment of the intra-
cellular DENV at all tested concentrations of antibody due to its
camouage effect against pre-existing antibodies (Fig. 4B and
S9†). This result was further conrmed by evaluating the
extracellular virion production under the same conditions. The
sub-neutralizing pre-existing antibody induced a 30–300 fold
enhancement of the DENV production, whereas the shelled
DENV completely abolished the antibody-enhanced virion
proliferation (Fig. 4C and S9†). This phenomenon indicated
that the supercial CaP directly inhibits the formation of the
Fig. 3 The CaP nanoshell evades antibody recognition. (A) Schematic
illustration showing that CaP camouflage inhibits the antibody
recognition under extracellular conditions. (B) Binding affinity between
4G2 and the virus (DENV or shelled DENV) ranging from 3 to 5 log 10
PFU. (C) Binding affinity between 2A10G6 and the virus (DENV or
shelled DENV) ranging from 3 to 5 log 10 PFU.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 A CaP nanoshell abrogates the ADE of infection in vitro. (A)
Schematic illustration showing that CaP camouflage inhibits antibody
recognition and ablates the FcgR dependent virus infection. (B) DENV
or shelled DENV that was first opsonized with serial dilutions of 4G2
was then incubated with K562 cells. The number of DENV-infected
cells was measured through flow cytometry. (C) Antibody-enhanced
viral production was examined by plaque formation assay. The results
were presented as the fold-increase of virus titer after being opsonized
with the pre-existing 4G2 antibody.
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virus–antibody complex and consequently reduces its ligation
to K562, resulting in the circumvention of the ADE of infection
(Fig. 4A).
Camouaged DENV abrogates ADE of infection in vivo

We next investigated whether the CaP shell benets the abro-
gation of ADE in vivo by using 1 day-old suckling mice. The pre-
existing antibody in mice was obtained through the passive
transfer of cross-reactive 4G2 monoclonal antibodies, which
have been proved to be ADE inductive in mice.27 Twenty-four
hours aer intraperitoneal injection (i.p.) with 4G2 or PBS,
the mice were challenged intracranially (i.c.) with the shelled
DENV or native DENV. The pre-existing antibody signicantly
enhanced the disease severity by decreasing the average survival
time (AST) from 13 days to 10 days as compared with the control
group, representing an enhancement of neurological infection
(Fig. 5A, S10 and Table S1†). In contrast, in the shelled DENV
group, the mice in control group and ADE group both showed
identical AST, verifying that the pre-existing antibody failed to
enhance the infection of shelled DENV (Fig. 5B, S10 and Table
S1†). Additionally, the shelled DENV recipient induced no extra
incidence of death as evidenced by the survival rate, ensuring
the safety of the CaP nanoshell (Table S1†). These ndings
Fig. 5 A CaP nanoshell abrogates the ADE of infection in vivo. (A) The
in vivo ADE model revealed that pre-existing 4G2 enhanced DENV
infection in mice brains. (B) Shelled DENV abrogated antibody-
enhanced DENV infection in vivo. Kaplan–Meier survival curves
showed the percentage of mice surviving after intracranial infection
with DENV or shelled DENV. The differences in survival between the
PBS and 4G2 groups were analysed using the log-rank test.

This journal is © The Royal Society of Chemistry 2017
demonstrated the feasibility of biomimetic camouage to evade
ADE in vivo.

In our experiment, the ADE of infection manifested
enhanced neurovirulence and reduced the average survival
time, which is in accordance with the previous report.28

However, CaP camouage blocked the antibody binding and
thereby reduced the FcgR-mediated infection in mice brains,
resulting in the elimination of early death. Similar strategies
from previous observations suggested that the interference with
the interplay between DENV and the antibody was capable of
abrogating in vivo ADE.27

