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Preface to ”Nanotechnology to Overcome World’s

Most Critical Health Issues: Liposomes and

beyond—a Themed Issue Dedicated to Professor

Yechezkel Barenholz”

The Special Issue “Nanotechnology to Overcome World’s Most Critical Health Issues: Liposomes

and beyond—a Themed Issue Dedicated to Professor Yechezkel Barenholz” was written by experts

in the field of nanomedicine to honor Professor Barenholz of the Hebrew University, Jerusalem,

whose distinguished career influenced many young scientists and set up high scientific quality

standards for all researchers worldwide. Throughout his career, Professor Barenholz taught at leading

universities in Israel and the United States of America. He is known worldwide for his work

on the development of a PEGylated liposomal doxorubicin formulation, known as Doxil®, which

has completely transformed care for patients worldwide. This Special Issue includes both original

research papers and review articles describing a variety of nanotechnology platforms, including (but

not limited to) liposomes for drug delivery, which are geared toward overcoming the world’s most

critical health issues and supporting the sustainability of the environment. We are immensely grateful

to Professor Jindrich Kopecek of the University of Utah, Professor Phillip Low of Purdue University,

Professor Kwangmeyung Kim of the Korea Institute of Science and Technology, Professors Szilard Pal

and Aleksandar Széchenyi of the University of Pécs, Professor Kausik Chakrabarti of the University

of North Carolina at Charlotte, and Dr. Stephan Stern of the Nanotechnology Characterization Lab

and their team members for contributing their knowledge and sharing their research in this Special

Issue. We also want to acknowledge all members of the Immunology Section at the Nanotechnology

Characterization Lab and Professor Afonin’s Laboratory at the University of North Carolina at

Charlotte, for their dedication and tireless work in helping to complete this Special Issue. We cordially

thank Kylie Xiao and Marci Mao of the MDPI Editorial team for their help with finalizing the issue

and preparing a book. We enjoyed working with everyone and wish them continued success in

their future endeavors. On behalf of all authors and editors of this Special Issue, we wish Professor

Barenholz a lifetime of wellness and happiness to cherish; thank you for everything you have taught

us, and we will continue to learn from your wisdom.

Marina A. Dobrovolskaia and Kirill A. Afonin

Editors

ix





Citation: Dobrovolskaia, M.A.;

Afonin, K.A. Special Issue

“Nanotechnology to Overcome the

World’s Most Critical Health Issues:

Liposomes and Beyond—A Themed

Issue Dedicated to Professor

Yechezkel Barenholz”. Molecules 2023,

28, 4788. https://doi.org/10.3390/

molecules28124788

Received: 1 June 2023

Accepted: 13 June 2023

Published: 15 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Editorial

Special Issue “Nanotechnology to Overcome the World’s Most
Critical Health Issues: Liposomes and Beyond—A Themed
Issue Dedicated to Professor Yechezkel Barenholz”

Marina A. Dobrovolskaia 1,* and Kirill A. Afonin 2,*

1 Nanotechnology Characterization Laboratory, Cancer Research Technology Program, Frederick National
Laboratory for Cancer Research Sponsored by the National Cancer Institute, Frederick, MD 21701, USA

2 Nanoscale Science Program, Department of Chemistry, University of North Carolina Charlotte,
Charlotte, NC 28223, USA

* Correspondence: marina@mail.nih.gov (M.A.D.); kafonin@uncc.edu (K.A.A.)

This Special Issue is intended to celebrate Professor Yechezkel Barenholz’s distin-
guished achievements. Professor Barenholz is Professor Emeritus of the Hebrew University
in Jerusalem, Israel. He joined the University’s faculty in 1968, received his PhD in 1971,
and became a Professor in 1981. Throughout his career, Prof. Barenholz has taught young
scientists at leading universities worldwide. One of the prominent achievements in Prof.
Barenholz’s career was the development of a PEGylated liposomal doxorubicin formula-
tion, known as Doxil®, which completely transformed care for cancer patients worldwide.
Professor Barenholz’s research focuses on the biochemistry of lipids and membranes in
addition to the biophysics laws underlying the fluidity of cellular membranes. Another
focus area is the development of liposomes and lipid-based nanocarriers to overcome the
shortcomings of current therapeutics by improving drug delivery. Professor Barenholz has
authored more than 400 papers and has an h-index of 94; he is also the inventor of over
55 patents and an awardee of many prestigious national and international awards in the
biomedical field. Professor Barenholz is highly regarded by his peers and students. One
of the examples of his continuous contributions to the education of the next generation
of scientists is the “Barenholz Prize”, which supports Israeli PhD students in applied sci-
ences and encourages their professional growth and innovation. Professor Barenholz has
founded and is currently leading the steering committee of the Hebrew University School
of Business Administration BioMed-MBA program, through which he organized an online
platform that enables the Israeli BioMed ecosystem.

This Special Issue comprises a collection of ten research and review articles prepared
by international leaders in the fields of biomedical nanotechnology and drug delivery. The
research articles describe several innovative technologies that span from the formulation of
new nanomedicines and imaging agents to the in vitro assessment of their immunological
properties.

The work presented by Professor Kim’s team from the Korea Institute of Science
and Technology introduces new nanoparticles for combinational photochemotherapy of
pancreatic cancer [1]. The formulation was based on light-activated monomethyl auristatin
E prodrug linked to a photosensitizer (Ce6) through a caspase-3-specific cleavable peptide.
Under irradiation with visible light, Ce6-generated reactive oxygen species induced the
overexpression of caspase-3 in cancer cells, which, in turn, released the drug. The resulting
formulations were extensively characterized, and in vivo data confirmed significant delays
in tumor progression.

Professor Széchenyi, from the University of Pécs, and colleagues have developed a
nanotechnology-based platform with which to treat onychomycosis [2]. The tested anti-
fungal nanoformulations were based on silica-nanoparticle-stabilized Pickering emulsions,
which were designed for the site-specific delivery of tioconazole and Melaleuca alternifolia

Molecules 2023, 28, 4788. https://doi.org/10.3390/molecules28124788 https://www.mdpi.com/journal/molecules
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essential oil. Microbiological in vitro experiments with relevant pathogens confirmed the
significant antifungal effect and indicated promise for the topical treatment of onuchomycosis.

In order to overcome some of the commonly accepted hurdles associated with the
clinical use of NIR dyes, the group of Professor Low from Purdue University has syn-
thesized and tested a series of novel PEGylated UreterGlow derivatives [3]. The team
identified promising bioimaging candidates with prolonged kidney retention times and
unique emission profiles, not overlapping with other commonly used NIR probes.

Professors Yang and Kopeček, with colleagues from the University of Utah, have
expanded the recently introduced notion of drug-free macromolecular therapeutics, or
DFMT [4]. In their approach, the antibodies conjugated to short oligonucleotides could bind
specific cell surface receptors, characteristic to diseased cells, and then become crosslinked
via human serum albumin decorated with complementary oligonucleotides, which in turn
induces apoptosis. The work published in this Special Issue demonstrated a scenario where
DFMT was designed to crosslink CD38 receptors on lymphoma and multiple myeloma
cells.

The immunology team of the Nanotechnology Characterization Laboratory at the
Frederick National Laboratory for Cancer Research and Dr. Pang of the U.S. Food and Drug
administration have evaluated the suitability of several in vitro assays that use peripheral
blood mononuclear cells (PBMCs) as model systems to detect the innate immune responses
induced by ten common immune-modulating impurities, as well as by a peptide drug
product [5]. Based on the results of this comprehensive study, the sets of signature cytokines
have been identified for further use in multiplex assays. In addition, the authors have
demonstrated that the logistics of blood storage and handling must be taken into consider-
ation and further evaluated, since they may influence the measured immunostimulatory
responses.

Lastly, a collaborative effort between the Nanotechnology Characterization Laboratory
at the Frederick National Laboratory for Cancer Research and Professor Afonin from the
University of North Carolina at Charlotte have demonstrated how compositional variations
in commercially available lipid-like carriers influence the immunostimulatory properties of
nucleic acid nanoparticles that have different architectural characteristics [6].

The reviews cover several important topics that deal with the immunotoxicity of
nanomedicines, drug formulations, and biomedical applications of nucleic-acid-based
nanomaterials.

Dr. Stern and colleagues of the Nanotechnology Characterization Laboratory at the
Frederick National Laboratory for Cancer Research provide a comprehensive review on
nanomedicine reformulations of chloroquine and hydroxychloroquine to improve their
therapeutic performance and broaden clinical applications [7]. Several reformulation
nanomedicine approaches, ranging from liposomes to metal nanoparticles, have been
discussed, as have the gaps in the current understanding of new nanoformulations; future
perspectives and recommendations that may help to overcome the current limitations have
been suggested.

Professor Chakrabarti and his team from the University of North Carolina at Charlotte
discussed the ways how functional biological interactions can be studied using RNA
nanotechnology [8], and Professor Afonin’s group from the same university elaborated
on the immunorecognition of nucleic-acid-based nanoparticles designed for therapeutic
applications [9].

Finally, the Nanotechnology Characterization Laboratory at the Frederick National
Laboratory for Cancer Research reviewed the cellular and molecular mechanisms of inflam-
mation caused by innate immunity-modulating impurities, with an emphasis on the safety
and efficacy of pharmaceutical products [10].

Acknowledgments: The study was funded in part (M.A.D.) by federal funds from the National
Cancer Institute, National Institutes of Health, under contract 75N91019D00024. The content of
this publication does not necessarily reflect the views or policies of the Department of Health and
Human Services, nor does mention of trade names, commercial products, or organizations imply
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Light-Activated Monomethyl Auristatin E Prodrug
Nanoparticles for Combinational Photo-Chemotherapy of
Pancreatic Cancer

In Kyung Cho 1,2,3,†, Man Kyu Shim 2,†, Wooram Um 4, Jong-Ho Kim 3 and Kwangmeyung Kim 2,5,*

1 Laboratory Animal Resource Center, Korea Research Institute of Bioscience and Biotechnology,
Cheongju 28116, Korea; cik@kribb.re.kr

2 Biomedical Research Institute, Korea Institute of Science and Technology, Seoul 02792, Korea; mks@kist.re.kr
3 Department of Pharmaceutical Science, College of Pharmacy, Kyung Hee University, 26 Kyungheedae-ro,

Dongdaemun-gu, Seoul 02447, Korea; jonghokim@khu.ac.kr
4 School of Chemical Engineering, College of Engineering, Sungkyunkwan University, Suwon 16419, Korea;

tings0609@nate.com
5 KU-KIST Graduate School of Converging Science and Technology, Korea University, Seoul 02841, Korea
* Correspondence: kim@kist.re.kr
† These authors contributed equally to this work.

Abstract: Pancreatic cancer is a highly fatal disease that is becoming an increasingly leading cause of
cancer-related deaths. In clinic, the most effective approach to treat pancreatic cancers is the combi-
nation treatment of several chemotherapeutic drugs, including fluorouracil, leucovorin, irinotecan,
and oxaliplatin (FOLFIRINOX), but this approach is not adequate to manage patients due to their
severe toxic side effects. Herein, we proposed light-activated monomethyl auristatin E (MMAE)
prodrug nanoparticles for combinational photo-chemotherapy and optimized its applications for
pancreatic cancer treatment. The photosensitizer (Ce6) and chemotherapeutic drug (MMAE) were
conjugated through caspase-3-specific cleavable peptide (KGDEVD). The resulting CDM efficiently
promoted the reactive oxygen species (ROS) under visible light irradiation and thereby induced
caspase-3 overexpression in pacreatic cancers, which subsequently released the MMAE from the
system. Importantly, MMAE released from CDM further amplified the activation of CDM into MMAE
by inducing extensive apoptotic cell death in tumor microenvironment for treatment of tumor cells
in deep in the tumor tissues as far visible light cannot reach. In addition, CDM formed prodrug
nanoparticles via intermolecular π-π stacking and hydrophobic interactions, allowing durable and
reliable treatment by preventing fast leakage from the pancreatic cancers via the lymphatic vessels.
The CDM directly (intratumoral) injected into pancreatic cancers in orthotopic models through an in-
vasive approach significantly delayed the tumor progression by combinational photo-chemotherapy
with less toxic side effects. This study offers a promising and alternative approach for safe and more
effective pancreatic cancer treatment via prodrug nanoparticles that combine photodynamic therapy
and chemotherapy.

