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Since the early days marking the first use of nanomedicine in the early
80s, there has been a meaningful change in the scientific field involving the
Fabrication, characterization, and application of nanomaterials to treat many
diseases, including cancers and genetic disorders. As unique and attractive
properties of this novel class of materials unraveled, significant advances
and discoveries were made over time. Addressing several challenges posed
by conventional therapy, which were the only available treatment option for
ailing patients, nanomedicine provided enhanced benefits, including reduced
dosing, improved pharmacokinetics, and superior targeting efficiency. Several
such formulations have successfully made their way to clinics and have
shown promise in prolonging terminally ill patient populations’ survival rates.
However, the complex immune system and its various components, including
various proteins and surface receptors, have made nanomaterials’ journey
from benchtop to the bedside a treacherous one. The innate and adaptive
immune system interactions with nanomaterials are still under investigation
and full of mysteries. This review highlights the various aspects of therapeutic
nanocarriers and their current understanding of their immune systems’
interactions.
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Introduction
The field of research involving nanoparticles has invoked global
interest due to their novelty and wide range of applications1, 2.
A nanoparticle (NP) may be defined as an assembly of atoms,
molecules, or ions with a diameter theoretically between 1 and a few
100 nanometers with properties that differ from the atoms and the
bulk. Figure 1 shows the nanoscale sizes of some species at different

Figure 1: Size comparison of various objects on the nanometer scale (Created
using BioRender). The ideal range of the size of the nanoparticle for drug
delivery is 90 to 150 nm.
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scales, starting from water which measures ~ 0.1 nm, to
various biological species, including antibodies (~10 nm)
and viruses and bacteria (100-1000 nm) and cancer cells
which are larger than 1000 nm in size. Nanoparticles have
attracted much attention in past decades due to their
unique physicochemical and physiological properties,
which differ significantly from their bulk form. Many of their
physical properties like optical, magnetic, and catalytic
properties, melting points, and surface reactivities are
size-dependent, critical for all drug delivery applications
from virus to human cells. This dependence is due to their
high surface-to-volume ratio and their bridging state
between atomic and bulk materials3. For any material
to be used as a drug delivery agent, it is fundamental to
study its immunological response in the body. Careful,
rational design of nanomaterials and awareness of
metabolic challenges are essential to avoid triggering
undesirable immunological responses. Numerous clinical
trials involving nanostructured materials have failed for
the lack of a rational design4. Therefore, in this review,
we set out to provide an overview of nanomaterials’
interactions with one of those metabolic challenges, the
immune system. We first provide a brief background of
compositional and structural variability of nanomaterials
found in the literature and their interactions with the
immune system.

Classification of Nanoparticles

Nanomaterials are usually synthesized via various
approaches and are usually classified as ‘hard’ or ‘soft’
based on their composition, size, and shape5. Tomalia, in
his pioneering article, has provided a detailed description
of this classification and a unifying systematic framework5.
In many cases, hard nanomaterials are composed of noble
metals like silver, gold, and platinum are an important
class of nanomaterials owing to their unique optical and
electrical properties. Therefore, these nanomaterials found
applications in diverse fields, including sensors, medicinal
biology, cancer therapy, optical filters, catalysis, and imaging.
Metal nanoparticles have bactericidal properties, efficacy
in treating cancer by photothermal and radiotherapy,
and a single platform for therapeutic and diagnostic
purposes, i.e., as theranostic agents6. The synthesis of these
nanoparticles can be carried out by employing various
chemical, photochemical, and radiolytic procedures. The
synthesis method impacts the nanomaterials’ properties,
which can be tuned by choice of precursor and the technique
employed. As metal nanoparticles tend to agglomerate
during the growth and nucleation process, various ligands,
stabilizers and supports control and limit their growth.
Among these, polymers and micelles have been popular
choices. Apart from the commercially available polymers,
macrocycles, cyclodextrins, and calixarenes have emerged
as a choice of ligands to stabilize metal nanoparticles7-9.
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However, due to certain metals’ toxicity, their release into
the biological media while imaging could be detrimental.
Thereby, tampering with the toxicity of metal nanoparticles
using organic stabilizers without compromising their
salient properties is an active investigation area. Inorganic
precursors, such as silicon, have been used to generate
quantum dots (QDs) with enhanced photoluminescence
for their use as contrast agents in various imaging
applications. The development of QDs has been poised
to change diagnostic and therapy landscapes due to their
unique physico-optical properties. Still, these potent
nanomaterials’ inherent toxicity significantly limits their
translational applications and requires further surface
passivation, which sometimes leads to quenching of their
luminescent properties.

Soft nanoparticles, which are the primary workhorse
of nanotechnology-powered medicine, are derived from
a host of precursors ranging from naturally occurring
or synthetically designed lipids (liposomes)10, polymers
(polymersomes, or micelles) 11, 12, dendrimers13, and
other organic molecules14. These nanomaterials
exhibit low toxicity, high biocompatibility, enhanced
photoluminescence, and quantum yield, as well as
substantial drug loading and programmed release
capacities. These features render soft nanoparticles
highly attractive for use in biomedical fields, especially for
therapeutic applications (Table 1). Surface modification
can enhance their aqueous solubility and allow for further
conjugation with biomolecules that can be used as targeted
therapeutic agents15.

