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ABSTRACT

Advances in understanding nanoparticles’ interactions with the immune system in the last two decades have shaped not only the way immunotoxicity is analyzed but
also the way nanoparticles are designed for therapeutic applications. Current approaches for assessing nanoparticle immunotoxicity rely on a conventional
framework established and optimized for various drug product types, including biotechnology therapeutics, small-molecule drugs, and therapeutic nucleic acids. The
sophistication offered by nanotechnology drug delivery carriers is often associated with the increased complexity of the physicochemical properties of
nanotechnology-based formulations and their behavior in biological systems. Such complexity often creates challenges for preclinical studies and motivates the
expansion of the methodological framework to include novel approaches and optimize the existing ones. Herein, I review the experience of the Nanotechnology
Characterization Laboratory in analyzing the immunotoxicity of cancer nanotechnology concepts to highlight current and emerging approaches and outline the

future direction for the field.

1. Introduction

The immune system protects against pathogens, clears foreign sub-
stances, and removes abnormal self-cells by balancing activation and
inhibition. Disruption of this delicate balance leads to adverse events, e.
g., recurrent infections or tumors, hypersensitivity, or autoimmunity
(Fig. 1). Immunotoxicity covers various adverse effects on the immune
system, affecting the structure and function of immune organs and cells
[1,2]. Traditionally, immunotoxicity studies focused on immunostimu-
lation (the activation of the immune responses) and immunosuppression
(the inhibition of the immune responses) resulting from the exposure to
a test substance or, in the case of preclinical safety studies, a drug
product [3]. In the latter case, the immunotoxicity may arise from the
drug’s intended mechanism of action (MOA) targeting the immune
system for therapeutic purposes (e.g., corticosteroids used to treat
inflammation-mediated disorders) or be unrelated to its primary use (e.
g., cytotoxic oncology drugs used to eliminate cancer cells also eliminate
proliferating white blood cells). More recently, a new type of immuno-
toxicity emerged — the so-called immunomodulation, which involves
substances that are not overtly immunosuppressive or immunostimula-
tory but that change how the immune system reacts to otherwise
immunostimulatory or immunosuppressive substances (Fig. 1). It may
have subtle and mixed effects and is challenging to identify. While the
phenomenon of immunomodulation is not new and has been known to

immunologists for a long time, it became formally recognized as a type
of immunotoxicity only a few years ago [4].

Recognizing the diversity of drug products, regulatory agencies
summarized their current views on immunotoxicity assessment in
several key guidance documents (Table 1). Additionally, international
standards development organizations have standardized several tradi-
tional methodologies to aid in the characterization of nanoparticles
(Table 1). In 2004, the National Cancer Institute established the Nano-
technology Characterization Laboratory (NCL) to advance the charac-
terization of nanotechnology-based drug delivery systems, thereby
enabling their clinical translation. The NCL Assay Cascade, including
over 90 standardized protocols and characterization guides, is publicly
available on the NCL website (https://www.cancer.gov/nano/research
/ncl/protocols-capabilities) and the National Library of Medicine
Bookshelf (https://www.ncbi.nlm.nih.gov/books/NBK604273/?
cid=eb_govdel). NCL’s experience with these methodologies has been
discussed in detail earlier [5-8].

Herein, I summarize the experience of the NCL Assay Cascade to
highlight key considerations and common trends in nanoparticle
immunotoxicity, discuss current and emerging methodologies, and
outline future directions.
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2. Current approaches
2.1. Types of immunotoxicity and their relevance to nanomaterials

Nanotechnology-based formulations can cause immunosuppression,
immunostimulation, or immunomodulation, driven by the active phar-
maceutical ingredient (API), the nanocarrier, or both.

Immunosuppression, commonly seen with cancer nanomedicines, is
often due to the cytotoxic oncology APIs. For example, severe myelo-
suppression associated with infection or sepsis in Abraxane-treated pa-
tients is attributed to the cytotoxic drug paclitaxel [9]. Eighty percent of
nanomedicines found to be immunosuppressive in the NCL assay
cascade derived this property from a cytotoxic oncology drug, and only
8 % did so from the nanocarrier or other formulation components [5].

Likewise, immunostimulation is commonly seen with nanomedicines
in which APIs are known immune activators (e.g., recombinant cyto-
kines, CpG oligonucleotides, small-molecule Toll-like Receptor (TLR)
agonists) or those otherwise designed to activate the immune system for
therapeutic purposes. For example, mannose-targeted polyethylene
glycol (PEG)- polylactic acid (PLA) block co-polymer nanoparticles
delivering TLR7/8 agonist elicited cytokine response in mice, which
improved animal survival in MC38-bearing animals undergoing com-
bination therapy with antibodies against programmed death ligand 1
(anti-PD-L1) [10]. Unlike a free agonist, nanoparticle-formulated
TLR7/8-agonist elicited prolonged cytokine induction [10]. Similarly,
potent immunostimulation by gelatin-nanoparticle-CpG-
oligonucleotides in vivo and in vitro was achieved by the targeted de-
livery of CpG oligonucleotides to antigen-presenting cells [11].

However, some nanotechnology carriers also have intrinsic immu-
nostimulatory properties. An example of platform-mediated immunos-
timulation is the cytokine induction by a micelle Cremophor-EL,
commonly used to formulate hydrophobic drugs. A concentration-
dependent release of chemokine interleukin 8 (IL-8) in human periph-
eral blood mononuclear cell (PBMC) cultures was observed after the
treatment with Taxol (a Cremophor-EL formulated paclitaxel formula-
tion) and free excipient (Cremophor-EL) [12]. To further prove that the
API in Taxol did not contribute to the observed cytokine response, the
same study tested Abraxane (a nanoalbumin-based formulation of
paclitaxel) and did not detect immunostimulation [12].

Many immunostimulatory nanoparticles are capable of remodeling
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immune cells and tissue microenvironments to make them more resis-
tant to a disease or to promote systemic trained and adaptive immunity
to effectively combat a disease. For example, nucleic acid nanoparticles
(NANPs) increase cell resistance to an infection through the induction of
an interferon response [13]. Likewise, immunostimulatory nanosized
non-infectious plant viral particles, cowpea mosaic virus (CPMV), and
potato virus X (PVX) activate potent systemic immune responses against
tumors when injected intratumorally [14-17].