Keywords: pancreatic cancer; prodrug nanoparticles; combination treatment; synergistic effect

1. Introduction

Pancreatic cancer, with a 5-year survival rate of less than 5%, is a highly fatal disease
that is becoming an increasingly leading cause of cancer-related deaths [1]. Most patients
are diagnosed with unresectable or metastatic disease; thus, their treatment options are
limited [2,3]. In addition, even for the small subset of patients who have resectable pancre-
atic cancers, the prognosis remains very poor with only 20% survival rate of 5 years after
surgery [4]. In the past decades, significant advances have been made in diagnostic meth-
ods, perioperative management, and local or systemic therapies for advanced malignancies,
but there is only modest incremental progress in patient survival [5]. The most effective

Molecules 2022, 27, 2529. https://doi.org/10.3390/molecules27082529 https://www.mdpi.com/journal/molecules
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approach to treat advanced pancreatic cancers in patients is the combination treatment
of several chemotherapeutic drugs, including fluorouracil, leucovorin, irinotecan, and
oxaliplatin (FOLFIRINOX), which led to significantly prolonged survival of patients [6,7].
However, systemic administration of such drugs has risk of the severe toxic side effects
due to their low cancer specificity; thus, there is still a desperate need for new treatment
options that have a potent antitumor therapeutic potential with less side effects for safe
and more effective pancreatic cancer treatment [8].

Photodynamic therapy (PDT), a mature localized phoththerapy with approval for
clinical use in 1993, is an alternative treatment option for advanced cancers [9]. Under
visible light irradiation, the photosensitizers absorb a photon of the light and released ions
and energy is directly transferred to the molecular oxygen to produce a reactive oxygen
species (ROS), such as singlet oxygen (1O2), superoxide (O2

−), and peroxide anions (O2
2−),

which damage the cancer tissues [10]. However, limited penetration depth of visible light to
biological tissues and oxygen depletion during treatment greatly reduce the antitumor ther-
apeutic potential of PDT [11,12]. Therefore, it is hard to expect great outcomes of patients
for complete regression of pancreatic cancer by monotherapy of PDT. To overcome these
obstacles, PDT can be combined with chemotherapeutic drugs to expect synergistic effect
for improved therapeutic efficacy in pancreatic cancer; thus, developing a promising drug
to combine PDT with a chemotherapeutic drug for combinational photo-chemotherapy and
optimizing its treatment methods for pancreatic cancer are formidable challenges [13,14].

Herein, we proposed light-activated monomethyl auristatin E (MMAE) prodrug
nanoparticles, constructed with photosensitizer chorin e6 (Ce6), caspase-3-specific cleav-
able KGDEVD peptide, and a chemotherapeutic drug (MMAE) for combinational photo-
chemotherapy of pancreatic cancer. The MMAE was chemically conjugated to C-terminus
of KGDEVD peptide via the self-immolative linker (PABC; p-aminobenzylcarbamate),
and Ce6 was further introduced to N-terminus of peptide (Figure 1a). The resulting
Ce6-KGDEVD-PABC-MMAE prodrug (CDM) promotes a significant ROS by visible light-
induced PDT, and overexpressed caspase-3 in tumor tissues by apoptosis, subsequently
trigger release of MMAE by enzymatic cleavage of KGDEVD peptide (Figure 1b). Impor-
tantly, MMAE released from CDM further amplified the activation of CDM into MMAE by
inducing extensive apoptotic cell death in the tumor microenvironment for treatment of
tumor cells deep in the tissues as far visible light cannot reach. Compared with the efficacy
of monotherapy of PDT that is restricted by depletion of oxygen during treatment and
depth limitation of light, CDM induced considerable cytotoxic effects by releasing addi-
tionally MMAE that has 100–1000 times higher potency than doxorubicin [8]. In contrast,
the release of MMAE from CDM is greatly minimized in the absence of visible light due
to lack of caspase-3 expression, thereby reducing the risk of the severe toxic side effects
during treatment. Interestingly, CDM form stable nanoparticles via the intermolecular π-π
stacking and hydrophobic interactions, which prevent fast leakage from the tumors via
the lymphatic vessels to allow durable and reliable treatment [15–18]. In this study, we
established the optimal treatment methods for pancreatic cancers using the CDM-mediated
photo-chemotherapy. The CDM is directly (intratumoral) injected into pancreatic cancers
in orthotopic models through invasive approach, and cancer tissue is locally irradiated by
visible light to promote the caspase-3 overexpression by inducing apoptosis, resulting in
subsequent release of MMAE (Figure 1c). This study demonstrated a promising therapeutic
potential of combinational photo-chemotherapy by CDM in orthotopic pancreatic cancer
models compared with monotherapy of photodynamic therapy or chemotherapy.
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Figure 1. Light-activated monomethyl auristatin E (MMAE) prodrug nanoparticles and its ap-

plication for pancreatic cancer treatment. (a) Photosensitizer (Ce6) and chemotherapeutic drug
(MMAE) are chemically conjugated through the caspase-3-specific cleavable KGDEVD peptide, re-
sulting in CDM. (b) The CDM promotes a significant reactive oxygen species (ROS) in cancer cells
and thereby induces caspase-3 overexpression by apoptosis, which subsequently triggers release
of MMAE. (c) Directly injected CDM in pancreatic cancers causes a potent antitumor therapeu-
tic potential by combinational photo-chemotherapy under visible light irradiation, with less toxic
side effects.

2. Results and Discussion

2.1. Preparation and Characterization of CDM

As an alternative therapeutic approach to combine PDT and chemotherapy for pan-
creatic cancer treatment, light-activated monomethyl auristatin E (MMAE) prodrug was pre-
pared by conjugating photosensitizer (Ce6), caspase-3-specific cleavable peptide (KGDEVD),
and a chemotherapeutic drug (MMAE). The MMAE was conjugated to the C-terminus of
KGDEVD peptide through a self-immolative linker (PABC), and Ce6 was further intro-
duced to the N-terminus of peptide via EDC/NHS reaction, resulting in CDM (Figure S1).
The target enzyme of caspase-3 is the most widely studied as a biomarker for cancer-specific
diagnosis and therapy, as it plays a key role in both the intrinsic and extrinsic death receptor
pathways [19]. The KGDEVD peptide was used as an apoptosis-specific cleavable linker
because it has great responsiveness to active caspase-3 at an early stage of apoptosis [20].
In addition, the self-immolative linker, PABC, was selected to design the prodrug owing to
its favorable electronic and steric characteristics for enzymatic activation [21]. Finally, the
MMAE that has 100–1000 times higher potency than doxorubicin was conjugated to amplify
the antitumor therapeutic potential by subsequent release after visible light irradiation
for PDT [8]. After the reaction, 99% of CDM was purified with high-performance liquid
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chromatography (HPLC; Figure S2). The molecular weight of CDM was also measured
using a MALDI-TOF mass spectrometer, wherein the exact molecular weight was calcu-
lated to be 2131.1 Da and then confirmed to be 2131.1 m/z (Figure S3). Interestingly, CDM
efficiently self-assembled into prodrug nanoparticles via intermolecular π-π stacking and
hydrophobic interactions, showing a size distribution of 50–110 nm with an average size of
75.1 ± 4.4 nm in aqueous condition (Figure 2a) [15–17]. A TEM image further showed the
spherical structure of CDM nanoparticles in saline (Figure 2b). In addition, CDM nanopar-
ticles showed great stability in saline; significant changes of particle size were not observed
for 48 h of incubation (Figure 2c). These nano-sized particles of CDM can prevent the rapid
clearance through lymphatic vessels from the pancreatic cancers, which allow more durable
and reliable treatment compared with small molecular drugs [18]. Next, we assessed the
target enzyme-specific cleavage of CDM nanoparticles. When the CDM nanoparticles were
incubated with caspase-3 for 24 h, approximately 99% of CDM was cleaved, resulting
in release of MMAE (Figure 2d). In contrast, CDM nanoparticles were not cleaved after
incubation with caspase-9, caspase-8, cathepsin B, cathepsin L, cathepsin K, and cathepsin
D for 24 h, indicating high target enzyme-specificity. Upon visible light irradiation, the
ROS production from CDM was nearly similar with Ce6 in same experimental conditions
(Figure 2e). The photophysical property of CDM was further confirmed by the Singlet Oxy-
gen Sensor Green (SOSG) assays, wherein efficiency for singlet oxygen generation of CDM
was similar with Ce6 (Figure S4). This result demonstrated that chemical modification with
KGDEVD-MMAE did not affect the ability to promote ROS under visible light irradiation
of photosensitizer, Ce6. Taken together, CDM efficiently formed prodrug nanoparticles
with photosensitizer and chemotherapeutic drug, and it was expected that they promote a
significant ROS in pancreatic cancers under visible light irradiation to induce caspase-3
overexpression, which subsequently release the MMAE.

Figure 2. Physicochemical characterization of CDM. (a) Size distribution of CDM in aqueous
condition (saline; 1 mg/kg). (b) TEM image showing spherical morphology of CDM. (c) Stability
of CDM nanoparticles in saline. (d) Target enzyme-specific cleavage of CDM was assessed after
incubation with caspase-3 and various other enzymes. (e) ROS generation of CDM or Ce6 in the
presence of visible light irradiation.
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2.2. In Vitro Cytotoxicity and Caspase-3 Overexpression by CDM

We assessed in vitro cytotoxicity and caspase-3 overexpression by CDM under visible
light irradiation. First, we found the optimal irradiation timing by evaluating cellular
uptake of CDM over time after incubation in human pancreatic cancer cell line KPC960.
When the CDM (500 nM) was incubated with KPC960, the fluorescence (Ex/Em:633/660)
of CDM was gradually increased in an incubation time-dependent manner, and that was
saturated after 12 h of incubation (Figure 3a). Then, the caspase-3 expression levels in the
KPC960 cells were assessed after treatment of MMAE, Ce6 with visible light, or CDM with
visible light (Figure 3b). The KPC960 cells were incubated with an equivalent dose (500 nM)
of MMAE, Ce6, or CDM for 12 h, and Ce6- or CDM-treated KPC960 cells were exposed
to visible light with power of 40 mW for 5 min. As expected, MMAE- or Ce6 (with light)-
treated KPC960 cells showed significantly elevated amounts of caspase-3 due to apoptosis
induction of cells compared with the control group. Notably, CDM with light-treated
KPC960 expressed the highest amount of caspase-3, which was significantly upregulated
compared with a single treatment of Ce6 (with light) and MMAE. These results suggested
that caspase-3 overexpression during PDT by CDM subsequently promotes the release
of MMAE, thus amplifying apoptosis of pancreatic cancer cells. As a control, caspase-3
expression in KPC960 was not upregulated after treatment with CDM in the absence of
visible light irradiation; thus, we expected that CDM can reduce toxic side effects during
treatment by restricting the drug activation in off-target sites. Finally, combinational photo-
chemotherapy of CDM resulted in a potent cytotoxicity in KPC960 cells. The viability of
KPC960 cells were assessed after treatment with MMAE, Ce6 with light, or CDM with
or without light for 12 h (Figure 3c). As expected, CDM in the presence of light showed
significantly higher cytotoxicity in KPC960 cells compared with MMAE and Ce6 with light,
which further confirmed the enhanced antitumor therapeutic potential of combinational
photo-chemotherapy.

Figure 3. In vitro cytotoxicity and caspase-3 overexpression by CDM. (a) Time-dependent cellular
uptake of CDM in human pancreatic cancer cell, KPC960. (b) The caspase-3 expression levels in
KPC960 cells after treatment of CDM, MMAE, or Ce6. CDM- or Ce6-treated KPC960 cells were
exposed to visible light with power of 40 mW for 5 min. The asterisks in Figure indicate the
comparison to the CDM+light group. (c) The viability of KPC960 cells after treatment of CDM,
MMAE, or Ce6. CDM- or Ce6-treated KPC960 cells were exposed to visible light with power of
40 mW for 5 min.
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As a control, the cytotoxicity of CDM in cardiomyocytes (H9C2) and human dermal
fibroblasts (HDF) was also assessed in absence of visible light to confirm whether CDM
can prevent non-specific cleavage in the off-target tissues for minimizing severe toxic
side effects. As expected, significant cytotoxicity was not observed in both cell lines
(Figure S5). These in vitro results clearly demonstrated the mode of action (MOA) of CDM
that promotes caspase-3 overexpression in the pancreatic cancer cells by Ce6-mediated PDT
and the subsequently release of the MMAE for synergistic effects.