Camouaged vaccine ablates ADE of infection and preserves
immunogenicity

ADE of infection has been regarded as one of the biggest chal-
lenges in DENV vaccine development. We postulate that such
a switchable camouage would be promising for DENV vaccine
engineering. As is well known, ADE occurs when there is co-
incidence of sub-neutralizing antibodies and DENV, in spite
of a virulent DENV or an attenuated DENV vaccine.10,29 Thus, the
administration of a live attenuated DENV vaccine to individuals,
who have a waning antibody response due to a previous DENV
infection or vaccination, may place the vaccine recipients at risk
of enhanced infection.28 To improve the safety of the DENV
vaccine, recommendations have beenmade to restrict the use of
the vaccine to those who are not likely to have had prior expo-
sure to DENV.30 We hereby examine the possibility of CaP
camouage to evade the ADE of ChinDENV2 infection, a well-
characterized live-attenuated chimeric dengue vaccine candi-
date.31 As shown, the presence of anti-sera recovered from
DENV-infected rhesus monkeys promoted the ADE of infection
of the vaccine, even though the vaccine was highly attenuated
Fig. 6 The CaP camouflage abrogates the ADE of infection of the
DENV vaccine and improves vaccine efficacy. (A) The CaP shell
reduced the binding affinity between the vaccine and anti-sera. (B)
Even the attenuated DENV vaccine still faced the ADE of infection in
the presence of anti-sera recovered from DENV4-infected Rhesus
monkeys, indicating a safety issue with DENV vaccine administration
for people with pre-existing antibodies. In contrast, shelled vaccine
ablated the ADE of infection. (C) IgG titers and (D) plaque reduction
neutralization tests were conducted after immunization with the
vaccine or shelled vaccine. (E) ELISPOT assays of IFN-g, IL-2 and IL-6
secretion were performed using the splenocytes from immunized
mice. The data are reported as spot-forming cells (SFC) per 106

splenocytes. The error bars are presented as SDs (Student’s t test, *P <
0.05 and **P < 0.01).
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(Fig. 6B). This result highlighted a potential safety issue with the
DENV vaccine. In contrast, the CaP camouaged vaccine
restricted the recognition of antibodies, resulting in the effi-
cient evasion of the ADE of infection (Fig. 6A and B). Further-
more, to examine the inuence of the CaP shell on vaccine
efficacy, the mice were injected subcutaneously with the shelled
vaccine. As expected, the administration of the shelled vaccine
demonstrated enhanced DENV2-specic IgG responses (Fig. 6C)
and DENV2-specic neutralizing activities (Fig. 6D). The
cytokine-secreting cellular immune responses were also
increased compared with those of the native vaccine (Fig. 6E).
Moreover, sera collected from vaccine and shelled-vaccine
administrated mice did not contribute to ADE induction
(Fig. S11†). These ndings revealed that the stealth CaP shell
not only avoids the ADE of infection but also enhances the
efficacy of the vaccine. To test if the CaP nanoshell can inuence
the adaptive immune responses of the vaccine, we evaluated the
ability of CaP nanoparticles to stimulate the cytokine secretion
of antigen presenting cells. The RAW264.7 cell line, a macro-
phage derived cell belonging to antigen presenting cells, is
incubated with PBS or pure CaP nanoparticles for 1 hour. Aer
stimulation, CaP enhances the secretion of cytokine TNF-a as
compared with the control, indicating that CaP can enhance the
activation of immune cells. Therefore, the CaP shell could
interact with the immune cells and stimulate the immune
process (Fig. S12†). Together, these results veried the
improved safety and potency for vaccine administration.

The balance between the induction of protective immunity
and the induction of ADE should be of serious consideration in
DENV vaccine development. The attenuated vaccine is the only
optimal strategy that could be effective and relatively safe. On
one hand, the progeny attenuated vaccine would not have the
opportunity to encounter antibodies induced by themselves,
because the live attenuated vaccine only replicates in limited
cycles in cells and is rapidly cleared by the immune system.31 On
the other hand, when vaccinated people are subsequently
exposed to epidemic DENV, the chance of ADE induction is
dependent on the efficacy of vaccine. Either neutralization or
enhanced virus infection is determined by the threshold
concentration of dengue antibodies. When the antibody
concentration remains above the neutralization threshold, it
will lead to a strong neutralization capability but not ADE
infection (Fig. S9B†). Previous reports have demonstrated that
the antibodies with strong and long-lasting neutralization
capability can minimize the risk of the ADE of infection.32

However, scientists are still facing hurdles to developing
effective vaccines that can safely protect populations due to the
poor understanding of DENV immunity.33 Even the most
successful vaccine, Dengvaxia (Sano Pasteur), still elicits an
incomplete immune response to DENV that contributes to the
immune enhancement of disease in certain populations.11–13