Amine-terminated polyamidoamine (PAMAM) dendrimers and tita-
nium nanobelts are examples of immunomodulatory nanoparticles.
These particles are not immunostimulatory by themselves, but they
change how the immune system responds to the pro-inflammatory ac-
tion of endotoxin. For example, cationic PAMAM dendrimers do not
induce cytokines and leukocyte procoagulant activity when used alone.
However, prior exposure to these particles or dendrimer co-exposure
with lipopolysaccharide (LPS) enhances procoagulant activity of LPS
by about 10-fold [18]. Interestingly, this property depends on the par-
ticle size and the density of surface amines, in that larger particles and
particles with greater density of reactive surface groups have more
pronounced effects [18]. The underlying mechanism involves the inhi-
bition of phosphoinositol 3 kinase (PI3K), which negatively regulates
procoagulant activity [19]. Similarly, titanium nanobelts do not induce
proinflammatory cytokines but enhance LPS-induced cytokine produc-
tion — the longer the nanobelt, the greater the enhancement of
LPS-mediated immunostimulation [20].

The enhancement of the cellular response to pro-inflammatory ef-
fects of LPS, manifested by the secretion of cytokines in the interleukin 1
(IL1) family (IL1p, IL-18, and IL-33), is thought to be due to inflamma-
some activation by nanomaterials, which, in turn, is linked to lysosomal
rupture [20,21]. Fibrous materials may penetrate cellular membranous
structures, whereas cationic materials result in lysosomal damage via
the so-called proton sponge effect [22,23]. In both cases, lysosomal
rupture results in the activation of the nucleotide oligomerization
domain-like receptor family pyrin domain containing 3 (NLRP3)
inflammasome, which is necessary to produce mature IL-1 [21,24].

A physical cell damage by fibrous nanoparticles has also been
described as an underlying mechanism of platelet activation by carbon
nanotubes [23]. In this case, nanotubes permeabilize cellular membrane
structures and interact with the dense tubular system without leading to
cell death; such interaction results in subsequent depletion of platelet
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Fig. 1. Main types of immunotoxicity. The healthy immune system functions in a constant balance between activation and inhibition to protect the host from
internal and external damage and invading pathogens. When, under the influence of a drug product, this balance is shifted to one or another direction, toxicity arises.
Adverse immunostimulation leads to autoimmunity, hypersensitivity reactions, and other inflammation-triggered damage. Adverse immunosuppression makes the
host more sensitive to recurrent infections and tumors. Immunomodulation is neither overtly immunostimulatory nor immunosuppressive; it alters the way the
immune system responds to otherwise immunostimulatory or immunosuppressive substances.
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Table 1

Summary of regulatory guidance documents, international standards, and other US-government-established resources relevant to immunotoxicity studies
of nanotechnology-based formulations. Documents, their sources, and a brief summary of key recommendations and applicability to nanomaterials are summa-
rized. API — active pharmaceutical ingredient; CSF — cerebrospinal fluid; ICH - International Council for Harmonization of Technical Requirements for Pharmaceuticals
for Human Use (until 2015 was spelled out as international conference for harmonization); MOA — mechanism of action; QbD — quality by design; WoE — weight of
evidence. *-References herein are the guidance for industry documents of the US Food and Drug Administration; regulatory agencies in other countries also adopted

ICH guidance and have their versions of these documents available for drug developers in these countries.

Document

Published in

Reference

Notes

ICH S8 Immunotoxicity studies for human
pharmaceuticals*

2006

https://www.fda.gov/regulatory-infor
mation/search-fda-guidance-document

s/s8-immunotoxicity-studies-human-phar

maceuticals

Provides recommendations for identifying products with
potential immunotoxicity.

Describes the WoE approach for making immunotoxicity
testing decisions

Relevant to all nanotechnology-based formulations
Nanotechnology formulations containing both small-molecule
and biotechnology-derived components must consider both
ICH S8 and ICH S6

ICH S6 Preclinical Safety Evaluation of
Biotechnology-Derived Pharmaceuticals*

1997

https://www.fda.gov/media/72028/dow
nload

Provides recommendations for immunotoxicity studies
specific to biotechnology-derived drugs, including
immunogenicity.

Relevant to nanotechnology formulations containing
biotechnology-derived components (e.g., antibody, protein,
peptide)

Nanotechnology formulations containing both small-molecule
and biotechnology-derived components must consider both
ICH S8 and ICH S6

ICH S6 Addendum Preclinical Safety Evaluation
of Biotechnology-Derived Pharmaceuticals*

2012

https://www.fda.gov/media/78034/dow
nload

Provides guidance for immunotoxicity studies specific to
biotechnology-derived drugs.

Clarifies species selection, study design, immunogenicity,
reproductive and developmental toxicity, and assessment of
carcinogenic potential.

Relevant to nanoparticles containing biotechnology-derived
components (e.g., antibody, protein, peptide)
Nanotechnology formulations containing both small-molecule
and biotechnology-derived components must consider both
ICH S8 and ICH S6

ICH S6 (R1) Preclinical Safety Evaluation of
Biotechnology-Derived Pharmaceuticals*

2011

https://www.fda.gov/regulatory-informa
tion/search-fda-guidance-documents/sér
1-preclinical-safety-evaluation-biotechno
logy-derived-pharmaceuticals

Combined document of ICH S6 and ICH S6 Addendum
Relevant to nanoparticles containing biotechnology-derived
components (e.g., antibody, protein, peptide)
Nanotechnology formulations containing both small-molecule
and biotechnology-derived components must consider both
ICH S8 and ICH S6

Nonclinical Evaluation of the Immunotoxic
Potential of Pharmaceuticals

2023

https://www.fda.gov/regulatory-info
rmation/search-fda-guidance-documents
/nonclinical-evaluation-immunotoxic-pot
ential-pharmaceuticals

Complements ICH S6 and ICH S8

Recommends performing mechanistic studies for all products
in which immunosuppression is the intended MOA
Highlights approaches for assessing risk associated with
immunosuppression

Highlights risk assessment approaches for direct and indirect
immunostimulation, and the importance of understanding the
MOA