Furthermore, the conjugation of fluorescent dyes
and/or therapeutic drugs renders these nanomaterials
attractive theranostic agents. Soft nanoparticles are
frequently classified into two broad groups, including
synthetic and biological. The first group comprises
dendrimers, nanolatexes, and polymeric micelles, while
the second is further subdivided into proteins, viruses, and
DNA/RNA. The fundamental difference between hard and
soft nanoparticles is their rigidity and degrees of freedom.
A third category based on hybridized hard particle and the
soft particle has also been identified, which can be a matrix
of combinations between different types of hard and soft
nanomaterials. Although nanoparticles have applications
in a wide array spanning from electronics31 to biofouling32,
our area of interest in this manuscript is in the field of
nanoparticles used in cancer therapy and their interactions
with the immune system. Therefore, in the following
sections, we provide a detailed overview of nanoparticles
heavily investigated in cancer therapy, such as metal
nanoclusters, liposomes, and polymeric nanoparticles, as
representative examples of hard and soft nanomaterials
usable in medicine and diagnostics (Figure 2).
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Type of Nanoparticle

Liposome
PEGylated liposome
Lipid nanoparticles

Protein-based nanoparticles
Nanoemulsion

Polymeric nanoparticles
Nanpplatin(Nanocarrier)
CRLX101

Table 1. lists several nanoparticles used in drug delivery applications
Active Drug

Doxorubicin
Daunorubicin
Amphotericin B
Irinotecan

Doxorubicin
Amphotericin B

Disease Treatment

Breast Cancer
Leukemia
Fungal infections
Metastatic pancreatic cancer

Ovarian and breast cancer
Fungal infections
Pancreatic, breast cancer, advanced non–
Paclitaxel
small-cell lung cancer
Difluprednat
Eye inflammation
Cyclosporine A
Dry eye syndrome, Keratitis
Kidney disease
Sevelamer
Prostate cancer, endometriosis, uterine
Leuprolide acetate
fibroids
Certolizumab pegol
Rheumatoid arthritis, spondylitis,
Recombinant antihemophilic
Crohn’s disease
factor
Hemophil
Polyamino acid, PEG, and cisplatin, Advanced solid tumors, lung, biliary, bladPembrolizumab
der, or pancreatic cancers
Ovarian, renal cell, small cell lung, or rectal
Cyclodextrin-based nanoparticancers
cle-camptothecin conjugate
2016:
NCT02187302 (Ph II): Completed
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Commercial Name
MyocetTM
DaunoXome®
AmBisome®
MM-398

Doxil®, Caelyx®,
Amphotec®, Abelcet®
Abraxane®

Durezol®
Restasis®, Ikervis®

References
(16)
(17)
(18)
(19)
(20)
(21)
(22)

(23)
(24)

Renagel®,
Renvela®
Eligard®
Cimzia®
Adynovate®

(25)
(26)
(27)
(28)

(Cerulean)

(30).

KEYTRUDA®

(29)

Figure 2. Representation of some widely used classes of nanomaterials in cancer therapy. (Left to right). Gold nanorods, which are cylindrical
particles derived from gold metal salts, metal nanoclusters, usually a clump of metal nanoparticles stabilized by various ligands, polymeric
nanoparticles, derived from a host of polymers via synthetic methods, liposomes which are bilayer structures from lipids, dendrimers,
branched structures with multiple arms and micelles which have a hollow cavity with a distinct head and tail dependent on the hydrophilicity
of the components. (Created using BioRender)

Metal nanoclusters
Noble metal nanoparticles have been used to heal
diseases like measles and ulcers since historic times.
Although the preparation of metallic colloids dates back
to the middle ages, the history of metal nanoparticles
began with Faraday’s study of gold colloids33. In contrast,
most metallic nanoparticles are used in electronics and
semiconductors, and noble metal NPs have been widely
used in the medicinal field. The bactericidal properties of
silver, the anticancer properties of gold compounds, and
a host of platinum-containing chemotherapy drugs have
made them much sought after in the field of nanomedicine.
Like most other nanosystems, synthetic routes of
metal NPs broadly involve either top-down or bottom-up
methods. The top-down methods are used to prepare NPs
via the subdivision of bulk metals, including condensation/
evaporation, pyrolytic methods, laser arc discharge,

lithography, and electronic radiation. Simultaneously, the
bottom-up processes generate metal NPs from the zerovalent metal using molecular or ionic precursors under
the conditions that prevent their precipitation. Techniques
like molecular self-assembly, atomic layer deposition,
reduction using chemical or irradiation are employed for
the bottom-up method.

Given that dimensions of metal clusters or metallic
nanoparticles are comparable to biomolecules [such as a
virus (∼ 20 nm), proteins (1–20 nm), and DNA (∼ 2 nm)],
they are a popular choice for use to interact or intervene
with different biological systems. Such engagement can
be used for therapy34 and the detection of diseases. For
example, the nanoscale dimension of nanoparticles permits
their interactions with biomolecules on cell surfaces and
within the cells in a way that can be decoded and designated
to interact with critical biochemical and cellular processes.
When bound with the drugs, they can penetrate the tissues
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and cells in the body and give a target-based drug therapy,
which is highly selective and specific35. Nanoparticles
have also been employed to mimic biological systems to
create better drug carriers and sensors. Due to the high
surface to volume ratio of nanoparticles, functional groups’
multivalency can be achieved and used to modulate these
nanomaterials’ interactions with cells36. A primary concern
while using metal nanoclusters is the toxicity of the metals
themselves and their cellular or organ-level accumulation.
For metallic nanoparticles, surface reactivity, size, and
shape have been established to drive the compromise
between their therapeutic and toxic impact37.

Liposomes

Liposomes are one of the oldest members of the
soft nanomaterials family (Figure 2). These species are
generated using phospholipids comprising a hydrophilic
head and hydrophobic tail. When using aqueous solvents,
they form vesicle-like structures capable of entrapping
therapeutics in their core. Various hydrophobic and
hydrophilic interactions between the lipids themselves
and lipid-water lead to bilayered structures. Since
phospholipids form the backbone of cell membranes and
plasma lipoproteins are natural lipid NPs, liposomes are
biocompatible and usually present low to no toxicity.