The question of whether the dengue vaccine could be safely
administered to pre-infected individuals remains unresolved.
The development of methods to mask epitopes that may evade
“unwanted” interactions is proposed in the development of
a respiratory syncytial virus (RSV) vaccine, which also faces the
problem of ADE of infection.34 But the challenge is to apply the
8244 | Chem. Sci., 2017, 8, 8240–8246
masking strategy to solve the dengue vaccine conundrum. We
for the rst time propose the use of chemistry based engi-
neering to evade the “unwanted” interactions, by introducing
bioinspired and biodegradeable CaP nano camouage on virus
surfaces. The tunable characteristics of CaP nanoshells can
cover the virus epitope and preserve its activity and immuno-
genicity. The camouage strategy is a proof-of-concept that
improves the safety of vaccinations in individuals with pre-
existing or waning antibodies.
Experimental section
Virus-templated biomineralization

Four serotypes of DENV nanoparticles and ChinDENV2 (diluted
to 106 PFU per mL) in 500 mL of serum-free DMEM buffer were
incubated with 10 mM calcium chloride (CaCl2) at 37 �C for 2 h
to induce the site-specic nucleation of calcium phosphate
(CaP) on the viral surface. The complex designated as shelled
DENV was collected by centrifugation at 8000 g.
Physiochemical characterization

The morphology of shelled DENV nanoparticles was investi-
gated using TEM (JEM-1400, JEOL, Tokyo, Japan) with or
without staining. Briey, the shelled DENV was drop-cast from
dispersions onto carbon-coated TEM grids and the solvent was
blown away to keep it dry. For negative staining, native virus and
shelled DENV were cast onto a carbon-coated TEM grid and
stained with phosphotungstic acid before observation. Energy-
dispersive X-ray spectroscopy (EDS) analysis of shelled DENV
and the CaP control were conducted using TEM.
Biological characterization

Expression of the viral envelope (E) protein was explored by
indirect immunouorescence assays (IFAs). The conuent BHK-
21 cells grown on a glass slide were infected with viruses at
a multiplicity of infection (MOI) of 0.01. At 72 h post infection,
cells seeded on the coverslip were xed with an ice-cold acetone/
methanol mixture with a ratio of 7 to 3. Aer drying at room
temperature, xed cells were incubated with cross-reactive
monoclonal antibody 2A10G6 to detect the DENV E protein.
Cells were washed three times with phosphate-buffered saline
(PBS) and then incubated with secondary antibodies conjugated
to Alexa Fluor 488 (Invitrogen) in PBS for 30 min at 37 �C.
Fluorescent cells were examined using a uorescence micro-
scope (Olympus).

For the plaque formation assay, BHK-21 cells were used to
determine infectivity and viral titer. The samples were incu-
bated with conuent cells in the 12-well plate. The virus con-
taining suspensions were absorbed for 1 h and the cell
monolayer was overlaid with DMEM containing 2% FBS and low
melting temperature agarose. The cells were incubated for 3
days and overlaid with 4% formalin and crystal violet. The
plaques were counted to calculate the number of PFU per mL.
This journal is © The Royal Society of Chemistry 2017
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In vitro ADE assay

The ADE assay was performed using K562 cells. Briey, for the
detection of antibody dependent enhancement of DENV infec-
tion, DENV or shelled DENV was rst pre-incubated with 10-fold
serial dilutions of 4G2 under concentrations ranging from 50 to
0.005 mg at 37 �C in 5% CO2, allowing the formation of the
immune complex. The obtained complex was placed into
separated tubes further inoculated with 2 � 105 K562 cells at
a MOI of 1 for 2 h. Then the inoculated cells were washed 3
times with serum free DMEM to remove excess and unbound
immune complexes. The K562 cells were subsequently re-
suspended with 2% maintenance DMEM and cultured for an
additional 72 h.

We next used a ow cytometry assay to detect the intracel-
lular expression of the DENV E protein. The K562 cells were
washed once with PBS and subsequently xed in 2% para-
formaldehyde for 15 minutes at room temperature. Cells were
then rinsed with a PBS buffer containing 1% FBS to remove
residual x solution. For staining, cells were permeabilized with
0.1% saponin (Sigma Aldrich) and stained with an Alexa-488-
conjugated (Invitrogen) 4G2 that probed the DENV E protein.
The cells were washed twice, and the number of E-protein
positive cells was monitored by a ow cytometry instrument
(BD Biosciences). The results are expressed as percentage of
infected cells versus antibody concentration. In a viral yields
assay, the inoculated suspension from K562 cells in the ADE
assay were collected and then used to conduct a plaque assay on
BHK-21 cells.

For the indirect enzyme-linked immunosorbent assays (see
ESI†), the DENV-positive human sera were obtained and
provided by Guangzhou 8th People’s Hospital. The use of
DENV-positive sera was approved by the Ethics Review
Committee of Guangzhou 8th People’s Hospital (GPH).
In vivo ADE assessments

All experimental procedures involving animal testing were
performed in compliance with the guidelines and protocols
approved by the Institutional Animal Care and Use Committee
at Beijing Institute of Microbiology and Epidemiology.