2.3. In Vivo Therapeutic Efficacy of CDM in Orthotopic Pancreatic Cancer Models

We next evaluated a therapeutic efficacy of combinational photo-chemotherapy by
CDM in orthotopic pancreatic cancer models. The mice models were prepared by direct
inoculation of KPC960 cells (1 × 105) into the pancreas tissue after incision at the left
abdominal side. After 14 days of inoculation, the mice were randomly divided into five
groups of saline, MMAE, Ce6 with light, or CDM with or without light, and each drug
(0.1 mg/kg of Ce6 and MMAE, 0.3 mg/kg of CDM as equivalent dose of 0.1 mg/kg of
MMAE) was directly injected into pancreatic cancers via the invasive approach. In case
of Ce6 or CDM groups, pancreatic cancer tissues were locally irradiated with power of
160 mW for 10 min. The visible light irradiation was performed after minimum incision,
as shown in Figure S6. Importantly, CDM with light (299.31 ± 22.1 mm3) significantly
delayed the growth of pancreatic cancer compared with saline (2105.11 ± 205.1 mm3), Ce6
with light (631.51 ± 60.22 mm3), and CDM without light (1261.21 ± 188.31 mm3) groups
on day 15 after treatments (Figure 4a). The mice treated with MMAE showed delayed
progression of pancreatic cancer (211.21 ± 20.51 mm3 on day 8), but they were all dead
within 8 days of treatment due to severe toxic side effects of MMAE. The pancreatic cancer
tissues stained with H&E or TUNEL exhibited the elevated damaged areas in CDM with
the light group compared with other treatments, which further confirmed the enhanced
therapeutic efficacy of CDM-mediated combinational photo-chemotherapy (Figure 4b).
Taken together, these in vivo results demonstrated that the combination of Ce6-mediated
PDT and MMAE-mediated chemotherapy by CDM induces a potent therapeutic efficacy in
the pancreatic cancers.

Figure 4. In vivo therapeutic efficacy of CDM in orthotopic pancreatic cancer models. (a) Optical
images and volume of cancer tissues from orthotopic pancreatic cancer models after treatment with
saline, MMAE, Ce6, or CDM. The tumors of Ce6- or CDM-treated mice were locally irradiated with
visible light with power of 160 mW for 10 min. The asterisks in Figure indicate the comparison to the
CDM+light group. (b) Pancreatic cancer tissues stained with H&E or TUNEL.
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2.4. The Safety of CDM Treatment in Orthotopic Pancreatic Cancer Models

The safety of CDM treatment was assessed in orthotopic pancreatic cancer models,
which were treated as same protocol in Figure 4. First, mice treated with saline, Ce6
with light, or CDM with or without light did not show significant body weight changes
during treatments (Figure 5a). In contrast, MMAE treatment resulted in significant body
weight loss of mice due to their severe toxicity, and mice were eventually dead within
8 days after treatment (Figure 5b). The median survival of the mice treated with saline,
Ce6 with light, and CDM without light was determined to be 15 days, 24 days, and
18 days, wherein the mice were dead owing to the tumor progression. On the contrary,
mice in the CDM with light group survived over 30 days by delaying tumor growth and
reducing toxic side effects. The safety of CDM treatment was further evaluated by analyzing
normal organ tissues on day 8 after treatment. As expected, since the spleen is located
nearby pancreatic cancer, MMAE-treated mice revealed a significant reduction in spleen
weight (Figure 5c). However, CDM greatly reduced the MMAE-mediated toxicity during
treatment by releasing MMAE specifically under visible light irradiation that promotes
caspase-3 expression and minimizing the drug leakage from the pancreatic cancers via the
nano-sized particle.

Figure 5. The safety of CDM treatment in orthotopic pancreatic cancer models. (a) The body
weight change during treatment with saline, MMAE, Ce6, or CDM. (b) Mice survival during treatment
with saline, MMAE, Ce6, or CDM. (c) The spleen weights of orthotopic pancreatic cancer models
after 8 days of each treatment. (d) The organ tissues stained with H&E after 8 days of each treatment.
The asterisks in Figure indicate the comparison to the CDM+light group.
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As a result, the spleen weight of mice treated with CDM was nearly similar to that
of saline-treated mice. In addition to spleen tissue, other tissues were also stained with
H&E to observe damaged areas on day 8 after treatments (Figure 5d). Importantly, MMAE
treatment resulted in extensive toxicity in every organ (white arrows), but CDM-treated
mice showed only negligible structural abnormalities in the organ tissues. These results
showed that even with the 100–1000 times more potent efficacy than doxorubicin, the
clinical use of MMAE is strictly hindered owing to the severe toxicity, but CDM efficiently
mitigated MMAE-related side effects based on prodrug nanoparticle formulation that can
be specifically activated by overexpressed caspase-3 at defined tumor tissues under visible
light irradiation.

3. Materials and Methods

3.1. Materials

Ac-K(Alloc)GD(All)E(All)VD(All)-OH (alloc-KGDEVD) was purchased from Peptron
(Daejeon, Korea). Chlorin e6 (Ce6) was purchased from Frontier Scientific Inc. (Logan, UT,
USA). 2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline (EEDQ), Bis(p-nitrophenyl) carbon-
ate, 1-ethyl-3(3-dimethylaminopropyl) carbodiimide (EDC), Dimethyl sulfoxide (DMSO),
N,N-diisopropylethylamine (DIPEA), hydroxybenzotriazole (HOBt), p-aminobenzyl al-
cohol, tetrakis(triphenylphosphine)palladium, and N-hydroxysuccinimide (NHS) were
purchased from Sigma Chemical Co. (St. Louis, MO, USA). Anhydrous dimethylformamide
(DMF) and dimethylsulfoxide (DMSO) were purchased from Merck (Darmstadt, Germany).
Tributyltin hydride (Bu3SnH) and glacial acetic acid were purchased from Acros (St. Louis,
MO, USA). DMEM medium, penicillin–streptomycin, and fetal bovine serum (FBS) were
purchased from WelGENE Inc. (Daegu, Korea). Cathepsin B, D, K, L, caspase-9, caspase-3,
and Caspase-3 ELISA Kit (cat# SMIF00) were purchased from R&D system (Minneapolis,
MN, USA). KPC960 (Human pancreatic cancer) cell lines were purchased from American
Type Culture Collection (ATCC; Manassas, VA, USA). Tem grid (Carbon Film 200 Mesh cop-
per) was purchased from Electron Microscopy Sciences (Hatfield, PA, USA). Cell counting
kit-8 (CCK-8) was purchased from Vitascientific (Beltsville, MD, USA).

3.2. Preparation of CDM Nanoparticles

Briefly, alloc-KGDEVD (0.5 g, 0.55 mmol), 4-aminobenzyl alcohol (0.34 g, 1.1 mmol,
1 eq.) and 2-Ethoxy-1-ethoxycarbonyl-1,2-digydroquinoline (0.135 g, 1.1 mmol, 1 eq.)
were reacted in anhydrous N,N-Dimethylformamide (15 mL) overnight in room tem-
perature. The solution was added into diethyl ether to from dried powder. Then, the
obtained chemicals were further incubated in N,N-Dimethylformamide (25 mL) with bis(p-
nitrophenyl)carbonate (5 eq.) and N,N-Diisopropylethylamine (3 eq.) at room temperature
for 1 h. The mixed solution was precipitated in diethyl ether. The dried sediment (300 mg),
MMAE (250 mg, 0.6 eq.), and 1-Hydroxybenzotriazole hydrate (30 mg, 0.75 eq.) were
mixed in anhydrous DMF (20 mL). After 1 h of reaction, azabenzene (5 mL) and N,N-
Diisopropylethylamine (100 μL, 1 eq.) were further added and mixed for 72 h at room
temperature. For the removal of protection groups, Alloc-KGDEVD-PABC-MMAE was
reacted with tributyltin hydride (10 eq.), tetrakis(triphenylphosphine)palladium (1 eq.),
and acetic acid (20 eq.) under nitrogen gas atmosphere for 2 h. Then, the KGDEVD-PABC-
MMAE (1 eq.) was reacted with Ce6 (1 eq.) in the presence of EDC (3 eq.) and NHS
(3 eq.). After 24 h of reaction, the resulting Ce6-(Ac)KGDEVD-PABC-MMAE was purified
using the C18 reverse analytical column. After preparation, the purity was analyzed by the
reverse-phase HPLC system.

3.3. Characterization of CDM Nanoparticles

The size distribution of CDM in saline (1 mg/mL) was characterized by using dynamic
light scattering (DLS; SZ-100, Horiba. Ltd., Kyoto, Japan, 532 nm, 10 mW). The morphology
of CDM nanoparticles in saline (1 mg/mL) was observed using the transmission electron
microscope (TEM; Talos F200X; FEI Compant, Hillsboro, OR, USA) after negative staining
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with 1% uranyl acetate. The ROS generation was assessed by bleaching test using p-nitroso-
N,N’dimethylaniline (RNO). The Ce6 and Ce6-DEVD-MMAE (1 μM) was dissolved in
saline containing 1.2 mM of L-histidine and 1% DMSO with 10 μM of RNO. Then, the
samples were irradiated with visible light (Shanghai Dream Laser Technology Co., Ltd.,
Shanghai, China) with power of 40 mW for 5 min. Finally, the RNO absorbance was
measured via UV-vis spectrometer (Agilent Spectroscopy System, Agilent Technology,
Santa Clara, CA, USA) at 405 nm of each sample (n = 5). In the same conditions, the
photophysical property of CDM was further confirmed by the Singlet Oxygen Sensor
Green (SOSG) assays. The Ce6 and Ce6-DEVD-MMAE (1 μM) were mixed with SOSG
(0.25 μM). Then, solutions were irradiated with visible light with power of 40 mW for
different time periods, and the fluorescence intensity was measured using a fluorescence
spectrometer (Hitachi, Tokyo, Japan). The caspase-3-specific cleavage of CDM nanoparticles
was analyzed by reverse-phase HPLC system (Agilent Technologies 1200 series, Agilent
Technologies, USA). The CDM nanoparticles (10 μM) were incubated with caspase-3,
caspase-9, caspase-8, cathepsin B, cathepsin L, cathepsin K, or cathepsin D (10 μg) in buffer
(0.1% CHAPS, 0.9% NaCL, 50 mM HEPES, 1 mM EDTA, 10 mM DTT, 10% glycerol, pH 7.6)
for 24 h at 37 ◦C.

3.4. In Vitro Cellular Uptake of CDM Nanoparticles

To observe the cellular uptake of CDM nanoparticles, 3 × 105 KPC960 cells were
seeded into 35-mm confocal dishes with DMEM media. Then, the cells were treated with
10 μM of CDM nanoparticles for 1, 3, 6, 12, and 24 h, respectively. After treatment, all cells
were fixed with 2% paraformaldehyde solution for 10 min and stained with 4,6-diamidino-2-
phenylindole (DAPI) for 15 min. The fluorescence imaging was performed using a confocal
laser microscope (Leica TCS SP8, Leica Microsystems GmbH, Wetzlar, Germany).

3.5. Quantitative Assay of Caspase-3 Expression

To assess the caspase-3 expression after each treatment, the KPC960 cells were in-
cubated with an equivalent amount (500 nM) of MMAE, Ce6 or CDM. In case of Ce6
or CDM groups, the cells were exposed to visible light with power of 40 mW for 5 min.
After treatment, amount of caspase-3 in the cell lysates were measured using the caspase-3
assay kit.

3.6. In Vitro Cytotoxicity of CDM Nanoparticles

The cytotoxicity of CDM nanoparticles was evaluated via the cell counting kit-8. The
KPC960 cells (5 × 104) were seeded in a 96-well cell culture plates. After 24 h of stabilization,
the cells were treated with various concentrations of Ce6, MMAE, or CDM nanoparticles
for 24 h. The cells treated with Ce6 or CDM were irradiated with visible light (40 mW
for 5 min) after 6 h of drug treatment. Then, 200 μL of medium containing 10% CCK-8
solution was added in each well, and cell viability was measured by a microplate reader
(VERSAmacTM; Molecular Devices Corp., San Jose, CA, USA) (n = 5). As a control, cell
viability of H9C2 and HDF after treatment with CDM nanoparticles for 24 h in absence of
visible light irradiation was assessed.

