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Abstract: Innate immunity can be triggered by the presence of microbial antigens and other contami-
nants inadvertently introduced during the manufacture and purification of bionanopharmaceutical
products. Activation of these innate immune responses, including cytokine secretion, complement,
and immune cell activation, can result in unexpected and undesirable host immune responses. These
innate modulators can also potentially stimulate the activation of adaptive immune responses, in-
cluding the formation of anti-drug antibodies which can impact drug effectiveness. To prevent
induction of these adverse responses, it is important to detect and quantify levels of these innate
immunity modulating impurities (IIMIs) that may be present in drug products. However, while it
is universally agreed that removal of IIMIs from drug products is crucial for patient safety and to
prevent long-term immunogenicity, there is no single assay capable of directly detecting all potential
IIMIs or indirectly quantifying downstream biomarkers. Additionally, there is a lack of agreement as
to which of the many analytical assays currently employed should be standardized for general IIMI
screening. Herein, we review the available literature to highlight cellular and molecular mechanisms
underlying IIMI-mediated inflammation and its relevance to the safety and efficacy of pharmaceutical
products. We further discuss methodologies used for direct and indirect IIMI identification and
quantification.

Keywords: immunity; bionanopharmaceuticals; impurities; immunotoxicity; immunogenicity; bioas-
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1. Introduction

The body’s primary “innate” defense against foreign invaders is triggered by an
immediate but relatively non-specific localized immune response including both cellular
and biochemical components. The cells contain pathogen recognition receptors (PRRs)
capable of tightly binding pathogen-associated molecular patterns (PAMPs) common to
several classes of infectious agents [1]. PAMP binding by cognate PRRs triggers immune
cell activation, chemokine/cytokine secretion, and biochemical mediators, including the
complement system (both systemically produced by the liver and cellularly produced by the
activated immune cells), ficolins, pentraxins, and the coagulation system. The coordinated
function of these components leads to the hallmark signs of acute inflammation: redness
due to increased blood flow and tissue permeability, swelling caused by increased leukocyte
(neutrophil, basophil, monocyte) recruitment and subsequent fluid retention in affected
tissues, heat (local), and fever (systemic) to decrease pathogen replication and activate
production of complement proteins for pathogen opsonization, and pain from the previous
effects which act as a warning to the host of tissue damage and infection [2,3]. Together,
these processes work to destroy invaders as well as prevent and repair any further tissue
damage.

Lastly, innate immune effectors promote the secondary “education” of the immune
system against similar future attacks. For this, microbial antigens generated via pathogen
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phagocytosis are displayed on the surface of antigen-presenting cells (APCs), specifically
macrophages and dendritic cells (DCs). Through co-stimulation by pro-inflammatory cy-
tokines and APC-antigen presentation, T-cells differentiate into specialized subsets respon-
sible for promoting enhanced B-cell activation (CD4" helper T-cells), direct pathogen degra-
dation (CD8* cytotoxic T-cells), and immune modulation (regulatory T-cells (Tregs)) [3,4].
Upon B-cell activation, gene rearrangement produces large quantities of highly variable
and specific antibodies. While this “adaptive” immune response is slow compared to the
innate immune response, these antibody-producing plasma cells are maintained long-term,
the “memory” of which allows for more rapid recognition and a stronger, more specific
immune response upon secondary antigen exposure [1].

Unlike the epigenetic recombination required by the adaptive immune response,
trained immunity is a form of non-specific, T-cell independent innate immunity, which
relies mainly upon macrophage activation and pro-inflammatory cytokine production
for long-term functional reprogramming of innate immune cell responses. Therefore,
secondary antigen exposure can lead to temporarily altered cellular responses, either
enhanced or reduced, compared to the primary response [5]. Depending on the degree of
“training,” protection can be conferred against reinfection by a specific microorganism and
some additional non-specific protection against other unrelated pathogens [5].

To prevent inadvertent activation of these immune responses, new pharmaceutical
compounds must go through several phases of investigation and regulatory review, con-
sisting of discovery/development, preclinical testing, clinical testing, and approval, before
being introduced to the market. Drug discovery/development encompasses the isolation
(or fabrication) and subsequent characterization of a new compound, whether a molecule,
nucleic acid sequence, or peptide/protein, for therapeutic use. This new compound is
then subjected to preclinical (laboratory) testing, during which chemical or genetic anal-
ysis, pharmacological tools, and animal models are used to determine the safety and
effectiveness of this drug towards a specific disease/condition. Due to the need for new
drug compounds, half of all drug-related research and development expenditures occur
during this stage, even though only one out of every thousand compounds progress to
the next stage [6,7]. After successful testing in animal models, a new drug candidate is
then deemed ready for clinical testing in humans. The clinical trial phases determine
(I) the drug’s metabolic and pharmacological actions, side effects, and effective dosage
in healthy patients; and then (II) the drug’s effectiveness in “diseased” patients as an
improvement upon available treatments, if any. Of the compounds entering clinical trials,
approximately 90% fail to pass the clinical phase I/1I safety and efficacy requirements [7].
Those few compounds that do advance to clinical trial phase III are tested on a larger cohort
of diseased patients to find the best balance between drug safety and effectiveness (dosage
regimen, duration, etc.). Finally, once a therapeutic candidate has successfully passed
these experimental hurdles, it must undergo final approval by a regulatory health agency
(e.g., Food and Drug Administration (FDA) in the US) before being registered and sold as
an available treatment [6]. Overall, from start to finish, the process of bringing a drug from
the bench to the patient’s bedside can cost over USD 800 million and take 8-10 years of
effort with no guarantee of final approval [6,8].

Due to the financial and societal costs of the extensive process required for drug
development, testing, and approval, it is essential that any potential product “failure”
not be the result of the inadvertent inclusion of innate immunity modulating impurities
(IIMIs, a.k.a innate immune response modulating impurities, IIRMISs [9]), components of
a biotherapeutic treatment other than the target product that can potentially trigger the
development of an immune response in the recipient [9,10]. Herein, we review the avail-
able literature to highlight cellular and molecular mechanisms underlying [IMI-mediated
inflammation and its relevance to the safety and efficacy of pharmaceutical products, and
to discuss methodologies used for IIMI identification. Challenges with the detection and
understanding of the immunotoxic effects of drug products arising from intrinsic immuno-
logical properties (e.g., immunosuppression, immunostimulation, immunomodulation,
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immunogenicity) of activating pharmaceutical ingredients (APIs) or intended formulation
components (e.g., carriers and excipients) are not covered in this review as they have been
extensively discussed elsewhere [11-18].

2. Innate Immunity Modulating Impurities

IIMlIs encompass everything from live microbial contamination and pathogen-derived
antigens (proteins, sugars, nucleic acids) to compounds introduced during the nanobio-
therapeutic manufacturing and purification processes (Figure 1) [19,20]. The first source
of IIMIs is adventitiously introduced microbial contaminants including live bacteria, my-
coplasma, fungi, viruses, or their by-products. While the most common source of these
impurities is contaminated raw materials [10], other sources include non-sterile equipment,
improper handling practices, or contaminated facilities, though these sources are less likely
in a highly controlled facility that employs appropriate sterilization procedures [10]. The
second source of [IMI contamination is from host-cell proteins (HCPs), proteins produced
by modified host organisms that are unrelated to the intended recombinant product. The
population of HCPs produced during biopharmaceutical manufacture depends on host
cell type and strain, location of expressed product (cytoplasm, periplasm, external cul-
ture medium), physiochemical properties and modalities expressed by-product (charge,
hydrophobicity, structure, post-translational modifications, etc.), and the techniques em-
ployed during recovery and purification [21]. Due to the limited subset of physicochemical
properties optimized for purification, a sub-population of HCPs with similar attributes to
the target product will normally co-purify regardless of the process employed [21]. In addi-
tion, the use of chemical additives needed to maintain these modified host cells (e.g., growth
medium, transferrin, albumin, insulin), as well as chemical additives and selective pressure
agents applied for increased product production and modification (e.g., methotrexate, an-
tibiotics, guanidine HCl) can result in adverse patient reactions and can potentially lead to
the formation of antibiotic resistant bacterial strains [10]. Lastly, even processes employed
for product filtration and purification can inadvertently introduce impurities that leach into
the final product. Common “leachates” include bacterial protein A which is normally used
for isolating antibodies, as well as hydroxyapatite, tungsten and stainless-steel fragments,
glass and cellulose fibers, surfactants, and silicones which can be introduced by filters or
containers used during the manufacture and purification processes [10,22]. Ideally, detec-
tion of such “leachates” in a biopharmaceutic product will result in modification and/or
augmentation of purification processes, such as the use of high-quality resins, to prevent
introducing these impurities [10]. Overall, at each stage biopharmaceutical production,
there is the potential to introduce IIMIs which may have little/no impact on the function
of the resulting drug product but are potent immune activators that have the potential to
trigger an undesirable host immune response [23].

When in the presence of these IIMIs (Figure 2), immune cells (e.g., DCs, macrophages,
monocytes, neutrophils, and some epithelial cells) recognize these antigens via a variety
of pattern recognition receptors (PRRs) containing leucine-rich repeats (LRR) [24,25], in-
cluding toll-like receptors (TLRs), nod-like receptors (NLRs), retinoic acid-inducible gene-I
(RIG)-I-like receptors (RLRs), and C-type lectin receptors (CLRs). Each of these recep-
tor families binds highly conserved microbial structures containing pathogen-associated
molecular patterns (PAMPs), or endogenous structures containing damage-associated
molecular patterns (DAMPs) released via cell rupture which are important for augmenting
the elimination of pathogens and pathogen-damaged cells [9,26,27].
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Figure 1. The many levels of possible unintended contamination in drug products. While most often associated with
microbial contamination, unintended impurities can actually be introduced into pharmaceutical products from multiple
sources, including raw materials and specialized host-cell reagents, and at various stages of production, ranging from
fabrication and payload encapsulation in nanocarriers to purification of the final formulation.
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Figure 2. Impurities in drug products trigger innate cellular responses and produce biomarkers for bioassay detection and
Quantification. Currently, only -glucans and endotoxins can be detected and quantified directly using specialized assays.
The remaining population of impurities must instead be detected and quantified indirectly using downstream biomarkers
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The most studied and diverse family of PRRs, TLRs are a family of highly varied
signaling receptors, each of which binds to a different set of microbial structures to trigger
intracellular signaling resulting in cytokine secretion and lymphocyte activation [24,26].
Membrane-tethered TLRs, which often require dimerization for appropriate antigen bind-
ing and subsequent intracellular signaling, bind to molecules found on bacterial surfaces,
including triacyl lipopeptides/proteins, glycolipids, and peptidoglycans, all of which
bind to either the TLR1/2 heterodimer or the Dectinl/TLR2 heterodimer; diacyl lipopep-
tides, lipoteichoic acid, or zymosan which bind to TLR2/6; lipopolysaccharides (LPS)
or endotoxins, which bind to MD2, an extracellular adaptor protein for TLR4; and flag-
ellin, which binds TLR5 [24,25,28]. Several DAMPs can also bind membrane-tethered
TLRs, including but not limited to hyaluronic acid and other fatty acids, high-mobility
group protein B1 (HMGB1), heat shock proteins, S100 proteins, fibrinogen, and tenascin-C
which bind to TLR4 [29,30] and serum amyloid A protein, which binds the TLR2/6 het-
erodimer [27,31]. On the other hand, intracellular TLRs bind to microbial components
released after pathogen endocytosis and phagocytosis, including viral double-stranded (ds)
RNA containing poly(I:C) motifs which binds TLR3; unmethylated CpG-rich DNA which
binds to TLRY; and Guanosine/Uridine-rich single-stranded (ss) RNA and anti-viral imi-
dazoquinoline compounds that mainly bind to TLR8 but can also bind TLR7 [24,25,27,28]
Many intracellular TLRs also recognize DAMPs. For example, TLR7 and TLR9 distin-
guish between snRNP immunocomplexes vs. immunocomplexes of self-DNA or histones
respectively [27].