Provides examples of acceptable in vitro studies for
immunostimulation assessment

Discusses fit-for-purpose and WoE approach for systemic
hypersensitivity, and a combination of in vitro, in chemico,
and in silico approaches for skin sensitization studies
Relevant to all nanotechnology-based formulations, including
those containing small molecules, oligonucleotides, and
biotechnology-derived APIs

Pyrogen and Endotoxins Testing: Questions and
Answers

2012

https://www.fda.gov/regulatory-infor
mation/search-fda-guidance-documents
/guidance-industry-pyrogen-and-end
otoxins-testing-questions-and-answers

Discusses requirements for endotoxin detection and
quantification, including endotoxin limits for drugs,
veterinary products, and medical devices

Discusses traditional and alternative methods and rabbit
pyrogen test

Discusses endotoxin testing when implementing QbD
concepts

Applies to all nanotechnology-based formulations intended to
come in contact with blood or CSF

(continued on next page)
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Document Published in Reference Notes

ISO/TS 19006:2016 Nanotechnologies — 5-(and 2016 https://www.iso.org/standard/63697. e Provides methodology for nanoparticle-mediated oxidative
6)-Chloromethyl-2',7’ Dichloro- html stress induction in macrophages
dihydrofluorescein diacetate (CM-H2DCF-DA)
assay for evaluating nanoparticle-induced
intracellular reactive oxygen species (ROS)
production in RAW 264.7 macrophage cell line

1SO 29701:2010 Nanotechnologies — Endotoxin 2010 https://www.iso.org/standard/45640. e Provides methodology for the detection and quantification of
test on nanomaterial samples for in vitro html endotoxin using LAL assay
systems — Limulus amebocyte lysate (LAL) e NCL contributed to the development of this standard
test

1SO 10993-4:2017/Amd:2025 2017 https://www.iso.org/standard/86862. o Discusses methodologies for the analysis of a material’s
Biological evaluation of medical devices — 2025 html compatibility with blood
Part 4: Selection of tests for interactions with (amendment) e Relevant to nanomaterials that come in contact with blood
blood

ISO/TS 10993-20:2006 2006 https://www.iso.org/standard/35979. e Discusses methodologies for analysis of inflammation,
Biological evaluation of medical devices Part html immunostimulation, immunosuppression, hypersensitivity,
20: Principles and methods for and autoimmunity
immunotoxicology testing of medical devices e Relevant to nanomaterials

ASTM E2525-22 2022 https://store.astm.org/e2525-22.html e Provides methodology for analysis of nanoparticle-mediated
Standard Test Method for Evaluation of the myelosuppression
Effect of Nanoparticulate Materials on the e Relevant to nanotechnology formulations delivering cytotoxic
Formation of Mouse Granulocyte-Macrophage oncology drugs
Colonies e Developed by NCL based on the NCL method ITA-3

ASTM E2524-22 2022 https://store.astm.org/e2524-22.html e Provides methodology for analysis of nanoparticles’ ability to
Standard Test Method for Analysis of damage the integrity of erythrocytes
Hemolytic Properties of Nanoparticles e Relevant to nanotechnology formulations intended to come in

contact with blood
e Developed by NCL based on the NCL method ITA-1

ASTM E3351-22 2022 https://store.astm.org/e3351-22.html e Provides methodology for analysis of nanoparticle-mediated
Standard Test Method for Detection of Nitric release of reactive nitrogen species as an indicator of
Oxide Production In Vitro inflammation

e Based on the NCL method ITA-7

ASTM E3238-20 2020 https://store.astm.org/e3238-20.html e Provides methodology for analysis of nanoparticles’
Standard Test Method for Quantitative chemoattractant ability
Measurement of the Chemoattractant Capacity e Based on the NCL method ITA-8
of a Nanoparticulate Material in vitro

ASTM E3483-25 2025 https://store.astm.org/e3483-25.html e Provides methodology for analysis of nanoparticles effects on
Standard Test Method for Evaluating the phagocytosis
Impact of Nanomaterials on Phagocytic e Based on the NCL method ITA-9.2
Function in Vitro

Detection and quantification of endotoxin and 2005 https://www.cancer.gov/nano/research e Contains detailed protocols for the detection of microbial

analysis of nanomaterials for microbial
contamination

/ncl/protocols-capabilities#sterility-and-
endotoxin-protocols

(yeast, bacteria, fungi, mycoplasma) contamination in
nanotechnology-based formulations

Contains standardized protocols for detection and
quantification of endotoxin in nanomaterials using end-point
chromogenic, kinetic chromogenic, kinetic turbidity, and gel-
clot LAL assays

Contains a video protocol for endotoxin quantification in
nanoparticles

Contains a guide for lowering endotoxin contamination in
nanomaterials

(continued on next page)
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Document Published in Reference

Notes

Analysis of nanoparticle compatibility with 2005
blood and effects on immune cell function

mmunology-protocols

/ncl/protocols-capabilities#i

https://www.cancer.gov/nano/research e Contains 7 standardized in vitro hematology assays for

analysis of nanoparticle interactions with plasma proteins,
erythrocytes, platelets, plasma coagulation, and complement
systems

Contains 31 detailed in vitro protocols for the analysis of
nanoparticle effects on various types of immune cells

intracellular calcium stores and activation of store-operated calcium
entry [23].

2.2. Staged characterization

Leveraging prior knowledge and general local and international
guidelines on immunotoxicity assessment of other drugs and medical
devices, as summarized in Table 1, the NCL has established a staged
characterization approach. In this approach, nanomaterials first un-
dergo screening for contamination with bacteria and innate immune
response modulating impurities (IIRMIs). Formulations without micro-
bial contamination and containing acceptable IIRMI levels proceed to
the hemocompatibility and immune cell function analysis stage. Finally,
in vivo analysis using specialized immune function tests (IFTs), such as T
cell-dependent antibody response (TDAR), local lymph node prolifera-
tion (LLNP), adjuvanticity, colony-forming unit granulocyte macro-
phage (CFU-GM), autoinflammatory responses, and immunogenicity, is
performed to investigate immunotoxicities in further detail. Selection of
assays is based on the weight-of-evidence approach. In vitro assays with
good in vitro-in vivo correlation help reduce the use of research animals
and establish the risk. For example, complement activation and cytokine
secretion assays help to identify immunostimulation and estimate the
risk of complement activation-related pseudoallergy (CARPA) and

>

APTT Coag. Time, Sec

cytokine storm, respectively.