The in vivo ADE model was established using sucking mice.
The enhancement of neurovirulence was observed by the
measurement of survival time in the absence or in the presence
of 4G2. Groups of 1 day-old sucking mice were injected intra-
peritoneally with 4G2 or PBS in a dosage of 1 mg per mouse one
day before infection. Then, 24 hours aer passive injection of
antibody, DENV3 was administrated with 20 PFU via an intra-
cranial route (i.c.). Animals found in amoribund condition were
euthanized and scored as dead within 3 weeks of monitoring.
Average survival times (AST) were calculated for animals that
succumbed to infection.
Immunization with shelled vaccines

Immunogenicity was assessed by subcutaneous (s.c.) inocula-
tion with 105 PFU of the ChinDENV2 vaccine or shelled Chin-
DENV2 into 4 week-old female BALB/c mice. The mice were bled
This journal is © The Royal Society of Chemistry 2017
by tail veins aer 2 weeks post-immunization. The sera were
isolated for the determination of IgG antibodies by an ELISA
assay. The neutralizing antibodies against a wild type strain of
DENV2 were detected by a 50% plaque-reduction neutralization
test (PRNT50). Splenocytes were isolated from the immunized
mice at 2 weeks post-immunization and subjected to enzyme-
linked immunospot assay.

Conclusions

We have developed a biomimetic strategy to modify DENV
nanoparticles with a CaP camouage, which is benecial as it
precludes the recognition of different types of pre-existing
antibodies, verifying the stealth effect of CaP nanoshells. Both
in vitro and in vivo results have demonstrated that the switch-
able nature of the CaP shell abrogates the ADE of infection
under extracellular conditions and ensures the intracellular
immunogenicity, presenting improved administration safety
and efficacy. Our results indicate biomimetic, biomineral
engineered viruses would be benecial to reduce the risk of
enhanced infection in recipients with a prevalence of sub-
neutralizing anti-DENV antibodies, providing a translational
camouage tactic to confer immune evasion and enhance the
vaccine potency by using chemical materials.

Conflicts of interest

The authors declare there is no conicts of interest regarding
the publication of this paper.

Acknowledgements

This work was supported by the National Key Research and
Development Project of China (No. 2016YFD0500304), the
National Natural Science Foundation of China (81661148054,
No. 81661130162, No. 21625105 and No. 21571155), the Zhe-
jiang Provincial Natural Science Foundation of China
(LY17B010001) and the Fundamental Research Funds for
Central Universities of China (2016QN81020). CFQ was sup-
ported by the National Excellent Young Scientist Foundation of
NSFC (No. 81522025), the Innovative Research Group (No.
81621005) and the Newton Advanced Fellowship from the UK
Academy of Medical Sciences, UK (NAF003\1003).

Notes and references

1 S. M. Moghimi, A. C. Hunter and J. C. Murray, Pharmacol.
Rev., 2001, 53, 283–318.

2 C. D. Walkey, J. B. Olsen, H. Guo, A. Emili and
W. C. W. Chan, J. Am. Chem. Soc., 2012, 134, 2139–2147.

3 J. L. Zakrzewski, M. R. M. van den Brink and J. A. Hubbell,
Nat. Biotechnol., 2014, 32, 786–794.

4 A. Egesten, I.-M. Frick, M. Mörgelin, A. I. Olin and L. Björck,
J. Biol. Chem., 2011, 286, 2469–2476.

5 C.-M. J. Hu, R. H. Fang, K.-C. Wang, B. T. Luk,
S. Thamphiwatana, D. Dehaini, P. Nguyen, P. Angsantikul,
C. H. Wen, A. V. Kroll, C. Carpenter, M. Ramesh, V. Qu,
Chem. Sci., 2017, 8, 8240–8246 | 8245

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7sc03868b


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 1
1:

25
:1

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
S. H. Patel, J. Zhu, W. Shi, F. M. Hofman, T. C. Chen, W. Gao,
K. Zhang, S. Chien and L. Zhang, Nature, 2015, 526, 118–121.