With the assistance of a variety of signaling adaptor proteins (TIRAP, TRAM) and
TRIF/TRAF transcription factors [24,25], all antigen-bound TLRs, except TLR3, activate
intracellular signaling through a myeloid differentiation primary response protein (MyD88)-
dependent NF«B pathway resulting in the secretion of pro-inflammatory cytokines, includ-
ing type Il interferons (IFNs) (e.g., IFNY), interleukins (ILs) (e.g., IL-1§3, IL-6, CXCL8/IL-S,
IL-12, and IL-18) and tumor necrosis factor o« (TNF«); priming of caspase-1; and the acti-
vation of local lymphocytes and vascular endothelium, eventually resulting in antibody
production [24,26]. Meanwhile, MyD88-independent activation of IRF3/7 leads to the type
ITFNs (IFN«) response critical for antiviral defense [25,30]. However, the continuous stimu-
lation of these PRRs, especially the “bipolar” PRRs involved in DAMP recognition, can lead
to inflammatory dysregulation leading to the development of autoimmune and chronic
inflammatory diseases [27], as well as blunted responses, also known as tolerance [32]. As
such, these pathways are tightly controlled, with some TLRs (TLR2 and TLR4) even having
decoy receptors designed to dampen innate responses during severe infection by blocking
the interactions between the bacterial ligands and the active TLRs [26].

TLR function also overlaps and integrates with other PRR signaling pathways, includ-
ing NLRs, RLRs, and CLRs. NLRs, such as NOD1 and NOD?2, act as intracellular bacterial
sensors by recognizing peptidoglycans (e.g., mDAP and MDP respectively) resulting in
inflammasome-mediated NF«kB activation leading to the production of IL-1f [26]. The
TLR and NLR pathways are clearly integrated for producing IL-18, as effective NLR acti-
vation requires both PAMP activation of the inflammasome and TLR priming, to initiate
an inflammatory response [26]. Other NLRs are responsible for triggering the activation
and regulation of pro-inflammatory caspase-1 and caspase-5. RLRs, on the other hand,
are intracellular viral sensors, binding specifically to dsRNA. Like NLRs, these receptors
contain caspase-recruitment domains (CARD) responsible for recruiting adaptor proteins
resulting in IRF3 and NFkB activation, leading to the production of type I IFNs (IFNw/3)
and pro-inflammatory cytokines (e.g., TNFea, IL-1§3, IL-6). Due to these similarities with
viral-sensing TLRs (i.e., TLR3, 7, 8, and 9), it is likely that TLRs and RLRs also function
together to provide ubiquitous anti-viral protection [26]. Lastly, CLRs are carbohydrate-
binding receptors located mainly on the surface of DCs [33,34]. Group I CLRs, which
bind mannose and fucose, aid in pathogen phagocytosis, degradation, and antigen pre-
sentation to T-cells [33]. Group II CLRs, which bind glucan and dectin, appear to be more
immunomodulatory; they induce upregulation of IL-10 and the secretion of cytokines
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(specifically IL-1p3, IL-6, IL-12, and IL-13) required for T-cell polarization into the Ty1 or
Ty17 subsets [33,34]. CLRs also act in collaboration with other TLRs (TLR2, 4, 5, 7, and 9)
to amplify preceding TLR-mediated NF«B activation and cytokine induction, in addition to
triggering the complement cascade through (3-1,3-glucan binding complement receptor-3
(CR3, CD11b/CD18), located in the membrane of many phagocytic cells [24,33,34].

Overall, while the binding domains and adaptor proteins vary, there is a significant
overlap between the downstream signaling domains employed by each of these pathways.
However, these pathways are far from redundant. While TLR7 and TLR9 are expressed on
the endosomes of many cells including DCs, eosinophils, basophils, and B-cells, TLR3 and
TLRS are only expressed by natural killer (NK) cells [24]. In the same way, where TLRs
are located mainly on leukocytes (macrophages, DCs, neutrophils, etc.), NLRs and RLRs
can be found on all cells except DCs [26]. The complex signaling interplay between these
pathways, in response to bacterial and viral antigens, highlights the importance of pro-
inflammatory cytokines and PAMP-PRR detection in providing a tailored front-line defense
against a wide variety of invading pathogens [26]. Further, the interplay between these
PRR signaling pathways also drives the induction of effective adaptive immune responses,
in that IL-1R and caspase-1 play a crucial role in development of both CD4" and CD8*
T-cells, as well as antibody responses [25]. As such, IIMI-induced immune responses in the
presence of biological therapeutics can lead to immunogenicity toward the administered
biologic and potentially to other similar endogenous proteins [19], which can result in loss
of treatment efficacy as well as severe and potentially lethal clinical consequences including
anaphylaxis, serum sickness, and the formation of autoimmunity [19].

3. Impact of IIMIs on the Immunotoxicity of Drug Products

In the presence of IIMIs, activated phagocytes secrete both stimulatory and inhibitory
cytokines to drive and regulate the immune response (Figure 2). These small proteins,
which include interferons (IFNs), interleukins (ILs), tissue necrosis factors (TNFs), and
chemokines, create a multilevel signaling network that elicits inflammatory responses,
angiogenesis, as well as cellular activation, proliferation, and differentiation. IFNs play
a central role in innate immunity to viruses and other microbial pathogens [2,29]. ILs
function mainly as immune system regulators, responsible for immune cell differentiation
and activation [2,29]. Multifunctional TNFs activate vascular endothelium permeability to
allow entry of complement proteins and effector cells; increase fluid drainage to lymph
nodes to clear pathogens and educate T/B-cells; and stimulate the production of IL-6
responsible for systemic fever, metabolite mobilization, and shock [2,29]. As the largest
family of cytokines, chemokines have many diverse functions, ranging from controlling
cell migration (e.g., recruitment and activation of local neutrophils and basophils to the
site of infection), to such diverse processes as embryogenesis, innate and adaptive immune
system development and function, and cancer metastasis [2,3].

Under normal circumstances, cytokine-driven immunostimulation is protective, such
as when it is triggered by adjuvants to increase vaccine potency. However, when immune
stimulation is unexpected or uncontrolled, especially in the presence of therapeutic com-
pounds, it leads to unintended cellular immune responses and/or antibody production
in response to that drug product. Such immunotoxicity encompasses ‘any adverse effect
on the structure or function of the immune system, or other systems affected by the same
biological mediators (e.g., nervous and endocrine systems), as a result of immune system
dysfunction’ [35]. Immunotoxicity is further classified by the level of response, including (1)
non-specific immunostimulation, (2) uncontrolled hypersensitivity (allergy, autoimmunity,
and chronic inflammation) leading to tissue damage, and (3) immunosuppression [35].

In the most general terms, immunostimulation is the normal, controlled activation
of an immune response (“sensitivity”) to an antigen, an important prerequisite for im-
munogenicity [36,37]. Weak antigen sensitivity responses due to the simple presence of
an antigen often fail to elicit sufficient immune activation required to trigger humoral or
cellular immunity and subsequent clinical effects [36]; whereas moderate immunostimula-
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tory responses, which might require the assistance of an adjuvant for additional phagocyte
activation and cytokine secretion, can result in the eventual downstream production of
neutralizing antibodies leading to therapeutic immunogenicity [22,38]. The most com-
mon symptoms of immunostimulatory reactions are fever, chills, malaise, hypotension,
and localized tissue inflammation (redness, heat, swelling, and pain) around applica-
tion [2,3,39]. These symptoms are often quickly resolved or can be controlled through the
application of immunosuppressive agents such as recombinant chemokines or monoclonal
antibodies [36].

Inappropriate or inadequately controlled immunostimulation may lead to hypersensi-
tivity reactions (HSRs) [37]. While no universal classification of HSRs exists, the system
proposed by Gell and Coombs, which classifies HSR reactions based on underlying mecha-
nisms, time of symptom occurrence, mediators, and clinical manifestations, is frequently
used [40]. Type I HSRs, or classic “acute allergic” reactions such as asthma or food allergies,
result from antigen binding to immunoglobulin E (IgE) antibodies on the surface of granu-
locytes (basophils, mast cells), triggering cellular degranulation and an immediate release
of histamine, leukotrienes, and other mediators [40-42]. While also antibody-driven, type
II HSRs lead to the production of IgM and IgG antibodies as well as the activation of
complement, natural killer (NK) cells, neutrophils, and macrophages [41], all of which
result in cellular cytotoxicity and tissue damage. These types are reactions are commonly
seen in response to medications such as penicillin, thiazides, or cephalosporins. Type
III HSRs are driven by uncontrolled systemic complement activation, resulting in large
deposits of IgM immuno-complexes and anaphylatoxins C3a and Cb5a in tissues which
can trigger cell death and compromise organ function [40,43]. Examples of this type of
HSR include serum sickness and autoimmune diseases such as rheumatoid arthritis and
lupus erythematosus [42]. As both type I and type III HSRs result in the degranulation of
basophils and mast cells, true IgE-mediated type I allergy reactions, which are referred to
as “anaphylaxis” even though they lack complement involvement, are often difficult to
distinguish from IgE-independent complement-activation related pseudoallergy (CARPA)
reactions, also known as anaphylactoid or pseudoallergy, which do rely on complement
anaphylatoxins C3a and Cba [42,44—46]. Lastly, type IV HSRs such as contact dermatitis or
drug sensitivities, are delayed T-cell and macrophage-mediated reactions characterized by
increased cytokine release and lymphocyte stimulation [40,42].

Anaphylatoxins and activation of immune cells by PAMPs and DAMPs, also trigger
cytokine responses. Since cytokines are pleiotropic and have overlapping functions, they
are normally very effective for small-scale localized responses [3]; however, whatever
the antigenic trigger, the unregulated overproduction of cytokines due to strong/hyper-
immunostimulation (a.k.a cytokine storm or cytokine-response syndrome) can quickly
spread unchecked throughout the body via the circulation, resulting in overwhelming
systemic inflammation, catastrophic tissue damage, disseminated intravascular coagulation
(DIC), and death [2,22,24,38]. Due to their systemic nature, cytokine storms are most often
associated with severe, widespread infections, high levels of IIMI contamination (e.g., endo-
toxins at doses above 5 EU/kg), or massive tissue damage (e.g., shock/trauma) [2,47-49].

Cases of delayed unregulated cytokine secretion coupled with prolonged tissue in-
filtration by activated macrophages and lymphocytes can also lead to other serious im-
munological consequences, such as the formation of chronic inflammatory or autoimmune
diseases [35,39]. While differentiated by the source of the inflammatory trigger, either
endogenous (autoimmune) or exogenous (chronic inflammatory), the general result is
the same. Excess TNF production is associated with a number of chronic inflammatory
and autoimmune diseases [2,29] while an over-activation of the complement system has
been implicated in the pathophysiology of asthma and acute respiratory distress syn-
drome [43]. Similarly, prolonged exposure to over-activated immune cells, cytokines, and
antibody/immune complexes can trigger the formation of granulomas, a common defense
mechanism in which harmful components are isolated away from healthy tissue. These
chronic HSRs are debilitating as well as life-threatening, since the cells of the immune
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system are continuously attacking healthy tissues resulting in chronic pain, injury, and
eventually organ failure [35].

Lastly, effective immune responses are normally a delicate and tightly controlled
balance between stimulation and suppression. The systemic production of IL-10 is as-
sociated with the downregulation of neutrophil and monocyte function, working as an
anti-inflammatory response following systemic inflammation [2,29]. While this natural
counterbalance is conceptually beneficial in controlling systemic responses to local in-
fections, immunotoxicity can occur when immunosuppression or dysregulation leads to
an inappropriately reduced immune response resulting in frequent and serious adverse
effects [35]. Since the majority of destructive immune responses are associated with HSRs,
as previously discussed, many immunosuppressive therapeutics attempts to dampen over-
active pro-inflammatory responses but instead have been reported to exacerbate asthma,
eczema, and psoriatic lesions [2,39]. Dampening/deficiency of normal immune functions,
such as the inhibition of T-cell function and adaptive immune responses, has also been asso-
ciated with more frequent opportunistic concomitant infections (e.g., pneumonia, Candida,
Kaposi’s sarcoma, etc.) [35].