The immunological characterization is performed in parallel with
physicochemical, pharmacology, and toxicology characterization to
connect hemo- and immunotoxicity to nanoparticle physicochemical
properties and put them in the context with nanoparticles’ general
toxicity and pharmacokinetics profiles. Such a combined approach is
important for establishing nanoparticle critical quality attributes
(CQAs), which, in turn, inform the quality by design (QbD) approach for
creating nanotechnology-based drug products. Moreover, this staged
characterization approach allows for identifying common trends in
hemo- and immunocompatibility of nanoparticle platforms commonly
used for drug delivery, some of which will be detailed further below.

2.3. Hemocompatibility: common assays, trends, and mechanisms

Understanding nanoparticles’ hemocompatibility helps optimize
nanocarriers that do not have acute toxicities, which commonly arise
due to disrupting the normal function of proteins and cellular blood
components. Nanoparticle compatibility with blood is commonly
assessed in vitro by monitoring hemolysis, platelet aggregation, plasma
coagulation, and complement activation, and in vivo by testing hemo-
globin and hematocrit, total and differential blood counts, monitoring
complement activation, platelet function, and plasma coagulation
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Fig. 2. Anti-coagulant properties of nanocarriers. Common trends in nanoparticle interactions with the blood coagulation system, as observed in the NCL Assay
Cascade Program between 2005 and 2025, are summarized. (A) Example of activated partial thromboplastin time assay with two polymer-based nanoparticle
formulations. Formulation 1, but not a nanocarrier-free traditional formulation of the same API, results in APTT prolongation. The polymer-based nanoparticle
formulation 2 results in a concentration-dependent prolongation, proportional to that observed with the free polymer tested at equivalent concentrations. (B)
Breakdown of nanoparticle types among nanomaterials that resulted in APTT prolongation in the NCL assay cascade. (C) Schematic of a mechanistic assay conducted
to investigate the involvement of coagulation factor eight (FVIII) in the nanoparticle or polymer-mediated APTT prolongation. The bar graph illustrates the example
results of this test conducted for nanoparticle formulation 1 and free polymers, PEG-PLA and PEG2000, at concentrations commonly used in nanoparticles. Each bar
represents the mean response and standard deviation (N = 3). Negative control (NC) shows normal plasma. NP- nanoparticle; NCL — Nanotechnology Character-
ization Lab; APTT - activated partial thromboplastin time; PEG — polyethylene glycol; PLA — polylactic co-glycolic acid; ITA - immunotoxicity assay. Full experi-
mental details are available in the NCL protocol ITA-12 https://www.cancer.gov/nano/research/ncl/protocols-capabilities/ncl-method-ita-12.pdf [90,91].
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cascade. Many internal and external factors influence nanoparticle
hemocompatibility. Acute toxicities resulting from nanoparticle inter-
action with blood components commonly seen during preclinical studies
include hemolysis, complement activation, platelet aggregation, and
changes in plasma coagulation time.

Nanoparticle hemocompatibility is determined by their physico-
chemical properties. Cationic particles are more prone to interact with
anionic biological membranes. Large particle size and high density of
surface amines make nanocarriers more reactive with cells. This prop-
erty may benefit drug delivery; however, if excess amines are not
covered, it can lead to cellular damage. Not surprisingly, cationic par-
ticles activate platelets in a size- and terminal group density-dependent
manner, as was demonstrated by comparing dendrimers with different
architecture (polyamidoamine and triazine), size (increasing genera-
tions from G3 to G5), and density of surface groups [25,26]. Cationic
particles, trace levels of detergents from the manufacturing procedure,
and hemolytic APIs can also damage erythrocytes, thereby contributing
to a nanoformulation-mediated hemolysis [8].

The composition of nanocarriers influences their interaction with the
blood coagulation system. A prolongation of plasma coagulation time in
at least one of three assays — prothrombin time (PT), thrombin time (TT),
or activated partial thromboplastin time (APTT) - is common for
polymer-based and polymer-containing nanocarriers, with APTT being
most commonly affected [S5]. In a case study presented herein, two
nanoparticle formulations (NP1 and NP2) resulted in the APTT prolon-
gation (Fig. 2A). The traditional formulation of the same API as in NP1
did not have this property when tested at equivalent concentrations.
Likewise, APTT prolongation seen with NP2 was reproduced when a free
polymer component of this formulation was tested at equivalent con-
centrations. Collectively, these data pointed to the nanocarrier contri-
bution to this biological property of the final nanomedicine product.

Most nanoformulations in the NCL assay cascade that share this
property contain polymers (Fig. 2B, [5]). A mechanistic study employ-
ing coagulation factor eight (FVIII) deficient plasma revealed that
nanoparticle formulation and free polymers - PEG-PLA and PEG with a
molecular weight of 2000 Da (PEG2000) - inhibit FVIII activity (Fig. 2C).
This finding agrees with the literature demonstrating that PEG and
polyvinyl pyrrolidone (PVP) with different molecular weights effec-
tively inhibit FVIII function [27]. Polymers used in nanoparticle for-
mulations that result in APTT prolongation, and traditional blood
thinners, like heparin, share common structural features. That is, many
of these molecules are long, polar, anionic, and hydrophilic.

Heparin is commonly used to prevent disseminated intravascular
coagulation (DIC) or slow-developing DIC [28-31]. Many cancers,
especially acute promyelocytic leukemia and adenocarcinomas of
prostate, lung, pancreas, and breast, and common cytotoxic oncology
drugs, including doxorubicin, are prothrombogenic [32,33]. Delivery of
drugs known to have a risk of DIC and/or intended to treat pro-
thrombogenic cancers may benefit from nanocarriers with such intrinsic
anti-coagulant activity. Therefore, nanoparticle-mediated prolongation
of plasma coagulation time must be considered in the context of indi-
cation, administration route, dose, dose regimen, other medical condi-
tions, and drugs used concurrently with such nanoformulation.