3.7. Preparation of Orthotopic Pancreatic Cancer Models and Treatment Protocol

Mice were bred and maintained under specific pathogen-free conditions at the Korea
Institute of Science and Technology (KIST). All experiments were conducted using protocols
approved by the Association for Assessment and Accreditation of Laboratory Animal Care
at the KIST. The BALB/C nude mice were anesthetized with Zoletil (8%), Ketamine (2%),
and the left abdominal side was incised. Then, KPC960 cells (1 × 105) suspended in 10 μL
saline were directly injected into the pancreas. The ventral wound was sutured in one layer
with 6-0 non-absorbable sutures (Ailee Co., Busan, Korea). After 14 days of inoculation,
mice were randomly divided into five groups (n = 4); (i) Saline (10 μL); (ii) Ce6 (0.1 mg/kg
in 10 μL of saline) with visible light; (iii) MMAE (0.1 mg/kg in 10 μL of saline); (iv) CDM
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(0.3 mg/kg in 10 μL of saline); or (v) CDM (0.3 mg/kg in 10 μL of saline) with visible
light. Each drug was directly injected into pancreatic cancers after incision at the left
abdominal side, and tumors of Ce6 and CDM nanoparticle groups were irradiated with
visible light with power of 160 mW for 10 min. The weight was measured every 2 days
until 2 weeks after post-injection and the animals ware sacrificed. The tumor was fixed
with 4% paraformaldehyde solution for paraffin embedding.

3.8. Statistics

The statistical significance between two groups was analyzed using Student’s t-test.
One-way analysis of variance (ANOVA) was performed for comparisons of more than
two groups, and multiple comparisons were analyzed using Tukey–Kramer post-hoc test.
Statistical significance is indicated with an asterisk (* p < 0.05, ** p < 0.01, and *** p < 0.001)
in the figures.

4. Conclusions

In this study, we proposed light-activated monomethyl auristatin E (MMAE) prodrug
nanoparticles and optimized their application for pancreatic cancer treatment. The prodrug
nanoparticles (CDM) were prepared by self-assembly of photosensitizer (Ce6), caspase-3-
specific cleavable peptide (KGDEVD), and MMAE conjugates. The CDM could promote
ROS under visible light irradiation and thereby induce caspase-3 overexpression in cancer
cells, which subsequently triggered the release of MMAE. When the CDM was directly
injected into pancreatic cancers of orthotopic models with visible light irradiation, the
progression of cancers was significantly delayed by a potent therapeutic efficacy of combi-
national Ce6-mediated PDT and MMAE-mediated chemotherapy, compared with a single
treatment of PDT or MMAE. In particular, CDM also greatly reduced the MMAE-related
severe toxic side effects by restricting the drug activation in off-target tissues. Overall,
these results suggested that combinational photo-chemotherapy by light-activated MMAE
prodrug nanoparticles provides a promising and alternative therapeutic approach for
pancreatic cancer.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27082529/s1, Figure S1: Synthetic route to prepare
light-activated MMAE prodrugs (CDM). Figure S2: The purity of CDM after preparation, confirmed
via the HPLC. Figure S3: The exact molecular weight of CDM was calculated to be 2131.1 Da
and measured to be 2131.1 m/z [M], which was confirmed via the MALDI-TOF mass spectrometer.
Figure S4: Singlet oxygen generation from Ce6 and CDM under visible light irradiation, as con-firmed
via the Singlet Oxygen Sensor Green (SOSG) assays. Figure S5: The viability of H9C2 and HDF cells
after treatment of CDM in absence of visible light. Figure S6: The photos to show the procedure of
visible light irradiation for in vivo experiments.
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Abstract: Onychomycosis is a disease that affects many adults, whose treatment includes both oral
and topical therapies with low cure rates. The topical therapy is less effective but causes fewer side
effects. This is why the development of an effective, easy to apply formulation for topical treatment is
of high importance. We have used a nanotechnological approach to formulate Pickering emulsions
(PEs) with well-defined properties to achieve site-specific delivery for antifungal drug combination of
tioconazole and Melaleuca alternifolia essential oil. Silica nanoparticles with tailored size and partially
hydrophobic surface have been synthesized and used for the stabilization of PEs. In vitro diffusion
studies have been performed to evaluate the drug delivery properties of PEs. Ethanolic solution (ES)
and conventional emulsions (CE) have been used as reference drug formulations. The examination of
the antifungal effect of PEs has been performed on Candida albicans and Trichophyton rubrum as main
pathogens. In vitro microbiological experimental results suggest that PEs are better candidates for
onychomycosis topical treatment than CE or ES of the examined drugs. The used drugs have shown
a significant synergistic effect, and the combination with an effective drug delivery system can result
in a promising drug form for the topical treatment of onychomycosis.

Keywords: pickering emulsions; onychomycosis topical treatment; tioconazole; tea tree essential oil;
antifungal activity

1. Introduction

Onychomycosis is a fungal infection of nails and nail bed and occurs on both finger and toenails.
This fungal infection affects about 11.4% [1] of the adult population and is responsible for more than
50% of nail diseases [2]. For the treatment of onychomycosis, oral, topical, mechanical, and chemical
therapies or a combination of these methods are used in practice [3]. The therapy is a long process
(10–12 months) and has a poor cure rate [4]. Oral therapy is the most effective, but in the case of
prolonged use, orally administered drugs can cause severe side effects because of their high toxicity [5].
Drug interactions can also occur, which is the main reason for the contraindication of oral therapy.
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17



Molecules 2020, 25, 5544

In such cases, topical therapy is recommended, and it is a more attractive alternative for patients.
Unfortunately, the topical treatment of onychomycosis is limited because the nail plate acts as a
barrier to drug diffusion. Its hydrophilic nature and keratinized structure reduce the diffusion of high
molecular weight or lipophilic antifungal drugs [6]. In order to enhance the penetration of drugs,
diffusion enhancers (e.g., mechanical pretreatment [7], phosphoric acid [8], keratolytes [9]) or an
appropriate formulation should be used [3].

The azole antifungal agents have been used since 1980 for topical and oral therapy of fungal
infections, among others for onychomycosis; in clinical treatment, they are used for superficial and
systemic fungal infections with safety [10]. The water solubility of generally applied antifungal
azole derivatives in the treatment of fungal nail infections is very low (<0.01 mg/mL) [10]; therefore,
their formulation contains organic solvents in most cases. Commercially available nail lacquers contain
organic solvents to increase the solubility of antifungal drugs, but these solvents act unfavorably to
the drug permeability [11]. Their restricted drug delivery ability is caused by the rapid evaporation
of organic solvents, so some drugs remain on the surface of the nail [12]. Several researches have
proved that drugs with aqueous-based formulations have higher nail permeability than non-aqueous
ones [13,14]. Another problem with azole derivatives is that fungi can become resistant to the drug in a
long-lasting treatment [15]. A combination of azoles with antifungal essential oil (EO) could solve this
problem because fungi cannot easily acquire resistance to multiple antifungal components of EOs [16].
Moreover, the azole derivatives could show synergistic antifungal activity with some essential oils
(EOs) [17], presumably because of their different mode of action. The azole derivatives inhibit the
action of cytochrome P-450 enzyme, lanosterol demethylase of fungi [18], thereby preventing the
synthesis of ergosterol, while the EOs damage the cell membranes and organelles of fungi [19]. Because
of the lipophilic character of azole derivatives [10], it is likely that it can be dissolved in lipophilic EO,
and their solution can be used for drug formulation.

The oil in water type emulsions as water-based drug formulations can provide a possible
way to overcome the water solubility problems. Conventionally, the emulsions are stabilized with
surfactants. In a long-lasting topical treatment, the use of surfactants should be avoided because
they can cause irritation and side effects, or in some cases, they can get into the blood circulation [20].
Using particle-stabilized emulsions, i.e., Pickering emulsions (PEs) [21] instead of a conventional
emulsion, has several advantages. The solid particles spontaneously adsorb on the oil-water interface
and form a shell-like structure on the PE droplet surface [22]. This adsorption can be considered as
irreversible adsorption because the solid particles have higher adsorption energy than surfactants on
oil-water interfaces [23], so the stability of PEs can be the same or better than conventional emulsions.
Another important parameter for emulsion-based drug formulation and therapy is the size of emulsion
droplets. The droplet size of PE can be influenced by several parameters, such as emulsification time
and energy, oil to solid particle volume ratio, and concentration of oil phase [24]. The fungal hypha
damages the nail structure, creating pores in μm size range [25], with porosity in the 5–20% range
depending on pretreatment of the nail [26]. An emulsion droplet with the appropriate size could
penetrate into the porous nail structure and retain the antifungal drug on the nail bed for a longer
period, which is the main site of reinfection [27], and thereby a targeted drug delivery can be achieved.
Inert and biocompatible particles should be chosen as stabilizing particles in PEs drug formulation.

Silica nanoparticles (SNPs) are widespread in pharmaceutical technology in topical treatments
because of their favorable chemical and surface properties, thermal stability, mechanical resistance,
and biocompatibility [28,29]. The effects of topically applied SNPs have been examined in detail [30],
and it has been found that they have no toxic effect even after prolonged usage. Because of the
above-mentioned advantageous properties of SNPs, they can be suitable for PEs stabilization. The PEs
are most stable when the partial wetting conditions of stabilizing particles are the same for the oil and
water phase [31]. The native SNPs are hydrophilic because of the high number of free silanol groups at
their surface [32], which has to be modified with organic ligands to achieve appropriate wettability
and strong stabilizing effect.
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In the present study, our aim was to formulate PE of an azole derivative and antifungal essential
oil as an alternative formulation for onychomycosis topical treatment. Tioconazole (TIO) has a broad
antifungal activity for common dermatophytes, which has proved to be efficient for the topical
treatment of fungal infections [33]. Nenoff et al. determined that Melaleuca alternifolia (MA) EO (tea tree
EO) inhibited the growth of several clinical fungal isolates, so they suggested its use in the topical
treatment of fungal infections [34]. For PE formulation, we used the solution of TIO in MA EO.
Synthesis and surface modification of SNPs with different sizes were performed, and they were used
as stabilizing agents of PEs. We characterized the stability, droplet size, and emulsion type of PEs.
In vitro diffusion studies were also performed through artificial membranes. The aim of the in vitro
diffusion test was to compare drug delivery characteristics of different formulations in the membranes
that have similar porous structure and surface properties as the nail plate and nail bed. The antifungal
activity against Candida albicans and Trichophyton rubrum—the species mainly responsible for fungal
nail infections—has been investigated [3].

2. Results and Discussion

2.1. Characterization and In Vitro Diffusion Study of PEs

2.1.1. Characterization of SNPs

The size distribution and PDI values for synthesized and surface-modified SNPs were determined
by DLS and TEM. Data for mean diameter and PDI values are presented in Table 1. The TEM images
showed that SNPs were monodispersed, spherical, and had a smooth surface. It can be clearly seen
that the size and morphology did not change significantly during the surface modification (Table 1 and
Figure 1). The surface modification of SNPs was confirmed by FTIR spectroscopy; the results were
previously published [35].

Table 1. Properties of SNPs. HS: hydrophilic particle. ET: with ethyl functional group modified particle.
Size represented as mean ± SD of three parallel syntheses. The numbers refer to the particle sizes.

Samples dDLS (nm) PDIDLS dTEM (nm) PDITEM

20HS 20.1 ± 0.2 0.008 20.0 0.011
50HS 52.7 ± 0.9 0.017 53.0 0.037
100HS 105.2 ± 3.6 0.021 103.0 0.083
20ET 20.1 ± 0.8 0.158 22.0 0.210
50ET 54.2 ± 2.7 0.178 55.0 0.337

100ET 110.7 ± 4.1 0.231 112.0 0.349
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Figure 1. TEM images of silica nanoparticles (SNPs). (A): HS100, d= 103.0 nm. (B): ET100, d = 110.7 nm.
(C): HS50, d = 53.0 nm. (D): ET50, d = 55.0 nm. (E): HS20, d = 20.0 nm. (F): ET20, d = 20.0 nm.

