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Nanocarriers (NC) are very promising tools for cancer immunotherapy. Whereas con-
ventional vaccines are based on the administration of an antigen and an adjuvant in an
independent fashion, nanovaccines can facilitate cell-specific co-delivery of antigen and
adjuvant. Furthermore, nanovaccines can be decorated on their surface with molecules
that facilitate target-specific antigen delivery to certain antigen-presenting cell types or
tumor cells. However, the target cell-specific uptake of nanovaccines is highly dependent
on the modifications of the nanocarrier itself. One of these is the formation of a protein
corona around NC after in vivo administration, which may potently affect cell-specific
targeting and uptake of the NC. Understanding the formation and composition of the
protein corona is, therefore, of major importance for the use of nanocarriers in vaccine
approaches. This Mini Review will give a short overview of potential non-specific interac-
tions of NC with body fluids or cell surfaces that need to be considered for the design of
NC vaccines for immunotherapy of cancer.
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INTRODUCTION

Immunotherapy of tumors has hit every day clinical practice in formerly hard-to-treat cancers due
to the introduction of immune checkpoint modulators that block inhibitory, surface expressed mol-
ecules by antibodies (1). However, the use of antibodies against checkpoint inhibitors is not specific
for a tumor antigen, since it reactivates pre-existing tumor immunity rather than priming novel
T cell responses. This may result in insufficient clinical responses and in immune-related side effects
due to unwanted autoimmunity in a substantial number of patients (2). The induction of tumor
antigen-specific immunity remains a major goal of cancer therapy, targeting either overexpressed
proteins or neoantigens that are unique to the individual tumor (3).

Tumor antigen-specific immunotherapy requires the delivery of the antigen—either as peptide,
protein, DNA, or mRNA—to the correct cell type (4). Thus, targeting of antigen-presenting cells
(APC), and concomitant induction of an appropriate APC activation status that enables immu-
nogenic antigen presentation, is crucial for the success of therapeutic vaccination approaches (5).
Nanotechnology holds great promise to transfer a packaged, protected cargo (antigen plus adjuvant)
in high concentrations into the desired cell type by using appropriate nanocarriers (NC) (6). Indeed,

Frontiers in Immunology | www.frontiersin.org 1

August 2018 | Volume 9 | Article 1760


https://www.frontiersin.org/Immunology/
https://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.01760&domain=pdf&date_stamp=2018-08-02
https://www.frontiersin.org/Immunology/archive
https://www.frontiersin.org/Immunology/editorialboard
https://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2018.01760
https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:stephan.grabbe@unimedizin-mainz.de
https://doi.org/10.3389/fimmu.2018.01760
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01760/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01760/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01760/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01760/full
https://loop.frontiersin.org/people/555347
https://loop.frontiersin.org/people/530179
https://loop.frontiersin.org/people/530147
https://loop.frontiersin.org/people/529992
https://loop.frontiersin.org/people/458967

Bros et al.

Protein Corona Affects Nanoparticle Targeting

vaccination studies using NC have demonstrated their great
potential as universal vaccine platforms (7). Numerous strategies
for specific targeting of NC to APC have been pursued, includ-
ing the use of antibodies or their derivatives, natural ligands for
receptors on the APC surface, aptamers, cystine knot proteins, or
by modifying biophysical characteristics of the NC such as size
and surface charge.

However, appropriate targeting of systemically applied NC to
APC can be affected by unintended interactions of the NC surface
with components of blood plasma (8) and/or with cell surface
structures (9) that are unrelated to the specific targeting structure.
The “protein corona” around NC may affect their organ-specific
or cell type-specific trafficking as well as endocytosis and/or func-
tional properties of the NC (10). Most importantly, the protein
corona has been shown to interfere with targeting moieties used
to induce receptor-mediated uptake of the NC, both inhibiting
(11) and enhancing (12) internalization by specific cell types.
Moreover, the protein corona is taken up by the target cell, which

may alter their function. In this review, we will address various
properties of the NC cargo and of the protein corona for targeted
delivery of nanovaccines (Figure 1; Table S1 in Supplementary
Material).

NANOVACCINES

Conventional vaccines that include a tumor antigen and an adju-
vant do not specifically address specific types of APC. In addition,
both components may dissociate and cause unwanted side effects.
On the one hand, uptake of an antigen in the absence of an adju-
vant by endocytic/phagocytic APC, but also by tumor-promoted
myeloid-derived suppressor cells and tumor-associated mac-
rophages (13) may cause tumor immune tolerance. On the other
hand, stimulation of APC by an adjuvant alone may promote
autoimmune reactions (14).

In general, nanovaccines can facilitate co-delivery of antigen
and adjuvant. Earlier studies have shown that the stimulatory
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FIGURE 1 | The functional design of NC and their protein interactions determine the character of cellular binding. Functional design: antibodies specific for receptors
expressed by the target cell type are supposed to mediate cell type-specific targeting. In case of non-directed conjugation, the exposed Fc portion may result

in binding to Fc receptor expressing cells. The adjuvant itself may mediate receptor specific binding as reported for toll-like receptor 9-activating CpG-rich
oligonucleotides which target CD205 in vivo. Under standard culture conditions in vitro, however, oligonucleotides engage class A scavenger receptors (SR).

The antigen may exert receptor-specific targeting, e.g., when mannosylated or in case of using a protein which constitutes a genuine receptor ligand. Protein
interactions: recognition of the NC surface by components of the innate immune system like natural antibodies may yield Fc receptor binding and classical
complement pathway activation. Direct recognition of the NC surface may trigger lectin-dependent/alternative complement pathways. Surface-deposited active
C38 and C4 fragments mediate binding of complement receptors. Moreover, parameters of the NC surface like charge and hydrophobic/hydrophilic state determine
the composition of the protein corona as well which in turn regulate subsequent cellular binding: albumin when adsorbed onto the NC surface in a denatured state
enhances NC binding to SR. NC-adsorbed ApoH also elevates cellular binding. In contrast to these “opsonins” other factors like ApoA4, and (native) albumin as
well as the “don’t eat me” signal protein CD47 and proteins found accumulated in the protein corona of PEGylated NC (e.g., clusterin) serve to reduce cellular
interactions, and therefore were termed dysopsonins. The role of nanocarrier functionalizations and protein corona constituents for cellular binding is explained

in more detail in Table S1 in Supplementary Material.
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activity of a given adjuvant was enhanced when applied as a par-
ticulate formulation (15). For example, CpG-rich oligonucleo-
tides, which engage endo/lysosomal Toll-like receptor 9 (TLR9)
and are employed in clinical trials to boost anti-tumor responses
(16), on an equimolar base exerted much stronger APC stimula-
tion when coupled to a NC (15). Moreover, more recently small
molecular TLR7/8 imidazoquinoline agonists were shown to be
effective vaccine adjuvants when coupled to nanogels that drain
lymph nodes, whereas they failed to trigger an immune response
against co-injected antigen when applied in soluble form (17, 18).

For a number of nanovaccines containing antigen plus adju-
vant, endocytic uptake by myeloid immune cell types has
been reported, termed “passive targeting” (19). However, to
prevent competitive uptake by unwanted phagocytically active
myeloid cells (20), a specific targeting of APC which is capable
to induce a (primary) anti-tumor response is essential. In this
regard, dendritic cells (DC) are in the focus of nanovaccine
development (21) since they are potently capable of priming
naive T cells (22). Most DC subpopulations present exogenous
antigens rather exclusively via MHC-II. In order to obtain a
profound antigen-specific CD8" T cell response to directly kill
malignant (or infected) cells, current approaches aim to target
cross-presenting DC subpopulations (23, 24) which in mouse
express surface receptors like CD205 (25), CLEC9a, and XCR1
at high levels (26). To this end, natural ligands of these surface
receptors including mannose (27) and XCL1 (28) were success-
fully tested for DC targeting. As an alternative, receptor-targeting
antibodies have been used (25, 29).

The surface marker which is used to target specific cell popu-
lations can also trigger uptake and may determine the intracel-
lular route and ultimately the effectiveness of immune activation
(30, 31). For example, using CD205 as a targeted surface marker
seems to be favorable (32) as it enhances cross-presentation on
MHC-I but also has a high amount of antigen peptides presented
on MHC-II (25). We could recently show that a nanocarrier
which co-delivered the model antigen ovalbumin (OVA) as
well as an adjuvant (CpG-rich oligo) and was further decorated
with a CD205-targeting antibody, yielded profound therapeutic
activity in a mouse B16-OVA tumor model (12). In contrast,
treatment of tumor-burdened mice with a nanovaccine formula-
tion that lacked the DC-targeting antibody had no therapeutic
effect. Interestingly, CD205-targeted delivery does not always
accumulate antigens to DC when compared to mannose targeting
(33). Thus, intracellular processing is as important as the vaccine
dose that is taken up. The speed of internalization has also been
suggested to play a role as in some studies slower internalization
may favor better the preservation of MHC-I epitopes (33). It has
been hypothesized that early endosomes that are involved in
slow uptake processes have a lower concentration of proteases
and thus avoidance of late endosomes seems to be favorable in
this context. Certainly, lysosomal degradation occurs later with
slower transport processes and the amount of peptides not totally
degraded should be higher if the transport toward the lysosome
is reduced. Other interesting and promising surface targets are
CDA0, Clec9a, and Clec12a since they have been shown to change
intracellular trafficking (24). What we lack at this stage is a well-
coordinated comparative study demonstrating the effectiveness

of these different targeting vaccines in one animal model as most
studies only imply none versus targeted antigens or compare two
targeting pathways.