6 C.-M. J. Hu, R. H. Fang, B. T. Luk and L. Zhang, Nat.
Nanotechnol., 2013, 8, 933–938.

7 A. S. Pitek, S. A. Jameson, F. A. Veliz, S. Shukla and
N. F. Steinmetz, Biomaterials, 2016, 89, 89–97.

8 Z. Liu, X. Xu and R. Tang, Adv. Funct. Mater., 2016, 26, 1862–
1880.

9 W. Dejnirattisai, A. Jumnainsong, N. Onsirisakul, P. Fitton,
S. Vasanawathana, W. Limpitikul, C. Puttikhunt,
C. Edwards, T. Duangchinda, S. Supasa, K. Chawansuntati,
P. Malasit, J. Mongkolsapaya and G. Screaton, Science,
2010, 328, 745–748.

10 B. R. Murphy and S. S. Whitehead, Annu. Rev. Immunol.,
2011, 29, 587–619.

11 S. B. Halstead and P. K. Russell, Vaccine, 2016, 34, 1643–
1647.

12 N. M. Ferguson, Z. M. Cucunuba, I. Dorigatti, G. L. Nedjati-
Gilani, C. A. Donnelly, M. G. Basanez, P. Nouvellet and
J. Lessler, Science, 2016, 353, 353–354.

13 S. R. Hadinegoro, J. L. Arredondo-Garcia, M. R. Capeding,
C. Deseda, T. Chotpitayasunondh, R. Dietze,
H. I. Muhammad Ismail, H. Reynales, K. Limkittikul,
D. M. Rivera-Medina, H. N. Tran, A. Bouckenooghe,
D. Chansinghakul, M. Cortes, K. Fanouillere, R. Forrat,
C. Frago, S. Gailhardou, N. Jackson, F. Noriega,
E. Plennevaux, T. A. Wartel, B. Zambrano, M. Saville and
C.-T. D. V. W. Group, N. Engl. J. Med., 2015, 373, 1195–1206.

14 K. R. Chan, S. L. Zhang, H. C. Tan, Y. K. Chan, A. Chow,
A. P. Lim, S. G. Vasudevan, B. J. Hanson and E. E. Ooi,
Proc. Natl. Acad. Sci. U. S. A., 2011, 108, 12479–12484.

15 T. C. Pierson, D. H. Fremont, R. J. Kuhn and M. S. Diamond,
Cell Host Microbe, 2008, 4, 229–238.

16 A. P. Goncalvez, R. E. Engle, M. St Claire, R. H. Purcell and
C. J. Lai, Proc. Natl. Acad. Sci. U. S. A., 2007, 104, 9422–9427.

17 S. M. Lok, V. Kostyuchenko, G. E. Nybakken, H. A. Holdaway,
A. J. Battisti, S. Sukupolvi-Petty, D. Sedlak, D. H. Fremont,
P. R. Chipman, J. T. Roehrig, M. S. Diamond, R. J. Kuhn
and M. G. Rossmann, Nat. Struct. Mol. Biol., 2008, 15, 312–
317.

18 J. J. Powell, E. Thomas-McKay, V. Thoree, J. Robertson,
R. E. Hewitt, J. N. Skepper, A. Brown, J. C. Hernandez-
Garrido, P. A. Midgley, I. Gomez-Morilla, G. W. Grime,
K. J. Kirkby, N. A. Mabbott, D. S. Donaldson,
I. R. Williams, D. Rios, S. E. Girardin, C. T. Haas,
8246 | Chem. Sci., 2017, 8, 8240–8246
F. A. BruggraberSylvaine, J. D. Laman, Y. Tanriver,
G. Lombardi, R. Lechler, P. H. ThompsonRichard and
L. C. Pele, Nat. Nanotechnol., 2015, 10, 361–369.

19 X. Wang, Y. Deng, S. Li, G. Wang, E. Qin, X. Xu, R. Tang and
C. Qin, Adv. Healthcare Mater., 2012, 1, 443–449.

20 X. Wang, C. Sun, P. Li, T. Wu, H. Zhou, D. Yang, Y. Liu,
X. Ma, Z. Song, Q. Nian, L. Feng, C. Qin, L. Chen and
R. Tang, Adv. Mater., 2016, 28, 694–700.

21 X. Wang, D. Yang, S. Li, X. Xu, C.-F. Qin and R. Tang,
Biomaterials, 2016, 106, 286–294.

22 X. Zhang, P. Ge, X. Yu, J. M. Brannan, G. Bi, Q. Zhang,
S. Schein and Z. H. Zhou, Nat. Struct. Mol. Biol., 2013, 20,
105–110.