2.1.2. GC Analysis of Melaleuca Alternifolia EO

The composition of MA was determined by gas chromatography. The components were identified
by comparing their retention times and relative retention factors with standards and oils of known
composition. Two parallel measurements were performed. The main compounds were p-cymene
35.2% and terpinene-4-ol 32.5%. A detailed composition is presented in Table 2.
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Table 2. Composition of Melaleuca alternifolia EO. The results of GC analysis showed the average of the
two parallel measurements in the percentage of volatile compounds. The main components of MA
have been highlighted.

Compounds Retention Time tR (min) Percentage Ratio of Compounds (%)

α-thujene 5 1.7
α-pinene 5.2 4.6

β-phellandrene 5.2 0.6
β-pinene 6.2 1.2
β-mycrene 6.4 0.8
α-terpinene 7.0 1.4
p-cymene 7.3 35.2

terpinyl-acetate 7.3 2.1
cineole 7.4 5.8

γ-terpinene 8 7.6
terpinolene 8.6 1.7

terpinene-4-ol 10.7 32.5
α-terpineol 11 2.6

aromadendrene 15.5 0.7
epiglobulol 16.4 1.2

2.1.3. Characterization of PEs

Properties of PEs are influenced by many parameters, like the interfacial surface tension of the
phases, size, wettability, and concentration of stabilizing particles, o/w phase ratio, and emulsification
energy. In this study, we examined the influence of the o/w phase ratio and size of the stabilizing SNPs
on the droplet size and stability of formulated PEs, while other parameters were kept constant.

The results can be seen in Table 3, including data for composition, droplet size, and appearance of
PEs. For the microbiological experiments and in vitro diffusion studies, we used emulsions that were
stable for at least one week, which means that their droplet size did not change within this period,
and creaming, phase separation, aggregation, or sedimentation of SNPs did not occur.

As shown by Binks and Horozov [31], the size of stabilizing particles influences the emulsion
droplet size at the same o/w phase ratio. We found that the increment of oil phase concentration caused
an increment of emulsion droplet size at all examined oil phase concentrations. When 20 nm SNPs
were used, the droplet size increased until reaching a droplet size of 1.8 μm. Further increment of oil
phase concentration did not cause significant droplet size increment, and the stability of emulsions was
much higher in the 11.16–16.12 mg/mL concentration range (for oil phase) (see Table 3). We observed a
similar effect when 50 nm SNPs were used in the 4.48–11.19 mg/mL concentration range and 1.6 μm
droplet size (Table 3). We could not observe such behavior for PE 100ET. In this case, the droplet size
continuously increased as the oil phase concentration increased, and the stability of emulsions was
much lower (less than one week).

The stability of PE was also influenced by the size of the stabilizing SNPs. We found that with
the increasing SNPs size, the stability of PE decreased, at the same o/w ratio. The PE stability was
20 weeks using 20ET, 8 weeks for 50ET, and 1 week for 100ET SNPs, at 11.19 mg/mL oil phase
concentration. The zeta potential values of PEs could also provide their colloidal stability, whose values
did not differ significantly from the SNPs suspensions. The zeta potential of 20ET, 50ET, and 100ET
SNPs was −28.3, −25.2, and −25.0 mV, while the values of PE 20ET, PE 50ET, and PE100Et in the
0.90–17.91 mg/mL oil concentration range were from −28.0 to −19.3 mV, −24.9 to −19.0 mV, and −24.3
to −17.6 mV, respectively.

The type of emulsions was determined by conductivity measurements. The conductivity values
of stabilizing SNPs suspended in distilled water were 215.0, 211.4, and 268.3 μS·cm−1 for 20ET, 50ET,
and 100ET, respectively, while conductivity for the oil phase was 0.058 μS·cm−1. The conductivity
values of PEs were in the 157.33–257.50 μS·cm−1 range, which means that all the PEs were o/w
type emulsions.
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Table 3. Parameters of Pickering emulsions of Melaleuca alternifolia EO and tioconazole stabilized with
20ET, 50ET, and 100ET SNPs. * These emulsions were creaming, but after 30 s shaking, their droplet
size recovered to the original value, and they retained again their stability for 1 week.

PE 20ET PE 50ET PE 100ET

Coil Phase
(mg/mL)

Droplet
Size (nm)

Stability
Droplet

Size (nm)
Stability

Droplet
Size (nm)

Stability

0.90 4306 ± 39.6 10 min 1280 ± 62.8 1 day 1070 ± 438.5 30 min
1.79 615 ± 22.2 30 min 1320 ± 95.9 1 day 1350 ± 531.8 30 min
2.69 890 ± 103.3 30 min 1440 ± 83.5 1 day 1630 ± 464.5 30 min
3.58 1250 ± 94.5 1 day 1650 ± 51.5 2 day 1730 ± 514.5 10 min
4.48 1320 ± 32.5 8 weeks 1670 ± 216.8 2 day 1850 ± 107.9 10 min
5.37 1440 ± 100.2 8 weeks 1620 ± 79.7 8 weeks 1890 ± 333.8 10 min
6.27 1470 ± 35.2 8 weeks 1610 ± 34.4 8 weeks 1950 ± 95.0 10 min
7.16 1470 ± 62.5 8 weeks 1670 ± 62.8 8 weeks 1940 ± 20.1 1 week *
8.96 1660 ± 56.7 8 weeks 1690 ± 70.4 8 weeks 2070 ± 51.2 1 week *

11.19 1890 ± 41.2 20 weeks 2200 ± 188.9 8 weeks 2200 ± 59.5 1 week *
13.43 1840 ± 141.0 20 weeks 2250 ± 170.8 2 weeks * 2800.0 ± 85.7 1 week
16.12 1820.0 ± 99.6 20 weeks 2080 ± 160.1 2 weeks * 2850 ± 184.3 1 week
17.91 1850 ± 496.6 8 weeks 2380 ± 157.0 2 weeks * 3090 ± 116.6 1 week

Coil Phase
(mg/mL)

Appearance
PET 20ET

Appearance
PET 50ET

Appearance
PET 100ET

0.90 creaming sedimentation creaming
1.79 creaming sedimentation creaming
2.69 creaming sedimentation creaming
3.58 opalescent opalescent creaming
4.48 opalescent opalescent creaming
5.37 opalescent milky creaming
6.27 opalescent milky creaming
7.16 opalescent milky milky
8.96 opalescent milky milky

11.19 milky milky milky
13.43 milky milky aggregation, sedimentation
16.12 milky milky aggregation, sedimentation
17.91 opalescent milky aggregation, sedimentation

2.1.4. In Vitro Diffusion Studies through Artificial Membranes

Our goal was to formulate an emulsion that is capable of delivering the antifungal drugs through
the nail plate and retain the drugs in the site of the infection (nail bed) for a prolonged time to provide
a sustained drug release. The diffusion studies of PEs on the artificial membranes were performed
in Franz diffusion vertical cells in order to examine the drug delivery ability of the formulated PEs.
For diffusion studies, we applied PEs, CE, and ES of the same concentration, 17.91 mg/mL, as an
antifungal drug combination. Because of the droplet size similarity between the CE and PEs, we can
assume that only the dosage form determined the diffusion properties of the drug.

We found that PEs possessed better drug delivery properties through agar gel membrane compared
to CE and ES (Table 4 and Figure 2). We examined the diffusion properties of PEs with different droplet
sizes and found that the PEs with smaller droplet size (1.85 μm) could deliver as much as 89.9% of TIO
through the agar membrane. In the experiment where the composite membrane was used, we found
that the ES had diffused through the composite membrane structure, and only a small portion (2.4%)
of the drug remained in the composite membrane (Table 4 and Figure 3). The PE 20ET delivered 89.9%
of TIO through the agar gel membrane, and only 5.7% had diffused through composite membranes,
suggesting that 84.2% of the applied drug remained in the targeted area. This amount was 61.1% at PE
50ET and 45.13% at PE 100ET. These in vitro experimental results suggested that PEs had better on-site
drug delivery properties.

22



Molecules 2020, 25, 5544

Table 4. Results of in vitro diffusion studies. ES: ethanolic solution, CE: conventional emulsion, PE:
Pickering emulsion, CA: cumulative TIO amount after 2 h. The concentration of TIO was 3.58 mg/mL
in each formulation.

Samples
Stabilizing

Agent
Droplet

Size (nm)
CA Agar
Gel (%)

CA
Agar Gel
(mg/cm2)

CA Composite
Membrane (%)

CA Composite
Membrane
(mg/cm2)

ES - - 18.33 0.26 15.90 0.22
CE Tween80 2470.0 ± 89.1 35.02 0.49 11.01 0.15

PE 20ET 20ET SNPs 1850 ± 496.6 89.88 1.26 5.70 0.08
PE 50ET 50ET SNPs 2380 ± 157.0 67.18 0.95 6.06 0.05

PE 100ET 100ET SNPs 3090 ± 116.6 45.22 0.63 0.09 0.001

Figure 2. In vitro diffusion studies through agar gel membrane. ES: ethanolic solution, CE: conventional
emulsion, PE: Pickering emulsion, CA: cumulative TIO amount after 2 h. CTIO = 3.58 mg/mL.

Figure 3. In vitro diffusion studies through the composite membrane. ES: ethanolic solution, CE:
conventional emulsion, PE: Pickering emulsion, CA: cumulative TIO amount after 2 h. CTIO = 3.58 mg/mL.
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2.2. Microbiological Tests Using Candida albicans and Trichophyton rubrum

Data obtained for the minimum inhibitory concentration (MIC) and minimum fungicidal
concentration (MFC) on T. rubrum and on C. albicans are shown in Table 5 and Figures 4 and 5 for the
ethanolic solution of TIO (ES-TIO) and ethanolic solution of MA (ES-MA) and their combinations.
The TIO and MA combination showed a significant synergistic effect. When T. rubrum and C. albicans
were treated with the combination of TIO and MA, both the MIC and MFC values decreased significantly
compared to the separately used drugs.

Analyzing the antimicrobial data of the different formulations of TIO and MA clearly showed that
the PEs were more effective than CE or ES against the two pathogens. The PE 100ET showed the most
effective growth inhibition against both T. rubrum and C. albicans, and this formulation had the highest
fungicidal activity.

Table 5. Minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC) of
the test samples in combinations on T. rubrum and on C. albicans.

Sample
T. rubrum C. albicans

MIC (μg/mL) MFC (μg/mL) MIC (μg/mL) MFC (μg/mL)

ES-TIO 4.68 37.5 18.75 74.88

ES-MA 74.88 149.92 74.88 149.92

ES-TIO-MA 10.43 83.47 11.24 89.95

CE 5.21 83.47 11.24 89.95

PE 20ET 5.21 41.73 5.61 22.48

PE 50ET 2.6 20.86 2.8 11.24

PE 100ET 1.29 10.43 2.8 11.24

Figure 4. Minimum inhibitory concentration (MIC90) of ES-TIO, ES-MA, ES-TIO-MA, CE-TIO-MA, PE
20ET-TIO-MA, PE 50ET-TIO-MA, and PE 100ET-TIO-MA in μg/mL on T. rubrum (A) and C. albicans (B).
Six independent experiments with three technical replicates were performed. The green (*) and red (*)
asterisks represent a significance value of p < 0.01 for the MIC90, respectively.
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Figure 5. Minimum fungicidal concentration (MFC) of ES-TIO, ES-MA, ES-TIO-MA, CE-TIO-MA, PE
20ET-TIO-MA, PE 50ET-TIO-MA, and PE 100ET-TIO-MA in μg/mL on T. rubrum (A) and C. albicans (B).
Six independent experiments with three technical replicates were performed. The green (*) and red (*)
asterisks represent a significance value of p < 0.01 for the MFC, respectively.