Altogether, these findings support the rationale to design mul-
tifunctional nanovaccines. However, we and others also observed
that the largest fraction of systemically applied nanovaccine
accumulated in the liver, irrespective of its formulation (34),
which suggests general involvement of yet unknown factors that
interfere with cell type-specific targeting.

THE PROTEIN CORONA AROUND NC AS
A CONFOUNDING VARIABLE FOR
EFFECTIVE VACCINE DELIVERY

Despite their many advantages, NC are complex molecules that
may interact with serum proteins and other components of body
fluids in an unexpected manner, which may significantly alter
their efficacy as vaccine carriers. One of these non-intended
interactions is the spontaneous (ir-)reversible deposition of pro-
teins onto the NC surface in complex fluids, which is modified
by multiple parameters, either related to the NC source or the
composition of the protein environment. Some basic principles
of this process were elucidated by mimicking in vivo NC protein
interactions via in vitro incubation with biological fluids (35).
However, additional physiologically relevant factors (e.g., stabil-
ity and dynamics of protein coronae under shear stress during
passage through the blood) are still poorly understood (36).
Nevertheless, some relevant determinants of protein corona
formation around NC have been defined and verified in murine
models in vivo.

Physico-Chemical Properties and Surface
Functionalization of NC as Determinants

of Protein Corona Formation

Hydrophilic Versus Hydrophobic Surfaces

Due to their large surface areas in relation to their volume,
nano-sized materials are highly affected by surface interactions
with body fluids such as plasma or lymph (37). The chemical
composition of the NC at the surface enables protein binding
through hydrogen bonds, hydrophobic interactions, electrostatic
interactions, and n-n stacking (38). Therefore, NC surface chem-
istry needs to be optimized to prevent particle aggregation under
biologically relevant conditions. For instance, Lundqvist et al.
compared plain polystyrene NC with surface carboxy- or amine-
modified ones and identified both proteins that were common
on all types of NC as well as some that were specifically enriched
on each of the surfaces (39). In general, hydrophobic particles
including non-functionalized polystyrene NC are not well-dis-
persible and stable in water or even protein-rich solutions over
time, as they require surface active agents (surfactants) to reduce
the large surface tension between the two phases (40). Usually,
these surfactants are small molecular detergents or amphiphilic
(co-)polymers that stabilize the interface molecularly. However,
proteins which usually provide a hydrophilic surface and a hydro-
phobic core can also partially expose some of their hydrophobic
residues which might compete with the surfactants and replace
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them irreversibly. Therefore, a well-defined and stable interface
with immobilized surfactants on a hydrophobic carrier surface
would be advantageous to prevent NC protein aggregation (41).
On the other hand, hydrophobicity can also be utilized to
control protein adsorption on the nano-bio-interface specifi-
cally, as demonstrated by Zhang et al. who covalently deposited
(co-)polymers of varying amphiphilicity on gold NC and
observed a variation in protein adsorption affording tailored
cellular NC uptake (42).

Surface Charge

Besides hydrophobic interactions, proteins can undergo also
charge-driven binding to the NC interface (as most protein
surfaces are composed of charged amino acids) (43). Albumin as
one of the most abundant proteins in blood plasma has a slightly
negative net charge (44) and, therefore, instantaneously interacts
with positively charged NC (8, 45). For instance, multi-angle
dynamic light scattering in human blood plasma was applied as
a highly sensitive method to monitor the binding of albumin on
cationic nanohydrogel particles (46). Deposition of albumin onto
nanogels was prevented by loading the nanogels with negatively
charged siRNA oligonucleotides for RNA interference therapy
and, thus, neutralizing the net charge of the nanogels and enhanc-
ing their circulation properties in the blood stream.

Yet, charge-neutral polymers can still adsorb proteins and
influence the carriers’ in vivo performance. As an example, iron
oxide NC coated with dextran yielded deposition of activated
complement C3 and triggered complement receptors (CR)1/2-
mediated B cell targeting which was further exploited for the
treatment of allergic immune responses (12).

PEGylation of NC

To minimize protein interaction with polymer coatings and
biomaterials, Whitesides and co-workers investigated different
chemical structures on self-assembled monolayer interfaces
and identified four basic principles [so-called “four Whiteside’s
rules”] (47) that efficiently suppress protein adsorption (48, 49):
(1) hydrophilicity, (2) no charges, (3) no hydrogen bond donors,
and (4) only hydrogen bond acceptors. All these characteristics
are fulfilled by poly(ethylene glycol) (PEG), one of the most
frequently used polymer NC coatings to minimize—but not
always completely abolish (see Composition of the Biological
Fluids as Determinants of the NC Protein Corona)—protein
adsorption but guaranteeing a stealth-like behavior for
enhanced circulation properties after systemic administra-
tion (50-52). To that respect, we have recently shown that for
PEGylated polystyrene NC the stealth effect is not due to the
avoidance of protein adsorption, but rather the adsorption of
specific proteins like clusterin or apolipoprotein A4 (ApoA4)
(53). Still, the degree of PEGylation on the nano-biointerface
as well as PEG density can modify the protein corona and its
NC performance under biological conditions. For instance,
Kataoka and co-workers recently showed that tethered PEG
density with highly squeezed PEG chains on the interface of
pDNA-polyplexes assured higher circulation properties to
improve pDNA delivery (54, 55). For site-specific targeting
of NC with ligands to manage selective interaction with the

ligand-corresponding receptor, PEGylation is often the only
way to reduce additional uncontrolled protein corona forma-
tion, which would counteract with the targeting groups (56).
However, in some cases too dense PEGylation can also entrap
a targeting ligand inside the PEG interface and suppress its
interaction with its target receptor (57). Yet, in these cases PEG
backfilling with shorter PEG chains can help to both reduce
massive protein corona formation as well as assuring ligand
accessibility to their receptors (58). While a better understand-
ing of the PEGylation process on the NC surface has become
increasingly evident, controversial concern of use of PEG for
biomedical purposes (59) has motivated the development of
alternative stealth-like polymers (60) which might result in
a better controllable protein corona formation on NC after
administration into a biologically relevant environment.

Endotoxin Contamination

The formation of a NC protein corona was found to be further
modulated by prior adsorption of the Gram-negative bacteria cell
wall component lipopolysaccharide (LPS) (61). LPS is a frequent
contaminant of proteins used for nanovaccine generation (e.g.,
antigen and targeting antibody), and of non-sterile lab environ-
ments. LPS was reported to bind various types of NC both via
charge-driven interactions (negatively charged phosphate head
groups interact with cationic nanoparticles) and by hydropho-
bic interactions (LPS lipid regions interact with hydrophobic
domains on the nanoparticle) (62). LPS-contaminated NC stimu-
lated inflammatory responses by co-incubated toll-like receptor
4-expressing immune cells (61). These observations underscore
the absolute requirement to test NC for endotoxin contamina-
tions prior to functional testing.

Composition of the Biological Fluids as

Determinants of the NC Protein Corona
Besides the physicochemical properties of the NC, the composi-
tion of the biological fluid it is immersed into is another relevant
factor in the formation of the protein corona (63). In terms of
in vitro studies, fetal bovine serum, human plasma, or serum are
mainly utilized in order to investigate protein-NC interactions
and their functional effect on the cellular level (64). The differ-
ence between serum and plasma is highly significant in terms
of corona composition and ultimately affects the interaction of
coated NC with immune cells (65). This difference is caused by
the preparation procedure as blood is either naturally coagulated
(serum) or supplemented with an anti-coagulant (plasma). Here,
it has to be noted that also the choice of the anti-coagulant being
either citrate, heparin, or EDTA additionally influences corona
formation (63) and cellular outcome (66).

Bringing NC from pre-clinical studies toward the clinical
application bears additional challenges. Differences in the corona
composition between mice and humans (67) as well as inter-
individual variations in plasma protein composition, including
dietary factors that affect, e.g., serum lipoprotein composition
(“personalized protein corona”) have been recognized (68).
On top of this, several reports could show that in vitro studies
cannot fully reflect the situation in vivo (69, 70). The interaction
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of NC in blood flow is highly dynamic, may be altered by shear
stress and hereby strongly alter the composition of the protein
corona pattern (71). Based on this, a better understanding of the
in vivo protein corona formation and composition is still under
investigation and is needed to eventually tune the NC properties
for targeted cellular interaction.

CELLULAR RECEPTORS FOR NC
CORONA PROTEINS

The plasma protein corona around NC can significantly alter their
biological behavior in vivo (9) and also affect specific targeting
moieties that are being used to target NC to specific organs or
cell types (11). In many cases, the protein corona may impair the
targeting structure on the NC from binding to its receptor on the
target cell. This may indeed occur much more frequently than
reported, since unsuccessful attempts for targeted delivery of NC
are typically not published. In some cases, however, NC corona
proteins may also enhance binding of the NC to target cells which
bear receptors that recognize specific NC corona proteins (12).
As outlined below, among the receptors that bind NC surface
molecules in a non-specific manner are CRs, scavenger recep-
tors (SR), immunoglobulin receptors, and lipoprotein receptors.
Although not formally shown yet, other phagocytic receptors
(72) may also be involved in NC recognition by leukocytes and
endothelial cells.