After activation by pro-inflammatory cytokines and PRR binding, local antigen-
presenting cells (APCs), such as macrophages and dendritic cells (DCs), endocytose and
degrade invading pathogens. APCs present fragments of these degraded pathogens on
their membrane-bound major histocompatibility complex (MHC) receptors, which bind
to and activate T-cells, initiating their downstream activation of B-cells [3,4,24,33]. The
fate of activated T-cells is determined by the levels and types of cytokines induced during
the inflammatory response, as well as the type and dose of antigen, type and affinity of
MHC binding, route of administration, presence of other adjuvants, and patient genetic
predisposition [4]. Major classes of T-cells include CD4* helper (Ty) T-cells activated
by MHC class II antigen presentation, CD8* cytotoxic T-cells activated by MHC class I
presentation, and regulatory T-cells (Tregs) [3,4,33]. In the presence of either IFNy or a com-
bination of IL-4, IL-6, and PGE-2, naive CD4" helper T-cells are further differentiated into
specialized subsets of CD4* helper T-cells which are responsible for cell-mediated (Ty1) or
humoral (TH2) responses respectively [3,4]. Tl T-cells secrete large quantities of IFNY,
in addition to IL-2, IL-3, IL-12, IL-18, GM-CS, and TNF}}, to regulate the inflammatory
response and fight intracellular pathogens and viruses [3,4,33]. These cytokines promote
macrophage activation and the production of opsonizing and complement-fixing antibod-
ies. However, if not properly regulated, Tyj1-dependent immune reactions can also lead to
antibody-dependent cellular toxicity and delayed HSRs, the most predominant of which
can include autoimmune disorders, acute allograft rejection, and chronic inflammatory
disorders [2,4,39]. On the other hand, T2 T-cells secrete large quantities of IL-4, IL-5, IL-13,
in addition to IL-3, IL-6, IL-9, IL-10, GM-CSE, and TNF, to induce humoral responses and
mucosal immunity, as well as fight helminths and extracellular pathogens [3,33]. These
cytokines promote the proliferation of mast cells and eosinophils, favor the differentiation
of IgE and IgG-producing B-cells, and facilitate the synthesis of mucosal IgA [3,4]. While
Ty2 cells predominate in transplantation tolerance, they can also lead to chronic graft vs.
host disease, systemic sclerosis, and allergen-reactive atopic disorders [4,39,43].

While it has been observed that cytokines from specific Ty cell subsets (e.g. IFNy
from Ty1 cells and IL-10 from Ty2 cells) usually inhibit the action of the other types of
T-cells and their companion phagocytes [3,4], this classic binary model does not account
for instances where an immunological response is triggered without any significant shift in
Tr1/TH2 balance, such as is the case with omega-3 fatty acids, or alternatively where there
is Ty1/TH2 activation with minimal immunological pathogenesis, such as with melanin,
probiotics and zinc [3]. In addition, other sub-classes of T-cells have been identified which
were not previously represented by this model, including but not limited to: Ty17 cells,
which secrete IL-17 to mobilize phagocytes against extracellular fungi and bacteria; and
Tregs, which produce FoxP3 to control the activity of the other effector Ty cells and main-
tain immunological tolerance to self-antigens [3,19,23,33]. However, increased levels of
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regulatory (Ty17, Treg) cytokines such as IL-10 or IL-17 can also be an indication of adverse
patient effects such as autoimmune diseases or advantageous concomitant infections [3].

4. Sources of Immunotoxicity in Nanotechnology-Based Products

The use of nanoscale platforms (e.g., dendrimers, liposomes, nanoparticles, nanotubes,
nanogels, etc.) has become a popular technique to reduce drug immunotoxicity while
improving therapeutic solubility, biodistribution, and cell-specific delivery compared to
the traditionally formulated versions of these drugs. However, it has been noted that some
nanocarriers can themselves be immunomodulatory (Figure 1), such as RNA nanoparticles
which have been shown to induce pro-inflammatory cytokine secretion and enhance in-
flammation [11,50]. The raw materials used for nano-platform fabrication can have various
immunological effects, either due to previously discussed contamination or due to the
chemical properties of the material itself. Some nanomaterials are immunostimulatory;,
such as lipid-based nanocarriers and carbon nanotubes which have been shown to induce
cytokine production and inflammation [50-52], while other nanomaterials are immuno-
suppressive including PEGylated NPs which lead to TLR9 inhibition and immune cell
avoidance [50,51,53]. Similarly, the processes employed during nanocarrier synthesis and
purification often use immunotoxic reagents, such as surfactants such as cetyltrimethy-
lammonium bromide (CTAB); peptizing agents such as polystyrene sulfonate (PSS); or
complexing agents such as nickel, to improve drug loading or enable molecule crosslink-
ing [54]. While these chemicals are not generally intended to be in the final product, trace
elements (“leachates”) that remain after washing and filtration can induce cytokine pro-
duction and inflammation, compounding the other immunomodulatory aspects of the
nanocarrier [54].

Once fabricated, the physical properties of the nano-formulation, including size, shape,
and surface charge, can also alter immunotoxicity. Nanoparticle interactions with the im-
mune system have been extensively discussed elsewhere [11-13,50,55-58]. Here, we will
use some examples to demonstrate structure—activity relationship between nanoparticle
physicochemical characteristics and their immunological properties. First, several studies
have shown that smaller particles (<500 nm) promote humoral T2 responses, compared
to very large particles (>1 um) which have been found to stimulate cell-mediated T1
responses. In addition, very small particles (<100 nm) are associated with increased CD8*
and CD4" T-cell activation compared to their larger (>500 nm) counterparts, who induce
good antibody responses [59]. Thus, small particles may invoke virus-like responses
and larger particles induce bacteria-like responses [59]. Second, compared to spherical
nanocarriers, oval-shaped liposomes and carbon nanotubes have been shown to activate
complement and platelet aggregation with membrane rupture, respectively [50,60]. Finally,
cationic carriers are more immunostimulatory than anionic or neutral carriers, triggering
cytokine secretion (TNF, IL-12, IFNY); activation of DCs, T-cells, and neutrophils; and
procoagulant leukocyte and platelet activation which can potentially lead to DIC [12,50,61].
Taken together, while a nanocarrier is often designed to reduce the immunotoxicity of a
therapeutic payload, the chemical and physical properties of that nanocarrier along with it
being a source of undesirable IIMIs contamination may lead to an exaggeration of the im-
munotoxicity of the final drug product. For example, cationic polyamidoamine (PAMAM)
dendrimers in the presence of low amounts of endotoxin have a variety of immunotoxic
effects that neither dendrimers nor low levels of endotoxin alone have [11,50]. Therefore,
the use of nanomaterial platforms should be considered as yet another source of IIMIs.
Translational and regulatory challenges arising from immunomodulatory properties of
nanocarriers and their ability to exaggerate immunotoxicity of low levels of IIMIs (e.g., en-
dotoxin) have been extensively discussed elsewhere [12,13,50,56,61]. Immunogenicity of
nanoparticles alone and in the context of IIMIs along with nanoparticle contribution to the
immunogenicity of protein-based therapeutics have also been reviewed earlier [22].
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5. IIMIs Commonly Found in Pharmaceutical Products
5.1. Microbial Components

When it comes to assessing biotherapeutic purity, the only current consensus is that it
is important for manufacturers to minimize the potential for their formulation to trigger
adverse patient reactions and future immunogenicity by removal of microbial or host cell-
related impurities, as summarized by testing standards (Table 1) [29,35,62-68]. Currently
only a fraction of the potential IIMIs, specifically lipopolysaccharide (LPS), —glucan,
flagellin, HMGBI1, and nucleic acids, are routinely measured during immunotoxicity
screening of biotherapeutics [69] to confirm that the levels of these IIMIs fall within the
FDA-approved 1-100 ppm range [21]. In addition, due to the breadth and complexity of
potential I[IMIs, there is currently no single assay that can provide a profile of all IIMIs
present within a biotherapeutic [70]. Other than the fact that any assays used to detect IIMIs
and evaluate possible immunotoxicity should be tailored to the specific contaminant [62],
there is currently very little agreement as to which analytical assays should be standardized
for IIMI screening [21]. Therefore, most studies use a series of assays to broadly cover
the detection of all possible IIMIs present in biopharmaceuticals [21,71], including single
analyte mechanistic assays, basic staining/gel-based assays, immunoassays, and cellular-
based assays (Figure 2).

Table 1. Examples of guidance documents and international standards for the measurement of impurities in therapeutic
products. International standards (IS) and Guidance for Industry (GI) provided through the U.S. FDA, the U.S. Pharma-
copeia (USP), and the International Organization for Standardization (ISO) describe the risks of endotoxin and pyrogen

contamination in therapeutic products and outline the assays, protocols, and detection limits which have been standardized

and approved for universal application in therapeutic safety and purity measurements.

Document Type Purpose Reference
Describes method validation and sample preparation
USP 85 Bacterial Endotoxins Test GI requirements for turbidity, chromogenic and gel-clot [63]
LAL assay
USP 151 Pyrogen Test Gl Describes method validation and sample preparation [64]

FDA Immunotoxicity Testing Guidance
(FDA-modified version of ISO-10993)

FDA Guidance for Industry: Pyrogen and
Endotoxin Testing: Questions and Answers

FDA Endotoxin Testing Recommendations
for Single-Use Intraocular Ophthalmic GI
Devices

FDA Questions and Answers on Quality
Related Controlled Correspondence

requirements for the rabbit pyrogen test
Summarizes general types of toxicity and subsequent testing
GI that should be considered for medical devices or [35]
constituent materials

Provides bacterial endotoxin and pyrogen testing

GI recommendations (gel-blot, photometric, and kinetic tests) [65]
and acceptance criteria

Provides recommended endotoxin limits for the release of
intraocular devices and single-use intraocular ophthalmic [66]

surgical instruments /accessories

Provides answers to common scientific and regulatory
questions around the manufacture and quality control of
generic drug
production including endotoxin testing
Outlines approaches to evaluate and mitigate
adverse immune

GI [67]

FDA Immunogenicity Assessment for
Therapeutic Protein Products

ISO-10993-1 Biological Evaluation and
Testing Standards for Medical Devices
(prepared by ISO/TC 149)

1SO-29701 Endotoxin Standard
(prepared by ISO/TC 229)

ISO-21582 Pyrogenicity Standard
(prepared by ISO/TC 149)

GI

IS

IS

IS

responses/immunogenicity associated with therapeutic
protein products; discusses the importance of IIMI detection
Outlines the potential biological risks arising from the use of
medical devices and provides a framework to plan biological
evaluation, testing methods, and acceptance criteria
Describes application of LAL assay for evaluation
of endotoxin
levels in nanomaterials intended for use in vitro
Specifies the principles and methods for pyrogen testing of
medical devices and their materials

[62]

[68]

[29]

[72]
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5.2. Whole Microbes

After biopharmaceutical manufacture and microbial inactivation via low pH adjust-
ment, heat, and solvent/detergent treatments [10], filtration is used for the removal of
bulk impurities such as neutralized pathogens (bacteria, viruses), destabilized protein
aggregates, or other bulk contaminants [10,22]. Due to the comparatively large size of these
impurities, microscopy techniques such as transmission electron microscopy (TEM) [10],
have been used to assess the effectiveness of these initial filtration steps. These high-
resolution microscopy techniques employ lasers or electrons beams and extensive sample
preparation to achieve a 0.1-1 mm visualization limit [73,74], which makes them time-
and cost-prohibitive. Further, given their inability to provide accurate IIMI quantification,
microscopy techniques such as TEM can only provide an indication as to what additional
filtration and purification steps may be required; as these filtration techniques may not
be sufficient to completely remove all traces of IIMIs, more accurate IIMI detection and
quantification must then employ antigen-specific assays [31,73].

5.3. Leachates

After filtration, a range of chromatographic techniques are used for drug concentration
and purification, to remove impurities such as drug by-products, unprocessed raw materi-
als, and other leachates that may have been introduced into the formulation during the
manufacturing process [10,22]. For complete sample separation, chromatography exploits
the physical characteristics of the target protein/peptide in solution, including size, mass,
ionic charge, binding affinity, pH, and electrokinetics, to partition it away from other compo-
nents that may be present in the solution after fabrication [75]. Some of the chromatography
techniques previously used for assessing biotherapeutic purity include ion exchange, size
exclusion, capillary electrophoresis (CE), micellar electrokinetic chromatography (MEKC),
and reverse-phase high-performance liquid chromatography (HPLC) [75]. Often referred
to as “high pressure” liquid chromatography due to how the sample in the mobile phase is
pressurized before injection into the absorbent stationary phase column, HPLC has become
one of the most popular chromatography methods due to its high-performance detec-
tion, separation, and quantification of very small volumes (5-50 uL) of samples including
degradation by-products, IIMIs, and unprocessed raw materials. HPLC is often used to
separate molecules that are not large enough or charged enough for adequate separation
by traditional size-exclusion chromatography or ion exchange-chromatography respec-
tively [75]. While separation efficiency and quantification analysis are highly accurate, this
technique requires extensive protocol optimization for the best results [75] in addition to
specialized equipment and a trained operator. Additionally, chromatography can typically
only separate one IIMI at a time, though multidimensional chromatographic separations
paired with fluorescence detection are currently being pursued [71].