23 T. Tsuji, K. Onuma, A. Yamamoto, M. Iijima and K. Shiba,
Proc. Natl. Acad. Sci. U. S. A., 2008, 105, 16866–16870.

24 H. T. Schmidt and A. E. Ostan, Adv. Mater., 2002, 14, 532–
535.

25 W. Chen, X. Liu, Y. Xiao, Y. Chen, G. Wang, C. Liu, X. Xu and
R. Tang, Small, 2014, 10, 3644–3649.

26 Y.-Q. Deng, J.-X. Dai, G.-H. Ji, T. Jiang, H.-J. Wang,
H.-o. Yang, W.-L. Tan, R. Liu, M. Yu, B.-X. Ge, Q.-Y. Zhu,
E. D. Qin, Y.-J. Guo and C.-F. Qin, PLoS One, 2011, 6, e16059.

27 S. J. Balsitis, K. L. Williams, R. Lachica, D. Flores, J. L. Kyle,
E. Mehlhop, S. Johnson, M. S. Diamond, P. R. Beatty and
E. Harris, PLoS Pathog., 2010, 6, e1000790.

28 E. A. Gould and A. Buckley, J. Gen. Virol., 1989, 70, 1605–
1608.

29 S. B. Halstead and J. Deen, Lancet, 2002, 360, 1243–1245.
30 S. S. Whitehead and K. Subbarao, Cold Spring Harbor

Perspect. Biol., 2017, DOI: 10.1101/cshperspect.a028811.
31 X. F. Li, Y. Q. Deng, H. Q. Yang, H. Zhao, T. Jiang, X. D. Yu,

S. H. Li, Q. Ye, S. Y. Zhu, H. J. Wang, Y. Zhang, J. Ma, Y. X. Yu,
Z. Y. Liu, Y. H. Li, E. D. Qin, P. Y. Shi and C. F. Qin, J. Virol.,
2013, 87, 13694–13705.

32 M. Beltramello, K. L. Williams, C. P. Simmons, A. Macagno,
L. Simonelli, N. T. H. Quyen, S. Sukupolvi-Petty, E. Navarro-
Sanchez, P. R. Young, A. M. de Silva, F. A. Rey, L. Varani,
S. S. Whitehead, M. S. Diamond, E. Harris, A. Lanzavecchia
and F. Sallusto, Cell Host Microbe, 2010, 8, 271–283.

33 S. B. Halstead, Cold Spring Harbor Perspect. Biol., 2017, DOI:
10.1101/cshperspect.a030700.

34 J. S. McLellan, B. E. Correia, M. Chen, Y. Yang, B. S. Graham,
W. R. Schief and P. D. Kwong, J. Mol. Biol., 2011, 409, 853–
866.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7sc03868b

	Biomimetic inorganic camouflage circumvents antibody-dependent enhancement of infectionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc03868b
	Biomimetic inorganic camouflage circumvents antibody-dependent enhancement of infectionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc03868b
	Biomimetic inorganic camouflage circumvents antibody-dependent enhancement of infectionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc03868b
	Biomimetic inorganic camouflage circumvents antibody-dependent enhancement of infectionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc03868b
	Biomimetic inorganic camouflage circumvents antibody-dependent enhancement of infectionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc03868b
	Biomimetic inorganic camouflage circumvents antibody-dependent enhancement of infectionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc03868b
	Biomimetic inorganic camouflage circumvents antibody-dependent enhancement of infectionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc03868b
	Biomimetic inorganic camouflage circumvents antibody-dependent enhancement of infectionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc03868b
	Biomimetic inorganic camouflage circumvents antibody-dependent enhancement of infectionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc03868b

	Biomimetic inorganic camouflage circumvents antibody-dependent enhancement of infectionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc03868b
	Biomimetic inorganic camouflage circumvents antibody-dependent enhancement of infectionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc03868b
	Biomimetic inorganic camouflage circumvents antibody-dependent enhancement of infectionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc03868b
	Biomimetic inorganic camouflage circumvents antibody-dependent enhancement of infectionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc03868b
	Biomimetic inorganic camouflage circumvents antibody-dependent enhancement of infectionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc03868b
	Biomimetic inorganic camouflage circumvents antibody-dependent enhancement of infectionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc03868b
	Biomimetic inorganic camouflage circumvents antibody-dependent enhancement of infectionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc03868b

	Biomimetic inorganic camouflage circumvents antibody-dependent enhancement of infectionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc03868b
	Biomimetic inorganic camouflage circumvents antibody-dependent enhancement of infectionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc03868b
	Biomimetic inorganic camouflage circumvents antibody-dependent enhancement of infectionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc03868b


