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Nanoparticle immunogenicity and antigenicity havebeenunder investigation formany years. During the past de-
cade, significant progress has been made in understanding what makes a nanoparticle immunogenic, how im-
mune cells respond to nanoparticles, what consequences of nanoparticle-specific antibody formation exist and
how they challenge the application of nanoparticles for drug delivery. Moreover, it has been recognized that ac-
cidental contamination of therapeutic protein formulations with nanosized particulate materials may contribute
to the immunogenicity of this type of biotechnology products.While the immunological properties of engineered
nanomaterials and their application as vaccine carriers and adjuvants have been given substantial consideration
in the current literature, little attentionhas beenpaid to nanoparticle immuno- and antigenicity. Tofill in this gap,
we herein provide an overview of this subject to highlight the current state of the field, review past and present
research, and discuss future research directions.

© 2016 Published by Elsevier Inc.
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1. Introduction

The immune system functions to protect the host from invading
pathogens, abnormal self-antigens and the harm they cause. Fulfilling
this function includes the rapid identification and elimination of harm-
ful agents (e.g. bacteria, viruses, and transformed or otherwise damaged
host cells). Antibodies, or immunoglobulins, are highly specialized pro-
teins generated by a subset of terminally differentiated B-lymphocytes
called plasma cells. There are two types of antibodies: those bound to
the B-cell surface, also known as B-cell receptors (BCRs), and soluble
immunoglobulins secreted by plasma cells. Binding of the soluble im-
munoglobulin to its respective antigen marks the antigen for uptake
and elimination by the phagocytic cells and may also induce comple-
ment activation. The generation of an antibody response is typically ini-
tiated by pathogens; however, host molecules (e.g. DNA, lipids, and
proteins) and certain types of pharmaceutical products (e.g. therapeutic
proteins and antibodies) may also cause the formation of antibodies.
The consequences of forming antibodies against pharmaceutical prod-
ucts vary, depending on the type of antibody and the function of the
protein, andmay even becomedetrimental to the host (Fig. 1). Generat-
ing antibodies to a pharmaceutical product can cause rapid clearance of
the product. Furthermore, if the product-specific antibody is neutraliz-
ing, and cross-reacts with the host's native protein, its presence can
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result in neutralization of the endogenous protein. The consequences
of this neutralization depend on the abundance of the host protein, its
function, and the presence or absence of other proteins that perform
the same function. If a therapeutic protein's immunogenicity leads to
the formation of antibodies against a non-redundant host protein that
performs a critical function, this is detrimental to the host. For example,
antibodies formed in response to recombinant erythropoietin (Eprex®)
neutralized both the recombinant product and endogenous erythropoi-
etin, resulting in pure red-cell aplasia. Moreover, these antibodies were
also neutralizing to other erythropoietin formulations, such as
Epogen®, NeoRecormon®, and Aranesp®, rendering the treated pa-
tients transfusion dependent (Gershon et al., 2002; Chamberlain and
Mire-Sluis, 2003; Hermeling et al., 2003). While the immunogenicity
of therapeutic proteins have been extensively studied—with well-
understood mechanisms and more-or-less established approaches for
avoidance—less is known about the immunogenicity and antigenicity
of rapidly evolving nanomaterials. Despite being used interchangeably,
the terms immunogenicity and antigenicity have distinct meaning.
The term immunogenicity refers to the ability of a substance to induce
cellular and humoral immune response, while antigenicity is the ability
to be specifically recognized by the antibodies generated as a result of
the immune response to the given substance. While all immunogenic
substances are antigenic, not all antigenic substances are immunogenic.