Sub-visible particles, which can include anything from small molecules to the com-
ponents of protein aggregates, can also be identified using mass spectrometry (MS) tech-
niques [21,76]. MS separates charged molecules or fragments by accelerating them through
an electric or magnetic field, which separates the molecules based on their mass-to-charge
ratio and then identifies them by correlation with known molecule masses and frag-
mentation patterns. This technique is especially important in identifying the relative
concentrations of impurities and degradation products relative to target drug products
during pharmaceutical development [77]. As a pivotal technique in the process of molecule
structure elucidation [77], high-resolution MS/MS is now also being used to identify and
quantify larger, more complex impurities and proteins that can be isolated from the bands
of an electrophoresis gel or sampled directly from solution using liquid chromatography-
tandem mass spectrometry (LC-MS/MS) [20,21]. Due to improvements in high-throughput
capabilities combined with improved sample preparation (e.g., chromatography fractiona-
tion and 2D gel electrophoresis), LC-MS/MS is now also being used for complete proteomic
characterization and identification of complex therapeutic samples [21]. MS analysis is
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more precise than immunoassays but requires specialized equipment and analysis software,
as well as trained personnel [76].

5.4. Host Cell Proteins

The most difficult IIMIs to isolate and quantify are host-cell proteins (HCPs) due to
the diversity and complexity of the potential protein repertoire, as well as HCP similarities
to the target drug product [69]. As there is currently no single assay that can detect and
quantify all possible HCP-based IIMIs within a biotherapeutic formulation [70] nor any
absolute control limits required by pharmaceutical regulators [21], most quality assurance
uses a combination of methodologies to confirm drug product purity. A typical strategy
often includes generic IIMI clearance studies such as the Limulus amebocyte lysate (LAL)
test or mass spectrometry; sensitive silver staining (and immunoblotting) of electrophoretic
gels; and quantitative HCP-specific immunoassays such as ELISAs [71], all of which will
be discussed below.

6. Immune-Mediated Adverse Effects to Pharmaceutical Products

The combination of a strong immunostimulatory response [3,35,43] and the activation
of specialized subsets of T-cells leads to target-specific destruction of pathogens and cancer
cells, either by direct interaction with CD8* T-cells and natural killer (NK) cells or by
CD4* T-cell activation and proliferation of B-cells to produce antigen-specific antibod-
ies [19,23,24,78]. This IIMI-driven immunogenicity can lead to the formation of antibodies
of different isotypes (e.g., IgM vs. IgG vs. IgE), allotypes (e.g., reflecting genetic differences
between IgG of biologically unrelated individuals), and idiotypes (e.g., reflecting binding
to specific epitopes within antibody variable sites) [19,23,79-81], resulting in anti-drug
antibodies (ADAs) with varying impacts on drug effectiveness. Binding antibodies attach
to a non-active portion of the therapeutic and therefore have little/no effect on therapeutic
function, whereas cross-reactive neutralizing antibodies bind to therapeutic active sites,
thereby neutralizing therapeutic function while also binding similar endogenous proteins
and breaking immunological tolerance [19,23,82-84]. The presence of these ADAs can also
have different functional consequences to the host including the HSR/anaphylaxis and au-
toimmune responses previously discussed [19,23,35,79-81]. The relationship between the
occurrence of a specific antibody type and the impact on the patient are inversely related;
binding antibodies are the most common but have the lowest clinical impact, while cross-
reacting neutralizing antibodies are rare but have the highest clinical impact [23,79-81,85].
Therefore, it is important to understand, measure, and prevent this response from being
induced.

During the fabrication and production of drug compounds, there are many po-
tential sources for the introduction of IIMIs into the final biotherapeutic formulation
(Figure 1) [19,20]. In addition to the impurities/contaminants previously discussed, there
are also several product-related and host-related factors that may have little/no impact
on the function of the resulting drug product but have been shown to impact the im-
munotoxicity and immunogenicity of biotherapeutics [19,23,78]. Product-related factors
include structural properties of the drug (sequence, epitopes, post-translational modifica-
tions), exposure to antigenic sites, solubility, formulation stability and storage, downstream
processing, presence of impurities/contaminants that might be introduced during pro-
cessing [19,78]. These factors can be mostly controlled through careful optimization and
modification of the fabrication/purification processes. Further compounding the risk of
immunogenicity are host-related factors, including host genetic predisposition, endoge-
nous protein genetic variants, concomitant illnesses (e.g., kidney or liver diseases), host
immune status (e.g., autoimmunity, prior exposure) as well as the treatment dose, duration,
and route of administration [19,23,78].
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7. Methods for IIMI Detection
7.1. Direct Detection Methods

The first bioassay used to measure the presence of bacterial contamination was the rab-
bit pyrogen test (RPT) which detected pyrogens, any contaminant that induces a histamine
response, fever, chills, and other unwanted inflammatory side effects. The rabbit pyrogen
test detects all pyrogens, so it is subject to high variability and low selectivity, in addition
to being expensive and requiring extensive use of animals [10,31]. As an improvement, the
Limulus amebocyte lysate (LAL) test detects the hemolymph coagulation of the American
horseshoe crab Limulus polyphemus when in the presence of bacterial endotoxin/LPS and is
used as a standard for bacterial contamination [86,87]. However, this assay is specific for
endotoxin, not general pyrogens [31], and has reduced specificity in the presence of fungal
-glucans because the horseshoe crab lysate used for this assay contains two proteins that
trigger activation of the proteolytic cascade: factor C is specific to the presence of endotoxin
while factor G is specific to 3-glucans [88,89]. Knowing this, a modified version of the LAL
assay containing glucan-blocking reagents or recombinant factor C overcomes (3-glucan
interference during endotoxin detection [90].

While 3-(1,3)-d-glucans are not as immunologically potent as bacterial endotoxins,
requiring pg/mL concentrations as compared to the endotoxin pg/mL concentrations to
elicit an immunomodulatory response, they are a common IIMI present in many pharma-
ceutical products and solutions [89]. Moreover, while there is currently no compendial
standard for 3-glucan detection or acceptable levels, a modified version of the LAL assay is
growing in popularity [90]. Since LAL factor G is specific to 3-glucans, factor C depletion
from the LAL lysate enhances the assay’s sensitivity solely to (3-glucan detection [89]. It
is important to note that 3-glucans are naturally introduced in a person’s diet, so data
generated from (3-glucan quantification assays need to be from clinically relevant doses of
the drug formulation [89].

Challenges with endotoxin and beta-glucan detection in nanoformulations stem-
ming from carrier-, excipient-, or drug-mediated interferences, mechanisms of interfer-
ences, and ways for overcoming them have been identified and extensively discussed
earlier [11,89,91-95].

7.2. Indirect Detection Methods

For the development of effective assays, an appropriate biomarker can consist of any
compound (e.g., metals, solvents, pathogens, etc.) or useful characteristic, such as a mecha-
nistic by-product, which can be measured or evaluated, either directly or indirectly, and
used as an indicator of normal biological, pathogenic, or pharmacologic processes [83,84].
Therefore, any of the product- or host-related impurities previously discussed, as well as
raw materials used during the product’s manufacture and purification, can technically be
considered a potential biomarker [85]. During method development, quantitative assays
must be validated using appropriate controls and quantification must employ a standard
curve of known analyte concentrations to determine the range of conditions under which
appropriate levels of confidence can be attributed to the reproducibility and accuracy of
the data [84,96]. Further, the validated assay must then demonstrate both sensitivity and
specificity for the biomarker [84], such that the biomarker is correctly identified (i.e., true
positive, sensitivity) at clinically relevant (ng/mL to pg/mL) concentrations [96] without
also reacting to residual therapeutics or other impurities likely to be present within the
therapeutic formulation (i.e., true negative, specificity). Reduced sensitivity can result in
mistakenly missing the presence of IIMIs in a formulation (i.e., false negative) resulting in
possible dangerous clinical manifestations and immunogenicity, while reduced specificity
can result in misidentification of inert compounds as IIMI (i.e., false positive) leading
to incorrect quantification and product disposal rather than administration to patients.
Overall, when balancing these two parameters, increased sensitivity is often preferred to
increased specificity.
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7.3. Biological Staining and Gel-Based Methods

Biological staining is a common technique to detect and visualize the presence of HCPs
and other impurities. This technique utilizes Coomassie Blue or silver staining to highlight
the presence of protein analyzed by multidimensional (2D or 3D) gel electrophoresis [71]
or fixed in histological samples, respectively [21]. While the sensitivity of these staining
techniques is quite high, selectivity is not; this technique cannot discriminate between types
or sources of proteins so other techniques need to be employed to further identify and
quantify the protein contaminants [10]. Newer versions of this method employ fluorescent
stains, such as SyproRuby, for 10-100 times increased sensitivity compared to previous
stains since these stains are not dependent upon the protein composition [21]. Other stains
also have improved specificity by binding to specific cellular elements (i.e., nucleic acids,
carbohydrates, chromatin, etc.) though this method is still largely qualitative [21]. Gel
electrophoresis and protein staining have progressed to the use of the more quantitative
Western blot, a common antibody-dependent detection method [21] that has merit for
identifying low (pg/mL) concentrations of protein impurities. Contaminating HCPs and
product-related impurities are separated from the target biologic by gel electrophoresis [10],
and then transferred to a PVDF or nitrocellulose membrane. Primary antibodies raised
against HCPs are incubated with the membrane to allow for the formation of antigen—
antibody complexes, which are then detected through secondary enzymatic or fluorescent
labeling [21]. While this technique is both sensitive and specific, it requires the use of
separate polyclonal antibodies against each impurity for optimal detection, which can
be time and cost prohibitive in the long run [10]. In addition, this technique needs to be
supplemented with additional immunoassays to help distinguish between process- or
product-related impurities and impurities that might comigrate with the product [10].

7.4. Antibody-Based Enzymatic Methods

Surface plasmon resonance (SPR) uses antigen-ligand binding on a sensor chip to
generate a signal due to a change in the refractive index caused by a difference in mass as the
analyte binds to the ligand. Most often used to detect the presence of antibodies rather than
antigens, this assay is capable of continuous measurements of binding interactions in ‘real-
time” [84]. For the detection of immunotoxic antigens, SPR assays tend to be less sensitive,
less tolerant to therapeutics, and have lower throughput compared to enzyme-linked
immunosorbent assays (ELISAs). In fact, SPR is capable of characterizing early immune
responses by detecting and isotyping low-affinity antibodies, which other assays might
miss, which makes it much more suitable for immunogenicity assays [70,97]. Furthermore,
unlike other immunoassays where the reagents are cost-prohibitive, here the detection
equipment is expensive and vendor specific [70,97].

Electrochemiluminescence (ECL) also uses antibodies to bind target impurities. How-
ever, unlike the commonly used enzyme-labeled secondary antibodies previously dis-
cussed, this technique employs a ruthenium-conjugated protein and tripropylamine (TPA)
to produce a detectable, quantifiable luminescent signal. Ruthenium labels are stable,
non-radioactive, and offer a choice of convenient coupling chemistries [70]. This is a highly
sensitive and selective technique; however, this method requires the production and use
of specific antibodies for analyte immobilize and detection, indicating that each impurity
must be detected separately [98]. In addition, this technique requires the use of specialized,
costly equipment containing carbon electrode plates for detection, which are not necessarily
standard in most labs [10,70].

Enzyme-based (EIA) or fluorescence-based (FIA) microtiter plate assays were devel-
oped to circumvent the need for method-specific instrumentation and resources experi-
enced with ECL and SPR [10]. This assay involves incubating the sample with a couple of
biotinylated antigen-specific antibodies which, after binding and forming immunocom-
plexes, are removed from solution by association with streptavidin-coated paramagnetic
beads. Thereafter, the beads are incubated with enzyme-labeled or fluorescence-labeled
antibodies for colorimetric development. By substituting the paramagnetic beads for a
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solid-substrate surface, the traditional EIA /FIA was transformed into the enzyme-linked
immunosorbent assay (ELISA), the most practically useful and commonly employed im-
munoassay [21]. As previously described, this type of assay employs a series of antibodies
to capture specific target antigens. The bound antigen is then complexed with a secondary
antibody modified to undergo an enzymatic reaction (colorimetric, fluorescent, or lumines-
cent) for detection via spectrophotometer [70]. However, unlike the EIA/FIA, the use of a
solid-substrate surface enables the assay to be set up in various configurations (e.g., sand-
wich, indirect, bridging, competitive, etc.) for optimal [IMI detection and quantification.
ELISAs are relatively sensitive with a detection range of 12-200 ng/mL [10,99]; modern
ELISAs have been optimized to improve their sensitivity and allow the detection of analytes
at lower (e.g., pg/mL) levels. ELISAs also have high specificity due to their use of analyte-
specific antibodies and can be performed relatively quickly (completed in one day) [10,21].
However, the dependency on highly specific antibodies also means that each analyte must
be known and analyzed individually, which can be cost-prohibitive [70]. Common HCPs
detected via ELISA include anaphylatoxins such as complement C3a [100]; inflammatory
cytokines such as IL-1f3, IL-6, IL-8, and TNF« [2,101]; and other IIMIs including HMGB1
and flagellin.