The complement system has a special place in the preclinical char-
acterization of nanoparticles. Complement activation underlies
immediate-type hypersensitivity reactions to nanomedicines, also
known as infusion reactions, anaphylactoid reactions, and CARPA syn-
drome. In earlier studies with PEGylated liposomes, liposome shape,
PEG density, and molecular weight were shown to contribute to the
complement activation [34]. Later, it was established that external
factors, such as the presence of anti-PEG antibodies, further contribute
to the complement activation and wide interindividual variability in
CARPA magnitude between patients treated with PEGylated formula-
tions [35-37]. Potential mechanisms underlying greater immunoreac-
tivity of PEGylated formulations were discussed elsewhere [38]. An in
vitro structure-activity relationship study utilizing purified and
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well-characterized antibodies demonstrated that anti-PEG IgMs enhance
complement activation by PEGylated liposomal doxorubicin (Doxil)
stronger than anti-PEG IgGs. Interestingly, the antibody affinity did not
matter [39]. The same study demonstrated that antibodies specific to a
methoxy-terminal group of PEG have a more profound effect on the
Doxil-mediated complement activation than antibodies specific to the
PEG backbone [39]. A recent study suggested that complement in-
hibitors may help alleviate complement-mediated adverse immune re-
actions to nanomedicines [40].

2.4. Immune cell function: common assays, trends, and mechanisms

The primary goal of IFTs is to verify the lack of adverse effects on
cellular components of innate and adaptive immunity that are respon-
sible for both acute and delayed toxicities. IFTs often explore whether
nanoparticles cause immune responses like hypersensitivity, immuno-
suppression, or immunogenicity, and how they affect immune cell
subsets, such as macrophages, dendritic cells (DCs), natural killer (NK)
cells, and lymphocytes. When dealing with immune cell function anal-
ysis, it is hard to overestimate the importance of keeping nano-
formulations free of endotoxins, beta-glucans, and other IIRMIs because
these contaminants may significantly affect the accuracy of both
immunological safety and efficacy studies. Therefore, screening nano-
particles for endotoxin and other IIRMIs contamination is critical before
initiating IFTs.

Among the frequently used in vitro IFTs are assays analyzing
lymphocyte proliferation and nanoparticles’ ability to affect mitogen-
and antigen-mediated lymphocyte proliferation, cytokine responses in
PBMC and whole blood cultures, cytotoxic activity of NK cells, chemo-
taxis and phagocytic functions of phagocytes, and maturation of DCs.
Despite being highly desirable in preclinical studies, the analysis of
nanoparticle-mediated effects of mast cells, basophils, and neutrophils is
limited due to the limited number of and access to well-qualified models
representing these cell subsets [41-45].

Popular in vivo tests include immunogenicity, adjuvanticity, CFU-
GM for myelosuppression, and TDAR for immunosuppression. Local
lymph node assay (LLNA) and LLNP were commonly used to screen for
delayed-type hypersensitivity (DTH) reactions. With the recent FDA
guidance suggesting a battery of in silico, in chemico, and in vitro tests
for dermal sensitization, and accepting the guinea pig maximization test
for topical drugs [3], the LLNA/LLNP application in nonclinical studies
is expected to phase out.

A remarkable trend in nanoparticle interaction with the immune
cells is the exclusive (i.e., in the absence of other proinflammatory cy-
tokines) induction of chemokines (e.g., IL-8, RANTES, MIP1a, MIP1p,
MCP1, and MCP2) by lipid- and polymer-based nanomaterials [5]. The
mechanisms are incompletely understood, but may include the induc-
tion of oxidative stress, which leads to IL-8 mRNA stabilization, allowing
protein synthesis without de novo gene expression, as was reported for
the polyethoxylated castor oil-based emulsion Cremophor-EL [12].
Another mechanism is the perturbation of cellular membranes and
membranous structures, which leads to the release of premade RANTES;
the existence of such pre-made RANTES reserves inside T cells has been
described earlier [46]. The different spectrums of secreted chemokines
in response to various polymer- and lipid-based particles suggest more
underlying mechanisms nuanced to individual nanotechnology concepts
and warrant additional studies to fully understand this phenomenon and
related structure-activity relationships.

Besides making nanomedicines safe for human use, understanding
the effects of nanoparticles on immune cells’ function is important to
realize the full benefits of nanotechnology for therapeutic applications.
For example, an earlier study reported that Doxil in combination with
anti-Cytotoxic T-Lymphocyte Associated Protein 4 (CTLA4) or anti-PD1
resulted in almost complete responses in a mouse model of colorectal
cancer, which neither free drug nor checkpoint blockade inhibitor could
achieve [47]. Interestingly, to achieve similar efficacy for the checkpoint
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Fig. 3. Immunomodulatory properties of PEGylated liposomal doxorubicin. PEGylated liposomal doxorubicin (Doxil) and free drug (DXR) were compared for
their ability to influence phagocytes’ ability to perform their normal function, assessed by the uptake of yeast particle Zymosan A. (A) The schematic of the
experimental protocol is shown. The detailed protocol is the NCL protocol ITA-9 https://www.cancer.gov/nano/research/ncl/protocols-capabilities/ncl-method-it
a-9.2.pdf [92,93]. (B) The assay results obtained for Doxil and DXR: the samples were tested at equivalent concentrations of doxorubicin (DXR) and contained
an equal number of viable cells both before and after exposure to the treatments. The negative control (NC) consisted of cells treated with phosphate-buffered saline.
Each bar represents the mean response and standard deviation (N = 3). The results demonstrate that at concentrations at which the free drug (DXR) suppresses
phagocytosis of zymosan (8.13 and 81.3 pg/mL), PEGylated liposomal formulation enhances the zymosan uptake.

blockade inhibitor combination with the free drug, the dose of doxo-
rubicin hydrochloride had to be 4 times higher than that in nano-
formulation [47].

Similar phenomena were observed by various research groups with
different nanoformulations; that is, combining a nanoparticle formula-
tion of a cytotoxic oncology drug with an immune checkpoint blockade
inhibitor improves the outcomes, whereas the inhibitor alone, or in
combination with free drug, does not achieve such a response [48,49].
While these initial studies prompted an increasing use of nanoparticles
for combination immunotherapy, the mechanisms by which nano-
carriers improve the outcomes of combining the checkpoint blockade
inhibitors and legacy formulations of cytotoxic oncology drugs are
incompletely understood.