Nanoparticle physicochemical properties determine their interac-
tion with the immune system (Dobrovolskaia and McNeil, 2007;
Dobrovolskaia et al., 2008; Aggarwal et al., 2009). Nanoparticles with
g the immunogenicity and antigenicity of nanomaterials: Past, present
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Fig. 1.Consequences of antibody response to biotechnology-based therapeutics. Antidrug antibodies (ADA) have a broad spectrumof effects,whichmay lead to changes inprotein efficacy,
possibly resulting in undesirable toxicity and clearance of the biotechnology-based product. PK — pharmacokinetics, IFN — interferon, and IL— interleukin.
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surfaces unprotected by polyethylene glycol (PEG) or other polymers
interact with plasma proteins, rendering these particles ready for
quick uptake by the phagocytic cells (Owens and Peppas, 2006;
Monopoli et al., 2011). It has also been established that some nano-
particles can be immunogenic, serve as adjuvants to increase the im-
munogenicity of weak antigens and benefit vaccine development
(Fifis et al., 2004; Reddy et al., 2007; Smith et al., 2013). Furthermore,
manipulating their size, surface charge and route of administration
allows efficient lymphatic delivery and antigen presentation to den-
dritic cells (DCs) (Fifis et al., 2004; Reddy et al., 2007; Smith et al.,
2013). In addition to vaccine applications, in which stimulation of
the immune response is desirable, many other nanotechnology-
based platforms are used to carry proteins, peptides, lipids, and
nucleic acids, either as targetingmoieties or as active pharmaceutical
ingredients (APIs). When nanoparticles are used as drug carriers,
stimulation of the immune response and antigenicity of both the
therapeutic payload and the nanotechnology-based carrier are un-
desirable. Several studies have demonstrated that nanoparticles
may become immunogenic after binding to protein carriers or load-
ing with toll-like receptor (TLR) ligands (Banerji et al., 1982; Alving
et al., 1996; Chen et al., 1998; Braden et al., 2000). Moreover, certain
nanosized particulates found as accidental contaminants in thera-
peutic protein formulations have been demonstrated to enhance
the immunogenicity of the therapeutic proteins (Carpenter et al.,
2010). Altogether, these findings have raised attention to the prob-
lem of nanomaterial immuno- and antigenicity and emphasized the
need for a better understanding of this subject and the potential
safety concerns that undesirable nanoparticle immuno- and antige-
nicity may cause. Desirable nanoparticle immunogenicity and the
use of nanoparticles to deliver antigens and serve as adjuvants
have been reviewed elsewhere (Xiang et al., 2010; Smith et al.,
2013). Herein, we will focus on reviewing the literature regarding
the immuno- and antigenicity of nanoparticle-based drug carriers
and their payloads, as well as discuss the contribution of accidentally
introduced nanosized particulates to the immunogenicity of thera-
peutic proteins. The aim of our review is to show the importance of
distinguishing drug-delivery nanocarriers from accidental contami-
nants when discussing antigenicity and its potential safety concerns.
Please cite this article as: Ilinskaya, A.N., Dobrovolskaia,M.A., Understandin
and future, Toxicol. Appl. Pharmacol. (2016), http://dx.doi.org/10.1016/j.t
2. Principles of and factors responsible for immunogenicity

According to the clonal selection theory ofMacfarlane Burnet, B-cells
with specificity to a particular antigen preexist in an organism, even be-
fore they encounter this antigen. However, not every antigen is able to
trigger the immune response. Antigen-intrinsic features such as origin,
composition, size, and the presence of repetitive epitopes define the im-
mune system's reaction to the antigen. Frequently, the simple presence
of the antigen is insufficient to successfully generate antibodies, and ad-
ditional stimulation is required. Activation of the innate immunity by
microbial patterns through their respective receptors significantly am-
plifies the immune response. B-cell activation via binding with its cog-
nate antigen results in clonal expansion, culminated by differentiation
into antibody-producing plasma cells (Saadati et al., 2013).

There are two mechanisms of antibody induction: thymus-
dependent (TD) and thymus-independent (TI). The TD mechanism is
usually triggered by proteins, and begins with antigen uptake by
and subsequent activation of DCs. DCs produce cytokines that activate
T-helper cells capable of recognizing antigen in the context of major
histocompatibility complex class II (MHC II) on the surface of antigen-
presenting cells (APCs) such as DCs. The next step involves the interac-
tion of the activated T-cells with B-cells, which present the cognate
antigen in the context of MHC II. Interaction between T-helper and B-
cells results in B-cell proliferation and differentiation into plasma cells.
The TD pathway is characterized by isotype switching, the generation
of high-affinity antibodies, and the formation of immunological mem-
ory (Sauerborn et al., 2010). Biotechnology-derived therapeutics bear-
ing foreign or unknown peptide epitopes usually act through the TD
mechanism. Examples of this antigen type include botulinum toxin
(used to treat dystonia), streptokinase (used to dissolve blood clots),
and coagulation factor VIII (FVIII) (used to treat hemophilia). In the
case of the TI mechanism, B-cell activation is triggered by repetitive el-
ements in the antigen and occurs without T-cell involvement
(Bachmann et al., 1993; De Groot and Scott, 2007; Sauerborn et al.,
2010). This mechanism results in formation of IgM. Two types of TI an-
tigens have been described: TI-1 and TI-2. A TI-1-type response is elic-
ited when additional B-cell activation, through TLR receptors, for
instance, is involved. When present at high concentrations, TI-1
g the immunogenicity and antigenicity of nanomaterials: Past, present
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Table 1
Relationships between nanoparticle properties and ABC. Properties of the first-dose
PEGylated liposomes ormicelles responsible for the induction of ABC, examples, and orig-
inal research articles are summarized. ABC— accelerated blood clearance and PEG— poly-
ethylene glycol.