Due to antibody specificity combined with the progression of fluorophore technology,
a large number of biomolecules can now be captured from the same small (uL to mL)
sample and then detected simultaneously [3,71]. These “multiplex” assays are usually
modified ELISA assays, though the EIA /FIA assay format can similarly be multiplexed,
as is often used in flow cytometry [3]. Each analyte is then tagged with either a different
fluorescent label or organized in a known array for detection via spectrophotometer. As
the basic principles of the assay are unchanged, the sensitivity and specificity are still high,
though fluorescence bleed-through increases as the number of analytes and fluorophores
with similar excitation/emission spectrums increases. In addition, multiplexed assays
are less time consuming and labor intensive, while providing higher throughput analysis,
compared to an individual ELISA [3].

7.5. Nucleic Acid Hybridization Methods

For the detection of nucleic acids in pharmaceutical samples, hybridization techniques
such as the dot blot or immunoligand assay (ILA) are often used. The ILA (a.k.a “Threshold
Assay”) reliably detects very small amounts of DNA and impurities in liquid solution [102].
This assay employs a biotinylated single-stranded binding (SSB) protein and general anti-
ssDNA antibody to complex with any host ssDNA available in the sample. Streptavidin
filtration then captures any biotinylated complexes on a specialized matrix-embedded
silicon chip, after which the DNA is quantified via enzymatic hydrolysis and subsequent
light-addressable potentiometric sensor (LAPS) detection [99]. This method has been
shown to be 10-100 times more sensitive than traditional colorimetric or ELISA assays,
with a detection range of 5-40 ng/mL [99], requires only small amounts of sample, removes
steric binding or stability issues inherent in solid-phase systems, and comes in two formats
(sandwich or competitive) depending on the size of the analyte being detected [102]
though optimal ssDNA fragments tend to be larger than 600 base pairs [99]. However,
this method has reduced specificity due to its sequence-independent binding by general
ssDNA antibodies. Furthermore, this technique can be expensive as it requires the use of
proprietary equipment, software, and consumables (e.g., silicon chips, specialized buffers,
etc.) for quantification [10]. On the other hand, the dot blot employs a substrate covered
with immobilized “randomly primed” DNA probes from a known microbial source tagged
with radio or fluorescent labels. The probes are exposed to the drug sample allowing for
binding between host-cell DNA present in the sample and the specific DNA probes. This
binding is then detected and quantified to 3-800 pg/mL against a calibration curve by
phosphor- or fluorescence-imaging systems [99].

The more popular method of detecting and identifying bacterial and viral nucleic
acids is through reverse transcriptase (RT) and quantitative polymerase chain reaction
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(qPCR) assays [10]. For these assays, trace amounts of DNA or RNA are collected and then
amplified through the PCR or RT-PCR method respectively, resulting in many identical
copies of the target DNA. The levels of target DNA are then quantified and nucleic acid
concentration in the original sample is derived from target copy numbers [99]. Innate
immune activation can similarly be assessed by quantifying the levels of pro-inflammatory
cytokines, such as IFNYy, IL-1§3, IL-6, or other downstream biomarkers by quantifying the
levels of target mRNA, amplified as cDNA, which are compared to standard housekeeper
genes such as GAPDH or 185 [9,69,103] to determine the fold increase or decrease of the
target genes [9,69,103]. Since this process uses specific DNA primers for PCR amplification,
the resultant quantification is highly sensitive and specific for the target sequence [99].
However, this also means that species-specific primers must be known. Additionally,
as amplification of each nucleic acid fragment requires its own primers, these reactions
need to be carried out separately; though, like the previously discussed, multiplexing and
proteomics analyses coupled with improvements in high-throughput capabilities have
produced arrays of many immobilized primers used to amplify, identify, and quantify
many different DNA sequences at the same time [9,21]. This standardization increases the
amount of data produced while reducing the required time and labor of these assays [76].

7.6. Cell-Based Methods

Since the long-term goal of these studies is the prevention of patient immunotoxi-
city and possible immunogenicity, more recent assays focus on the in vitro and in vivo
impact of IIMIs. These cellular assays detect immune cell activation and proliferation or
quantify levels of secreted innate immunity biomarkers (e.g., cytokines, prostaglandins,
complement), which may contribute to the process of immunogenicity by priming the
immune cells.

Cellular proliferation assays examine the activation and proliferation of specific im-
mune cell subsets, usually, macrophages, neutrophils, or lymphocytes, when treated with
the biotherapeutic, compared to control cells and the potential adjuvant effect of known
IIMIs [31]. For example, T-cells are activated by concanavalin A or phytohemagglutinin,
while B-cells proliferate in response to LPS. While it has long been established that immune
cell proliferation in vitro is correlated with cell-mediated immunity, these assays have not
been extensively standardized and validated [36]. In addition to needing a skilled techni-
cian and the appropriate facilities to support these studies, this assay is time prohibitive as
culturing these cells takes at least 48-72 h [36].

For a more specific way to determine the type of IIMIs present in a drug formulation,
a model of HEK-BLUE cells containing a secreted embryonic alkaline phosphatase (SEAP)
reporter inducible by NF«B, transfected with individual TLR receptors, can be used. When
bound with their specific agonists alone or in mixtures of IIMIs, the observed NF«B
activation for each TLR can be quantified through a colorimetric change. This reporter
system has high sensitivity and specificity, similar to what was observed in normal human
PBMC:s [69,88]. Since therapeutic biologics could mask or interfere with the response of
these cell lines, this model necessitates the use of additional inhibition controls. In addition,
while this model is effective for detecting TLR-specific IIMIs, it does not yet cover innate
immune responses that can be triggered solely through alternate pathways such as CLRs,
NLRs, and RLRs. As such, the reporter cells were modified to contain different reporter
systems (SEAP, THP-1, and MMB6) that would be expressed in the presence of NFkB, TNF«,
and mRNA from IL-6 or IL-8 respectively, thereby covering the activation of multiple
innate immune responses [69].

Other in vitro models instead directly quantify the levels of cell-secreted immune
modulators, such as cytokines and complement proteins (e.g., C3a, C5a), or antibodies [3].
While all of these soluble mediators play an integral role in host defense against microbial
invasion, the network of cytokine interactions is responsible for maintaining cellular home-
ostasis, making them a popular biomarker for gauging the potential immunotoxicity and
immunogenicity of new biotherapeutic compounds, especially when compared to normal
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(untreated) controls [3,36]. Increased levels of cytokines after application of a new drug
product can therefore be associated with a product’s immunotoxic effects (either stimula-
tory or inhibitory), which can lead to adverse patient reactions and reduced therapeutic
efficacy due to the formation of ADAs [3]. As such, pharmaceutical immunogenicity is often
determined through the use of commercially available multiplexed ELISA assays, chosen
based on convenience, affordability, and availability [3], which typically quantify a limited
panel of pro-inflammatory cytokines (IL-1, IL-6, or TNF«) [2,87] or subsequent T-effector
(Ty1/Ty2) cytokines, including IL-2, IL-12, IFNy or IL-4, IL-5, and IL-6 respectively, even
though this may bias analysis towards specific immune pathways [2,3]. Despite the sensi-
tivity and specificity of the multiplex ELISAs used for these analyses, the pleiotropic nature
of cytokines and their overlapping activation pathways on numerous target cells [36] often
make the results difficult to interpret. Hence, there is a lack of consensus as to which
cytokines should be measured to accurately characterize the immunological effects of a
new drug.

7.7. In Vivo Methods

A more recent study performed by Haile ef al. employed an in vivo macaque skin
model to better characterize the relationship between type and dose of IIMIs, patterns of
innate immune receptors, and pathways triggered by these impurities, and immunogenicity.
This model was developed due to the similarity of macaque PBMCs to human PBMCs,
and to increase sensitivity compared to traditional murine models which are known to
have less sensitive immune cells than those of humans [31]. These studies used mRNA
collected after application of known IIMIs, as a basis for comparison to Rasburicase, as a
model therapeutic, and measured by qRT-PCR to track the expression of 48 genes involved
in the innate immune response, including ILs, TNFs, CD40, GAPDH, etc. [31]. This study
demonstrated that, while an increased innate immune response is dependent upon the
dose of IIMI administered, the presence of these impurities acted as an adjuvant during co-
administration with a protein therapeutic, thereby increasing its immunogenicity. However,
it was noted that even trace amounts of IIMIs triggered the transcription of multiple innate
immunity genes, emphasizing the need to assess biotherapeutics for a wide variety of
possible contaminants and related downstream biomarkers in a more thorough, relevant
model, rather than just quantifying levels of specific IIMIs [31]. While the use of animal
models is cost-, labor-, and time-prohibitive, these models can provide more applicable
data as to the immunotoxicity and immunogenicity of biotherapeutics in humans.

Overall, methods of cell growth and stimulation are more or less optimized and
standardized, and cell-based assays (both in vitro and in vivo) provide the most relevant
data on IIMI and drug interactions with the immune system [3,76]. However, they are
labor intensive, and the evaluation of cell-secreted biomarkers is subjective due to the
cross-reactivity of most immunological pathways and the potential confounding influence
of other substances that may modulate the activity of the target substance [3,76].

8. Conclusions and Future Directions

It is well documented that the presence of IIMIs in a biotherapeutic formulation can
trigger immunotoxicity and, with repeated exposure, immunogenicity against the thera-
peutic [31,80-82]. To prevent these adverse patient reactions, the FDA currently requires
quantification of five key I[IMIs: LPS, HMGB1, 3-glucan, flagellin, and nucleic acids [62,69],
to demonstrate biotherapeutic safety, quality, and clinical performance. These guidelines
aim to mitigate the formation of future ADAs through commonly activated innate immune
receptors, specifically TLRs, CLRs, and complement. However, these guidelines do not
necessarily account for potential immunotoxic responses to other IIMIs that may be present
in the formulation. As such, the FDA panel of IIMIs required for quantification should be
expanded to cover a much broader repertoire of impurities, including microbial antigens
that can potentially trigger other innate immunity pathways, common manufacturing
leachates, and solvents, and toxic additives required for maintaining host cells. The list of
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possible leachates, solvents, and host cell additives will be extensive, requiring tailoring
to the specific processes employed during manufacturing and purification [62]. As for
the microbial IIMIs, most innate immunity receptors and pathways can be covered using
ten common IIMlIs, some of which are already required and discussed, including flagellin,
FSL-1, zymosan, ODN2006, and ODN2216, both high- and low-molecular-weight poly(I:C),
MDP, CLO75, and LPS. While this ten IIMI panel necessitates more laboratory testing
before new drugs can gain approval, adhering to the ppm levels for these required IIMIs
will demonstrate that little/no immunotoxicity will result from trace levels of substances
present in the drug formulation, therefore reducing the potential for immunogenicity.

Second, to measure and quantify IIMIs present in biotherapeutic formulations, a
variety of available assays have been discussed. As genomic and proteomic technology ad-
vances, these assays have become more sensitive and specific, enabling improved detection
and quantification of IIMIs. In addition, many of these assays are now being coupled into
high-throughput formats which can produce more data with reduced sample and reagent
volumes, as well as cost and labor expenditures. However, due to the variety of potential
IIMIs, there is currently no single assay that can provide a profile of all IIMIs present within
a biotherapeutic [70]. Moreover, there is a lack of agreement as to which analytical assays
should be standardized [21] so most studies use a series of assays to broadly cover the
detection of all possible IIMIs present in biopharmaceuticals [21,71]. To better standardize
results across experiments and laboratories, the use of a single high-throughput platform
capable of detecting a wide panel of biomarkers of the same class (small molecules, proteins,
or nucleic acids) in parallel, such as multiplexed ELISAs, MS, or genomic arrays, should be
employed.