Fc Receptors

Fc receptors bind immunoglobulins via their constant (Fc)
region (73). There are specific receptors for IgG (FcyRI [CD64]),
(FcyRIIA [CD32]), (FcyRIIB [CD32]), (FcyRIIIA [CD16a)),
(FcyRIIIB [CD16b]), IgA (FcaRI [CD89]), and IgE (FceRI and
FceRII [CD23]). These receptors bind immunoglobulins with
differential affinity and also modify the functional state of the
receptor-bearing cell. Especially for Fcy receptors, different
biological functions of various receptors are known, ranging
from antibody-dependent cell-mediated cytotoxicity (73), to
phagocytosis, and cell activation (74), or inhibition of cell activity
(75). Receptor-specific antibodies are commonly used to enable
targeting of NC. They are typically coupled to the NC surface in
a non-oriented form (73). Thus, it is often arbitrary whether the
antigen-binding Fab or the Fc portion of the molecule is exposed
to the outer surface of the NG, resulting in potential binding of
the antibody-coated NC to FcR carrying cells in vivo (mostly
macrophages and liver endothelial cells) (73). Likewise, immu-
noglobulins derived from plasma may also bind to NC, either
in an epitope-specific form (thus “opsonizing” the NC) or via
non-specific adsorption (76). It is tempting to speculate that this
non-epitope-specific binding of antibody-coated NC may inter-
fere with any intended specific targeting of the NC via, e.g., the
antigen-binding epitope of an NC-coupled antibody. In contrast,
immunoglobulin binding to PLGA nanocarriers has also been
demonstrated to inhibit non-specific interaction with endothelial
cells in human blood flow (77). For clinical applications, it will
be imperative to overcome uncontrolled FcR-mediated effects of
antibody-targeted NC by using either antibodies coupled via the

Fc part to the NC to prevent its unintended binding to the FcR
(78) or antibody derivatives that lack the Fc portion (79).

Complement Receptors

Complement receptors (CR) are expressed mainly by leu-
kocytes and bind bacteria and other structures opsonized by
complement factors as a consequence of classical, alternative, or
lectin-mediated complement pathway activation (73). Opsonized
material is recognized by CR 1-4. CR1 (CD35), CR3 (CD11b/
CD18), and 4 (CD11¢/CD18) which mediate phagocytosis by
mononuclear cells, whereas CR2 (CD21) is present only on B cells
and serves as a co-receptor (80, 81). All types of NC investigated
by us that carry glyco-structures on their surface (e.g., dextran
and starch) avidly bound and activated the lectin-dependent
complement pathway, whereas inorganic NC generally failed to
do so (12). Ligation of C3-coated NC by CR2 resulted in efficient
binding of iron oxide-dextran NC by murine B cells, resulting
in specific targeting of these NC to B cells in vivo (12). C3/CR2-
mediated B cell engagement of the NC significantly surpassed
antibody-mediated targeting, as NC that were additionally coated
with an anti-CD205 antibody that is recognized by DC still bound
much more abundantly to B cells than to DC in vivo. Thus, plasma
protein corona components may re-direct NC to certain cell types
in vivo. This effect can be exploited in an immunotherapeutic
fashion, as dextran-iron oxide NC that contained an antigen
plus CpG as an adjuvant could be used to efficiently treat B cell-
mediated hypersensitivity reactions such as allergic asthma and
anaphylaxis.

Scavenger Receptors

Scavenger receptors serve to endocytose diverse polyanionic
ligands including modified endogenous (lipo)proteins like oxi-
dized low-density lipoprotein, but also pathogen-derived molecu-
lar patterns and endogenous misfolded proteins (82). Low-density
lipoproteins are regularly identified in the protein corona of dif-
ferent nanoparticles (53, 83). Due to their interaction with different
toll-like receptors, and their association with intracellular signaling
complexes like mitogen-activated protein kinases, SR engagement
was shown to alter the cellular activation state of DC (84) and mac-
rophages (85). Class A SR (SR-A) that contain a collagen domain
were shown to bind negatively charged surfaces on dextran NC
(86), polystyrene NC (87), silica NC (88), and superparamagnetic
iron oxide NC (89) under standard culture conditions in vitro, i.e.,
at low serum concentration and in the absence of complement and
immunoglobulin (53, 83).

Due to the compensatory capacity of single SR-A, binding of
NC to this class of receptors is validated most often in blocking
studies using fucoidan, Poly(I), and dextran sulfate as competitive
high affinity SR-A ligands (90). In this regard, dextran sulfate-
based NC were shown to retain their SR-A binding affinity also
in vivo, and were used to target activated macrophages in a model
of murine arthritis (91).

Negatively charged NC surfaces, such as NC conjugated to
short linear (anionic) oligonucleotides were efficiently inter-
nalized via SR-A in vitro (92). Consequently, SR-A-mediated
internalization of oligonucleotide-conjugated NC was exploited
for efficient transfer of drugs and siRNA into different cell types
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(93). Pre-incubation of such NC with serum dose-
dependently inhibited cell binding, presumably due to shield-
ing of the negatively charged oligonucleotides by yet unknown
serum factors (94).

OTHER CORONA PROTEINS THAT
AFFECT NC ADSORPTION TO CELLS

Besides corona proteins that mediate binding to classical phago-
cytosis receptors, other corona proteins also affect the cellular
uptake of NC.

Dysopsonins
The main characteristic of “stealth” NC is their reduced interac-
tion with phagocytic cells, which results in a prolonged blood
circulation time (95). Overall, stealth NC show less protein
adsorption, however, protein corona formation cannot be
completely prevented (96). Thus, in general, non-recognition of
NC by immune cells is not only due to low amounts of proteins
adhering to surfaces but can also dependent on the abundancy
of certain corona proteins. Actually, we have identified distinct
proteins which inhibit cellular interactions and hereby mediate
stealth behavior (63, 97). Those proteins are refereed as “dysop-
sonins’, of which albumin and clusterin (apolipoprotein J) are
the most prominent examples. Clusterin has been demonstrated
to be required for the stealth effect of poly(ethylene glycol)- and
poly(phosphoester)-coated polystyrene NC (53). Albumin, the
most abundant protein in serum (98), is a prominent constituent
of the protein corona of many types of NC (99). Takeuchi and
co-workers (100) demonstrated recently that albumin specifically
adsorbs to polymeric nanogels after in vivo administration, creat-
ing an albumin-rich corona which prolonged blood circulation.
Thus, pre-coating of different types of NC with albumin can
improve their circulation half-life and biocompatibility (101).
However, when misfolded, albumin coating of NC may also
shorten their plasma half-life. Indeed, albumin underwent con-
formational changes of its alpha-helical domains after adsorption
to layered silicate NC (102) and polystyrene NC with a cationic,
amino-modified surface (103). In both studies, NC adsorbed
with misfolded albumin effectively bound SR-A in vitro.
Likewise, albumin adsorption to inorganic NC (104-106) also
resulted in an unfolding of alpha-helical domains, and similar
conformational changes were also reported for other serum
proteins like fibrinogen, gamma-globulin, histone, and insulin
when adsorbed onto gold NC (107). Further studies need to
elucidate whether NC may unintendedly bind SR in vivo due
to conformationally altered serum factors within their protein
corona.

Apolipoproteins

In general, apolipoproteins were identified in high amounts on
the surface of various NC formulations (108, 109). For example,
ApoE was enriched on the surface of NC coated with the nonionic
surfactant polysorbate 80 and hereby enabled the transport of
NC across the blood-brain barrier via receptor-mediated endo-
cytosis (110). Additionally, recently adopted immuno-mapping

techniques (111) offer the possibility to determine functional cell
receptor-binding epitopes of corona proteins. Here, it was found
that SiO, NC are covered by ApoB100 which allows a recognition
of NC via low-density lipoprotein receptor (112). Moreover, in
another study Ritz and coworkers identified a variety of different
proteins within the corona of differentially surface-functionalized
polystyrene NC, and could correlate their relative abundance
with an enhanced or decreased uptake by human mesenchymal
stem cells (35). As demonstrated in that study, ApoA4 and C3
were shown to decrease unspecific cell interaction whereas ApoH
enhanced cellular uptake.

“Don’t Eat Me” Signals

Viable cells, most notably erythrocytes and platelets, express
surface receptors like CD31, CD47, and CD200 that interact
with counter-receptors on myeloid immune cells to prevent their
cytolysis [reviewed in Ref. (113)]. Furthermore, living cells show
extensive sialic acid modifications of glycoproteins. Presentation
of such “don’t eat me” signals has been used to prevent phago-
cytic clearance of NC. CD47 is ubiquitously expressed and binds
SIRPa that is predominantly expressed on phagocytically active
leukocytes (114). SIRPa engagement results in the activation of
phosphatases that inhibit phagocytic activity. Rodriguez et al.
(115) demonstrated that CD47-derived peptides coupled to
polystyrene beads reduced their uptake by macrophages, and
prolonged their circulation in mice. In line, different types of NC
(polystyrene, PLGA) conjugated with an ICAM-1 targeting anti-
body for endocytic uptake by activated endothelial cells showed
clearly reduced unspecific liver accumulation when conjugated
in addition with CD47 (116). In a different approach, NC were
coated with cell membranes derived from red blood cells to
exploit their endogenous high level surface expression of CD47
and other “don’t eat me signals” [reviewed in Ref. (117)]. This
concept has been broadened by transferring membranes of spe-
cific leukocyte populations to make use of the cell type-specific
properties of their surface receptors like mediating cell-cell adhe-
sion and homing behavior.

NC DESIGN—AVOID OR EXPLOIT THE
PROTEIN CORONA?