3. Materials and Methods

3.1. Preparation and Characterization of Silica Nanoparticle-Stabilized Pickering Emulsions

3.1.1. Synthesis, Surface Modification, and Characterization of Silica Nanoparticles

Synthesis of hydrophilic SNPs (HS) was performed based on the work of Stöber et al. [36].
Size-selective synthesis parameters were set based on our previous work [37], as well as the
reaction circumstances for surface modification. The synthesis route and details can be found in the
Supplementary Materials. We previously reported that SNPs that have theoretical surface coverage
of 20% with ethyl groups could stabilize the MA droplets to give a stable PE [24]. For the synthesis
and surface modification of silica nanoparticles, the following chemicals were used: tetraethoxysilane
([TEOS] (Alfa Aesar GmbH, Karlsruhe Germany, purity 98%), ethyltriethoxysilane ([ETES] Alfa Aesar
Karlsruhe Germany, purity 96%), absolute ethanol (VWR Chemicals Ltd., Debrecen Hungary, AnalaR
NORMAPUR® ≥99.8%), and 28 m/m% ammonium solution (VWR Chemicals Ltd., Debrecen Hungary,
AnalaR NORMAPUR®, analytical reagent).

The size distribution was determined by dynamic light scattering (DLS) (Malvern Zetasizer Nano
S, Malvern Panalytical Ltd., Great Malvern, Worcestershire, UK). The size distribution was confirmed,
and the morphology of silica nanoparticles was studied by transmission electron microscopy (TEM)
(JEOL-1400 electron microscopy, JEOL Ltd., Tokyo, Japan). For TEM experiments, 400 mesh copper
grids coated with carbon were used (Micro to Nano Ltd., Haarlem, Netherlands).

3.1.2. Gas Chromatography Analysis of Melaleuca Alternifolia Essential Oil

Solid-Phase Microextraction (SPME) Conditions

Samples were loaded into vials (20 mL headspace) sealed with a silicon/PTFE septum prior to
SPME-GC/MS analysis. Sample preparation using the static headspace solid-phase microextraction

25



Molecules 2020, 25, 5544

(sHS-SPME) technique was carried out with a CTC Combi PAL (CTC Analytics AG, Zwingen,
Switzerland) automatic multipurpose sampler using a 65 μM StableFlex polydimethyl siloxane/
carboxene/divinyl benzene (CAR/PDMS/DVB) SPME fiber (Supelco, Bellefonte, PA, USA). After an
incubation period of 5 min at 100 ◦C, extraction was performed by exposing the fiber to the headspace
of a 20 mL vial containing the sample for 10 min at 100 ◦C. The fiber was then immediately transferred
to the injector port of the GC/MS and desorbed for 1 min at 250 ◦C, in split mode, and the split ratio
was 1:90. The SPME fiber was cleaned and conditioned in a Fiber Bakeout Station in a pure nitrogen
atmosphere at 250 ◦C for 15 min.

GC-MS Conditions

The analyses were carried out with an Agilent 6890N/5973N GC-MSD (Agilent Technologies, Santa
Clara, CA, USA) system equipped with Supelco (Sigma-Aldrich Ltd., Budapest, Hungary) SLB-5MS
capillary column (30 m × 250 μm × 0.25 μm). The GC oven temperature was programmed to increase
from 60 ◦C (3 min isothermal) to 250 ◦C at 8◦C/min (1 min isothermal). High purity helium (6.0)
was used as carrier gas at 1.0 mL/min (37 cm/s) in constant flow mode. The mass selective detector
(MSD) was equipped with a quadrupole mass analyzer and was operated in electron ionization
mode at 70 eV in full scan mode (41–500 amu at 3.2 scan/s). The data were evaluated using MSD
ChemStation D.02.00.275 software (Agilent Technologies, Santa Clara, CA, USA). The identification of
the compounds was carried out by comparing retention data and the recorded spectra with the data of
the NIST 2.0 library. The percentage evaluation was carried out by area normalization.

3.1.3. Determination of Solubility of Tioconazole in Melaleuca Alternifolia Essential Oil

Solubility Calculations by Hansen Solubility Parameters (HSPs)

As a preliminary study, the calculations of solubility parameters were performed using the Hansen
Solubility Parameters in Practice (HSPiP) software version 5.0.11 using the simplified molecular-input
line-entry system (SMILES), obtained from PubChem. HSPs (Equation (1)) use group contribution
to split the total cohesion energy of a solvent into contributions from atomic dispersion (δd), polar
interactions (δp), and hydrogen bonding (δh) [38].

δ =
(
δ2

d + δ
2
p + δ

2
h

)0.5
(1)

Differences in solubility parameters were calculated with the HSP difference (Equation (2)).
A value below that of the reported cut-off value 7 Mpa0.5 indicates miscibility [39].

Δδ = |δsolvent − δtioconazole| (2)

For the calculation, the three main components of MA were used (p-cymene, terpinene-4-ol,
γ-terpinene), and it could be established that TIO can be dissolved in the EO. The results of the
calculation can be found in Supplementary Materials Tables S2–S4. In order to determine the exact
solubility of TIO in MA, the solvent addition method was performed (Section 3.1.3 Determination of
Kinetic Solubility).

Determination of Kinetic Solubility

The kinetic solubility of TIO (tioconazole, purity ≥98%, Alfa Aesar, Karlsruhe, Germany) in
water-saturated MA (Melaleuca alternifolia essential oil, Tebamol®, BIO-DIÄT-BERLIN GmbH, Berlin,
Germany) was determined by the solvent addition method [40]. The examination was performed at
ambient temperature (25 ◦C). The initial suspension was prepared by weighing the exact amount of
1.0 mg TIO and the addition of 500 μL of MA. The volume of MA was increased until the suspension
turned into a clear solution. The light scattering of suspension was determined visually and with
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instrumental measurement of scattered light intensity (DLS, Malvern Zetasizer Nano S). The kinetic
solubility of TIO in MA was found to be 0.213 mg/mL (23.8 m/m%). The concentration of TIO in MA
was set to 20 m/m% for the PE preparations.

3.1.4. Preparation and Characterization of Pickering Emulsions

The concentration of emulsifiers in the water phase was set to 1 mg/mL and was kept constant for
all experiments. Three different sizes of SNPs were used for PE formulation (20ET, 50ET, 100ET) and
Tween80® surfactant (Tw80) (Polysorbate80 Acros Organics, Thermo Fisher Scientific, Waltham, MA,
USA) for conventional emulsions (CE). The concentration of oil phase varied between 0.90 and 17.91
mg/mL, and the ratio of TIO and MA was always constant (20 m/m%).

The emulsification was performed in two steps. The coarse emulsions were prepared by sonication
for 2 min (Bandelin Sonorex RK 52H, BANDELIN electronic GmbH & Co. KG, Berlin, Germany).
The final emulsification was performed with UltraTurrax (IKA Werke T-25 basic, IKA Werke GmbH,
Staufen im Breisgau, Germany) for 2 min at 13,500 rpm. The emulsions’ droplet size was determined
with DLS using a Malvern Zetaziser Nano S instrument (Malvern Panalytical Ltd., Great Malvern,
Worcestershire, UK). The stability of the emulsions was determined from periodical droplet size
determination. The emulsions were stored at room temperature (25 ◦C).

The type of emulsions was determined with conductivity test using Mettler Toledo Seven2Go
S3 conductivity meter (Mettler Toledo GmbH, Giessen, Germany) and InLab® 738-ISM sensor
(Mettler Toledo GmbH, Giessen, Germany).

All experiments, measurements, and standard deviation calculations were performed from
3 parallel sample preparations.

3.1.5. In Vitro Diffusion Studies—Static Franz Diffusion Cell Method

Accepted models for testing drugs and their formulations for onychomycosis treatments include
penetration tests through cadaver nails [41], nail clippings, bovine hoof slices, or keratin films [42] made
from human keratin source. The non-uniformity of natural membranes causes huge inhomogeneity
in the results [43–45], which makes the comparison of different formulations impossible. The aim
of our study was to examine the diffusion properties of applied drugs in complex colloidal systems;
therefore, in our opinion, the similarity in hydrophilicity and surface charge between the nail plate or
nail bed and artificial membranes was of the highest importance for testing and comparison of the
formulations. The nail plate acts as a negatively charged aqueous hydrogel, as it is described in the
literature [46], and it has properties similar to that of the agar gel [47]. Based on the literature data
obtained from independent researches, we compared the diffusion coefficient and flux of well-studied
antibiotic chloramphenicol (5 mg/mL in phosphate-buffered saline) with different membranes, namely
agar gel [48], bovine hoof slice, and cadaver nail plate [49]. We found that the diffusion coefficients
and flux values were very similar for agar gel and bovine hoof slice membranes. Flux for bovine hoof
was 4.07 ± 1.18·10−6 mg/cm2·s, for agar gel 1.96 ± 0.47 10−6 mg/cm2·s, and 8.21 ± 2.11 10−7 mg/cm2·s
for the cadaver nail plate. The flux values for agar gel were closer to the value for the cadaver nail
plate, which might suggest that agar gel is a good model membrane for water-based formulations.

The agar gel membrane was used to model the nail plate. The composite membrane, consisting
of the agar gel layer on top of the cellulose acetate membrane, was used to simulate the complex
structure of nail plate and nail bed since nail bed has similar properties as skin [50,51], and the cellulose
membrane has been commonly used as a model for skin permeability [52]. The main aim of the study
on two types of membranes was to examine whether the examined formulations could deliver the
applied lipophilic drugs through agar gel as a model for nail plate, and the composite membrane was
used to examine if the formulation could retain the drugs on the main site of the infection, namely nail
bed. The amount of the drug transported through the membrane was calculated based on the amount
introduced to the membrane. In the case of agar membrane, the goal was to prepare the drug delivery
system that could deliver the highest drug amount through that membrane. The composite membrane
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was used to test the on-site retention of drugs in different formulations. The amount of retained drug
was calculated as a difference between the drug amount passed through the agar gel membrane and
the amount passed through the composite membrane

For in vitro testing, the 2.1 mm thick 6 m/m% agar gel membrane (Agar powder, purity>95%, VWR
Chemicals Ltd., Debrecen, Hungary) and the same agar gel membrane combined with 0.8 mm thick
cellulose acetate with effective penetration area of 2.54 cm2 (Membranfilter Porafil, Macherey-Nagel
GmbH&Co. KG, Düren, Germany, pore size 0.2 μm) were used. Before each measurement, the agar
gel was always freshly prepared. The agar powder was dispersed in demineralized water, and the
mixture was boiled in a closed vial for 3 min until all agar was completely dissolved. Exactly 10 mL of
agar gel was poured into a plastic vessel (i.d. 70.8 mm), then left to cool (25 ◦C) and gelate. After the
gelation, the agar gel was soaked in PBS buffer for 12 h. Finally, the agar membrane was cut out with a
sharp home-made tool and placed on the Franz cell. The cellulose acetate membranes were also freshly
soaked in PBS buffer before the experiments.

The examination of diffusion properties was performed at 32 ◦C in static vertical Franz diffusion
cells (Hanson Microette Plus, Hanson Research 60-301-106, Hanson Research Corporation, Chatsworth,
CA, USA); six parallel cells with effective penetration area 2.54 cm2 were used, and each experiment
was made in triplicates. The volume of the receiver chamber was 7 mL; the receiver solution was PBS
buffer. For PBS preparation, the following salts were used: NaCl (high purity, VWR Chemicals Ltd.,
Debrecen Hungary), KCl (purity 99–100.5%, VWR Chemicals Ltd., Debrecen Hungary), Na2HPO4·2H2O
(AnalaR NORMAPUR®, purity ≥99.0%, VWR Chemicals Ltd., Debrecen Hungary), and KH2PO4

(purity ≥99.0%, VWR Chemicals Ltd., Debrecen Hungary). The 600 μL volume of emulsion or solution
sample was placed into the donor chamber, and the diffusion was examined for 2 h; the stirring rate
was 700 min−1, and the samples were collected after 5, 10, 15, 30, 60, 90, and 120 min. The withdrawn
sample volume was replaced with a fresh PBS buffer.

The TIO content was determined with HPLC measurements using UV-Vis detector (SPD 10-A,
Shimadzu Europa GmbH, Duisburg, Germany); the method is based on Bagary et al. [53]. Separations
were carried out using a monolithic silica type column (ODS-AM302, S-5μm, 120A, YMC Co., Kyoto,
Japan). The mobile phase consisted of methanol/0.02 M K2HPO4 = 85/15 V/V% and 0.2 V/V%
trimethylamine (methanol dehydrated, ultrapure ≥99.8%, VWR Chemicals Ltd., Debrecen Hungary;
trimethylamine: HiPerSolv CHROMANORM®, VWR Chemicals Ltd., Debrecen Hungary), pH = 7.0.
The mobile phase was freshly filtered through Millipore Nylon membrane (pore size: 0.2 μm, Merck
KGaA, Darmstadt, Germany) before the analysis. Isocratic elution was programmed with a 1.5 mL/min
flow rate; the temperature of measurement was 32 ◦C. The detection wavelength of tioconazole was
254 nm, and its retention time was 3.5 min.