Based on their size and layer number, liposomes are
classified as multilamellar vesicles, large unilamellar, and
small unilamellar vesicles. Based on composition, they are
categorized as conventional, pH-sensitive, cationic, longcirculating, and Immuno-liposomes38. The delivery-based
classification includes—conventional, sterically-stabilized,
ligand-targeted liposomes, and a combination thereof.

The use of liposomes has vastly improved the
therapeutic index of several drugs, including Doxorubicin
and Amphotericin39. This is achieved by improving the
pharmacokinetics and biodistribution. However, they are
often rapidly eliminated from the bloodstream due to the
opsonization of plasma components and macrophages’
internalization in the reticuloendothelial system (RES)40.
PEGylation polymers are a popular approach to address
this issue. PEG chains increase the concentration of
hydrated groups on the surface, which sterically inhibit
both electrostatic and hydrophobic reactions with
plasma proteins, thus reducing the internalization of the
formulation by the RES41. Since the size of liposomes varies
largely, this factor also impacts their interactions with the
immune system. Larger liposomes are prone to more rapid
clearance than smaller ones.

Along with size, the surface charge is also determinant
in governing liposome fate. More prominent and charged
liposomes were found to be eliminated rapidly by the
liver and spleen. Using cholesterol in the membrane has
prolonged the circulation time of liposomes42. Liposomes
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that have not been cleared by RES and opsonization are
subjected to the enhanced permeation retention (EPR)
effect, which governs the vascular supply’s increased
permeability to cancer tissues. Liposomes can be tailored
to accumulate by passive targeting using various triggers
like pH, hypoxia, and temperature43.

Polymeric nanoparticles

Many biodegradable polymers have been used as drug
delivery agents and have increased therapeutic efficiency
with minimal off-target toxicities44. Several specialty
polymers like poly (lactic acid) (PLA), and poly (lacticco-glycolic acid) (PLGA) have got considerable attention
due to their biocompatibility with and controlled release
properties of chemotherapeutic agents45. Other polymers
derived from naturally occurring sources like sodium
alginate and chitosan46 have also been employed as drug
delivery agents. Lipid or protein-based soft nanoparticles
comprises another important class of soft nanomaterials.
Therapeutic liposomes are composed of lipids and
are best represented by DOXIL®, an FDA-authorized
product for soft tissue cancer. Another clinically relevant
polymer, Abraxane®, an albumin nanoparticle of a potent
chemotherapeutic agent (paclitaxel), is a clinically used
nanomedical formulation for cancer therapeutics.

Apart from the commercially available polymers
mentioned above, a host of synthetic biodegradable
polymers has been synthesized and can efficiently deliver
therapeutics at the desired site. For such transport to the
disease site, two types of targeting mechanisms are generally
followed: (a) Passive or size-dependent transport and (b)
Active or ligand-mediated transport. Microenvironmentsensitive chemical units have also been immobilized onto
both soft and hard nanoparticles to sense biochemical
triggers like hypoxia, pH, enzyme concentration, and
temperature. These stimuli-sensitive polymers form selfassembled structures at the physiologically prevailing
conditions but can sense the specific trigger distinctive
to the cancer microenvironment. Such sensory input is
translated to the collapse of self-organized structures
leading to drug release. Significant advancements have
been achieved in the area of stimuli-responsive polymeric
nanoparticles for cancer therapy47, 48. Inspired by these
works, we have reported the synthesis and use of several
pH-responsive block copolymers comprising hydrophilic
PEG and hydrophobic polycarbonates for delivery of
newly discovered molecular inhibitors, such as hedgehog
inhibitors49 (GDC 0449), ERK inhibitor50 (SCH 772984) or
conventional chemotherapeutic agents such as Gemcitabine.
Physical encapsulation or chemical conjugation of these
molecular species within stimuli-sensing nanoparticles
improved their therapeutic profile by protecting the drugs
against rapid metabolic clearance and suppressing their
off-target toxicity51. Although physical encapsulation of
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drug molecules inside polymeric nanocapsules is a popular
and facile strategy for designing controlled-release drug
delivery systems, chemical conjugation to polymeric
scaffolds has also been widely employed by researchers
for designing polymer-drug conjugates. Conjugation of
drugs is achieved via chemical coupling of drugs to the
polymer backbone via simple amide or ester bond linkage,
which, when subject to certain conditions prevailing in the
cancer tissues, leads to their cleavage subsequent release
of the drug52, 53. This approach protects the drug against
enzymatic degradation, prolongs its circulation time, and
ensures efficient payload delivery to the targeted tumor
tissue54-59.

Soft nanoparticles have been equipped with targeting
ligands, immobilization of which on nanoparticle surface
is also a popular strategy to design “ligand targeted
therapeutics.” Several ligands, including peptides,
polysaccharides, proteins, aptamers, and small molecules,
have been used for targeting the tumor tissue. The
rationale behind employing targeting ligands is to harness
their binding affinity to specific receptors on the cell
surface, thereby increasing the therapeutic efficiency and
accumulation of the NPs on a specific population of cells. As
this is mostly a surface phenomenon, it is frequently more
advantageous to employ multiple ligands instead of a single
one to increase cellular uptake via a multivalent effect60
(presence of the multiple numbers of functional ligands).
Multivalency is concerned; dendrimers and hyperbranched
polymers have been developed and are included within the
family of soft nanomaterials.
Dendrimers are a class of materials that are branched
at the edges and possess a unique 3-dimensional structure.
These are usually classified as macromolecules or branched
polymers and have been useful as novel drug delivery
agents. The structure of a dendrimer is usually in the form
of an inner core, with each progressive shell or branching
out referred to as a ‘generation.’ With the increase in the
shells’ branching (ie: increase in the generation numbers),
the molecular mass also increases. Multivalent functional
groups, including -COOH, -OH, and -NH2 are often used
for interactions with other chemical agents or biological
molecules. The core-shell structure of dendrimers that
gives them macromolecular properties has often been used
for ‘host-guest’ type interactions for sensing of various ions
or biomolecules and entrapment of drugs and dyes. Some
commercially available dendrimers of polyamidoamine
(PAMAM) (Starburst®), Poly(propylene imine (Atramol®),
and Polylysine (Vivagel®) are already available
commercially for medicinal applications. Synthesis of the
perfect dendrimer is often cumbersome, and therefore
more easily realizable dendritic scaffolds have been
developed. Termed as ‘hyperbranched polymers,’ these
nanoscale unimolecular species demonstrate spherical
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presentations of dendrimers; however, they do not require
a stepwise synthesis to realize a multivalent and branched
topology.