Concerning the design of APC targeting nanovaccines, it is nec-
essary to take into account potential intrinsic receptor binding
properties of antigen and adjuvant. For example, short oligonu-
cleotides which engage DNA binding danger receptors like TLR9
or STING and thereby activate APC (118) were demonstrated to
effectively engage SR-A in a serum-poor environment (94). In
vivo, however, CpG-rich oligos engage CD205 which is highly
expressed by CD8* DC in mouse (119). We showed that nanovac-
cines conjugated to this adjuvant retained both their CD8" DC
binding and activating properties in vivo (120). Proteins used
as a source of antigen may be recognized by receptors if they
constitute genuine ligands (e.g., epidermal growth factor) or may
bind via a protein modification as demonstrated for OVA which
is endocytosed via the mannose receptor due to mannosylation
of the protein (121). In order to prevent interactions of antigen/
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adjuvant with cellular receptors (or serum components), nano-
capsules may be preferable to shield and to protect the cargo of
a nanovaccine (122). If the intrinsic binding properties of cargo
components support the intended NC targeting other types of
NC that expose their cargo may be employed.

To achieve cell type-specific targeting either antibodies or
their fragments, synthetic ligands (e.g., aptamers, DARPins,
and cystine-knot miniproteins), or natural ligands of endocytic
surface receptors highly expressed by the target APC may be
used. However, depending on the orientation of a NC-coupled
targeting antibody binding of the exposed Fc part to Fc receptors
is possible (73) and may limit cell type specificity. Similarly, a
conjugated receptor ligand may bind different receptors as exem-
plified for mannose-derived oligosaccharides which may engage
both the mannose receptor and DC-SIGN (123). Consequently,
the efficacy and specificity of NC binding, uptake and subsequent
biological effects need to be tested using cell populations com-
prising also non-target cell types (e.g., human PBMC, mouse
spleen, and liver cells).

To predict the in vivo behavior of a NC by in vitro assays in
a more reliable manner, it is necessary to allow formation of a
protein corona in a controlled way. One strategy is to minimize
adsorption of serum factors to the NC surface which may affect its
intended targeting properties (see Physico-Chemical Properties
and Surface Functionalization of NC as Determinants of Protein
Corona Formation). On the contrary, however, the composition
of the protein corona itself may support the biological function of
a nanovaccine. For example, we have recently demonstrated that
a lectin surface coating of NC resulted in activation of the lectin
complement pathway and enabled specific NC targeting to B cells
via CRs (12). Thus, the protein corona may inhibit or enable cell
type-specific targeting.

SUMMARY

In summary, NC are versatile tools to deliver a high amount of
antigen plus adjuvant(s) in a targeted manner to APC. Here, we

REFERENCES

1. Sharma P, Allison JP. Immune checkpoint targeting in cancer therapy: toward
combination strategies with curative potential. Cell (2015) 161:205-14.
doi:10.1016/j.cell.2015.03.030

2. Tocut M, Brenner R, Zandman-Goddard G. Autoimmune phenomena and
disease in cancer patients treated with immune checkpoint inhibitors. Auto-
immun Rev (2018) 17(6):610-6. doi:10.1016/j.autrev.2018.01.010

3. Lee C, Lee M, Rhee I. Distinct features of dendritic cell-based immunother-
apy as cancer vaccines. Clin Exp Vaccine Res (2018) 7:16-23. doi:10.7774/
cevr.2018.7.1.16

4. Subramaniam DS, Liu SV, Giaccone G. Novel approaches in cancer immu-
notherapy. Discov Med (2016) 21:267-74.

5. Tran TH, Tran TTP, Nguyen HT, Phung CD, Jeong JH, Stenzel MH, et al.
Nanoparticles for dendritic cell-based immunotherapy. Int ] Pharm (2018)
542:253-65. d0i:10.1016/j.ijpharm.2018.03.029

6. Hartwell BL, Antunez L, Sullivan BP, Thati S, Sestak JO, Berkland C. Mul-
tivalent nanomaterials: learning from vaccines and progressing to antigen-
specific immunotherapies. J Pharm Sci (2015) 104:346-61. doi:10.1002/
jps.24273

point toward a variety of interesting receptors like CD205 or
Clec9A that can focus delivery toward favorable immunological
readouts. However, NC are almost inevitably coated with a pro-
tein corona after exposure to blood plasma or lymphatic fluid.
This plasma protein corona can affect the trafficking of the NC
within the body as well as their cellular targeting and uptake to
a significant extent, potentially resulting in loss of the desired
effects as well as altered functional properties of the NC. Often,
antibodies are used as targeting moieties; yet, the interaction of
their Fc part with receptors of other cells represents an undesired
mistargeting and should be avoided for nanovaccines. On the
other hand, the protein corona may also be exploited to extend
NC plasma half-life, e.g., by attracting or preadsorbing clusterin,
thereby optimizing cell-specific targeting and immunotherapeu-
tic effects, or even to direct NC to specific cell types or organs
in vivo by exploiting (pre)adsorbed targeting moieties.

AUTHOR CONTRIBUTIONS

All authors contributed writing the manuscript of this Mini
Review.

ACKNOWLEDGMENTS

We would like to thank Stephan Schuhmacher for the support in
graphical design.

FUNDING

Work of MB, LN, VM, KL, and SG is funded by the Deutsche
Forschungsgemeinschaft (SFB1066).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01760/
full#supplementary-material.

7. Gomes AC, Mohsen M, Bachmann ME Harnessing nanoparticles for
immunomodulation and vaccines. Vaccines (Basel) (2017) 5:E6. d0i:10.3390/
vaccines5010006

8. Aggarwal P, Hall JB, McLeland CB, Dobrovolskaia MA, McNeil SE. Nano-
particle interaction with plasma proteins as it relates to particle biodistribu-
tion, biocompatibility and therapeutic efficacy. Adv Drug Deliv Rev (2009)
61:428-37. doi:10.1016/j.addr.2009.03.009

9. Prantner AM, Scholler N. Biological barriers and current strategies for
modifying nanoparticle bioavailability. ] Nanosci Nanotechnol (2014) 14:
115-25. doi:10.1166/jnn.2014.8899

10. Yan Y, Gause KT, Kamphuis MM, Ang CS, O’Brien-Simpson NM, Lenzo JC,
et al. Differential roles of the protein corona in the cellular uptake of
nanoporous polymer particles by monocyte and macrophage cell lines. ACS
Nano (2013) 7:10960-70. doi:10.1021/nn404481f

11. Salvati A, Pitek AS, Monopoli MP, Prapainop K, Bombelli FB, Hristov DR,
et al. Transferrin-functionalized nanoparticles lose their targeting capabil-
ities when a biomolecule corona adsorbs on the surface. Nat Nanotechnol
(2013) 8:137-43. doi:10.1038/nnano.2012.237

12. Shen L, Tenzer S, Storck W, Hobernik D, Raker VK, Fischer K, et al. Protein
corona-mediated targeting of nano-carriers to B cells allows redirection of

Frontiers in Immunology | www.frontiersin.org

August 2018 | Volume 9 | Article 1760


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01760/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01760/full#supplementary-material
https://doi.org/10.1016/j.cell.2015.03.030
https://doi.org/10.1016/j.autrev.2018.01.010
https://doi.org/10.7774/cevr.2018.7.1.16
https://doi.org/10.7774/cevr.2018.7.1.16
https://doi.org/10.1016/j.ijpharm.2018.03.029
https://doi.org/10.1002/jps.24273
https://doi.org/10.1002/jps.24273
https://doi.org/10.3390/vaccines5010006
https://doi.org/10.3390/vaccines5010006
https://doi.org/10.1016/j.addr.2009.03.009
https://doi.org/10.1166/jnn.2014.8899
https://doi.org/10.1021/nn404481f
https://doi.org/10.1038/nnano.2012.237

Bros et al.

Protein Corona Affects Nanoparticle Targeting

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

allergic immune responses. J Allergy Clin Immunol (2018). doi:10.1016/j.
jaci.2017.08.049

Francian A, Mann K, Kullberg M. Complement C3-dependent uptake of
targeted liposomes into human macrophages, B cells, dendritic cells, neu-
trophils, and MDSCs. Int ] Nanomedicine (2017) 12:5149-61. doi:10.2147/
IJN.S138787

Heikenwalder M, Polymenidou M, Junt T, Sigurdson C, Wagner H, Akira S,
et al. Lymphoid follicle destruction and immunosuppression after repeated
CpG oligodeoxynucleotide administration. Nat Med (2004) 10:187-92.
d0i:10.1038/nm987

Amoozgar Z, Goldberg MS. Targeting myeloid cells using nanoparticles
to improve cancer immunotherapy. Adv Drug Deliv Rev (2015) 91:38-51.
doi:10.1016/j.addr.2014.09.007

Shirota H, Klinman DM. Recent progress concerning CpG DNA and its use
as a vaccine adjuvant. Expert Rev Vaccines (2014) 13:299-312. doi:10.1586/
14760584.2014.863715

Nuhn L, Van Hoecke L, Deswarte K, Schepens B, Li Y, Lambrecht BN,
et al. Potent anti-viral vaccine adjuvant based on pH-degradable nanogels
with covalently linked small molecule imidazoquinoline TLR7/8 agonist.
Biomaterials (2018) 178:643-51. doi:10.1016/j.biomaterials.2018.03.026
Nuhn L, Vanparijs N, De Beuckelaer A, Lybaert L, Verstraete G, Deswarte K,
et al. pH-degradable imidazoquinoline-ligated nanogels for lymph node-
focused immune activation. Proc Natl Acad Sci U S A (2016) 113:8098-103.
doi:10.1073/pnas.1600816113