3.2. Microbiological Tests against Candida albicans and Trichophyton rubrum

3.2.1. Instruments Used in the Microbiological Experiments

UV-Vis spectrophotometer (Hitachi U-3900, Hitachi High-Tech Corporation, Japan),
microbiological incubator (Thermo Scientific Heraeus B12, Thermo Fischer Scientific, Waltham, MA,
USA), Bürker cell counting chamber (Hirschmann Laborgeräte GmbH & Co., Germany), Multiskan
EX 355 (Thermo Fischer Scientific, Waltham, MA, USA) spectrophotometer were used throughout
the experiments.

3.2.2. Materials Used in the Microbiological Experiments

For the microbiological experiments, the following materials were used: sterile 96-well
microtiter plates (Greiner Bio-One, Kremsmunster, Austria), potato dextrose agar (PDA) (BioLab,
Budapest, Hungary), sterile filter inserts (pore size 10 μm) from PluriSelect (pluriSelect Life
Science, Leipzig, Germany), dextrose, adenine, bacteriological peptone and agar-agar (Reanal Labor,
Budapest, Hungary), sterile centrifuge tubes (TPP Techno Plastic Products, Trasadingen, Switzerland),
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homemade Sabouraud dextrose agar or SDA (containing 4% dextrose, 1% bacteriological peptone,
and 1.5% agar-agar in double-distilled water), yeast extract peptone dextrose agar (containing 2%
bacteriological peptone, 1% yeast extract, 2% dextrose, and 1.5% agar-agar in double-distilled water),
3-(N-Morpholino)-propanesulfonic acid (MOPS) from Serva Electrophoresis GmBH (Heidelberg,
Germany), and RPMI 1640 medium (containing 3.4% MOPS, 1.8% dextrose, and 0.002% adenine) from
Sigma-Aldrich Chemie GmBH (Steinheim, Germany). Highly purified water (<1.0 μS) was applied
throughout the experiments.

3.2.3. Fungal Cultures and Inoculum Preparation

Trichophyton rubrum (T. rubrum) DSM 21146 and Candida albicans (C. albicans) ATCC
001 were obtained from Leibniz Institute DSMZ GmbH (Braunschweig, Germany) and from
Department of General and Environmental Microbiology (Institute of Biology, University of Pécs,
Hungary), respectively.

We followed the methods described previously [54–57] for T. rubrum and C. albicans culture
preparation. In brief, T. rubrum stock inoculum suspensions were prepared from 7-day old cultures
grown on PDA at 28 ◦C for sporulation. Ten days later, the observed fungal colonies were flooded
with 10 mL distilled water, followed by scraping the surface using a sterile loop. Conidia and hyphal
mixed suspensions were withdrawn and were transferred to a sterile centrifuge tube through sterile
filter inserts (10 μm, pluriSelect) to remove hyphae, leaving a filtered inoculum containing spores
only. The inoculum cell population was adjusted to 0.5 to 5 × 106 spores/mL visually using a Bürker
cell counting chamber, followed by further turbidity calibration with a UV-Vis spectrophotometer
(Hitachi U-3900) at 520 nm. The spores were further diluted to the desired population according to the
experimental requirements.

C. albicans stock inoculum was prepared from 48 h old culture grown on YEPD agar plates at 30 ◦C.
After 18 h of incubation at 30 ◦C in a microbiological incubator, on YEPD agar slant, the cells were looped
out, diluted with 0.9% sterile saline, and were counted by a Bürker cell counting chamber, followed by
turbidity calibration with a UV-Vis spectrophotometer (Hitachi U-3900) at 595 nm. The fungal cell
population was set to ~1 × 106 cells/mL and was diluted later according to the experimental designs.

3.2.4. Determination of Antifungal Activities

For the evaluation of the minimum inhibitory concentration (MIC) of T. rubrum and C. albicans,
we followed previously published methods [56–59]. The ethanolic solutions of TIO and MA in a wide
concentration range (0.5–300 μg/mL) were used for the assay. CE and PEs formulations were also
tested; an initial concentration of the oil phase was 160 μg/mL for T. rubrum, whereas 180 μg/mL for
C. albicans treatment was applied. The treating mixtures were further diluted up to 256 times in a serial
half-dilution format.

One hundred microliters of fungal cell suspensions (see Sections 3.2.5 and 3.2.6) with equal fungal
contents were applied thereafter to the microplate wells containing 100 μL of the different samples.
Detailed information on the assay conditions can be found in Sections 3.2.5 and 3.2.6. As a blank,
suspensions of 20ET, 50ET, 100ET SNPs, pure ethanol, Tw80 solution were used.

3.2.5. Determination of Minimum Inhibitory Concentration of T. rubrum

The T. rubrum, inoculum size of ~2.5 × 104 spores/mL, containing the test drugs in half-dilution
format, was incubated in RPMI media for 7 days in a microbiological incubator at 28 ◦C. The microplates
containing T. rubrum incubated for 7 days with the test drugs were evaluated following the protocol as
recommended by the Clinical and Laboratory Standards Institute (CLSI) M38-A2. The untreated cell
samples and the medium without cells were considered as the growth control and blank, respectively.
The endpoint determination readings for the minimum inhibitory concentrations (MIC) were performed
visually based on the comparison of the growth in the wells containing the test drugs with that of the
growth control [60]. All evaluations were performed in triplicates in six independent experiments.
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3.2.6. Determination of Minimum Inhibitory Concentration of C. albicans

A population size of ~2 × 103 CFU/mL was incubated in RPMI media with the above-mentioned
test drug concentration range at 30 ◦C for 48 h in the case of C. albicans. A Multiskan EX 355
spectrophotometer was used to measure the absorbance (at 595 nm) of the samples in the microtiter
plate in the case of C. albicans. The absorbance values of the respective treatments were converted to
a percentage and were compared to growth control (100%). The untreated fungal samples and the
medium without cells were considered as the growth control and blank, respectively. All evaluations
were performed in triplicates in six independent experiments.

3.2.7. Determination of the Minimum Fungicidal Concentration (MFC)

Determination of MFC was performed using the methods as described earlier with modifications [56].
After performing the MIC, 10 μL of the content from each well (not visibly turbid) was inoculated onto
sterile SDA plates. The plates were incubated at 30 ◦C for 48 h. MFC was evaluated as the lowest drug
concentration, resulting in no growth (≥99.9% growth inhibition). Measurements were performed by
applying three technical replicates in six independent experiments.

3.2.8. Statistical Analyses

The statistical analyses were conducted using a one-way ANOVA test (Origin 2016, OriginLab
Corp., Northampton, MA, USA), and the significance was set at p ≤ 0.05.

4. Conclusions

The choice of drugs used in this research was based on careful consideration. The TIO was chosen
as a drug with high antifungal activity but low water solubility and permeability through the nail
plate. MA EO was selected because of the antifungal activity and because it is a liquid and can be
used as a solvent for TIO. The combination of the drugs applied in this study showed a significant
synergistic effect. The solution of TIO in MA EO was successfully formulated into stable Pickering
emulsions. In vitro studies have demonstrated that PEs are effective drug formulations that can
provide site-specific and effective drug delivery through artificial membranes. 20ET PE achieved
the highest drug delivery efficiency as it could deliver 40% of the drug introduced to the artificial
membrane within 10 min. The amount delivered at this time was 572 μg of TIO through the agar
model membrane, while the MFC of the TIO in this formulation was 4.69 μg/mL. To prove the real
applicability of the suggested drug combination and PE formulation, we have to perform experiments
on the natural nail model. Still, from the presented data, we can conclude that the application of both
site-specific drug delivery and synergistic antifungal drug combinations is a promising route for the
development of effective onychomycosis topical treatment formulation.

Supplementary Materials: The following are available online: Table S1. Parameters of hydrophilic and surface-
modified silica nanoparticle synthesis. Table S2. HSPs of tioconazole and the three main components of
Melaleuca alternifolia essential oil. Table S3. Calculated solubility parameters of tioconazole compared to the three
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Abstract: The inadvertent severing of a ureter during surgery occurs in as many as 4.5% of colorectal
surgeries. To help prevent this issue, several near-infrared (NIR) dyes have been developed to assist
surgeons with identifying ureter location. However, the majority of these dyes exhibit at least some
issue that precludes their widespread usage such as high levels of uptake in other tissues, overlapping
emission wavelengths with other NIR dyes used for other fluorescence-guided surgeries, and/or
rapid excretion times through the ureters. To overcome these limitations, we have synthesized and
characterized the spectral properties and biodistribution of a new series of PEGylated UreterGlow
derivatives. The most promising dye, UreterGlow-11 was shown to almost exclusively excrete
through the kidneys/ureters with detectable fluorescence observed for at least 12 h. Additionally,
while the excitation wavelength is similar to that of other NIR dyes used for cancer resections,
the emission is shifted by ~30 nm allowing for discrimination between the different fluorescence-
guided surgery probes. In conclusion, these new UreterGlow dyes show promising optical and
biodistribution characteristics and are good candidates for translation into the clinic.

Keywords: ureter imaging; fluorescence-guided surgery; near-infrared dye; PEG pharmacokinetics

1. Introduction

Because ureters are not commonly visible on visceral surfaces, their localization during
abdominal surgery can be problematic, leading to accidental severance of the ureter in as
many as 4.5% of colorectal surgeries [1] and 0.3% of all gynecological procedures [2,3]. To
prevent the resulting leakage of urine into the peritoneum and the ensuing long-term com-
plications [1,4,5], any cleaved ureter must be immediately religated by a time-consuming,
complicated, and expensive procedure, thereby dramatically increasing the cost and com-
plexity of the surgery. Not surprisingly, considerable effort has been focused on the
development of methods to prevent ureter injuries during surgery.

One of the earliest approaches to avoid accidental ureter cleavage was to insert a stent
into the ureter that would rigidify the duct and render it detectable by palpation [6,7].
However, because the process of stent insertion was found to cause occasional injury [1,8,9]
and since physical palpation was not possible during robotic or endoscopic surgeries,
the stent insertion strategy never attracted significant usage. Systemically administered
near-infrared (NIR) fluorescent dyes such as indocyanine green (ICG) [10] and Ureter-
Glow [11] were then explored for similar intraoperative ureter visualization, but these
initial fluorescent dyes were found to clear primarily through the liver, bile duct, and
intestines [10,11], creating high background fluorescence that could mask the location of
proximal ureters. While much brighter fluorescent signals have been achieved by intra-
ureter dye injection [12–14], the injection process has been considered by many surgeons to
be too involved for routine ureter localization, leading to similar problems with widespread
adoption [15]. Finally, although a zwitterionic near-infrared (NIR) fluorescent dye has
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been recently designed to excrete predominantly through the ureter [16], its transit time in
ureters has been found to be very brief, and its fluorescence excitation and emission unnec-
essarily overlap with many tumor-targeted NIR dyes (e.g., IR800CW [17,18], LS288 [19,20],
ICG [10,12–15], and OTL38 [11], Table 1), creating a potential discrimination problem when
malignant lesions reside near a ureter.

Table 1. Photo-physical properties of NIR dyes used for fluorescence-guided surgeries and new
PEGylated probes.

NIR Dyes
Excitation Maximum

(nm)
Emission Maximum

(nm)
Stokes Shift (nm)

IR800CW 780 795 15
LS288 770 785 15

ZW800-1 770 788 18
ICG 780 802 22

OTL38 776 796 20
UreterGlow 800 830 30

UreterGlow-0 800 830 30
UreterGlow-3 800 830 30
UreterGlow-11 800 830 30
UreterGlow-45 800 830 30

In an effort to create a ureter imaging agent with (1) reduced fluorescence in healthy
tissues (except ureters), (2) prolonged transit through the ureters, and (3) an emission
spectrum distinct from that of commonly used tumor-targeted fluorescent dyes, we have
conjugated a longer wavelength NIR dye to a series of polyethylene glycol (PEG) oligomers
of different lengths and examined their clearance following intravenous injection into mice.
We report that conjugation of the NIR dye S0456 via a thioether bridge to PEG oligomers of
11–45 oxyethylene units yields ureter imaging agents with little uptake in healthy tissues,
prolonged excretion almost exclusively through the ureters, and facile ureter visualization
at an emission maximum that is easily distinguished from the common tumor-targeted
NIR dyes.