As with polymeric nanoparticles, various active and
passive targeting strategies have been applied to dendritic
systems to render them highly effective in delivering
therapeutics to the tumor core with minimal off-target
toxicity. Particularly with non-polar chemotherapeutic
agents, dendrimers and hyperbranched polymers provide
a useful scaffold to aid in solubility and formulation
stability of chemotherapy without compromising their
therapeutic efficiency61-63. Conjugation of specific antigens
for specific delivery using monoclonal antibodies has
also been explored64 as applications of dendrimers and
hyperbranched polymers for vaccine research.

Nanoparticle Mediated Immunotoxicity

Since the advent of nanomedicine, there has been a
surge in the use of various nanomaterials described in
the previous sections for a whole range of therapeutic
applications. Although several features of nanoparticles
in terms of high payload, low dosage, and targeting
capacity make them attractive candidates for use in cancer
treatment, an essential aspect of clinical consideration
remains the Immunotoxicity of these NPs.

When used for in vivo application, especially for
systemic delivery of therapeutics, NPs, and biological
agents’ interface play a fundamental role in nanomaterials’
fate in effective delivery, clearance, and accumulation.

The immune system’s primary function is to protect
the body against foreign particles considered threats65.
The broad classification of the immune system is innate
and adaptive. Innate immunity generates a non-specific
inflammatory response when in contact with foreign
bioactive agents like bacterial and viral strains. This
system’s mechanism of action is through various receptors
functioning as pathogen recognition agents followed by the
acquired immunity system’s activation through antigenpresenting cells (APCs). In contrast, the adaptive immune
system is responsible for generating antibodies in response
to the antigens and follows a complicated pathway.
Immune systems recognize nanoparticles via their surface
properties and compositional features. Therefore, these
features can act as handles to mediate interactions of
nanoparticles with the immune system.
The first contact of NPs with biofluids exposes them to
various proteins to form a crown effect commonly referred
to as protein corona particle66. Although other biomolecules
like DNA, RNA, and ribose sugars also interact with NPs,
they have been underrepresented in literature and ensuing
scientific investigations. Interactions of the NPs with the
plasma proteins and other biomolecules alter their fate as
various biochemical changes alter the bioactivity of NPs.
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Phagocytes, which comprise an essential part of
the immune system, are the first to interact with any
foreign bodies, including nanoparticles. The two types of
interactions this brings about are immunosuppression or
immunostimulation. While immunosuppression renders
the host organism susceptible to various infections due
to the immune system’s incompetency to combat any
invasion, immunostimulation is responsible for a host of
disorders, including inflammation.

Undesirable interactions between the immune
system and nanoparticles have often been reported due
to immunostimulation or immunosuppression (Figure
3), which might cause inflammatory or autoimmune
disorders, thereby increasing the chances of the receptor’s
body incurring an infection. Immune recognition can be
bypassed via several methods, of which using a polymeric
substance to create a hydrophilic environment is amongst
the most popular. However, this cannot negate antibody
production. On the other hand, to elicit the desired immuneresponse, antigen-presenting cells are directly stimulated,
or antigen is delivered to the desired cellular compartment
via targeting methods.
Immunosuppression via nanoparticles has been
achieved in several ways, and one such method was via
the inhalation of carbon nanotubes (CNTs) to suppress B
cell function. The cytokine transforming growth factor-β
(TGF-β) produced by alveolar macrophages is a critical
element of the observed immunosuppression mechanism.
On the other hand, for nanomedicine administered
via subcutaneous or intradermal routes, activation of
the complement by the nanoparticles can enhance the
treatment’s efficacy. Several systems have been reported to
improve antigenicity of conjugated weak antigens and thus
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serve as adjuvants, while engineered nanosystems have
also shown inherent antigenic properties. Nanoparticles
activate the complement system via different pathways,
and by changing their physicochemical properties, this
activation can be regulated. Mast cells can contribute to
inflammation and some nanoparticles’ toxic effect and
have an essential role in the biological events following
nanoparticle exposure67.
A host of factors, including size, crystallinity,
aggregation properties, composition, shape, and surface
charge, influence the interactions between the immune
system and nanoparticles (Figure 4).

Impact of Nanoparticles in vitro and in vivo on the
Immune Response

Uptake by the innate immune system transfers NPs
within a recognizable size range to these areas, where the
lymphatic system directs them. In vivo, murine models
show adverse effects in these areas and suppress natural
killer (NK) cells68. These models have also shown a variety
of interactions with T and B cells in these areas. Models
involving negatively charged SiO2 showed suppression
of these cells, inhibiting NK cell activity, suppressing
proinflammatory cytokine production, resulting in a
lack of inflammatory responses68. Silver nanoparticles
(AgNPs) are bound to various tissues, resulting in reactive
oxygen species (ROS) induction, inflammation, and tissue
damage. The toxic effect of AgNPs on the proliferation
and cytokine expression by human lymphocyte cells and
peripheral blood mononuclear cells (PBMCs) has also been
investigated69. The immunosuppression induced by these
AgNPs caused broad organ damage in these areas and
harmed organisms. The accumulation of NPs can also harm
organs like the liver, spleen, and lymph nodes.