Property Examples References

Size 1. Direct correlation found
between antigen size and
induction of anti-PEG antibody.

2. PEGylated liposomes induce
anti-PEG antibody more
effectively than PEGylated
micelles.

Kaminskas et al. (2011)

3. Large PEGylated micelles
(50.2 nm) induce ABC, while
small PEGylated micelles
(9.7–31.5 nm) do not.

Koide et al. (2008)

Charge No correlation found between
nanoparticle charge and ABC
induction.

Ishida et al. (2004)

PEG density Controversial results:
1. A 5 mol% PEG-lipid concen-

tration induced the strongest
ABC. Increasing the PEG-lipid
concentration to 10 or 15
mol% attenuated ABC.

Ishida et al. (2005)

2. 9 mol% PEG liposomes
induced stronger ABC than
3%mol PEGylated liposomes.

Li et al. (2012)

PEG length No direct correlation found
between PEG length and ABC
enhancement.
Increasing mPEG molecular
weight from 2000 to 5000 did
not enhance ABC.

Ishida et al. (2005)

PEG terminal
groups

Direct correlation exists
between increased
hydrophobicity and antibody
induction. Terminal groups are
listed in the order of increasing
hydrophobicity and
antigenicity:
SH b OH b OCH3 b O(CH3)3

Arima et al. (2008), Sherman
et al. (2012), Saifer et al. (2014)

Cargo 1. Cytotoxic cargo — ABC not
induced

Charrois and Allen (2003),
Ishida et al. (2006a), Cui et al.
(2008), Koide et al. (2010)

2. Rapid release cytotoxic cargo
— ABC induced

Li et al. (2012)

3. Immunostimulatory cargo —

ABC enhanced
Semple et al. (2005), Judge
et al. (2006), Tagami et al.
(2010), Hashimoto et al.
(2014a)

Dosing
schedule

Controversial results:
1. An interval of ≤7 days

between the first and second
doses is optimal for ABC
induction.

Dams et al. (2000), Kaminskas
et al. (2011), Saadati et al.
(2013)

2. ABC was observed in 10 days
from the first injection.

Ishida et al. (2004)
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antigens stimulate the polyclonal activation of B-cells. TI-2 antigens are
characterized by the presence of highly repetitive structures that are
recognized by BCRs, and no additional activation signal is required. TI-
2 antigens primarily activate marginal zone B-cells, which represent a
non-circulating pool of mature B-cells located at the border of the
splenic white pulp (Murphy, 2012). This mechanism results in the gen-
eration of antibodies in response to polysaccharides and lipids and oc-
curs through the breaking of B-cell tolerance, which occurs when
previously non-antigenic epitopes aggregate and form a repetitive pat-
tern (Sauerborn et al., 2010).

3. Generating antibodies to engineered nanomaterials

The concept of a versatile immune system implies that it is able to
recognize a diverse variety of epitopes, including inorganic compounds.
Antibodies with affinities for gallium arsenide (Artzy Schnirman et al.,
2006), magnetite (Barbas et al., 1993), and gold (Watanabe et al.,
2008) have been described. Some of them, antibodies specific for gold
surfaces (A14P-b2), for example, could also bind to the surfaces of
gold nanoparticles without cross-reacting with other noble metal sur-
faces made of platinum, palladium, or silver (Watanabe et al., 2008).
To our knowledge, this is the only report describing the isolation of a
naturally occurring antibody specific for the surface of a colloidal
metal nanoparticle.