Finally, given that immunostimulation is the overall concern, the use of newer
cell-based assays which track levels of biomarkers (e.g., cytokines, transcription factors,
mRNA [62]) affected by the presence of IIMIs, rather than the individual I[IMls themselves,
can provide a stronger connection between the applied biotherapeutic and its impact on im-
munotoxicity and immunogenicity [31]. Past cellular studies focusing on a limited selection
of cytokines and chemokines, usually, a combination of pro-inflammatory IL-1, IL-8, IL-6,
TNFs, and IFNs, have failed to adequately interrogate the entire immune cascade [2,36].
Since immunotoxicity can cover a range of patient responses from immunostimulation and
HSR to immunosuppression, measuring a wider assortment of cytokines, including but not
limited to IFNs (e, v, A); ILs (1x/ 3, 2, 6, 8, 10, 12, 17); interferon-gamma inducible protein
(IP-10); TNF«, prostaglandin-E, (PGE-2), macrophage inflammatory protein (MIP-1x), and
monocyte chemoattractant protein (MCP-1), can provide a more complete picture as to
the type and degree of immunotoxic response that can potentially be triggered by a new
biotherapeutic formulation.

Author Contributions: All authors (C.K.H. and M.A.D.) researched literature and wrote manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported in whole by federal funds from the National Cancer Institute,
National Institutes of Health, under contract 75N91019D00024. The content of this publication does
not necessarily reflect the views or policies of the Department of Health and Human Services, nor
does mention of trade names, commercial products, or organizations imply endorsement by the U.S.
Government.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Janeway, C.A,, Jr.; Medzhitov, R. Innate immune recognition. Annu. Rev. Immunol. 2002, 20, 197-216. [CrossRef]

2. Tisoncik, J.R.; Korth, M.].; Simmons, C.P.; Farrar, J.; Martin, T.R.; Katze, M.G. Into the eye of the cytokine storm. Microbiol. Mol.
Biol. Rev. 2012, 76, 16-32. [CrossRef]

3. Elsabahy, M.; Wooley, K.L. Cytokines as biomarkers of nanoparticle immunotoxicity. Chem. Soc. Rev. 2013, 42, 5552-5576.

[CrossRef]

4.  Singh, V,; Mehrotra, S.; Agarwal, S. The paradigm of Th1 and Th2 cytokines. Immunol. Res. 1999, 20, 147-161. [CrossRef]


http://doi.org/10.1146/annurev.immunol.20.083001.084359
http://doi.org/10.1128/MMBR.05015-11
http://doi.org/10.1039/c3cs60064e
http://doi.org/10.1007/BF02786470

Molecules 2021, 26, 7308 20 of 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

Netea, M.G.; Dominguez-Andrés, J.; Barreiro, L.B.; Chavakis, T.; Divangahi, M.; Fuchs, E.; Joosten, L.A.; van der Meer, ] W.;
Mhlanga, M.M.; Mulder, W.J. Defining trained immunity and its role in health and disease. Nat. Rev. Immunol. 2020, 20, 375-388.
[CrossRef] [PubMed]

Abrantes-Metz, R.M.; Adams, C.; Metz, A. Pharmaceutical development phases: A duration analysis. FTC Bur. Econ. Work. Pap.
2004, 274, 30. [CrossRef]

Hay, M.; Thomas, D.W.; Craighead, J.L.; Economides, C.; Rosenthal, J. Clinical development success rates for investigational
drugs. Nat. Biotechnol. 2014, 32, 40-51. [CrossRef]

Kaitin, K.I.; DiMasi, ].A. Pharmaceutical innovation in the 21st century: New drug approvals in the first decade, 2000-2009. Clin.
Pharmacol. Ther. 2011, 89, 183-188. [CrossRef] [PubMed]

Verthelyi, D.; Wang, V. Trace levels of innate immune response modulating impurities (IIRMIs) synergize to break tolerance to
therapeutic proteins. PLoS ONE 2010, 5, e15252. [CrossRef] [PubMed]

DiPaolo, B.; Pennetti, A.; Nugent, L.; Venkat, K. Monitoring impurities in biopharmaceuticals produced by recombinant
technology. Pharm. Sci. Technol. Today 1999, 2, 70-82. [CrossRef]

Dobrovolskaia, M. A. Pre-clinical immunotoxicity studies of nanotechnology-formulated drugs: Challenges, considerations and
strategy. J. Control. Release 2015, 220, 571-583. [CrossRef]

Dobrovolskaia, M.A.; McNeil, S.E. Immunological properties of engineered nanomaterials. Nat. Nanotechnol. 2007, 2, 469.
[CrossRef] [PubMed]

Dobrovolskaia, M.A.; Shurin, M.; Shvedova, A.A. Current understanding of interactions between nanoparticles and the immune
system. Toxicol. Appl. Pharm. 2016, 299, 78-89. [CrossRef] [PubMed]

Mohammadpour, R.; Ghandehari, H. Mechanisms of Immune Response to Inorganic Nanoparticles and Their Degradation
Products. Adv. Drug Deliv. Rev. 2021, 180, 114022. [CrossRef] [PubMed]

Reijers, ].A.A.; Malone, K.E.; Bajramovic, ].J.; Verbeek, R.; Burggraaf, J.; Moerland, M. Adverse immunostimulation caused by
impurities: The dark side of biopharmaceuticals. Br. |. Clin. Pharm. 2019, 85, 1418-1426. [CrossRef] [PubMed]

Rosenberg, A.S.; Sauna, Z.E. Inmunogenicity assessment during the development of protein therapeutics. J. Pharm Pharmcol.
2018, 70, 584-594. [CrossRef]

Sauna, Z.E.; Lagassé, D.; Pedras-Vasconcelos, ].; Golding, B.; Rosenberg, A.S. Evaluating and Mitigating the Immunogenicity of
Therapeutic Proteins. Trends Biotechnol. 2018, 36, 1068-1084. [CrossRef] [PubMed]

Sauna, Z.E.; Richards, S.M.; Maillere, B.; Jury, E.C.; Rosenberg, A.S. Editorial: Immunogenicity of Proteins Used as Therapeutics.
Front. Immunol. 2020, 11, 614856. [CrossRef]

Kessler, M.; Goldsmith, D.; Schellekens, H. Immunogenicity of biopharmaceuticals. Nephrol. Dial. Transplant. 2006, 21, v9-v12.
[CrossRef] [PubMed]

Jawa, V,; Joubert, M.K,; Zhang, Q.; Deshpande, M.; Hapuarachchi, S.; Hall, M.P;; Flynn, G.C. Evaluating immunogenicity risk due
to host cell protein impurities in antibody-based biotherapeutics. AAPS J. 2016, 18, 1439-1452. [CrossRef]

Wang, X.; Hunter, A.K.; Mozier, N.M. Host cell proteins in biologics development: Identification, quantitation and risk assessment.
Biotechnol. Bioeng. 2009, 103, 446—458. [CrossRef] [PubMed]

Ilinskaya, A.N.; Dobrovolskaia, M.A. Understanding the immunogenicity and antigenicity of nanomaterials: Past, present and
future. Toxicol. Appl. Pharmacol. 2016, 299, 70-77. [CrossRef]

Jawa, V.; Cousens, L.P.; Awwad, M.; Wakshull, E.; Kropshofer, H.; De Groot, A.S. T-cell dependent immunogenicity of protein
therapeutics: Preclinical assessment and mitigation. Clin. Immunol. 2013, 149, 534-555. [CrossRef] [PubMed]

Parham, P. The Immune System, 3rd ed.; Garland Science, Taylor & Francis Group, LLC: New York, NY, USA, 2009.

Kumar, H.; Kawai, T.; Akira, S. Toll-like receptors and innate immunity. Biochem. Biophys. Res. Commun. 2009, 388, 621-625.
[CrossRef]

Creagh, EM.; O'Neill, L.A. TLRs, NLRs and RLRs: A trinity of pathogen sensors that co-operate in innate immunity. Trends
Immunol. 2006, 27, 352-357. [CrossRef] [PubMed]

Jounai, N.; Kobiyama, K.; Takeshita, F; Ishii, K.J. Recognition of damage-associated molecular patterns related to nucleic acids
during inflammation and vaccination. Front. Cell. Infect. Microbiol. 2013, 2, 168. [CrossRef]

Gorden, K.B.; Gorski, K.S.; Gibson, S.J.; Kedl, RM.; Kieper, W.C.; Qiu, X.; Tomai, M.A.; Alkan, S.S.; Vasilakos, J.P. Synthetic TLR
agonists reveal functional differences between human TLR7 and TLRS. J. Immunol. 2005, 174, 1259-1268. [CrossRef]

Technical Committee ISO/TC 229, N. ISO 29701:2010(en) Nanotechnologies—Endotoxin Test on Nanomaterial Samples for In
Vitro systems—Limulus Amebocyte Lysate (LAL) Test. Available online: https://www.iso.org/obp/ui/es/#iso:std:is0:29701:
ed-1:vl:en (accessed on 17 November 2021).

Yu, L.; Wang, L.; Chen, S. Endogenous toll-like receptor ligands and their biological significance. J. Cell. Mol. Med. 2010, 14,
2592-2603. [CrossRef]

Haile, L.A.; Puig, M.; Polumuri, S.K.; Ascher, J.; Verthelyi, D. In vivo effect of innate immune response modulating impurities on
the skin milieu using a macaque model: Impact on product immunogenicity. J. Pharm. Sci. 2017, 106, 751-760. [CrossRef]
Medvedev, A.E.; Sabroe, I.; Hasday, ].D.; Vogel, S.N. Invited review: Tolerance to microbial TLR ligands: Molecular mechanisms
and relevance to disease. J. Endotoxin Res. 2006, 12, 133-150. [CrossRef]

Geijtenbeek, T.B.; Gringhuis, S.I. Signalling through C-type lectin receptors: Shaping immune responses. Nat. Rev. Immunol. 2009,
9, 465-479. [CrossRef] [PubMed]


http://doi.org/10.1038/s41577-020-0285-6
http://www.ncbi.nlm.nih.gov/pubmed/32132681
http://doi.org/10.2139/ssrn.607941
http://doi.org/10.1038/nbt.2786
http://doi.org/10.1038/clpt.2010.286
http://www.ncbi.nlm.nih.gov/pubmed/21191382
http://doi.org/10.1371/journal.pone.0015252
http://www.ncbi.nlm.nih.gov/pubmed/21203556
http://doi.org/10.1016/S1461-5347(99)00120-0
http://doi.org/10.1016/j.jconrel.2015.08.056
http://doi.org/10.1038/nnano.2007.223
http://www.ncbi.nlm.nih.gov/pubmed/18654343
http://doi.org/10.1016/j.taap.2015.12.022
http://www.ncbi.nlm.nih.gov/pubmed/26739622
http://doi.org/10.1016/j.addr.2021.114022
http://www.ncbi.nlm.nih.gov/pubmed/34740764
http://doi.org/10.1111/bcp.13938
http://www.ncbi.nlm.nih.gov/pubmed/30920013
http://doi.org/10.1111/jphp.12810
http://doi.org/10.1016/j.tibtech.2018.05.008
http://www.ncbi.nlm.nih.gov/pubmed/29908714
http://doi.org/10.3389/fimmu.2020.614856
http://doi.org/10.1093/ndt/gfl476
http://www.ncbi.nlm.nih.gov/pubmed/16959792
http://doi.org/10.1208/s12248-016-9948-4
http://doi.org/10.1002/bit.22304
http://www.ncbi.nlm.nih.gov/pubmed/19388135
http://doi.org/10.1016/j.taap.2016.01.005
http://doi.org/10.1016/j.clim.2013.09.006
http://www.ncbi.nlm.nih.gov/pubmed/24263283
http://doi.org/10.1016/j.bbrc.2009.08.062
http://doi.org/10.1016/j.it.2006.06.003
http://www.ncbi.nlm.nih.gov/pubmed/16807108
http://doi.org/10.3389/fcimb.2012.00168
http://doi.org/10.4049/jimmunol.174.3.1259
https://www.iso.org/obp/ui/es/#iso:std:iso:29701:ed-1:v1:en
https://www.iso.org/obp/ui/es/#iso:std:iso:29701:ed-1:v1:en
http://doi.org/10.1111/j.1582-4934.2010.01127.x
http://doi.org/10.1016/j.xphs.2016.11.001
http://doi.org/10.1177/09680519060120030201
http://doi.org/10.1038/nri2569
http://www.ncbi.nlm.nih.gov/pubmed/19521399

Molecules 2021, 26, 7308 21 of 23

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Goodridge, H.S.; Wolf, A.J.; Underhill, D.M. 3-glucan recognition by the innate immune system. Immunol. Rev. 2009, 230, 38-50.
[CrossRef] [PubMed]

Center for Devices and Radiological Health, U.S. FOOD & DRUG. Immunotoxicity Testing Guidance. 1999; pp. 1-16. Avail-
able online: https:/ /www.fda.gov/regulatory-information/search-fda-guidance-documents/immunotoxicity-testing-guidance
(accessed on 17 August 2021).