Figure 3. Schematic representation of the two significant modes of interactions between nanoparticles and the immune system. TCR
(T-cell receptor) These modes are (i) immunostimulation of dendritic followed by priming of T-cells, eventually leading to drug release into
the tumor cells and (ii) immunosuppression of APC, which increase in T and B-cell numbers and functionality. (Created using BioRender)
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Figure 4. Schematic representation of several factors governing the immune response elicited by nanoparticles. These factors are
morphology, size, shape and surface charge of nanoparticles and their chemical composition and aggregation properties. (Created using
BioRender)

Despite the disconnect between in vitro and in vivo
models, RAW 264.7 cells (murine macrophage-like cells) are
the most commonly used cellular model for immunotoxic
assays. These cells show pronounced dose-dependent
cytotoxicity. NPs are best dosed out by a surface area factor,
not mass, since the surface area is the biologically most
effective dose metric for acute nanoparticle toxicity. When
proportionally applied to cell cultures, silicon NPs caused
more significant cytotoxicity than controls to monocytes
and macrophages70. This toxicity was evidenced to be the
product of ROS release and oxidative stress. These NPs also
contributed to most lymphocytes’ death through apoptosis
and necrosis, which causes direct cellular damage.

Despite the apparent disconnect between in vitro and
in vivo models, results have been consistent. The leading
cause of cytotoxic factors created by NPs is TLR activation,
ROS production, and the triggering of direct proapoptotic
factors. Broad immunosuppression and accumulation
can also lead to organ and cell damage. These issues can
potentially be offset by immunomodulatory practices that
would breed tolerance within the immune system.

Correlation between in vitro and in vivo Toxicity

There are various reasons that the correlation between
in vitro and in vivo toxicity can be inaccurate. This is because
the distribution of nanoparticles across a surface area may
differ. Different cell types do not uptake all nanoparticles
the same way. The immune system may also remove some
of the nanoparticles before reaching the target area, so cells
may not receive the same nanoparticle dose as expected.
For example, in a study comparing 2D and static in vitro
conditions to a 3D culture, the heterogeneous distribution
patterns in the 3D culture were similar to those in vivo.
In contrast, the 2D models showed an equal distribution.

This is because 3D cultures are similar to the form of tissues
in the body. They showed less toxicity in comparison to the
monolayer cultures.

Another way to more accurately display in vivo
conditions is through the use of dynamic flow models.
Nanoparticle interactions with endothelial cells can be
more accurately recapitulated because they are maintained
under flow conditions (instead of static cultures), leading
to Immunotoxicity’s suppressed extent. Thus, when a
nanoparticle is under flow conditions, it does not come
into as much contact with cells. Therefore, the intracellular
uptake was reduced, thereby reducing the toxicity.

Size and Structural Importance of Nanoparticles in
Immunological Considerations
A host of factors determine the fate of NPs with regards
to their capability of either deceiving or being detected
by the immune system. As discussed earlier, size, shape,
and surface properties are among prime components that
control the immune response of the NPs.

The innate immune system recognizes foreign bodies
based on their size, amongst others. Thus, NPs must be
engineered to be of a specific size range to avoid being
rejected as ‘foreign’ bodies. As the size increases, it
causes a decrease in the surface-to-volume ratio of NPs,
thereby affecting their surface interaction with various
immunoreagents. The main processes through which NPs
are taken up by cells include pinocytosis, macropinocytosis,
phagocytosis, clathrin, or caveolar-mediated endocytosis71,
as well as the removal of lipids by the lipoprotein receptor,
SCARB172, 73. Amongst these, the first two-act by nonspecific responses. Large-sized NPs usually interact with
APCs abundant on the tissues, whereas NPs with sizes <
200 nm usually circulate through the venous and lymphatic
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drainage and increase antigen presentation74. NPs with sizes
~ 50 nm were found to increase the expression of certain
cell markers, including CD40 and CD80, inflammatory
cytokines like IL-6 and TNF-α, which are hallmarks of
a primary response by the immune system75. Another
major hurdle in the employment of NPs is their retention
in the liver, which is mostly governed by their size, as the
accumulation increases for the larger size. On the other
hand, smaller NPs are cleared rapidly by the lymphatic
system to be taken up by resident dendritic cells76.

Apart from the size, the shape of NPs is also a governing
factor for an appropriate immune response. Reports have
indicated that rod-shaped NPs with a larger surface area
than spherical NPs were much more likely to be taken
up by macrophages. This was attributed mainly to the
generated vesicles, which allow for easier engulfment via
micropinocytosis. For rod-shaped structures, the aspect
ratio was reported to govern cytokine secretion77; the
larger the aspect ratio, the more enhanced the production
of certain inflammatory markers like IL-6 and IFN- γ.
Researchers have also conducted studies on complement
activation by maintaining the same surface area but
changing the nanoparticles’ shape. Results indicated
that although all types of NPs were capable of inducing
activation of C3a and C5a complements as soon as they
came in contact with blood, elongated rods had a more
pronounced effect than spheres78.

Since the NPs surface is the first point of contact with
the immune system, a detailed investigation of their surface
properties would help advance the field of nanoparticlebased Immunotoxicity to a great extent. Hydrophobic
functional groups in pathogen‐associated molecular pattern
molecules (PAMPs) that participate in danger signaling
pathways can vastly modify the nanocarriers’ fate. NPs
with a higher hydrophobic surface was rapidly internalized
and induced higher expression of CD8679 and decreased
binding of immunoglobulins and apolipoproteins on the
NP surface. The cationic surface charge is also responsible
for inducing binding with various plasma proteins and
forming the famous ‘protein corona,’ which is then taken up
by macrophages. For zwitterionic NPs, the uptake is lesser
than cationic NPs as there is a lower accumulation of serum
protein on their surface80.