As discussed earlier, the presence of (and interaction with) specific
antibodies does not necessarily result in the development of an immune
response and expansion of the specific B-cells. Due to their small size,
most nanoparticles are poorly immunogenic or not immunogenic at
all. This is why immunizing animals with pristine nanoparticles, even
in the presence of strong adjuvants, is frequently reported as unsuccess-
ful in terms of generating nanoparticle-specific antibodies. For example,
immunizing rabbits with C60 fullerene derivatives in the presence of
Freund's adjuvant did not result in the generation of fullerene-specific
antibodies (Andreev et al., 2000a). However, when immunization was
performed using the same procedure and the fullerene derivatives
were conjugated to a protein carrier (thyroglobulin), antibodies specific
for the C60 fullerene were generated (Chen et al., 1998; Braden et al.,
2000; Hendrickson et al., 2012). Further research demonstrated that
this anti-fullerene antibody interacted with the core components of
the C60 fullerene, but not with the functional groups present on the ful-
lerene surface (Hendrickson et al., 2012). This findingwas subsequently
confirmed by the observation that this antibody also reacted with C70
fullerenes and single-wall carbon nanotubes (Chen et al., 1998;
Erlanger et al., 2001). Likewise, polyamidoamine (PAMAM) dendrimers
were not immunogenic per se, in that administering these particles did
not result in the formation of dendrimer-specific antibodies, even in the
presence of Freud's adjuvant (Roberts et al., 1996; Lee et al., 2001).
However, conjugating them to a protein carrier (bovine serum albumin
to generation zero [G0] dendrimers and interleukin-3 [IL-3] to genera-
tion five [G5] dendrimers) resulted in the formation of antibodies spe-
cific for the amine, oxyamine, or sulfhydryl dendrimer surface
functional groups (Lee et al., 2001). Antibodies specific for the oxyamine
groups did not cross-react with the sulfhydryl terminal groups, even
when these groups were exposed on PAMAM dendrimers of equivalent
size (G5) (Lee et al., 2001). Antibodies raised against amine-terminated
G0 PAMAM dendrimers were specific for the primary amine terminal
groups and recognized amine-terminated PAMAMdendrimers of differ-
ent generations, but failed to recognize primary amines on the surfaces
of poly(triethyleneamine) (POPAM) dendrimers with higher terminal
group density, emphasizing the importance of the spatial separation be-
tween the terminal groups. These studies illustrate the requirement for
nanoparticle conjugation to a protein carrier for successful antibody in-
duction. Zolnik et al. suggested that this response resembles the T-cell–
dependent pathway andproposed the followingmechanism: (1) B-cells
bearing BCRs capable of recognizing structural elements in nanoparti-
cles (surface groups or core components) take up the nanoparticle–
Please cite this article as: Ilinskaya, A.N., Dobrovolskaia,M.A., Understandin
and future, Toxicol. Appl. Pharmacol. (2016), http://dx.doi.org/10.1016/j.t
protein complex; (2) the protein carrier is then processed inside the
B-cells, and the resulting peptides are presented to T-cells in the context
of MHCII on the B-cell surface; (3) this event promotes interaction be-
tween B- and T-cells; and (4) both cells become activated, resulting in
the expansion of B-cells producing antibodies specific for the nanoparti-
cle surface (Zolnik et al., 2010). In this mechanism, nanoparticles be-
have as haptens.

The generation of nanoparticle-specific antibodies via the TI mecha-
nism is exemplified by those generated against liposomes. Similar to
fullerenes and dendrimers, as discussed above, liposomes per se are
poorly immunogenic. For example, the repeated administration of lipo-
somes to rabbits did not result in antibody formation (Schuster et al.,
g the immunogenicity and antigenicity of nanomaterials: Past, present
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1979). However, the presence of TLR-ligands, which provide additional
B-cell stimulation, was shown to result in the expansion of B-cell clones
producing IgM antibodies specific to the individual lipid constituents of
the liposomes. For example, immunization with liposomes containing
lipid A resulted in the generation of liposome-specific antibodies
(Schuster et al., 1979; Alving, 1986; Alving et al., 1996). Another inter-
esting study described the generation of antibodies that recognized li-
posomes of several compositions—dimyristoyl phosphatidylcholine/
cholesterol/dicetyl phosphate (DMPC/Chol/DCP), DMPC/Chol/DCP/
cardiolipin (CL), DMPC/Chol/DCP/phosphatidylinositol (PI), and
DMPC/Chol/DCP/phosphatidylinositol phosphate (PIP)—when the rab-
bits were infected with Trypanosoma rhodesiense (Richards et al.,
1983). Lipid composition analysis of T. rhodesiense revealed the pres-
ence of PC, PI, CL, and PIP. These lipids, though derived from different
sources, are also commonly used to prepare liposomes. Liposome-
specific antibodieswere shown to be predominantly IgM and generated
equally in both wild-type and athymicmice (Banerji et al., 1982). These
findings further confirmed that these antibodies are generated via the
TI-mechanism.