Klippstein R, Pozo D. Nanotechnology-based manipulation of dendritic
cells for enhanced immunotherapy strategies. Nanomedicine (2010) 6:523-9.
doi:10.1016/j.nano.2010.01.001

Champion JA, Walker A, Mitragotri S. Role of particle size in phagocytosis
of polymeric microspheres. Pharm Res (2008) 25:1815-21. doi:10.1007/
$11095-008-9562-y

Moyer TJ, Zmolek AC, Irvine DJ. Beyond antigens and adjuvants: for-
mulating future vaccines. J Clin Invest (2016) 126:799-808. doi:10.1172/
JCI81083

Joffre O, Nolte MA, Sporri R, Sousa CRE. Inflammatory signals in dendritic
cell activation and the induction of adaptive immunity. Immunol Rev
(2009) 227:234-47. doi:10.1111/j.1600-065X.2008.00718.x

den Haan JM, Lehar SM, Bevan MJ. CD8(+) but not CD8(-) dendritic
cells cross-prime cytotoxic T cells in vivo. ] Exp Med (2000) 192:1685-96.
doi:10.1084/jem.192.12.1685

Macri C, Dumont C, Johnston APR, Mintern JD. Targeting dendritic cells:
a promising strategy to improve vaccine effectiveness. Clin Transl Immu-
nology (2016) 5:e66. doi:10.1038/cti.2016.6

Bonifaz L, Bonnyay D, Mahnke K, Rivera M, Nussenzweig MC, Steinman RM.
Efficient targeting of protein antigen to the dendritic cell receptor DEC-205
in the steady state leads to antigen presentation on major histocompatibility
complex class I products and peripheral CD8(+) T cell tolerance. ] Exp Med
(2002) 196:1627-38. doi:10.1084/jem.20021598

Tullett KM, Lahoud MH, Radford KJ. Harnessing human cross-presenting
CLEC9A(+)XCR1(+) dendritic cells for immunotherapy. Front Immunol
(2014) 5:239. doi:10.3389/fimmu.2014.00239

Irache JM, Salman HH, Gamazo C, Espuelas S. Mannose-targeted systems
for the delivery of therapeutics. Expert Opin Drug Deliv (2008) 5:703-24.
doi:10.1517/17425247.5.6.703

Hartung E, Becker M, Bachem A, Reeg N, Jakel A, Hutloff A, et al. Induction
of potent CD8 T cell cytotoxicity by specific targeting of antigen to cross-
presenting dendritic cells in vivo via murine or human XCR1. J Immunol
(2015) 194:1069-79. doi:10.4049/jimmunol.1401903

Zeng B, Middelberg AP, Gemiarto A, MacDonald K, Baxter AG, Talekar M,
et al. Self-adjuvanting nanoemulsion targeting dendritic cell receptor Clec9A
enables antigen-specific immunotherapy. J Clin Invest (2018) 128:1971-84.
doi:10.1172/JCI196791

Kawasaki N, Rillahan CD, Cheng TY, Van Rhijn I, Macauley MS, Moody DB,
et al. Targeted delivery of mycobacterial antigens to human dendritic cells
via Siglec-7 induces robust T cell activation. ] Immunol (2014) 193:1560-6.
doi:10.4049/jimmunol.1303278

Yue H, Wei W, Fan B, Yue ZG, Wang LY, Ma GH, et al. The orchestration
of cellular and humoral responses is facilitated by divergent intracellular
antigen trafficking in nanoparticle-based therapeutic vaccine. Pharmacol Res
(2012) 65:189-97. doi:10.1016/j.phrs.2011.09.008

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Wang B, Kuroiwa JMY, He LZ, Charalambous A, Keler T, Steinman RM.
The human cancer antigen mesothelin is more efficiently presented to the
mouse immune system when targeted to the DEC-205/CD205 receptor on
dendritic cells. Ann N Y Acad Sci (2009) 1174:6-17. doi:10.1111/j.1749-
6632.2009.04933.x

Chatterjee B, Smed-Sorensen A, Cohn L, Chalouni C, Vandlen R, Lee BC,
et al. Internalization and endosomal degradation of receptor-bound antigens
regulate the efficiency of cross presentation by human dendritic cells. Blood
(2012) 120:2011-20. doi:10.1182/blood-2012-01-402370

Duan X, Li Y. Physicochemical characteristics of nanoparticles affect circu-
lation, biodistribution, cellular internalization, and trafficking. Small (2013)
9:1521-32. doi:10.1002/smll.201201390

Ritz S, Schéttler S, Kotman N, Baier G, Musyanovych A, Kuharev J, et al.
Protein corona of nanoparticles: distinct proteins regulate the cellular uptake.
Biomacromolecules (2015) 16:1311-21. doi:10.1021/acs.biomac.5b00108
Caracciolo G, Farokhzad OC, Mahmoudi M. Biological identity of nanopar-
ticles in vivo: clinical implications of the protein corona. Trends Biotechnol
(2017) 35:257-64. doi:10.1016/j.tibtech.2016.08.011

Walkey CD, Chan WCW. Understanding and controlling the interaction of
nanomaterials with proteins in a physiological environment. Chem Soc Rev
(2012) 41:2780-99. doi:10.1039/clcs15233e

Yang ST, Liu Y, Wang YW, Cao AN. Biosafety and bioapplication of nano-
materials by designing proteinnanoparticle interactions. Small (2013)
9:1635-53. doi:10.1002/smll.201370053

Lundgvist M, Stigler J, Elia G, Lynch I, Cedervall T, Dawson KA. Nanoparticle
size and surface properties determine the protein corona with possible
implications for biological impacts. Proc Natl Acad Sci U S A (2008) 105:
14265-70. doi:10.1073/pnas.0805135105

Heinz H, Pramanik C, Heinz O, Ding YF, Mishra RK, Marchon D, et al.
Nanoparticle decoration with surfactants: molecular intercations, assmbly,
and applications. Surf Sci Rep (2017) 72:1-58. doi:10.1016/j.surfrep.
2017.02.001

Owens DE, Peppas NA. Opsonization, biodistribution, and pharmacokinet-
ics of polymeric nanoparticles. Int ] Pharm (2006) 307:93-102. doi:10.1016/j.
ijpharm.2005.10.010

Zhang ZY, Van Steendam K, Maji S, Balcaen L, Anoshkina Y, Zhang QL,
et al. Tailoring cellular uptake of gold nanoparticles via the hydrophilic-to-
hydrophobic ratio of their (Co)polymer coating. Adv Funct Mater (2015)
25:3433-9. doi:10.1002/adfm.201500904

Barroso da Silva FL, Bostrom M, Persson C. Effect of charge regulation and
ion-dipole interactions on the selectivity of protein-nanoparticle binding.
Langmuir (2014) 30:4078-83. doi:10.1021/1a500027f

Jin Y, Luo G, Oka T, Manabe T. Estimation of isoelectric points of human
plasma proteins employing capillary isoelectric focusing and peptide isoelec-
tric point markers. Electrophoresis (2002) 23:3385-91. doi:10.1002/1522-
2683(200210)23:19<3385::AID-ELPS3385>3.0.CO;2-H

Gessner A, Lieske A, Paulke BR, Muller RH. Functional groups on polysty-
rene model nanoparticles: influence on protein adsorption. J Biomed Mater
Res A (2003) 65:319-26. doi:10.1002/jbm.a.10371

Nuhn L, Gietzen S, Mohr K, Fischer K, Toh K, Miyata K, et al. Aggregation
behavior of cationic nanohydrogel particles in human blood serum.
Biomacromolecules (2014) 15:1526-33. doi:10.1021/bm50019%9h

Wei Q, Becherer T, Angioletti-Uberti S, Dzubiella J, Wischke C, Neffe AT,
et al. Protein interactions with polymer coatings and biomaterials. Angew
Chem Int Ed Engl (2014) 53:8004-31. doi:10.1002/anie.201400546
Chapman RG, Ostuni E, Takayama S, Holmlin RE, Yan L, Whitesides GM.
Surveying for surfaces that resist the adsorption of proteins. ] Am Chem Soc
(2000) 122:8303-4. d0i:10.1021/ja000774f

Ostuni E, Chapman RG, Holmlin RE, Takayama S, Whitesides GM. A survey
of structure-property relationships of surfaces that resist the adsorption of
protein. Langmuir (2001) 17:5605-20. d0i:10.1021/1a010384m

Bazile D, Prudhomme C, Bassoullet MT, Marlard M, Spenlehauer G,
Veillard M. Stealth Me.PEG-PLA nanoparticles avoid uptake by the mono-
nuclear phagocytes system. J Pharm Sci (1995) 84:493-8. doi:10.1002/jps.
2600840420

Harris JM, Chess RB. Effect of pegylation on pharmaceuticals. Nat Rev Drug
Discov (2003) 2:214-21. d0i:10.1038/nrd1033

Tsvetkova Y, Beztsinna N, Baues M, Klein D, Rix A, Golombek SK, et al.
Balancing passive and active targeting to different tumor compartments