As discussed earlier, the “protein corona” or PC is
marked as a recognized foreign entity by specific receptors,
including TLR and complement receptors81. A process by
which complement proteins adsorb onto the NP surface is
known as ‘opsonization,’ which allows for the clearance of
the NPs by the immune system. This is usually addressed
using polymers like PEG or PEGylation of the NPs to create
a hydrophilic layer that would inhibit protein adsorption by
blocking binding sites. Blocking binding decreases protein
adsorption and protects the NP and its therapeutic payload
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from the immune system’s rapid clearance, thus enhancing
their circulation half-life82.

Along with surface functionalization, the surface charge
of nanocarriers influences their interactions with the
immune system significantly. NPs with a positive surface
charge increase the electrostatic attraction between NPs
and negatively charged cell membranes, causing enhanced
surface endocytosis83.

Surface modification of nanocarriers targeting ligands
modifies the phagocytosis pathway, a primary part of the
innate immune system. Phagocytosis involves competing
for pro and anti-phagocytosis mechanisms, governed by
the binding of signal regulatory protein SIRPα present on
APCs with CD47 transmembrane proteins84. Using CD47
proteins to decorate the NP surface would thereby affect
this signaling pathway. Similarly, liposomal formulations
mimicking lipoproteins were reported to inhibit TLR-4
dependent inflammatory response by interacting with
LPS85. Metal NPs, known for their toxicity due to the
accumulation of metals in vital organs like the liver, have
been reported to influence the regulation of inflammatory
cytokines and upregulate levels of IL-6, TNF-α, and others
in certain cell lines86.

Liposomes, a class of popular drug delivery agents,
have often been reported to trigger an immune response
originating in the innate immune response, thus causing
an acute hypersensitivity syndrome known as complement
activation-related pseudoallergy (CARPA). Clinically
approved doxorubicin formulations like DOXIL have
also been reported to cause CARPA87. This is a severe
hypersensitivity reaction that occurs immediately postinjection and manifests itself with symptoms including
swelling, chills, and anaphylaxis, among others. Thus,
the use of Doxorubicin formulations is strictly monitored
for patients with cardiac conditions and has also been
reported to cause acute cardiotoxicity. This pseudoallergy
is attributed to the activation of the complement system and
anaphylatoxins generation87. The binding of anaphylatoxins
to macrophages starts a cascade of processes, including
histamine release, prostaglandins, and platelet-activating
factor (PAF). Complement activation largely depends
on the size, shape, surface charge, packing density,
morphology, and functionalization of the liposomes. Small,
non-charged unilamellar structures have been reported to
cause a minimal reaction. A host of approaches are being
pursued to reduce the immunotoxic response generated by
liposomes as drug delivery systems.

Selection
Criteria
of
Immunotolerance
Nanoparticles in Preclinical Models

of

Certain drugs often elicit unwanted immune responses
that will lead to the production of anti-drug antibodies
(ADAs). ADAs have an increased risk of immune-related
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adverse events, including infusion reactions, accelerated
drug clearance, allergic reactions, life-threatening
anaphylaxis, autoimmunity, and loss of response to the
drug88. Inhibition of ADAs production in an antigenselective manner is a high unmet need to reduce clinical
failure of novel biologics in development and improve
existing drugs’ safety and efficacy. Researchers from Selecta
Biosciences in Massachusetts have been working to prevent
ADAs production with a nanoparticle-based platform called
ImmTOR that can be shown to induce immunotolerance
with ImmTOR nanoparticles encapsulating rapamycin, an
immunomodulator89. A recent study, a highly immunogenic
antigen, keyhole limpet hemocyanin (KLH) alone, synthetic
vaccine particles containing rapamycin (SCV-Rapamycin,
now known as ImmTOR) alone and concomitantly with
SCV-Rapamycin were administered intravenously to mice
then challenged with KLH alone. Mice were then checked
for the production of anti-KLH antibodies. Their results
suggest that KLH + SCV-Rapamycin was efficacious in
inhibiting anti-KLH antibody responses. PLGA-NPs are
the most frequently assessed Immature dendritic cells
(DCs) treated in vitro with PLGA-NPs encapsulating
dexamethasone (Dex), a potent immunosuppressive and
anti-inflammatory drug, and a model antigen ovalbumin
(OVA) did not mature into immunogenic DCs but instead
were transformed to tolerogenic DCs90.

Furthermore, intragastric feeding and intravenous
injection of these nanoparticles loaded with Dex and OVA
induce OVA-specific immune tolerance in mice. Negatively
charged
poly(lactide-co-glycolide)
nanoparticles
encapsulating gliadin protein (TIMP-GLIA) were developed
and tested for the immunomodulatory treatment of celiac
disease91. TIMP-GLIA significantly reduced markers of
gliadin-specific T cell activation, inflammatory cytokine
secretion, and tissue damage when injected into mice’s
blood in celiac disease models. Gliadin nanoparticle
treatment also induced FOXP3 and gene expression
profiles associated with immune tolerance. These findings
support the reprogramming immune system’s concept to
instruct T lymphocytes to tolerate gluten again in celiac
patients. Similar nanoparticles may also be developed for
the treatment of other autoimmune diseases.