One mechanism underlying this phenomenon was suggested to
involve the induction of the immunogenic cell death (ICD) by the API, as
was demonstrated in a mouse model of pancreatic ductal adenocarci-
noma treated with a combination of antibodies against programmed cell
death protein 1 (anti-PD-1) and irinotecan-loaded silicasomes [48].
However, the same study showed a more potent ICD induction and
greater efficacy of silicasome than free drug and liposomal irinotecan
formulation, Onivyde. Therefore, one could argue that other mecha-
nisms, besides drug-induced ICD, exist and contribute to the overall
response. One such mechanism could be the activation of phagocytic
cells by the carrier. For example, Doxil, but not the free drug, enhanced
the monocyte/macrophage’s phagocytic function in the NCL assay
cascade (Fig. 3). In contrast to Doxil, the free drug suppressed phago-
cytosis at the same tested concentrations despite the fact that each
sample contained an equal number of viable cells after the cells’ expo-
sure to these treatments. This finding suggests that at least partially, an
improvement in phagocytosis of immune cells could contribute to the
better immunotherapy outcome when Doxil is combined with immune
checkpoint inhibitors, as reported in the earlier study [47]. Whether or
not the exclusive chemokine response to PEGylated liposomes, as dis-
cussed above, contributes to this phenomenon remains unknown. One
thing is clear at the moment - nanocarriers do more than just solubilize
hydrophobic drugs and improve their circulation time, as was initially
thought.

In addition, many IFTs are very useful in investigating the product’s
MOA. For example, DC maturation and activation of T cell proliferation
by antigen-loaded DCs are commonly used to characterize nanoparticles
formulated to deliver vaccine antigens [50]. This is especially important

for translational studies of products intended to activate or inhibit the
immune system for therapeutic purposes, because in these cases the FDA
recommends proving the immunological mechanisms before clinical
studies [3].

3. Methodological nuances of current approaches
3.1. Hemocompatibility tests

Primary human blood and its derivatives (serum, plasma, and puri-
fied cells) are precious in vitro preclinical models, many of which have
an established record of in vitro-in vivo correlation [51]. While these
models offer extremely valuable insight into potential drug toxicity to
blood components and help reduce animal use, they suffer from limi-
tations, including high variability between individual donors, high costs,
limited access, and ethical concerns. In addition, in vitro assays do not
account for nanomedicine biodistribution, PK, and metabolism of the
drug and the nanocarrier. Therefore, it is important to complement in
vitro assays with orthogonal methods when available. Many methodo-
logical nuances also exist.

One of these nuances is related to the type of anticoagulant used to
prepare blood and plasma for preclinical studies. Anticoagulants may
influence the performance of immunoassays, with some assays being
more sensitive than others. For example, no difference between lithium
heparin- and hirudin-anticoagulated blood was observed in the hemo-
lysis assay [52]. However, the complement activation assay performed
better with hirudin-anticoagulated matrix, whereas plasma coagulation
assays worked better with citrated plasma [52].

Other nuances are related to differences between animal species
commonly used in non-clinical studies and humans, as was detailed
elsewhere [53]. Among these differences is the drug-mediated CARPA:
non-human primates are more sensitive than humans, whereas rodents
are less sensitive than humans to develop this toxicity. Higher sensitivity
of monkeys was attributed to a lower activity of complement inhibitory
protein Factor H. Interestingly, a gene sequence variant of monkey’s
complement factor H responsible for this phenomenon is similar to the
single-nucleotide polymorphism found in humans with lower factor H
protein function [54]. Another example of differences relevant to pre-
clinical immunotoxicity studies is sensitivity to pyrogenic and other
proinflammatory properties of endotoxin. Rats, commonly used in pre-
clinical safety studies, for example, are 10,000-100,000 times less
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sensitive to endotoxin than humans [55,56]. This difference is relevant
to both hemocompatibility and IFTs.

3.2. Immune function tests

Methodological nuances and considerations for applying IIRMIs
detection tests to nanoparticle characterization and interpreting data
during the essential step preceding IFTs have been discussed in more
detail elsewhere [57-64]. Herein, I will focus on methodological chal-
lenges commonly encountered when conducting IFTs.

The greatest limitation of in vitro IFTs is their inability to accurately
reproduce complex immunotoxicities, such as those related to the
adaptive immune system function (adjuvanticity, immunogenicity,
autoimmunity, autoinflammation, and hypersensitivity reactions).
Additionally, high variability in individual donors’ immune responses
complicates in vitro studies and raises concerns about how many donors
are needed for reliable data. While healthy human blood is available in
useful amounts, it may not reflect responses in diseased individuals,
whose samples are harder to obtain and raise greater ethical concerns.
Access to immune tissues like bone marrow, thymus, and lymph nodes is
limited; these tissues are either very costly or unavailable. Nanoparticles
can interfere with in vitro assays through absorbance, fluorescence, or
protein binding, requiring the addition of special controls, which in-
crease the number of study samples and the costs of analysis.

A lack of standardized methods for linking in vitro concentrations in
human matrix to in vivo doses established in animal models or used in
the clinic also makes it hard to relate preclinical in vitro and in vivo data
and connect lab results to clinical safety data. The approach established
and used in the NCL assay cascade to overcome this limitation involves
converting doses between animal species and humans to estimate the
human equivalent dose (HED) and estimating the in vitro plasma con-
centration at the HED. The dose conversion is based on the current
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knowledge of the body surface area in laboratory animals and humans
[65]. The assumptions for the estimation of the human plasma con-
centration at HED include the following: 1) the entire injected dose stays
in circulation, 2) the blood volume is 8 % of the body weight, and 3) the
average weight of a human is 70 kg [51].