Descotes, ]. Methods of evaluating immunotoxicity. Expert Opin. Drug Metab. Toxicol. 2006, 2, 249-259. [CrossRef] [PubMed]
Abbas, A K.; Lichtman, A.H.; Pillai, S. Hypersensitivity Disorders. In Cellular and Molecular Immunology E-book, 8th ed.; Elsevier
Health Sciences: Philadelphia, PA, USA, 2014.

Rosenberg, A. Immunogenicity of biological therapeutics: A hierarchy of concerns. Dev. Biol. 2003, 112, 15-22.

Vial, T.; Choquet-Kastylevsky, G.; Descotes, ]. Adverse effects of immunotherapeutics involving the immune system. Toxicology
2002, 174, 3-11. [CrossRef]

Gell, PG.H.; Coombs, R.R.A. The Classification of Allergic Reactions Underlying Disease. In Clinical Aspects of Immunology;
Blackwell: Oxford, UK, 1963; pp. 317-337.

Krishna, M.; Nadler, S.G. Inmunogenicity to biotherapeutics—the role of anti-drug immune complexes. Front. Immunol. 2016,
7,21. [CrossRef] [PubMed]

Szebeni, J.; Simberg, D.; Gonzélez-Fernandez, A.; Barenholz, Y.; Dobrovolskaia, M.A. Roadmap and strategy for overcoming
infusion reactions to nanomedicines. Nat. Nanotechnol. 2018, 13, 1100-1108. [CrossRef] [PubMed]

Sarma, J.V.; Ward, P.A. The complement system. Cell Tissue Res. 2011, 343, 227-235. [CrossRef]

Szebeni, ]. Complement activation-related pseudoallergy: An innate response to nanomedicines acting as pseudo-viruses. Eur. J.
Nanomed. 2015, 7, 203-205. [CrossRef]

Finkelman, E.D.; Khodoun, M.V,; Strait, R. Human IgE-independent systemic anaphylaxis. J. Allergy Clin. Immunol. 2016, 137,
1674-1680. [CrossRef]

Ali, H. Regulation of human mast cell and basophil function by anaphylatoxins C3a and C5a. Immunol. Lett. 2010, 128, 36—45.
[CrossRef]

Fennrich, S.; Hennig, U.; Toliashvili, L.; Schlensak, C.; Wendel, H.P,; Stoppelkamp, S. More than 70 years of pyrogen detection:
Current state and future perspectives. Altern. Lab. Anim. 2016, 44, 239-253. [CrossRef]

Binkowska, A.M.; Michalak, G.; Pilip, S.; Kopacz, M.; Stotwiriski, R. The diagnostic value of early cytokine response in patients
after major trauma-preliminary report. Cent. Eur. |. Immunol. 2018, 43, 33—41. [CrossRef] [PubMed]

Administration, U.S.F. a. D. Inspection Technical Guides: Bacterial Endotoxins/Pyrogens. Health and Human Services,
D.a. D.P. Ed. 1985; pp. 1-9. Available online: https://www.fda.gov/inspections-compliance-enforcement-and-criminal-
investigations/inspection-technical-guides /bacterial-endotoxinspyrogens (accessed on 4 October 2021).

Dobrovolskaia, M.A.; McNeil, S.E. Strategy for selecting nanotechnology carriers to overcome immunological and hematological
toxicities challenging clinical translation of nucleic acid-based therapeutics. Expert Opin. Drug Deliv. 2015, 12, 1163-1175.
[CrossRef] [PubMed]

Sakurai, H.; Kawabata, K.; Sakurai, F.; Nakagawa, S.; Mizuguchi, H. Innate immune response induced by gene delivery vectors.
Int. ]. Pharm. 2008, 354, 9—15. [CrossRef] [PubMed]

Shvedova, A.A; Kisin, E.R.; Mercer, R.; Murray, A.R.; Johnson, V.J.; Potapovich, A.L; Tyurina, Y.Y.; Gorelik, O.; Arepalli, S.;
Schwegler-Berry, D. Unusual inflammatory and fibrogenic pulmonary responses to single-walled carbon nanotubes in mice. Am.
J. Physiol.-Lung Cell. Mol. Physiol. 2005, 289, L698-L708. [CrossRef]

Tsai, C.-Y.; Lu, S.-L.; Hu, C.-W,; Yeh, C.-S; Lee, G.-B.; Lei, H.-Y. Size-dependent attenuation of TLR9 signaling by gold nanoparticles
in macrophages. J. Immunol. 2012, 188, 68-76. [CrossRef]

Crist, RM.; Grossman, J.H.; Patri, A.K.; Stern, S.T.; Dobrovolskaia, M.A.; Adiseshaiah, P.P.; Clogston, J.D.; McNeil, S.E. Common
pitfalls in nanotechnology: Lessons learned from NCI’s Nanotechnology Characterization Laboratory. Integr. Biol. (Camb.) 2013, 5,
66-73. [CrossRef]

Dobrovolskaia, M.A. Nucleic Acid Nanoparticles at a Crossroads of Vaccines and Immunotherapies. Molecules 2019, 24, 4620.
[CrossRef]

Dobrovolskaia, M.A.; Germolec, D.R.; Weaver, ].L. Evaluation of nanoparticle immunotoxicity. Nat. Nanotechnol. 2009, 4, 411-414.
[CrossRef]

Shah, A.; Dobrovolskaia, M.A. Immunological effects of iron oxide nanoparticles and iron-based complex drug formulations:
Therapeutic benefits, toxicity, mechanistic insights, and translational considerations. Nanomedicine 2018, 14, 977-990. [CrossRef]
Zolnik, B.S.; Gonzalez-Fernandez, A.; Sadrieh, N.; Dobrovolskaia, M.A. Nanoparticles and the immune system. Endocrinology
2010, 151, 458-465. [CrossRef]

Xiang, S.D.; Scholzen, A.; Minigo, G.; David, C.; Apostolopoulos, V.; Mottram, P.L.; Plebanski, M. Pathogen recognition and
development of particulate vaccines: Does size matter? Methods 2006, 40, 1-9. [CrossRef]

Simak, J.; De Paoli, S. The effects of nanomaterials on blood coagulation in hemostasis and thrombosis. Wiley Interdiscip. Rev.
Nanomed. Nanobiotechnol. 2017, 9, €1448. [CrossRef] [PubMed]

Dobrovolskaia, M.A.; Patri, A.K.; Simak, J.; Hall, ].B.; Semberova, J.; De Paoli Lacerda, S.H.; McNeil, S.E. Nanoparticle size and
surface charge determine effects of PAMAM dendrimers on human platelets in vitro. Mol. Pharm. 2012, 9, 382-393. [CrossRef]
[PubMed]


http://doi.org/10.1111/j.1600-065X.2009.00793.x
http://www.ncbi.nlm.nih.gov/pubmed/19594628
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/immunotoxicity-testing-guidance
http://doi.org/10.1517/17425255.2.2.249
http://www.ncbi.nlm.nih.gov/pubmed/16866611
http://doi.org/10.1016/S0300-483X(02)00051-3
http://doi.org/10.3389/fimmu.2016.00021
http://www.ncbi.nlm.nih.gov/pubmed/26870037
http://doi.org/10.1038/s41565-018-0273-1
http://www.ncbi.nlm.nih.gov/pubmed/30348955
http://doi.org/10.1007/s00441-010-1034-0
http://doi.org/10.1515/ejnm-2015-0029
http://doi.org/10.1016/j.jaci.2016.02.015
http://doi.org/10.1016/j.imlet.2009.10.007
http://doi.org/10.1177/026119291604400305
http://doi.org/10.5114/ceji.2018.74871
http://www.ncbi.nlm.nih.gov/pubmed/29731690
https://www.fda.gov/inspections-compliance-enforcement-and-criminal-investigations/inspection-technical-guides/bacterial-endotoxinspyrogens
https://www.fda.gov/inspections-compliance-enforcement-and-criminal-investigations/inspection-technical-guides/bacterial-endotoxinspyrogens
http://doi.org/10.1517/17425247.2015.1042857
http://www.ncbi.nlm.nih.gov/pubmed/25994601
http://doi.org/10.1016/j.ijpharm.2007.06.012
http://www.ncbi.nlm.nih.gov/pubmed/17640834
http://doi.org/10.1152/ajplung.00084.2005
http://doi.org/10.4049/jimmunol.1100344
http://doi.org/10.1039/c2ib20117h
http://doi.org/10.3390/molecules24244620
http://doi.org/10.1038/nnano.2009.175
http://doi.org/10.1016/j.nano.2018.01.014
http://doi.org/10.1210/en.2009-1082
http://doi.org/10.1016/j.ymeth.2006.05.016
http://doi.org/10.1002/wnan.1448
http://www.ncbi.nlm.nih.gov/pubmed/28078811
http://doi.org/10.1021/mp200463e
http://www.ncbi.nlm.nih.gov/pubmed/22026635

Molecules 2021, 26, 7308 22 of 23

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

Center for Drug Evaluation and Research, U.S. FOOD & DRUG. Guidance for Industry: Imnmunogenicity Assessment for Therapeu-
tic Protein Products. 2014; Volume FDA-2013-D-0092, pp. 1-36. Available online: https://www.fda.gov/regulatory-information/
search-fda-guidance-documents/immunogenicity-assessment-therapeutic-protein-products (accessed on 4 October 2021).

(85) Bacterial Endotoxins Test. In USP 35-NF 30, (USP-NF). Available online: http://www.houshiji.com/Uploads/Download /
5a27396519552.pdf (accessed on 17 November 2021).

(151) Pyrogen Test. In USP 40-NF 35, (USP-NF). Available online: http:/ /www.uspbpep.com/usp31/v31261/usp31nf26sl_c151
.asp (accessed on 17 November 2021).

Guidance for Industry: Pyrogen and Endotoxins Testing: Questions and Answers. Available online: https://www.fda.gov/
regulatory-information/search-fda-guidance-documents/guidance-industry-pyrogen-and-endotoxins-testing-questions-and-
answers (accessed on 17 November 2021).

Center for Devices and Radiological Health, U.S. FOOD & DRUG. Endotoxin Testing Recommendations for Single-Use Intraocular
Ophthalmic Devices. 2015. Available online: https://www.fda.gov/media/88615/download (accessed on 17 November 2021).
Questions and Answers on Quality Related Controlled Correspondence. 2021. Available online: https://www.fda.gov/media/
152281 /download (accessed on 17 November 2021).

Biological Evaluation of Medical Devices—Part 1: Evaluation and Testing within a Risk Management Process. Available online:
https:/ /www.iso.org/obp /ui/#iso:std:is0:10993:-1:ed-5:v2:en (accessed on 17 November 2021).

Haile, L.A.; Puig, M.; Kelley-Baker, L.; Verthelyi, D. Detection of innate immune response modulating impurities in therapeutic
proteins. PLoS ONE 2015, 10, e0125078.

Wadhwa, M.; Knezevic, I.; Kang, H.-N.; Thorpe, R. Inmunogenicity assessment of biotherapeutic products: An overview of
assays and their utility. Biologicals 2015, 43, 298-306. [CrossRef]

Eaton, L.C. Host cell contaminant protein assay development for recombinant biopharmaceuticals. |. Chromatogr. A 1995, 705,
105-114. [CrossRef]

Pyrogenicit-Principles and Methods for Pyrogen Testing of Medical Devices. Available online: https://www.iso.org/obp /ui/#iso:
std:iso:tr:21582:ed-1:v1:en (accessed on 17 November 2021).