The selection of immune-tolerant NPs is based on
various design and end application criteria. It depends
on many factors such as (i) the size of the desired
nanoparticles to allow for efficient transport to lymphoid
organs and targeting of DCs, (ii) the use of approved
biocompatible and biodegradable polymers licensed
for multiple uses in clinical settings, (iii) use of a smallmolecule immunomodulator that has been validated in
humans and is capable of inducing immune tolerance
programming in DCs and antigen-specific Tregs, and (iv)
co-delivery of antigens with the immunomodulator and
delivery of instructions to antigen-presenting cells.
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Approaches for Translation of Mouse-data to Humans
in the Context of Immunology
Limitations of using mouse-model to generate
immunological data associated with nanoparticle
therapy
Mouse models have been the cornerstone of evaluating
immunotoxic effects of nanoparticles designed to achieve
therapeutic benefits against different disease conditions. In
the context of developing cancer therapy, this is even more
critical, as the information from rodent experiments forms
the basis of go/no-go decisions for non-human primates
(NHP) or clinical models. Although in vivo experiments
with mouse models generate reliable data in evaluating
the efficacy of anticancer therapeutics’ safety, genetic,
molecular, and physiological interactions, limitations
in these models result in less consistent predictions for
human clinical trials. Mice are limited as models for most
human diseases, including cancer. This is because the pool
of critical molecular, immunological, and cellular features of
human cancers is absent in the mouse model. Gawrylewski
et al. reported that among 4000+ genes in humans and
mice, the binding site for transcription factors differed
between the species in 41 to 89% of cases92. Although the
mouse model can recapitulate a specific or a set of cellular
processes of human disease, it cannot capture the global
spectrum of physiological changes that occurs during that
pathological setting.

Origin of failure

Of many reasons why mouse models might present
a disconnect between preclinical and clinical data,
immunological factors have been considered the most
potent ones93. Reports suggest that specific pathogenfree (SPF) husbandry, a common practice adopted across
laboratories conducting mouse experiments, has a broad
and unexpected effect on the mouse immune system94.
Generally, in most cases, SPF mice have an immature
immune system compared with wild strains of rodents
or mice95. Therefore, the immune system of SPF mice
does not adequately reflect that of adult humans. For
example, human and mouse physiology is influenced by the
microbiome associated with various diseases, including
cancer96. Influence of bystander infections97, co-infections,
and the overall change in metagenome (i.e., the sum of host
and microbial genes) drives the host’s phenotypes for a
given disease condition. It thereby leads to the significant
differences in immune-status of individual species98. Bureau
et al. showed that the immune response of laboratory mice
bred and developed in an SPF facility has a significant
difference from that of wild or mice purchased from a pet
store95. While wild or commercially procured mice were
enriched in differentiated memory T cells in lymphoid
and nonlymphoid tissues, laboratory mice severely lack
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differentiated memory T cells. When gene expression
was compared from peripheral blood mononuclear cells
(PBMCs) from feral and laboratory mice with human cord
PBMCs and adult PBMCs, gene signature was similar for wild
mice and humans. These data indicate that environmental
exposure shapes and alters mouse immune-responses, and
therefore a considerable difference in immune-status exists
between SPF-mice and adult humans. A challenging feature
of humanized mouse models created for human cancer
study is that the inoculated human tumors show allogenic
responses to reconstructed human immune systems in a
humanized mouse99. However, in human tumors, robust
allogeneic responses are conferred by human T cells.
Thus, the data collected from mouse models often do not
precisely mirror the complex interactions between the
tumor antigen-specific T cells and human tumor tissues
in patients, thus offsetting the anticancer drug effects99.
Therefore, nanoparticle distribution data in humanized
mouse models where oncogenesis has taken place under
the functional and autologous immune system will provide
more predictive information regarding clinical outcomes.

Implications of using mouse-models to generate PK/
PD data for nanoparticles

The bigger question that will eventually be required to
answer is: what are the implications of such immunological
difference between mice and humans in the context of
nanoparticle treatment? This is a well-established fact that
nanoparticles interact with different components of innate
and adapted immunity post-administration. As discussed
earlier, depending on design, composition, and chemistry,
nanoparticles can have a varied impact on immune systems
ranging from immunosuppression to immunomodulation.
In turn, the contact of nanoparticles with circulating
macrophages and reticuloendothelial systems (RES) affect
the absorption, distribution, metabolism, and elimination
(ADME) patterns of nanoparticles. Thus, if SPF-mice
has immature immunity or ‘neonate-like’ immunity,
nanoparticles’ disposition pattern will be significantly
different from that in any clinical subjects. Such nonrepresentative disposition of nanoparticles in laboratoryraised mice will invariably lead to severely over-represented
pharmacokinetic and pharmacodynamic activity of any
drug molecules these nanoparticles can cargo within the
mouse-model, which will have less realistic recapitulation
when injected in humans. Age is another crucial factor that
governs baseline immunity of laboratory mice, and in most
in vivo experiments, mice of 6-8 weeks are used. However,
age alone is a less predictable marker for the immune
system’s maturity. Comparison of feral and laboratoryraised mice clearly showed that laboratory mice have an
immune system similar to neonatal humans, with lower
innate immune activation and more naïve lymphocytes94.
On

the

contrary,

mice

subjected

to

diverse
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microbiological challenges have enhanced interferon and
effector/memory lymphocytes, more like adult humans.
Therefore, nanoparticle toxicity or efficacy data needs to
be conducted on mice, closely matching human subjects’
immune status. Such a proposition is not trivial so far as
experimental reliability is concerned. In the next sections,
we will discuss the current trends to generate more reliable
data regarding immunological states of in vivo models for
preclinical evaluation of nanoparticle efficacy.