Frontiers in Immunology | www.frontiersin.org

August 2018 | Volume 9 | Article 1760


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.jaci.2017.08.049
https://doi.org/10.1016/j.jaci.2017.08.049
https://doi.org/10.2147/IJN.S138787
https://doi.org/10.2147/IJN.S138787
https://doi.org/10.1038/nm987
https://doi.org/10.1016/j.addr.2014.09.007
https://doi.org/10.1586/14760584.2014.863715
https://doi.org/10.1586/14760584.2014.863715
https://doi.org/10.1016/j.biomaterials.2018.03.026
https://doi.org/10.1073/pnas.1600816113
https://doi.org/10.1016/j.nano.2010.01.001
https://doi.org/10.1007/s11095-008-9562-y
https://doi.org/10.1007/s11095-008-9562-y
https://doi.org/10.1172/JCI81083
https://doi.org/10.1172/JCI81083
https://doi.org/10.1111/j.1600-065X.2008.00718.x
https://doi.org/10.1084/jem.192.12.1685
https://doi.org/10.1038/cti.2016.6
https://doi.org/10.1084/jem.20021598
https://doi.org/10.3389/fimmu.2014.00239
https://doi.org/10.1517/17425247.5.6.703
https://doi.org/10.4049/jimmunol.1401903
https://doi.org/10.1172/JCI96791
https://doi.org/10.4049/jimmunol.1303278
https://doi.org/10.1016/j.phrs.2011.09.008
https://doi.org/10.1111/j.1749-
6632.2009.04933.x
https://doi.org/10.1111/j.1749-
6632.2009.04933.x
https://doi.org/10.1182/blood-2012-01-402370
https://doi.org/10.1002/smll.201201390
https://doi.org/10.1021/acs.biomac.5b00108
https://doi.org/10.1016/j.tibtech.2016.08.011
https://doi.org/10.1039/c1cs15233e
https://doi.org/10.1002/smll.201370053
https://doi.org/10.1073/pnas.0805135105
https://doi.org/10.1016/j.surfrep.
2017.02.001
https://doi.org/10.1016/j.surfrep.
2017.02.001
https://doi.org/10.1016/j.ijpharm.2005.10.010
https://doi.org/10.1016/j.ijpharm.2005.10.010
https://doi.org/10.1002/adfm.201500904
https://doi.org/10.1021/la500027f
https://doi.org/10.1002/1522-
2683(200210)23:19﻿<﻿3385::AID-ELPS3385﻿>﻿3.0.CO;2-H
https://doi.org/10.1002/1522-
2683(200210)23:19﻿<﻿3385::AID-ELPS3385﻿>﻿3.0.CO;2-H
https://doi.org/10.1002/jbm.a.10371
https://doi.org/10.1021/bm500199h
https://doi.org/10.1002/anie.201400546
https://doi.org/10.1021/ja000774f
https://doi.org/10.1021/la010384m
https://doi.org/10.1002/jps.
2600840420
https://doi.org/10.1002/jps.
2600840420
https://doi.org/10.1038/nrd1033

Bros et al.

Protein Corona Affects Nanoparticle Targeting

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

using riboflavin-functionalized polymeric nanocarriers. Nano Lett (2017)
17:4665-74. doi:10.1021/acs.nanolett.7b01171

Schéttler S, Becker G, Winzen S, Steinbach T, Mohr K, Landfester K, et al.
Protein adsorption is required for stealth effect of poly(ethylene glycol)-
and poly(phosphoester)-coated nanocarriers. Nat Nanotechnol (2016)
11(4):372-7. doi:10.1038/nnano.2015.330

Takeda KM, Osada K, Tockary TA, Dirisala A, Chen Q, Kataoka K.
Poly(ethylene glycol) crowding as critical factor to determine pDNA pack-
aging scheme into polyplex micelles for enhanced gene expression. Bio-
macromolecules (2017) 18:36-43. doi:10.1021/acs.biomac.6b01247

Tockary TA, Osada K, Chen QX, Machitani K, Dirisala A, Uchida S, et al.
Tethered PEG crowdedness determining shape and blood circulation
profile of polyplex micelle gene carriers. Macromolecules (2013) 46:6585-92.
doi:10.1021/ma401093z

Suk JS, Xu QG, Kim N, Hanes J, Ensign LM. PEGylation as a strategy for
improving nanoparticle-based drug and gene delivery. Adv Drug Deliv Rev
(2016) 99:28-51. doi:10.1016/j.addr.2015.09.012

Hak S, Helgesen E, Hektoen HH, Huuse EM, Jarzyna PA, Mulder W7, et al.
The effect of nanoparticle polyethylene glycol surface density on ligand-
directed tumor targeting studied in vivo by dual modality imaging. ACS
Nano (2012) 6:5648-58. d0i:10.1021/n1n301630n

Dai Q, Walkey C, Chan WC. Polyethylene glycol backfilling mitigates the
negative impact of the protein corona on nanoparticle cell targeting. Angew
Chem Int Ed Engl (2014) 53:5093-6. doi:10.1002/anie.201309464

Knop K, Hoogenboom R, Fischer D, Schubert US. Poly(ethylene glycol) in
drug delivery: pros and cons as well as potential alternatives. Angew Chem
Int Ed Engl (2010) 49:6288-308. doi:10.1002/anie.200902672

Barz M, Luxenhofer R, Zentel R, Vicent MJ. Overcoming the PEG-addiction:
well-defined alternatives to PEG, from structure-property relationships to
better defined therapeutics. Polym Chem Uk (2011) 2:1900-18. doi:10.1039/
cOpy00406e

Li Y, Shi Z, Radauer-Preiml I, Andosch A, Casals E, Luetz-Meindl U,
et al. Bacterial endotoxin (lipopolysaccharide) binds to the surface of gold
nanoparticles, interferes with biocorona formation and induces human
monocyte inflammatory activation. Nanotoxicology (2017) 11:1157-75.
doi:10.1080/17435390.2017.1401142

Li Y, Boraschi D. Endotoxin contamination: a key element in the interpre-
tation of nanosafety studies. Nanomedicine (2016) 11:269-87. doi:10.2217/
nnm.15.196

Schéttler S, Klein K, Landfester K, Maildnder V. Protein source and choice
of anticoagulant decisively affect nanoparticle protein corona and cellular
uptake. Nanoscale (2016) 8:5526-36. doi:10.1039/C5NR08196C

Laurent S, Burtea C, Thirifays C, Rezaee F, Mahmoudi M. Significance of
cell “observer” and protein source in nanobiosciences. J Colloid Interface Sci
(2013) 392:431-45. doi:10.1016/j.jcis.2012.10.005

Mirshafiee V, Kim R, Mahmoudi M, Kraft ML. The importance of selecting a
proper biological milieu for protein corona analysis in vitro: human plasma
versus human serum. Int ] Biochem Cell Biol (2016) 75:188-95. d0i:10.1016/
j.biocel.2015.11.019

Baumann D, Hofmann D, Nullmeier S, Panther P, Dietze C, Musyanovych A,
et al. Complex encounters: nanoparticles in whole blood and their uptake
into different types of white blood cells. Nanomedicine (2013) 8:699-713.
doi:10.2217/nnm.12.111

Mueller LK, Simon J, Rosenauer C, Mailaender V, Morsbach S, Landfester K.
The transferability from animal models to humans: challenges regarding
aggregation and protein corona formation of nanoparticles. Biomacromole-
cules (2017) 19(2):374-85. doi:10.1021/acs.biomac.7b01472

Hajipour MJ, Laurent S, Aghaie A, Rezace F, Mahmoudi M. Personalized
protein coronas: a “key” factor at the nanobiointerface. Biomater Sci (2014)
2:1210-21. doi:10.1039/C4BM00131A

Garcia-Alvarez R, Hadjidemetriou M, Sanchez-Iglesias A, Liz-Marzan LM,
Kostarelos K. In vivo formation of protein corona on gold nanoparticles. The
effect of their size and shape. Nanoscale (2018) 10(3):1256-64. doi:10.1039/
c7nr08322j

Hadjidemetriou M, Al-Ahmady Z, Kostarelos K. Time-evolution of in vivo
protein corona onto blood-circulating PEGylated liposomal doxoru-
bicin (DOXIL) nanoparticles. Nanoscale (2016) 8:6948-57. doi:10.1039/
c5nr09158f

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Palchetti S, Pozzi D, Capriotti AL, La Barbera G, Chiozzi RZ, Digiacomo L,
et al. Influence of dynamic flow environment on nanoparticle-protein corona:
from protein patterns to uptake in cancer cells. Colloids Surf B Biointerfaces
(2017) 153:263-71. d0i:10.1016/j.colsurfb.2017.02.037

Freeman SA, Grinstein S. Phagocytosis: receptors, signal integration, and the
cytoskeleton. Immunol Rev (2014) 262:193-215. do0i:10.1111/imr.12212
Daeron M. Fc receptors as adaptive immunoreceptors. Curr Top Microbiol
Immunol (2014) 382:131-64. d0i:10.1007/978-3-319-07911-0_7

Futosi K, Fodor S, Mocsai A. Neutrophil cell surface receptors and their
intracellular signal transduction pathways. Int Immunopharmacol (2013)
17:638-50. doi:10.1016/j.intimp.2013.06.034

Brauweiler AM, Cambier JC. Fc gamma RIIB activation leads to inhibition
of signalling by independently ligated receptors. Biochem Soc Trans (2003)
31:281-5. doi:10.1042/bst0310281

Caracciolo G, Palchetti S, Colapicchioni V, Digiacomo L, Pozzi D,
Capriotti AL, et al. Stealth effect of biomolecular corona on nanoparticle
uptake by immune cells. Langmuir (2015) 31:10764-73. doi:10.1021/acs.
langmuir.5b02158