Singh, S.K.; Afonina, N.; Awwad, M.; Bechtold-Peters, K.; Blue, J.T.; Chou, D.; Cromwell, M.; Krause, H.-J.; Mahler, H.-C.;
Meyer, BK.; et al. An Industry Perspective on the Monitoring of Subvisible Particles as a Quality Attribute for Protein Therapeu-
tics. J. Pharm. Sci. 2010, 99, 3302-3321. [CrossRef] [PubMed]

Carpenter, ].; Cherney, B.; Lubinecki, A.; Ma, S.; Marszal, E.; Mire-Sluis, A.; Nikolai, T.; Novak, J.; Ragheb, J.; Simak, J. Meeting
report on protein particles and immunogenicity of therapeutic proteins: Filling in the gaps in risk evaluation and mitigation.
Biologicals 2010, 38, 602-611. [CrossRef]

Pacdkova, V.; Suchénkova, J.; Stulik, K. Separation of biologically active peptides by capillary electrophoresis and high-
performance liquid chromatography. J. Chromatogr. B Biomed. Sci. Appl. 1996, 681, 69-76. [CrossRef]

Baumann, A. Early development of therapeutic biologics-pharmacokinetics. Curr. Drug Metab. 2006, 7, 15-21. [CrossRef]

Liu, Y.; Romijn, E.P; Verniest, G.; Laukens, K.; De Vijlder, T. Mass spectrometry-based structure elucidation of small molecule
impurities and degradation products in pharmaceutical development. TrAC Trends Anal. Chem. 2019, 121, 115686. [CrossRef]
Barbosa, M.D.; Kumar, S.; Loughrey, H.; Singh, S.K. Biosimilars and biobetters as tools for understanding and mitigating the
immunogenicity of biotherapeutics. Drug Discov. Today 2012, 17, 1282-1288. [CrossRef]

Jawa, V.; Terry, F.; Gokemeijer, ].; Mitra-Kaushik, S.; Roberts, B.J.; Tourdot, S.; De Groot, A.S. T-cell dependent immunogenicity of
protein therapeutics pre-clinical assessment and mitigation—updated consensus and review 2020. Front. Immunol. 2020, 11, 1301.
[CrossRef] [PubMed]

Lee, ].W.; Salimi-Moosavi, H. Bioanalysis of target biomarker and PK/PD relevancy during the development of biotherapeutics.
Bioanalysis 2012, 4, 2513-2523. [CrossRef]

Wang, J.; Lozier, J.; Johnson, G.; Kirshner, S.; Verthelyi, D.; Pariser, A.; Shores, E.; Rosenberg, A. Neutralizing antibodies to
therapeutic enzymes: Considerations for testing, prevention and treatment. Nat. Biotechnol. 2008, 26, 901-908. [CrossRef]
[PubMed]

Van Regenmortel, M.H. Antigenicity and immunogenicity of synthetic peptides. Biologicals 2001, 29, 209-213. [CrossRef]
Group, B.D.W.; Atkinson Jr, A.J.; Colburn, W.A.; DeGruttola, V.G.; DeMets, D.L.; Downing, G.J.; Hoth, D.E; Oates, J.A.; Peck, C.C,;
Schooley, R.T. Biomarkers and surrogate endpoints: Preferred definitions and conceptual framework. Clin. Pharmacol. Ther. 2001,
69, 89-95.

Wagner, J.A. Strategic approach to fit-for-purpose biomarkers in drug development. Annu. Rev. Pharmacol. Toxicol. 2008, 48,
631-651. [CrossRef]

Fisher, A.C.; Lee, S.L.; Harris, D.P,; Buhse, L.; Kozlowski, S.; Yu, L.; Kopcha, M.; Woodcock, J. Advancing pharmaceutical
quality: An overview of science and research in the US FDA'’s Office of Pharmaceutical Quality. Int. ]. Pharm. 2016, 515, 390-402.
[CrossRef] [PubMed]

Neun, B.W.; Dobrovolskaia, M.A. NCL Method STE-1.2: Detection and Quantification of Gram Negative Bacterial Endotoxin
Contamination in Nanoparticle Formulations by Kinetic Turbidity LAL Assay. Available online: https://ncl.cancer.gov /sites/
default/files /protocols/NCL_Method_STE-1.2.pdf (accessed on 24 August 2021).


https://www.fda.gov/regulatory-information/search-fda-guidance-documents/immunogenicity-assessment-therapeutic-protein-products
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/immunogenicity-assessment-therapeutic-protein-products
http://www.houshiji.com/Uploads/Download/5a27396519552.pdf
http://www.houshiji.com/Uploads/Download/5a27396519552.pdf
http://www.uspbpep.com/usp31/v31261/usp31nf26s1_c151.asp
http://www.uspbpep.com/usp31/v31261/usp31nf26s1_c151.asp
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/guidance-industry-pyrogen-and-endotoxins-testing-questions-and-answers
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/guidance-industry-pyrogen-and-endotoxins-testing-questions-and-answers
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/guidance-industry-pyrogen-and-endotoxins-testing-questions-and-answers
https://www.fda.gov/media/88615/download
https://www.fda.gov/media/152281/download
https://www.fda.gov/media/152281/download
https://www.iso.org/obp/ui/#iso:std:iso:10993:-1:ed-5:v2:en
http://doi.org/10.1016/j.biologicals.2015.06.004
http://doi.org/10.1016/0021-9673(94)01249-E
https://www.iso.org/obp/ui/#iso:std:iso:tr:21582:ed-1:v1:en
https://www.iso.org/obp/ui/#iso:std:iso:tr:21582:ed-1:v1:en
http://doi.org/10.1002/jps.22097
http://www.ncbi.nlm.nih.gov/pubmed/20310025
http://doi.org/10.1016/j.biologicals.2010.07.002
http://doi.org/10.1016/0378-4347(95)00547-1
http://doi.org/10.2174/138920006774832604
http://doi.org/10.1016/j.trac.2019.115686
http://doi.org/10.1016/j.drudis.2012.07.003
http://doi.org/10.3389/fimmu.2020.01301
http://www.ncbi.nlm.nih.gov/pubmed/32695107
http://doi.org/10.4155/bio.12.220
http://doi.org/10.1038/nbt.1484
http://www.ncbi.nlm.nih.gov/pubmed/18688246
http://doi.org/10.1006/biol.2001.0308
http://doi.org/10.1146/annurev.pharmtox.48.113006.094611
http://doi.org/10.1016/j.ijpharm.2016.10.038
http://www.ncbi.nlm.nih.gov/pubmed/27773853
https://ncl.cancer.gov/sites/default/files/protocols/NCL_Method_STE-1.2.pdf
https://ncl.cancer.gov/sites/default/files/protocols/NCL_Method_STE-1.2.pdf

Molecules 2021, 26, 7308 23 of 23

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.
103.

Nakagawa, Y.; Maeda, H.; Murai, T. Evaluation of the in vitro pyrogen test system based on proinflammatory cytokine release
from human monocytes: Comparison with a human whole blood culture test system and with the rabbit pyrogen test. Clin.
Diagn. Lab. Immunol. 2002, 9, 588-597. [CrossRef] [PubMed]

Kikkert, R.; de Groot, E.R.; Aarden, L.A. Cytokine induction by pyrogens: Comparison of whole blood, mononuclear cells, and
TLR-transfectants. J. Immunol. Methods 2008, 336, 45-55. [CrossRef] [PubMed]

Neun, B.W.; Cedrone, E.; Potter, T.M.; Crist, R.M.; Dobrovolskaia, M.A. Detection of Beta-Glucan Contamination in
Nanotechnology-Based Formulations. Molecules 2020, 25, 3367. [CrossRef]

Neun, B.W.; Dobrovolskaia, M.A. NCL Method STE-4: Detection and Quantification of (3-(1,3)-D-Glucan Contamination in
Nanoparticle Formulations by Factor C Depleted LAL (Glucatell®) Assay. Available online: https:/ /ncl.cancer.gov /sites/default/
files/NCL_Method_STE-4.pdf (accessed on 24 August 2021).

Dobrovolskaia, M.A.; Neun, B.W.; Clogston, ].D.; Ding, H.; Ljubimova, J.; McNeil, S.E. Ambiguities in applying traditional
Limulus amebocyte lysate tests to quantify endotoxin in nanoparticle formulations. Nanomedicine 2010, 5, 555-562. [CrossRef]
Dobrovolskaia, M.A.; Neun, B.W.; Clogston, J.D.; Grossman, ].H.; McNeil, S.E. Choice of method for endotoxin detection depends
on nanoformulation. Nanomedicine 2014, 9, 1847-1856. [CrossRef]

Neun, B.W.; Dobrovolskaia, M.A. Detection and quantitative evaluation of endotoxin contamination in nanoparticle formulations
by LAL-based assays. Methods Mol. Biol. 2011, 697, 121-130.

Neun, B.W.; Dobrovolskaia, M.A. Detection of endotoxin in nano-formulations using limulus amoebocyte lysate (LAL) assays.
JoVE (]. Vis. Exp.) 2019, 143, €58830. [CrossRef]

Petersen, E.J.; Henry, T.B.; Zhao, ]J.; MacCuspie, R.I; Kirschling, T.L.; Dobrovolskaia, M.A.; Hackley, V.; Xing, B.; White, J.C.
Identification and avoidance of potential artifacts and misinterpretations in nanomaterial ecotoxicity measurements. Environ. Sci.
Technol. 2014, 48, 4226-4246. [CrossRef]

Gunn, G.R; Evans, C.; Yang, E. Inmunogenicity and biomarkers: Bioanalytical challenges and considerations. Future Sci. 2017, 9,
1729-1732. [CrossRef]

Wadhwa, M.; Thorpe, R. Harmonization and standardization of immunogenicity assessment of biotherapeutic products. Bioanaly-
sis 2019, 11, 1593-1604. [CrossRef]

Forster, R.]J.; Bertoncello, P; Keyes, T.E. Electrogenerated chemiluminescence. Annu. Rev. Anal. Chem. 2009, 2, 359-385. [CrossRef]
[PubMed]

Wolter, T.; Richter, A. Assays for controlling host-cell impurities in biopharmaceuticals. BioProcess Int. 2005, 3, 40—46.

Neun, B.W.; Cedrone, E.; Dobrovolskaia, M.A. NCL Method STE 5.2: Analysis of Complement Activation by Single-Plex EIA or
Multiplex ELISA. Available online: https://ncl.cancer.gov/sites/default/files /protocols/NCL_Method_ITA-5.2.pdf (accessed
on 24 August 2021).

Potter, TM.; Cedrone, E.; Neun, B.W.; Dobrovolskaia, M.A. NCL Method-10: Preparation of Human Whole Blood and Peripheral
Blood Mononuclear Cell Cultures to Analyze Nanoparticle Potential to Induce Cytokines In Vitro. Available online: https:
/ /ncl.cancer.gov /sites/default/files/NCL_Method_ITA-10.pdf (accessed on 24 August 2021).

Dill, K. Sensitive analyte detection and quantitation using the threshold immunoassay system. ACS Publ. 1996, 9, 89-102.
Mufarrege, E.F; Haile, L.A.; Etcheverrigaray, M.; Verthelyi, D.I. Multiplexed gene expression as a characterization of bioactivity
for interferon beta (IFN-[3) biosimilar candidates: Impact of innate immune response modulating impurities (IIRMlIs). AAPS ].
2019, 21, 26. [CrossRef] [PubMed]


http://doi.org/10.1128/CDLI.9.3.588-597.2002
http://www.ncbi.nlm.nih.gov/pubmed/11986265
http://doi.org/10.1016/j.jim.2008.03.010
http://www.ncbi.nlm.nih.gov/pubmed/18456276
http://doi.org/10.3390/molecules25153367
https://ncl.cancer.gov/sites/default/files/NCL_Method_STE-4.pdf
https://ncl.cancer.gov/sites/default/files/NCL_Method_STE-4.pdf
http://doi.org/10.2217/nnm.10.29
http://doi.org/10.2217/nnm.13.157
http://doi.org/10.3791/58830
http://doi.org/10.1021/es4052999
http://doi.org/10.4155/bio-2017-0184
http://doi.org/10.4155/bio-2019-0202
http://doi.org/10.1146/annurev-anchem-060908-155305
http://www.ncbi.nlm.nih.gov/pubmed/20636067
https://ncl.cancer.gov/sites/default/files/protocols/NCL_Method_ITA-5.2.pdf
https://ncl.cancer.gov/sites/default/files/NCL_Method_ITA-10.pdf
https://ncl.cancer.gov/sites/default/files/NCL_Method_ITA-10.pdf
http://doi.org/10.1208/s12248-019-0300-7
http://www.ncbi.nlm.nih.gov/pubmed/30737590

	Introduction 
	Innate Immunity Modulating Impurities 
	Impact of IIMIs on the Immunotoxicity of Drug Products 
	Sources of Immunotoxicity in Nanotechnology-Based Products 
	IIMIs Commonly Found in Pharmaceutical Products 
	Microbial Components 
	Whole Microbes 
	Leachates 
	Host Cell Proteins 

	Immune-Mediated Adverse Effects to Pharmaceutical Products 
	Methods for IIMI Detection 
	Direct Detection Methods 
	Indirect Detection Methods 
	Biological Staining and Gel-Based Methods 
	Antibody-Based Enzymatic Methods 
	Nucleic Acid Hybridization Methods 
	Cell-Based Methods 
	In Vivo Methods 

	Conclusions and Future Directions 
	References