In 1984, Alving described naturally occurring human antibodies that
could specifically bind to liposomes containing PC/Chol, PC/Chol/DCP,
and PS/Chol from egg (Alving, 1984). Alving later suggested that these
antibodies recognize phosphate and sulfate esters, which are also pres-
ent on numerous biological substances, including other phospholipids,
lipoteichoic acids, and DNA (Alving, 1986).

4. Antibody response to nanoparticle surface coatings

PEG is widely used to modify therapeutic proteins and nanoparticle
surfaces to improve their hydrophilicity, extend their circulation time,
and mask them from uptake by phagocytic cells (Abuchowski et al.,
1977a; Abuchowski et al., 1977b; Eggebeen, 2007; Macdougall et al.,
2013). Although PEGylation is generally intended for the prevention of
immune recognition, accelerated blood clearance (ABC) of PEGylated
products upon repeated administration has been reported (Abu Lila
et al., 2013; Verhoef et al., 2014). The precise mechanism of the ABC
phenomenon is incompletely understood, but the possibility that it is
based on the generation of an immune response against PEG coatings
has been considered. For example, one study showed that ABC of
PEGylated liposomes in rats and rhesus monkeys was mediated by
Fig. 2. Timeline of understanding of nanoparticle antigenicity. Our understanding of nanopart
particle-specific antibodies to uncovering the differences between particle types, determinin
desirable and avoid undesirable immunogenicity. Future research will focus on methodo
nanomedicines. PCP — physicochemical properties.
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heat-labile molecules, but they did not belong to an immunoglobulin
class (Dams et al., 2000). In contrast to this study, however, Kiwada
et al. (Ishida et al., 2004; Ishida et al., 2005; Ishida et al., 2006a; Ishida
et al., 2006b; Ishida et al., 2006c; Ishida et al., 2007; Ishida et al., 2008;
Ishida and Kiwada, 2008; Ishihara et al., 2010) and Kaminskas et al.
(2011) suggested that anti-PEG IgM antibodies are responsible for the
accelerated clearance of PEGylated nanomaterials. It has also been sug-
gested that anti-PEG IgM binds to PEGylated liposomes, activating com-
plement, which is then followed by opsonin generation, liposome
opsonization, and increased uptake of opsonized nanoparticles by resi-
dent livermacrophages (Ishida et al., 2006c; Hashimoto et al., 2015). Ac-
cording to the study by Shimizu et al., conducted in Wistar rats, B-cells
located in the splenic marginal zone are responsible for the generation
of anti-PEG IgM because depletion of these cells significantly reduces
antibody production (Shimizu et al., 2013). The absence of isotype
switching, the lack of memory development, and the presence of repet-
itive structures on the surface of PEGylated liposomes suggest a TI
mechanism of anti-PEG IgM production. Separately, some studies spec-
ulate that PEGylated liposomes act as TI-2 antigens due to the presence
of repetitive structures that cross-link receptors on the surface on B-
cells located in the marginal zone of spleen (Ichihara et al., 2011;
Shimizu et al., 2013). Experiments in athymic mice confirmed the lack
of T-cell involvement (Semple et al., 2005; Koide et al., 2010), while
studies in SCID (Koide et al., 2010) or splenectomized mice (Ichihara
et al., 2011) demonstrated the contribution of theB-cells in thedevelop-
ment of the ABC phenomenon.