Sobczynski DJ, Eniola-Adefeso O. IgA and IgM protein primarily drive
plasma corona-induced adhesion reduction of PLGA nanoparticles in human
blood flow. Bioeng Transl Med (2017) 2:180-90. doi:10.1002/btm2.10064
Rezaeipoor R, John R, Adie SG, Chaney EJ, Marjanovic M, Oldenburg AL,
et al. Fc-Directed antibody conjugation of magnetic nanoparticles for
enhanced molecular targeting. JInnov Opt Heal Sci (2009) 2:387-96.
doi:10.1142/S1793545809000693

Kuhn P, Fithner V, Unkauf T, Moreira GM, Frenzel A, Miethe S, et al.
Recombinant antibodies for diagnostics and therapy against pathogens and
toxins generated by phage display. Proteomics Clin Appl (2016) 10:922-48.
do0i:10.1002/prca.201600002

Erdei A, Lukacsi S, Macsik-Valent B, Nagy-Balo Z, Kurucz I, Bajtay Z.
Non-identical twins: different faces of CR3 and CR4 in myeloid and
lymphoid cells of mice and men. Semin Cell Dev Biol (2017). doi:10.1016/j.
semcdb.2017.11.025

Roozendaal R, Carroll MC. Complement receptors CD21 and CD35 in
humoral immunity. Immunol Rev (2007) 219:157-66. doi:10.1111/.1600-
065X.2007.00556.x

Canton J, Neculai D, Grinstein S. Scavenger receptors in homeostasis and
immunity. Nat Rev Immunol (2013) 13:621-34. doi:10.1038/nri3515

Tenzer S, Docter D, Kuharev ], Musyanovych A, Fetz V, Hecht R, et al. Rapid
formation of plasma protein corona critically affects nanoparticle patho-
physiology. Nat Nanotechnol (2013) 8:772-81. doi:10.1038/nnano.2013.181
Gowda NM, Wu X, Kumar S, Febbraio M, Gowda DC. CD36 contributes
to malaria parasite-induced pro-inflammatory cytokine production and
NK and T cell activation by dendritic cells. PLoS One (2013) 8:€77604.
doi:10.1371/journal.pone.0077604

Murshid A, Borges T, Lang BJ, Calderwood SK. The scavenger receptor SREC-I
cooperates with toll-like receptors to trigger inflammatory innate immune
responses. Front Immunol (2016) 7:226. doi:10.3389/fimmu.2016.00226
Bamberger D, Hobernik D, Konhauser M, Bros M, Wich PR. Surface modifi-
cation of polysaccharide-based nanoparticles with PEG and dextran and the
effects on immune cell binding and stimulatory characteristics. Mol Pharm
(2017) 14:4403-16. doi:10.1021/acs.molpharmaceut.7b00507

Kanno S, Furuyama A, Hirano S. A murine scavenger receptor MARCO
recognizes polystyrene nanoparticles. Toxicol Sci (2007) 97:398-406.
doi:10.1093/toxsci/kfm050

Gallud A, Bondarenko O, Feliu N, Kupferschmidt N, Atluri R, Garcia-
Bennett A, et al. Macrophage activation status determines the internalization
of mesoporous silica particles of different sizes: exploring the role of different
pattern recognition receptors. Biomaterials (2017) 121:28-40. doi:10.1016/j.
biomaterials.2016.12.029

Chao Y, Makale M, Karmali PP, Sharikov Y, Tsigelny I, Merkulov S, et al.
Recognition of dextran-superparamagnetic iron oxide nanoparticle conjugates
(Feridex) via macrophage scavenger receptor charged domains. Bioconjug
Chem (2012) 23:1003-9.

Rahman M, Laurent S, Tawil N, Yahia L, Mahmoudi M. Protein corona:
applications and challenges. In: Martinac B, editor. Protein-Nanoparticle
Interactions. Springer Series in Biophysics. (Vol. 15). Berlin, Heidelberg:
Springer (2013). p. 45-63.

Frontiers in Immunology | www.frontiersin.org

August 2018 | Volume 9 | Article 1760


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1021/acs.nanolett.7b01171
https://doi.org/10.1038/nnano.2015.330
https://doi.org/10.1021/acs.biomac.6b01247
https://doi.org/10.1021/ma401093z
https://doi.org/10.1016/j.addr.2015.09.012
https://doi.org/10.1021/nn301630n
https://doi.org/10.1002/anie.201309464
https://doi.org/10.1002/anie.200902672
https://doi.org/10.1039/c0py00406e
https://doi.org/10.1039/c0py00406e
https://doi.org/10.1080/17435390.2017.1401142
https://doi.org/10.2217/nnm.15.196
https://doi.org/10.2217/nnm.15.196
https://doi.org/10.1039/C5NR08196C
https://doi.org/10.1016/j.jcis.2012.10.005
https://doi.org/10.1016/
j.biocel.2015.11.019
https://doi.org/10.1016/
j.biocel.2015.11.019
https://doi.org/10.2217/nnm.12.111
https://doi.org/10.1021/acs.biomac.7b01472
https://doi.org/10.1039/C4BM00131A
https://doi.org/10.1039/c7nr08322j
https://doi.org/10.1039/c7nr08322j
https://doi.org/10.1039/c5nr09158f
https://doi.org/10.1039/c5nr09158f
https://doi.org/10.1016/j.colsurfb.2017.02.037
https://doi.org/10.1111/imr.12212
https://doi.org/10.1007/978-3-319-07911-0_7
https://doi.org/10.1016/j.intimp.2013.06.034
https://doi.org/10.1042/bst0310281
https://doi.org/10.1021/acs.langmuir.5b02158
https://doi.org/10.1021/acs.langmuir.5b02158
https://doi.org/10.1002/btm2.10064
https://doi.org/10.1142/S1793545809000693
https://doi.org/10.1002/prca.201600002
https://doi.org/10.1016/j.semcdb.2017.11.025
https://doi.org/10.1016/j.semcdb.2017.11.025
https://doi.org/10.1111/j.1600-
065X.2007.00556.x
https://doi.org/10.1111/j.1600-
065X.2007.00556.x
https://doi.org/10.1038/nri3515
https://doi.org/10.1038/nnano.2013.181
https://doi.org/10.1371/journal.pone.0077604
https://doi.org/10.3389/fimmu.
2016.00226
https://doi.org/10.1021/acs.molpharmaceut.7b00507
https://doi.org/10.1093/toxsci/kfm050
https://doi.org/10.1016/j.biomaterials.2016.12.029
https://doi.org/10.1016/j.biomaterials.2016.12.029

Bros et al.

Protein Corona Affects Nanoparticle Targeting

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Heo R, You DG, Um W, Choi KY, Jeon S, Park JS, et al. Dextran sulfate
nanoparticles as a theranostic nanomedicine for rheumatoid arthritis. Bio-
materials (2017) 131:15-26. doi:10.1016/j.biomaterials.2017.03.044

Rosi NL, Giljohann DA, Thaxton CS, Lytton-Jean AK, Han MS, Mirkin CA.
Oligonucleotide-modified gold nanoparticles for intracellular gene regula-
tion. Science (2006) 312:1027-30. doi:10.1126/science.1125559

Li HY, Chen Z, Ho LW, Chan PS, Li Q, Leung SC, et al. Oligonucleotide-
conjugated nanoparticles for targeted drug delivery via scavenger receptors
class A: an in vitro assessment for proof-of-concept. Int ] Pharm (2017)
532:647-55. d0i:10.1016/j.ijpharm.2017.08.074

Patel PC, Giljohann DA, Daniel WL, Zheng D, Prigodich AE, Mirkin CA.
Scavenger receptors mediate cellular uptake of polyvalent oligonucleotide-
functionalized gold nanoparticles. Bioconjug Chem (2010) 21:2250-6.
doi:10.1021/bc1002423

Veronese FM, Pasut G. PEGylation, successful approach to drug deliv-
ery. Drug Discov Today (2005) 10:1451-8. doi:10.1016/S1359-6446(05)
03575-0

Gref R, Liick M, Quellec P, Marchand M, Dellacherie E, Harnisch S, et al.
‘Stealth’ corona-core nanoparticles surface modified by polyethylene glycol
(PEG): influences of the corona (PEG chain length and surface density)
and of the core composition on phagocytic uptake and plasma protein
adsorption. Colloids Surf B Biointerfaces (2000) 18:301-13. doi:10.1016/
$0927-7765(99)00156-3

Aoyama M, Hata K, Higashisaka K, Nagano K, Yoshioka Y, Tsutsumi Y.
Clusterin in the protein corona plays a key role in the stealth effect of
nanoparticles against phagocytes. Biochem Biophys Res Commun (2016)
480:690-5. doi:10.1016/j.bbrc.2016.10.121

Pieper R, Gatlin CL, Makusky AJ, Russo PS, Schatz CR, Miller SS, et al. The
human serum proteome: display of nearly 3700 chromatographically separated
protein spots on two-dimensional electrophoresis gels and identification of 325
distinct proteins. Proteomics (2003) 3:1345-64.