Many other nuances exist, including the effects of blood anticoagu-
lants on assay performance, as detailed elsewhere [52], and the detec-
tion method on the overall assay sensitivity. For example, the cytokine
secretion assay is commonly used to quickly and reliably assess immu-
nostimulatory properties of nanoformulations, helping answer questions
about nanoparticle safety (e.g., to screen for toxicities such as cytokine
storm) and efficacy (e.g., proving that a target immune cell population,
such as T-lymphocytes, was indeed activated). Traditional
enzyme-linked immunosorbent assay (ELISA) is commonly used to
detect cytokines, and in recent years, it has advanced to a multiplex
format, allowing, depending on the technology, for the simultaneous
detection of up to 100 cytokines. However, detecting cytokines can be
tricky at low levels, especially with nanoparticles that trigger mild im-
mune activation. Traditional ELISAs may miss these subtle responses,
even with standard controls.

To address this problem for interferon gamma (IFNy) detection, the
NCL assay cascade includes an internal control (interferon-gamma-
induced-protein, IP-10) and confirms results with an alternate method,
enzyme-linked-immunosorbent-spot-assay (ELISpot). A case study pre-
sented in Fig. 4 shows an example of data generated for the same set of
nanoparticles using multiplex ELISA vs ELISpot assay. The main differ-
ence is in the timeline between the cytokine secretion by cells and its
capture by the antibody immobilized on a test plate: the multiplex ELISA
captures cytokines from supernatants prepared by the centrifugation of
24-h cell cultures to separate cells from supernatant vs. ELISpot, which
captures cytokines in real time as they are being produced by the cells
during the 24-h incubation. Some IFNy can be bound to the cell surface
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Fig. 4. The value of complementing multiplex ELISA with ELISpot assay. Comparison of assay principle and resulting experimental data obtained by multiplex
ELISA and ELISpot assay for interferon gamma (IFNy). (A) The schematic of the assay principle illustrates the differences in cytokine production and capture between
traditional ELISA and ELISpot assays. More details are in the text. (B) An example of data generated for the same set of nanoparticles using multiplex ELISA vs ELISpot
assay. IFNy data produced by the multiplex ELISA for NP1 represent a false-negative response. ELISpot provides a more sensitive detection option as discussed in the
text. Each bar shows the mean response and standard deviation of PBMC cultures from three healthy donors. ELISpot enables the estimation of the number of
activated cells by measuring the number of spots and the overall level of cytokine produced by an individual cell, as determined by signal brightness and reported as
activity. The mean response in individual donor cultures (N = 3 each) is shown by a colored dot: black - donor 1, red — donor 2, and blue — donor 3. NC - negative
control (PBS); PC - positive control (phytohemagglutinin M); Ab - antibody; ELISA — enzyme-linked immunosorbent assay; ELISpot - enzyme-linked immunosorbent

spot assay.
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IFNy receptor and removed from culture supernatants during the
centrifugation step, becoming unavailable for detection using a multi-
plex ELISA assay. In contrast, [FNy is being captured in the ELISpot assay
as the cells produce it, which prevents it from being re-captured by the
cell surface receptor, thereby allowing more accurate detection of this
cytokine in the ELISpot assay. The IFNy data produced by the multiplex
ELISA in this case study represents a false-negative response. ELISpot
demonstrates that nanoparticle 1 (NP1) induced IFNy, consistent with
the multiplex IP-10 data.

Additionally, while ELISA measures cytokine response in a batch
mode (i.e., taking the cell population as a whole and not measuring
individual cell responses), ELISpot measures the number of activated
cells reported as “the number of spots” and the overall level of the
produced cytokine by an individual cell by measuring brightness of the
signal reported as “activity.” This case study highlights the importance
of understanding the assay principle and utilizing internal controls and
orthogonal techniques to verify in vitro findings. Multiplex ELISA allows
for rapid and economical screening for a broad range of cytokines, which
is helpful, especially when one does not know what cytokines to expect
[66]. In contrast, ELISpot is limited to one or two cytokines at a time, but
is very helpful when one has a specific question to address, such as
whether or not T cells are activated [67] or to confirm the results of
multiplex ELISA for a given cytokine.

While some in vitro assays aid basic immunology and nanoparticle
research, their value in preclinical safety and efficacy assessment is
limited, as no adverse effects or therapeutic benefits have yet been tied
to their results. For example, intracellular complement was shown to
play a key role in regulating T cell function [68-71]. In vitro studies
demonstrated that nanoparticles can activate intracellular complement
in a size and charge-dependent manner [72]. However, no
nanoparticle-mediated immunotoxicity in vivo has yet been attributed
to intracellular complement, making it difficult to interpret these in vitro
findings in the context of nanoparticle safety.

Methodological challenges with immune function analysis in vivo
include the limited availability of predictive models of immunogenicity,
hypersensitivity, and autoimmunity. In addition, many of the same
limitations discussed above for in vitro tests (e.g., ELISA vs. ELISpot, and
those related to nanoparticle interferences) also apply to the ex vivo
analysis of blood, plasma, serum, and cells derived from in vivo studies.
Ethical concerns over the use of research animals, greater study length,
and associated costs further challenge the immunotoxicity studies in
vivo. Despite understanding these limitations, it is equally important to
understand that neither in vitro nor in silico assays are a remedy for this
problem. As such, they can supplement but cannot completely replace in
vivo testing.

In summary, both in vitro and in vivo methods have advantages and
limitations. While in vitro tests generally take less time and are rela-
tively inexpensive, many in vitro models are very expensive and asso-
ciated with greater ethical concerns (e.g., bone marrow or skin
specimens from healthy donors or patients affected by a disease). Some
in vitro tests have very good in vitro-in vivo correlation, while others do
not. Good correlations are frequently achieved with immunoassays
analyzing cells present in systemic circulation and analyzing intrave-
nously administered products. Assays analyzing immune cells located in
the periphery (e.g., in lymph nodes, skin, bone marrow, thymus, spleen)
are only reliable if the systemically administered drug distributes to
these organs. This is especially important to consider for nano-
formulations, as nanocarriers may change drug biodistribution [73,74].
Likewise, assays utilizing cells present in systemic circulation may be
irrelevant if the product is administered locally and does not distribute
systemically.