Many factors contribute to the development of ABC, including the
animal species used; the dose; the interval between thefirst and second
doses; the nanoparticle size, charge, and cargo; and the liposomal com-
position, as well as the density and length of the PEG coating. These fac-
tors, the controversies over different study results and conclusions, and
possible explanations for the differences have been reviewed in detail
elsewhere (Dobrovolskaia, 2013). The properties of PEGylated lipo-
somes andmicelles, and their contribution to the generation of PEG an-
tibodies and ABC, are summarized in Table 1.

Several reports have suggested that ABC can also bemediated by an-
tibodies that recognize the liposomes themselves. For example,
injecting an initial dose of conventional (non-PEGylated) liposomes
was shown to induce ABC of a second dose composed of PEGylated lipo-
somes (Ishida et al., 2005; Wang et al., 2007).
icle immunogenicity has evolved from anecdotal reports describing the generation of the
g the roles of their physicochemical properties, and developing approaches to enhance
logies and mechanisms, and leveraging this knowledge for the development of safe
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Fig. 3.Nanoparticle antigenicity. Current data about nanoparticles and antibody response are summarized. *— Immunization required a strong adjuvant and either conjugation to a protein
carrier or the presence of a TLR agonist. ENM — engineered nanomaterial, ThPr — therapeutic protein, SWCNT — single-wall carbon nanotubes, PAMAM — polyamidoamine, PEG —

polyethylene glycol, PS— phosphatidyl serine, and TNF — tumor necrosis factor.
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Other studies have also reported the presence of naturally occurring
PEG antibodies in healthy donor volunteers (Richter and Akerblom,
1984; Leger et al., 2001; Armstrong et al., 2007). The percentage of
healthy donors who tested positive for anti-PEG immunoglobulins
varies drastically between studies: 0.2% according to one (Richter and
Akerblom, 1984) and 22–25% according to others (Leger et al., 2001;
Armstrong et al., 2007). One possible explanation for this difference is
an increase in the population's exposure to PEGylated products through
food and cosmetics (Garay et al., 2012). Another reason stems from the
methodology used to detect the antibody (Dobrovolskaia, 2013;
Schellekens et al., 2013). Furthermore, it has been suggested that the
specificity of PEG antibodies detected in vitro does not necessarily re-
flect their in vivo activity and, therefore, results should be interpreted
with caution (Hashimoto et al., 2014b).

Two types of experimentally obtained PEG antibodies have been re-
ported: antibodies specific for ethoxy (OCH2CH2) repeats (i.e. the “PEG
backbone”) and antibodies that recognize PEG terminal groups (Cheng
et al., 1999; Tsai et al., 2001; Hashimoto et al., 2014b). Other work has
suggested that PEG backbone-specific antibodies preferably interact
with the less dense “mushroom” conformation of PEG, while terminal
group-specific antibodies tend to react with PEG in its denser “brush”
configuration, due to the reduced accessibility of the ethoxy repeats
(Hashimoto et al., 2014b). The hydrophobicity of PEG terminal groups
is thought to be an important antigenicity factor because hydroxy-
terminated PEG has been shown to be less antigenic than methoxy-
PEG, which, in turn, was shown to be less antigenic than t-butoxy-PEG
(Sherman et al., 2012; Saifer et al., 2014). Studies comparing the immu-
nogenicity of methoxy-terminated and thiol-terminated groups
showed that thiol-PEG was significantly less immunogenic (Arima
et al., 2008).
Please cite this article as: Ilinskaya, A.N., Dobrovolskaia,M.A., Understandin
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5. Contribution of accidental nanoparticle contaminants to immu-
nogenicity of recombinant protein therapeutics