Approaches to generate more reliable data from preclinical studies

The significant barrier to translating nanoparticle
efficiency data from mouse models to humans is likely due
to methodological discrepancies and the models’ failure
to recapitulate human disease conditions accurately. As
indicated by Mak et al., unlike human clinical trials, no
best practice standards are followed for in vivo, preclinical
experiments100. Some of the methodological improvements
proposed by this author include the use of both genders,
varying age groups of mice, high-level randomization,
outcomes assessor blinding, and publication of both
negative and positive data. Approach-wise, the inclusion
of higher animal species will result in more representative
results. However, the experimental cost will produce
severe challenges. Tian et al. has recently developed
a humanized mouse model, known as Thy/HSC, that
shows the spontaneous development of human B-ALL
under autologous human immune surveillance. This was
achieved by incorporating the leukemia-associated fusion
gene, MLL-AF9, into human CD34+ FLCs, which were
then co-transplanted with human fetal thymus tissue into
NSG mice. Using this model, the group was able to show
that recipient leukocyte infusions (RLI), a GVHD-free
immunotherapeutic approach, significantly decreased
human leukemia burden during induced lymphopenia101.
This model was also used to study chimeric antigen T
(CAR-T) cell therapy, for which a reduction of toxicity is still
an unmet concern. When treated with anti-CD19 CAR-T
cells, the Thy/HSC mouse model exhibited similar kinetics
and levels to those observed in patients. In addition, rapid
production of T cell- and myeloid cell-derived cytokines,
such as GM-CSF, IFN-γ, TNF-α, and IL-10, and elevation of
regulatory T cell frequency was also observed in these mice
parallel to the observations reported in patients receiving
CAR-T therapy102. Therefore, these humanized mouse
models were a more reliable model to characterize human
CAR-T cell function in vivo, leading to novel CAR therapies.

A novel humanized mouse model, named PDXv2.0, was
recently constructed by the Nilsson group. In this model,
in vitro expanded human tumor-infiltrating lymphocytes
(TILs) were incorporated through adoptive transfer into
the PDX mice that host the tumor collected from the same
patients103. It was found that these PDX2.0 mouse model
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made by immunodeficient mouse recipients with human
IL-2 continuous production efficiently represents the
reactivity of adoptive cell transfer (ACT) immunotherapy
that occurred in patients. Therefore, this model offered a
reliable platform to model ACT-based immunotherapies and
combinatory therapies for heterogeneous human cancers103.

As preceding sections indicate, SPF or laboratory-raised
mice could significantly impact the immune-status of mice.
Therefore, a critical re-evaluation of animal models and
alternative strategies should be considered to promote
smooth translation of nanoparticle efficiency data from
bench to bedside. Mouse models are still the most popular
and most prevalently used across laboratories worldwide to test the safety and efficacy of cancer therapeutics.
Practical and ethical reasons have been paramount for
such a versatile selection of mice as the most frequently
used preclinical model. However, since this model is not
sufficient to mirror the exact disposition of therapeutics
in human subjects due to immune differences, the concept
of ‘microdoses’ appears attractive. For example, in the last
decade, both the FDA and the European Medicines Agency
introduced guidelines for testing minimal doses of drugs
in humans, comprising less than one-hundredth of the
therapeutic dose104. Indicated as Phase 0 studies, a small
number of patients are included for these studies to show
how the therapeutic agent is distributed and metabolized
in the body. Such experimentation will also bring about
critical information regarding whether the drug is hitting
its specific molecular target. Phase 0 trials, although very
small in scope, will require a high-sensitivity detection
mechanism. The approach to finding alternative mousemodel-based in vivo experimentation has also emerged,
including epidemiological studies, autopsies, and in vitro
studies using ‘human organs on a chip’ and Computerbased In silico modeling100. Machine-learning and systems
biology have been proposed, and in many cases, tested
to translate physiological and pathological relationships
across species. A recent insight proposed by Brubaker and
Lauffenburger proposed a newer approach to humanizing
computational models derived from animal experiments
rather than a humanizing approach. In contrast to crossspecies pairs (CSP), which compare animal to human
data set pairs, the authors proposed computational
humanization, which shifts perspective from comparison
to translating predictive models of biological associations
across species, incorporating diverse molecular and
phenotypic data from animals and humans105.

Outlook: Of all alternate approaches, it is safe to say that
humanized rodents provide a much closer approximation
of human physiology and pathology than any other
models to predict nanoparticles’ fate and disposition in
the systemic circulation. Although the development of
humanized mouse models with human immune systems
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and autologous human oncogenesis for more types
of human tumors, including melanoma, lung cancer,
hepatocarcinoma, and colorectal cancer, is still under
development, pluripotent stem cell technology106 and
gene editing tools, such as CRISPR/Cas9, may play crucial
roles in spearheading these developments107. Using larger
animal models, such as humanized pig models, are also
attractive options in which nanoparticle kinetics could
be studied at more physiologically relevant conditions.
Studying nanoparticle distribution in immunodeficient
mice with relevant human cytokine, chemokine, or ligand
secretion under physiologically relevant conditions will
promote more reliable data for matching preclinical with
clinical data.

Future Perspectives

Several years of studies have witnessed the production
of a vast array of nanomaterials derived from synthetic
and natural sources. Several nanomaterials classes have
also proved to be highly effective in combatting lethal
diseases, especially cancers, at preclinical and even earlystage clinical trials. The most commonly faced hurdles
in cancer therapy related to the drug’s hydrophobicity,
its rapid clearance, hepatic and renal toxicity, and offtarget toxicity have been well addressed by using various
nanoformulations. However, the transition from benchtop
to bedside for a vast majority of the nanomaterials
generated in laboratories world-wide is still a long way off.

The primary reason for this is attributed to insufficient
knowledge of the nanosystems’ functional aspects when
in contact with biological components. The protein corona
interaction still presents a challenge that slowly sheds light
on the nanoparticles’ fate when injected into the body.
Another primary concern is the heterogeneity of cancer
tissues, which vary with age, stage, gender, and race. Thus,
a “one-size-fits-all” approach cannot be applied. The need
for personalized nanomedicine based on the patient’s
clinical history and tumor type is becoming popular but
is still in its early development stages. The ultimate fate
of nanoparticles post-drug delivery also remains underinvestigated. The advent of biomaterials and biocompatible
polymers has reduced the risk of unwanted immune
response and clearance to a large extent via modification
of their size, composition, and targeting parameters. The
future of nanomedicine looks bright, with a long path
paved for humankind to reap its benefits.
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