Therefore, it is important to consider all of these nuances in the
context of the scientific question being addressed to select a combination
of mutually complementing in vitro and in vivo models that are the best
fit for answering specific scientific questions related to nanomedicine
safety and/or efficacy.
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4. Emerging approaches
4.1. Machine learning and artificial intelligence

Nanotechnology offers an unparalleled diversity of nanocarriers
possessing a wide range of tunable physicochemical and biological
properties. However, predicting their performance is difficult due to
complex interactions among formulation components and biological
systems. Traditionally, this led to testing numerous formulations
through resource-heavy studies. While not a replacement for experi-
ments, machine learning (ML) and artificial intelligence (AI) can help
streamline this process by guiding priorities and saving time and
resources.

Success examples in this area include predicting the composition of
nanocarriers to achieve desired drug release properties [75,76] and
cytokine responses [77,78]. However, the major limitation of the cur-
rent ML/AI approaches is that they are limited to one type of nanocarrier
or one biological property. For example, the artificial immune cell
(AI-Cell) algorithm helps predict type I and type III interferon responses
to nanoparticles made of RNA and DNA (NANPs), delivered to cells
using lipofectamine as the carrier; this is extremely helpful for the field
of NANPs intended for use as vaccine adjuvants [77]. However, the same
algorithm cannot be used for NANPs delivered using other carriers or for
other nanoparticles containing RNA and DNA delivered using
Lipofectamine.

While Al is increasingly used to analyze tissue histology, computer
tomography, magnetic resonance imaging, and other diagnostic tests
commonly used in preclinical and clinical studies, many questions
remain about their accuracy, appropriateness, and clinical utility. While
some algorithms have been approved by the FDA [79], others have
shown limited utility due to inaccuracy as compared to the analysis
performed by physicians [80]. The image resolution required for quality
ML is much higher than that reliably processed by expert pathologists.
With the advancements in biological imaging technologies, the resolu-
tion of images and, as such, the quality of ML algorithms are expected to
improve.

4.2. Research animals, new and alternative in vitro models

Research animals are an invaluable asset in preclinical studies. They
are needed to study drug pharmacokinetics (PK), biodistribution, and
tissue accumulation. Moreover, animals are instrumental in analyzing
complex biological responses, such as those related to adaptive immu-
nity, which involve multiple cellular and tissue players and require the
entire body system that cannot be accurately recapitulated in vitro or in
organ-on-a-chip models. This is especially important for nanomedicines,
as their components may separate after administration, and nanocarriers
can change drug biodistribution. Moreover, unlike traditional PK
studies, each component of a nanomedicine has to be monitored to
provide accurate information about the complex nanoformulation [81].

Despite no animal model being recognized by regulatory authorities
for analysis of autoimmunity due to the extreme complexity of this
disorder, available mouse strains help with exploratory studies to gain
important insight before nanoparticles are used in the clinic. For
example, SJL/J mice, genetically predisposed to developing autoim-
munity, develop chemically-induced autoimmunity in the same pattern
and male-to-female ratio as humans do [82]. This model was success-
fully used to assess DNA-origami particles [83]. Likewise, animal models
help evaluate iron oxide nanoparticles with demonstrated in vitro ability
to inhibit IL-17 production by activated T-cells, for their ability to
reduce autoinflammatory skin lesions similar to those seen in human
psoriasis [84].

The ongoing global effort to reduce the use of research animals has
prompted the development and evaluation of alternative models. For
example, while the FDA accepts LLNA/LLNP and guinea pig maximi-
zation tests to screen for DTH reactions and dermal sensitization, several
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research groups have attempted to develop alternative in vitro models,
including the so-called human cell line activation test (hCLAT) and
myeloid U937 skin sensitization test (MUSST) [85,86]. Applying these
methods to nanoparticles, however, revealed a higher degree of positive
responses in vitro than in the LLNP in vivo study, and differences be-
tween hCLAT and MUSST for some but not all nanomaterials. Moreover,
in vitro-in vivo correlation was proven for nanomicelles but not for
PAMAM dendrimers, for which in vitro hCLAT and MUSST provided
false-positive responses [87]. The most sophisticated in vitro model
tested for DTH screening is the skin explant assay, involving primary
human skin biopsies [88].

This same model was also evaluated to predict nanomedicine’s
ability to cause palmar plantar erythrodysesthesia, an immune-
mediated skin damage common for cancer therapies but lacking a pre-
dictive in vivo model. In this case, skin biopsies were co-incubated with
autologous PBMCs to assess drug-mediated skin damage and pro-
inflammatory responses. The cumulative score, calculated by
combining the stimulation indices of skin damage and pro-inflammatory
cytokines, obtained in this model for Doxil and free drug, correlated
with the results of clinical studies [89]. It remains to be seen if such a
correlation also exists for other cancer drugs causing PPE.

Due to the heterogeneity of responses between different models and
the complexity of nanoformulations, the NCL uses in vitro models for
exploratory studies and, when available, in vivo models or published
clinical data for confirmatory studies. Only in vitro models with proven
in vitro-in vivo or in vitro-clinical correlation are used in lieu of animal
studies to reduce the use of research animals while avoiding compro-
mising the conclusion about immunotoxicity risks for nanoformulations.
The number of in vitro models with experimentally verified in vivo and
clinical relevance, or the lack thereof, is expected to increase in the years
to come.

5. Conclusion and the future outlook

The conventional approach for immunotoxicity analysis is well-
established and helps identify common sources of nanomedicine safety
concerns. However, there is no ideal methodology: each model has ad-
vantages and limitations. Therefore, it is important to apply scientific
justification for model selection and, whenever available, use orthog-
onal techniques to verify results; to treat each formulation on a case-by-
case basis and apply a holistic approach to contextualize nanoparticle
immunotoxicity findings with physicochemical characterization, gen-
eral toxicity, pharmacology profile, and efficacy. Eliminating animals
from preclinical studies is not a wise approach. Rather, using a combi-
nation (in vitro, in vivo, in silico) of validated, scientifically justified-for-
the-purpose, and correlated to the clinical data methods will improve
the current field of nanoimmunotoxicology. The future of nanoparticle
characterization will include analyses on a single-particle and single-cell
levels. I envision that the immunotoxicity field will consolidate tradi-
tional and alternative approaches and revise them to retain the most
accurate, clinically relevant, and predictive ones to ensure patients’
safety.
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