Therapeutic protein immunogenicity, its contributing factors and
mechanisms, and the regulatory requirements involved have already
been given substantial attention in the current literature (Schellekens,
2002; Chamberlain and Mire-Sluis, 2003; Rosenberg, 2003; Hermeling
et al., 2004; Swanson, 2006; De Groot and Scott, 2007; Carpenter
et al., 2010; Sauerborn et al., 2010; Buttel et al., 2011; Parenky et al.,
2014; Tatarewicz et al., 2014). Therefore, wewill reviewherein the con-
tribution of accidentally introduced particulate materials to the immu-
nogenicity of protein therapeutics. These materials are heterogeneous
in composition and size, and include both micro- and nano-sized parti-
cles. The source of particulate contaminants in therapeutic proteinsmay
be internal (formed by protein aggregation) or external (introduced
during manufacturing). Protein aggregation can be promoted by agita-
tion during transportation or through binding to submicron particles
(Schellekens, 2002; Jiskoot et al., 2012; Liu et al., 2012; Tyagi et al.,
2009; Bee et al., 2009; Thirumangalathu et al., 2009; Krayukhina et al.,
2015). Glass and cellulose fibers, tungsten and stainless steel fragments,
and silicon oil are common particulate contaminants, which can be in-
troduced into therapeutic protein formulations from gowns worn in
GMP production facilities, shed from filters used in the manufacturing
process, or via leaching from vial closures, valves, connectors, filters,
and tubing lines (Carpenter et al., 2009; Tyagi et al., 2009; Fradkin
et al., 2011; Bee et al., 2009). Several studies have been conducted to
mimic the triggering of protein aggregation by contaminating particles
and to understand the source of contamination. For example, incubating
recombinant human interferon beta with 14-μm stainless steel micro-
particles significantly increased the immunogenicity of this therapeutic
g the immunogenicity and antigenicity of nanomaterials: Past, present
aap.2016.01.005

http://dx.doi.org/10.1016/j.taap.2016.01.005


6 A.N. Ilinskaya, M.A. Dobrovolskaia / Toxicology and Applied Pharmacology xxx (2016) xxx–xxx
protein (Van Beers et al., 2012). It has been demonstrated that steriliz-
ing glass vials triggers a delamination process, which results in the
shedding of glass particles (Ennis et al., 2001). Lyophilizing and storing
recombinant human platelet-activating factor acetylhydrolase (rhPAF-
AH) in such vials resulted in the formation of aggregates after the pro-
tein was reconstitutedwith sterile water for injection. Filtering the pro-
tein solution after reconstitution and rinsing the vial with nanopure
water after sterilization to remove glass particles prevented the forma-
tion of protein aggregates. In contrast, adding 12-nm silica nanoparti-
cles to the reconstituted protein exacerbated protein aggregation (Chi
et al., 2005). The presence of residual tungsten particles from the pins
used to manufacture the barrels of glass syringes was also shown to in-
duce the aggregation of therapeutic proteins (Liu et al., 2010; Seidl et al.,
2012). Tungsten particles rapidly bound erythropoietin alfa, resulting in
its partial denaturation and aggregation (Seidl et al., 2012).

6. Immunogenicity of therapeutic proteins delivered using
nanoparticles

The contribution of contaminating nano- and microparticles to the
immunogenicity of therapeutic proteins has prompted some experts
in this field to express logical concerns about the suitability of nanopar-
ticle carriers for the delivery of therapeutic proteins (Carpenter et al.,
2010). However, existing data demonstrate that, in contrast to the par-
ticulate contaminants, the nanomaterials used to carry therapeutic pro-
teins are engineered to avoid or reduce immunogenicity. For example,
the application of PEGylated gold nanoparticles for the delivery of re-
combinant tumor necrosis factor alpha reduced the systemic toxicity
(fever and hypotension) of this cytokine and did not lead to the forma-
tion of protein-specific antibodies (Libutti et al., 2010). Encouraging re-
sults have been obtained from using nanoparticles to solve the
immunogenicity problem of recombinant FVIII, which is used to treat
hemophilia A. The major drawback to using this product in the clinic
is that antibodies are generated against it, neutralizing its activity
(Klinge et al., 2002). Its large size, its ability to bind phospholipids, and
the presence ofmultiple domains and several universal CD4+ epitopes,
along with a conformation prone to form aggregates, make this protein
extremely immunogenic (Ramani et al., 2008a). Antibodies to therapeu-
tic FVIII are observed in up to 25% of treated patients (Klinge et al.,
2002). Incorporating FVIII into PS-containing liposomes reduced its im-
munogenicity (Ramani et al., 2008a; Ramani et al., 2008b). Furthermore,
encapsulating FVIII in the liposomes significantly reduced temperature-
induced aggregation of this protein (Ramani et al., 2008a).