Chen F, Wang G, Griffin JI, Brenneman B, Banda NK, Holers VM, et al.
Complement proteins bind to nanoparticle protein corona and undergo
dynamic exchange in vivo. Nat Nanotechnol (2017) 12:387. doi:10.1038/
nnano.2016.269

Takeuchi T, Kitayama Y, Sasao R, Yamada T, Toh K, Matsumoto Y, et al.
Molecularly imprinted nanogels acquire stealth in situ by cloaking them-
selves with native dysopsonic proteins. Angew Chem Int Ed Engl (2017)
56(25):7088-92. doi:10.1002/anie.201700647

Mariam J, Sivakami S, Dongre PM. Elucidation of structural and functional
properties of albumin bound to gold nanoparticles. J Biomol Struct Dyn
(2017) 35:368-79. doi:10.1080/07391102.2016.1144223

Mortimer GM, Butcher NJ, Musumeci AW, Deng ZJ, Martin DJ, Minchin RE
Cryptic epitopes of albumin determine mononuclear phagocyte system
clearance of nanomaterials. ACS Nano (2014) 8:3357-66. doi:10.1021/
nn405830g

Fleischer CC, Payne CK. Nanoparticle-cell interactions: molecular structure
of the protein corona and cellular outcomes. Acc Chem Res (2014) 47:2651-9.
doi:10.1021/ar500190q

Chakraborti S, Joshi P, Chakravarty D, Shanker V, Ansari ZA, Singh SP,
et al. Interaction of polyethyleneimine-functionalized ZnO nanoparticles
with bovine serum albumin. Langmuir (2012) 28:11142-52. doi:10.1021/
1a3007603

Chakraborty S, Joshi P, Shanker V, Ansari ZA, Singh SP, Chakrabarti P.
Contrasting effect of gold nanoparticles and nanorods with different surface
modifications on the structure and activity of bovine serum albumin.
Langmuir (2011) 27:7722-31. doi:10.1021/1a200787t

Podila R, Chen R, Ke PC, Brown JM, Rao AM. Effects of surface functional
groups on the formation of nanoparticle-protein corona. Appl Phys Lett
(2012) 101:263701. doi:10.1063/1.4772509

Lacerda SH, Park JJ, Meuse C, Pristinski D, Becker ML, Karim A, et al.
Interaction of gold nanoparticles with common human blood proteins. ACS
Nano (2010) 4:365-79. d0i:10.1021/nn9011187

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Kokkinopoulou M, Simon J, Landfester K, Mailander V, Lieberwirth L. Visu-
alization of the protein corona: towards a biomolecular understanding of
nanoparticle-cell-interactions. Nanoscale (2017) 9(25):8858-70. doi:10.1039/
c7nr02977b

Monopoli MP, Walczyk D, Campbell A, Elia G, Lynch I, Bombelli FB, et al.
Physical-chemical aspects of protein corona: relevance to in vitro and in vivo
biological impacts of nanoparticles. ] Am Chem Soc (2011) 133:2525-34.
doi:10.1021/jal07583h

Kreuter ], Shamenkov D, Petrov V, Ramge P, Cychutek K, Koch-Brandt C,
et al. Apolipoprotein-mediated transport of nanoparticle-bound drugs
across the blood-brain barrier. ] Drug Target (2002) 10:317-25. doi:10.1080/
10611860290031877

Kelly PM, Aberg C, Polo E, O’Connell A, Cookman J, Fallon J, et al. Mapping
protein binding sites on the biomolecular corona of nanoparticles. Nat
Nanotechnol (2015) 10:472-9. doi:10.1038/nnano.2015.47

Lara S, Alnasser E Polo E, Garry D, Lo Giudice MC, Hristov DR, et al.
Identification of receptor binding to the biomolecular corona of nanoparticles.
ACS Nano (2017) 11:1884-93. doi:10.1021/acsnano.6b07933

Brown GC, Neher JJ. Eaten alive! Cell death by primary phagocytosis: ‘pha-
goptosis. Trends Biochem Sci (2012) 37:325-32.

Murata Y, Kotani T, Ohnishi H, Matozaki T. The CD47-SIRPa signalling
system: its physiological roles and therapeutic application. J Biochem (2014)
155:335-44. doi:10.1093/jb/mvu017

Rodriguez PL, Harada T, Christian DA, Pantano DA, Tsai RK, Discher DE.
Minimal "self" peptides that inhibit phagocytic clearance and enhance deliv-
ery of nanoparticles. Science (2013) 339:971-5. doi:10.1126/science.1229568
Kim J, Sinha S, Solomon M, Perez-Herrero E, Hsu J, Tsinas Z, et al. Co-coating
of receptor-targeted drug nanocarriers with anti-phagocytic moieties
enhances specific tissue uptake versus non-specific phagocytic clearance.
Biomaterials (2017) 147:14-25. doi:10.1016/j.biomaterials.2017.08.045

Bose RJ, Paulmurugan R, Moon ], Lee SH, Park H. Cell membrane-coated
nanocarriers: the emerging targeted delivery system for cancer theranostics.
Drug Discov Today (2018) 23:891-9. doi:10.1016/j.drudis.2018.02.001
Iurescia S, Fioretti D, Rinaldi M. Targeting cytosolic nucleic acid-sensing
pathways for cancer immunotherapies. Front Immunol (2018) 9:711.
do0i:10.3389/fimmu.2018.00711

Lahoud MH, Ahmet E, Zhang JG, Meuter S, Policheni AN, Kitsoulis S, et al.
DEC-205 is a cell surface receptor for CpG oligonucleotides. Proc Natl Acad
Sci US A (2012) 109:16270-5. doi:10.1073/pnas.1208796109

Shen L, Krauthduser S, Fischer K, Hobernik D, Abassi Y, Dzionek A, et al.
Vaccination with trifunctional nanoparticles that address CD8" dendritic
cells inhibits growth of established melanoma. Nanomedicine (Lond) (2016)
11(20):2647-62. doi:10.2217/nnm-2016-0174

Burgdorf S, Lukacs-Kornek V, Kurts C. The mannose receptor mediates
uptake of soluble but not of cell-associated antigen for cross-presentation.
J Immunol (2006) 176:6770-6. doi:10.4049/jimmunol.176.11.6770

Villegas MR, Baeza A, Vallet-Regi M. Nanotechnological strategies for pro-
tein delivery. Molecules (2018) 23:E1008. doi:10.3390/molecules23051008
van Liempt E, Bank CMC, Mehta P, Garcia-Vallejo JJ, Kawar ZS, Geyer R,
et al. Specificity of DC-SIGN for mannose- and fucose-containing glycans.
FEBS Lett (2006) 580:6123-31. doi:10.1016/j.febslet.2006.10.009

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Bros, Nuhn, Simon, Moll, Maildnder, Landfester and Grabbe.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Immunology | www.frontiersin.org

10

August 2018 | Volume 9 | Article 1760


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.biomaterials.2017.03.044
https://doi.org/10.1126/science.1125559
https://doi.org/10.1016/j.ijpharm.2017.08.074
https://doi.org/10.1021/bc1002423
https://doi.org/10.1016/S1359-6446(05)03575-0
https://doi.org/10.1016/S1359-6446(05)03575-0
https://doi.org/10.1016/S0927-7765(99)00156-3
https://doi.org/10.1016/S0927-7765(99)00156-3
https://doi.org/10.1016/j.bbrc.2016.10.121
https://doi.org/10.1038/nnano.2016.269
https://doi.org/10.1038/nnano.2016.269
https://doi.org/10.1002/anie.201700647
https://doi.org/10.1080/07391102.2016.1144223
https://doi.org/10.1021/nn405830g
https://doi.org/10.1021/nn405830g
https://doi.org/10.1021/ar500190q
https://doi.org/10.1021/la3007603
https://doi.org/10.1021/la3007603
https://doi.org/10.1021/la200787t
https://doi.org/10.1063/1.4772509
https://doi.org/10.1021/nn9011187
https://doi.org/10.1039/c7nr02977b
https://doi.org/10.1039/c7nr02977b
https://doi.org/10.1021/ja107583h
https://doi.org/10.1080/
10611860290031877
https://doi.org/10.1080/
10611860290031877
https://doi.org/10.1038/nnano.2015.47
https://doi.org/10.1021/acsnano.6b07933
https://doi.org/10.1093/jb/mvu017
https://doi.org/10.1126/science.
1229568
https://doi.org/10.1016/j.biomaterials.2017.08.045
https://doi.org/10.1016/j.drudis.2018.02.001
https://doi.org/10.3389/fimmu.2018.00711
https://doi.org/10.1073/pnas.1208796109
https://doi.org/10.2217/nnm-2016-0174
https://doi.org/10.4049/jimmunol.176.11.6770
https://doi.org/10.3390/molecules23051008
https://doi.org/10.1016/j.febslet.2006.10.009
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	The Protein Corona as a Confounding Variable of Nanoparticle-Mediated 
Targeted Vaccine Delivery
	Introduction
	Nanovaccines
	The Protein Corona Around NC as a Confounding Variable for Effective Vaccine Delivery
	Physico-Chemical Properties and Surface Functionalization of NC as Determinants of Protein Corona Formation
	Hydrophilic Versus Hydrophobic Surfaces
	Surface Charge
	PEGylation of NC
	Endotoxin Contamination

	Composition of the Biological Fluids as Determinants of the NC Protein Corona

	Cellular Receptors for NC Corona Proteins
	Fc Receptors
	Complement Receptors
	Scavenger Receptors

	Other Corona Proteins That Affect NC Adsorption to Cells
	Dysopsonins
	Apolipoproteins
	“Don’t Eat Me” Signals

	NC Design—Avoid or Exploit the Protein Corona?
	Summary
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