Another example of reducing protein immunogenicity by using a
nanotechnology-based carrier is the use of the streptococcal protein
streptokinase for thrombosis intervention. The therapeutic efficacy of
streptokinase is limited by neutralizing antibodies generated in re-
sponse to thrombosis treatment or that naturally occur in patients as
consequence of previous streptococcal infections (Kunamneni et al.,
2007). Using liposomal or polymeric nanoparticles to deliver streptoki-
nase shielded this protein from immune recognition without affecting
its efficacy (Nguyen et al., 1989; Nguyen et al., 1990; Perkins et al.,
1997; Leach et al., 2003). Since certain nanoparticle physicochemical
properties determining their effects on the immune system may in-
crease protein immunogenicity, such nanoparticles are inappropriate
carriers for the delivery of therapeutic proteins. Both careful selection
of the nanoparticle carrier and optimization of its physicochemical
properties are necessary to achieve the desirable reduction of immuno-
genicity of protein therapeutics.

7. Conclusion and future directions

During the past decade, our understanding of nanoparticle immuno-
genicity has evolved from anecdotal reports describing the generation
of the particle-specific antibodies to uncovering the differences be-
tween particle types, determining the roles of their physicochemical
Please cite this article as: Ilinskaya, A.N., Dobrovolskaia,M.A., Understandin
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properties, and developing approaches to enhance desirable and avoid
undesirable immunogenicity (Fig. 2). It is now well recognized that
most engineered nanomaterials (e.g. PAMAM dendrimers, and some ful-
lerene derivatives) are not immunogenic per se even when they are
injected in the presence of strong adjuvants (Roberts et al., 1996;
Masalova et al., 1999; Andreev et al., 2000b; Dykman et al., 2004;
Agashe et al., 2006). The conjugation of polymeric, carbon-based, and col-
loidal metal nanoparticles to a protein carrier, and immunization in the
presence of strong adjuvant, are important conditions required for the
generation of antibodies specific to these nanomaterials (Chen et al.,
1998; Braden et al., 2000; Erlanger et al., 2001; Lee et al., 2001; Lee
et al., 2004). The generation of antibodies against lipid-based nanoparti-
cles (liposomes and micelles) depends on the presence of TLR ligands or
repetitive structures, and occurs via a mechanism different than that in-
volved in antibody generation against protein-conjugated nanoparticles.
These mechanisms (TI and TD, respectively) are not unique to nanoparti-
cles. Antibodies can be generated against the nanoparticle core, terminal
groups, and surface coatings. Antibody response to PEG, one of the most
popular nanoparticle surface coatings, contributes to accelerated particle
clearance from circulation (via the ABC phenomenon) and alteration of
the particle's pharmacokinetics profile (Ishida et al., 2004; Ishida et al.,
2005; Ishida et al., 2006a; Ishida et al., 2006b; Ishida et al., 2006c; Ishida
et al., 2007; Ishida et al., 2008; Ishida and Kiwada, 2008; Ishihara et al.,
2010). PEGylated liposomes can be used as example of the immunogenic
nanoparticles, while colloidal gold serves as example of the antigenic
nanoparticles (Alving, 1984; Watanabe et al., 2008). Thus far, there are
no studies demonstrating engineered nanoparticles carrying therapeutic
proteins causing the formation of protein- or nanoparticle-specific anti-
bodies. Furthermore, other work has shown that the application of
nanotechnology-based carriers can overcome the problematic immuno-
genicity of certain therapeutic proteins (Perkins et al., 1997; Ramani
et al., 2008a; Ramani et al., 2008b; Libutti et al., 2010). In contrast to the
nanomedicine field, in which the physicochemical properties of nanopar-
ticles can be tuned to either stimulate the immune systemor avoid its rec-
ognition, the biotechnology field has experienced a negative impact from
accidentally introduced nanomaterials (e.g. cellulose and glass fibers,
tungsten and stainless steel fragments, and silicon oil), since contamina-
tion of therapeutic protein formulations with these nano-sized particu-
lates has been shown to contribute to protein immunogenicity (Jiang
et al., 2009; Carpenter et al., 2010; Liu et al., 2010; Fradkin et al., 2011;
Mire-Sluis et al., 2011; Jiskoot et al., 2012). A graphic summary of these
data is presented in Fig. 3.

Future research in this area should focus on developingmethods for
isolating and characterizing undesirable nanoparticulate contaminants,
uncovering the mechanisms of undesirable immunogenicity and anti-
genicity, improving the mechanistic understanding of desirable immu-
nogenicity, and applying this knowledge to design safe nanomedicines
and biotechnology-derived pharmaceutics.
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