2. Methods

2.1. Materials

S0456 was purchased from Few Chemicals (Bitterfeld-Wolfen, Germany). 2-(1H-7-
Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uronium hexafluorophosphate methanaminium
(HATU) was obtained from Genscript Inc. (Piscataway, NJ, USA). The PEG3, PEG11, and
PEG2000 oligomers were purchased from TCI America (Portland, OR, USA), BroadPharm
(San Diego, CA, USA), and Laysan Bio (Arab, AL, USA), respectively. Diisopropylethy-
lamine (DIPEA), dimethyl sulfoxide (DMSO), and all other chemical reagents were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Tubes, pipette tips, microtiter plates,
and all other consumables were purchased from Fisher Scientific (Waltham, MA, USA).

2.2. Synthesis of PEGylated S0456 NIR Dyes

The S0456 near-infrared dye (1 equiv) was reacted with 2-(4-mercaptophenyl) acetic
acid (1.1 equiv) in 2 mL DMSO for 12 h (90% yield, 95% purity). The resulting compound
(1 equiv) was coupled to one of three different PEG linkers (1.1 equiv) of sizes 3, 11, and
~45 (PEG2000) in the presence of HATU (1.1 equiv) and DIPEA (5 equiv) in 5 mL DMSO
for 6 h to yield the final PEGylated S0456 dyes.

The crude product was purified by preparative reverse-phase high-performance
liquid chromatography using a mobile phase of 20 mM ammonium acetate buffer and
gradient of 5 to 80% acetonitrile over 30 min (xTerra C18; Waters; 10 μm; 19 × 250 mm).
Elution of the conjugate was monitored at 280 nm, and identities of eluted compounds
were analyzed by liquid chromatography-mass spectrometry (LC-MS) (see Supplementary
Materials). The molecular weight of UreterGlow-0 was calculated (calcd) for [M + H]+
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(C46H54N2O14S5): 1019.2, found 1019.3. UreterGlow-3 calcd. (C54H72N4O16S5): 1193.4,
found 1193.6. UreterGlow-11 calcd (C54H72N4O16S5): 1545.9, found 1545.9. UreterGlow-
45 was synthesized using commercially available PEG2000 which is comprised of PEG
oligomers of various lengths that should be centered around a PEG chain length of
45. Calcd. for PEG45 length (C138H240N4O58S5): 3043.7, found 3001.3, which corresponds
to the most prominent PEG chain length centered around 44.

2.3. Characterization of Spectral Properties

The excitation and emission wavelengths of the various dyes (1 μM in PBS) were
scanned using a Cary Eclipse fluorimeter (Agilent, Santa Clara, CA, USA). The wave-
length which resulted in the maximum excitation and emission values for each dye
was determined.

2.4. Animal Husbandry

ND4 Swiss Webster mice (Harlan Laboratories, Indianapolis, IN, USA) were main-
tained on normal rodent chow and housed in a sterile environment on a standard 12 h
light and dark cycle for the duration of the study. All animal procedures were approved by
the Purdue Animal Care and Use Committee in accordance with NIH guidelines (protocol
#1111000316 approved 2 February 2021).

2.5. In Vivo Biodistribution

Mice were injected via tail vein with 10 nmol of a fluorescent dye conjugate. Mice
were sacrificed at 2, 4, and 6 h post-injection, and organs were removed (n = 1 per timepoint
per conjugate for the initial UreterGlow-0, -3, -11, and -45 biodistribution studies and
n = 3 per timepoint per conjugate for the UreterGlow-11, IR800CW, IR800BK, and ZW800-1
biodistribution studies). For urine analysis, mice were administered 10 nmol UreterGlow-
11 via tail vein injection, sacrificed at various timepoints, and urine was removed from the
bladder via syringe. The organs and urine were imaged using a Caliper IVIS Lumina II
Imaging Station (PerkinElmer, Waltham, MA, USA) coupled with an ISOON5160 Andor
Nikon camera equipped with Living Image Software Version 4.0 (PerkinElmer, Waltham,
MA, USA). The settings were as follows: lamp level, high; excitation, 745 nm; emission,
ICG; epi illumination; binning (M) 4; FOV, 12.5; f-stop, 4; acquisition time, 1 s.

2.6. Effect of pH on UreterGlow-11 Emission Spectra

UreterGlow-11 (1 μM) was added to PBS (pH 7.4), freshly collected human urine
(pH 5.5) or sodium carbonate buffered saline with pH values ranging from 2.5 to 10. The
dye was excited using 800 nm light and the emission spectrum was obtained using a Cary
Eclipse fluorimeter (Agilent, Santa Clara, CA, USA).

3. Results and Discussion

3.1. Design and Synthesis of the Ureter Probes

In an effort to remedy the deficiencies of current ureter imaging agents, we undertook
to design a water-soluble NIR dye that would (i) excrete for several hours primarily
through the ureters, (ii) avoid uptake by normal tissues, (iii) excite with the same light
source used for visualization of tumor-targeted fluorescent dyes, and (iv) emit at a longer
wavelength than the tumor-targeted fluorescent dyes; i.e., to allow discrimination of the
tumor from ureter fluorescence. Because PEGylation can prolong circulation times and
reduce nonspecific uptake by healthy tissues [21–23], we synthesized a series of optical
probes comprised of PEG oligomers of different lengths linked to the cyanine dye, S0456,
via a thioether bond to 4-mercaptophenylacetic acid (see Methods). As summarized in
Scheme 1, PEG oligomers containing 0, 3, 11, and ~45 oxyethylene units were conjugated
to the modified S0456 dye and designated as UreterGlow-0, -3, -11, -45. All four conjugates
were purified using preparative reverse-phase HPLC and then characterized by LC-MS
(see Supplementary Materials). With sufficient quantities synthesized and purities of >95%
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achieved for all conjugates, characterization of their physical and biological properties
could commence.

Scheme 1. Synthesis of PEGylated NIR dyes for improving renal clearance. (a) DMSO, RT,
12 h. (b) HATU (1.1 equiv), DIPEA (5 equiv), DMSO, RT, 6 h.

3.2. Characterization of Physical Properties

Following synthesis of the desired conjugates, molecular weights were confirmed by
mass spectrometry, and excitation and emission spectra were obtained using a fluorescence
spectrophotometer. As shown in Table 1 and Figure 1, use of a thioether in these UreterGlow
conjugates instead of an oxoether bridge connecting the S0456 dye to a phenyl ring shifted
the excitation maximum of the conjugate from 776 nm (i.e., similar to OTL38 and many
other tumor-targeted fluorescent dyes) to 800 nm. The corresponding emission maxima
also shifted from 796 nm to 830 nm, respectively. Because the excitation spectra of both
the oxo- and thioether bridged S0456 dyes, as well as the other major NIR dyes used for
tumor imaging (IR800CW, LS288, ZW800-1, ICG, and OTL38) overlap over most of their
excitation spectra (Figure 1), all of the above NIR dyes should be excitable with the same
light source; i.e., avoiding the need to change light sources or cameras to image cancer
tissues and ureters simultaneously. Moreover, because the emission spectra of the thioether
dyes are shifted ~30–40 nm to longer wavelengths from the major tumor-imaging dyes
(Table 1 and Figure 1), it should be possible to display tumor tissue and ureters in different
colors on any imaging monitor [24]. Based on these considerations, we expect our ureter
probes to function well in combination with most tumor-targeted fluorescent dyes to help
prevent accidental ureter damage during abdominal surgeries.
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Figure 1. Excitation and emission spectra of various NIR dyes for fluorescence-guided surgery applications. Dyes (1 μM
in PBS, pH 7.4) were excited at 680 nm and their emissions were scanned from 700 to 900 nm. Alternatively, excitation
wavelengths were scanned from 600 nm to 850 or 900 nm while the emission wavelength was set at 900 nm followed by
normalization of their intensities.

3.3. In Vivo Imaging and Biodistribution

To test the hypothesis that a PEG linker of the appropriate length can reduce healthy
tissue uptake while prolonging passage of the conjugate through the ureter, the aforemen-
tioned PEGylated probes were injected via tail vein into live mice and allowed to circulate
for different lengths of time (i.e., 2, 4, and 6 h) before euthanasia and analysis of tissue
fluorescence (n = 1 for each timepoint and each conjugate). As shown in Figures 2 and 3,
UreterGlow-0 showed significant uptake in all major organs except the heart, spleen, and
lungs, demonstrating that UreterGlow-0 would not function well for ureter imaging. How-
ever, as the length of the appended PEG chain was increased, healthy tissue retention
decreased at all time points, with minimal if any healthy tissue fluorescence of UreterGlow-
11 and -45 detected at the 2 h time point and no significant healthy tissue fluorescence
observed at any subsequent time points. These data demonstrate that the longer PEG
chains suppress uptake of the UreterGlow conjugates by healthy tissues, and that their
capture by the liver and subsequent excretion via the bile duct into the intestines is also
suppressed by longer PEGylation. Because compounds not excreted via the liver/bile duct
must excrete through the kidneys, this redirection of UreterGlow-11 and -45 to clearance
through the kidneys should enhance and prolong their flow through the ureters. However,
because both UreterGlow-11 and -45 performed similarly, UreterGlow-11 was employed in
all further studies because it could be synthesized as a homogeneous molecular species.

To compare the properties of UreterGlow-11 with other NIR dyes previously examined
for ureter imaging, mice (n = 3 per time point per conjugate) were intravenously injected
with UreterGlow-11, IR800CW, IR800BK, or ZW800-1) [16,25] and sacrificed 2, 4, or 6 h
after injection prior to analysis of tissue-retained fluorescence. As shown in Figure 4,
UreterGlow-11 showed little or no uptake in any tissues except the kidneys at all time
points examined, suggesting its signal to background contrast along the urinary tract should
be very high. In contrast, all other dyes investigated displayed significant accumulation
in healthy organs, likely due to their partial excretion through the liver, bile duct and
intestines and/or nonspecific retention by an unknown process in these tissues. These
nonspecific uptake properties could be troublesome during fluorescence-guided surgeries
of metastatic cancers since the latter dyes are also commonly used in fluorescent probes for
imaging malignant lesions.
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Figure 2. In vivo biodistribution of UreterGlow conjugates. Mice were administered 10 nmol of various conjugates (n = 1
per time point per conjugate) via tail vein injection. After varying times, mice were euthanized and their organs were
removed. Organs were imaged and the fluorescence intensity recorded.

Although the small size of murine ureters rendered them difficult to image, because
any dye that appears in the urine will have recently passed through the ureters, we
collected urine samples at different times, post-intravenous injection, and measured their
fluorescence intensities in order to confirm that UreterGlow-11 could provide strong ureter
fluorescence for prolonged periods following administration. As shown in Figure 5, urine
fluorescence remained high for at least 12 h after UreterGlow-11 infusion and then only
gradually declined over the subsequent 12 h. These data suggest that UreterGlow-11
should illuminate ureters well, even during protracted abdominal surgeries.
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Figure 3. Quantitation of in vivo biodistribution of UreterGlow conjugates. Mice were administered
10 nmol of various conjugates (n = 1 per time point per conjugate) via tail vein injection. After varying
times, mice were euthanized and their organs were removed. Organs were imaged, fluorescence
intensity was recorded, and relative fluorescence was plotted.
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Figure 4. Comparison of in vivo biodistribution of UreterGlow-11 and other NIR ureter imaging dyes/conjugates. Mice
were administered 10 nmol of various conjugates (n = 3 per time point per conjugate) via tail vein injection. After varying
times, mice were euthanized, their organs were removed, fluorescence intensity was imaged.

 

Figure 5. Quantitation of urine fluorescence after administration of UreterGlow-11. Mice were
administered 10 nmol of various conjugates (n = 1 per time point) via tail vein injection. After varying
times, mice were euthanized, and urine was collected from their bladders. The fluorescence of the
isolated urine was quantitated.

Finally, because urine pH can vary from pH 4.5 to pH 8 [26], it was important to ensure
that the UreterGlow-45 fluorescence did not vary with urine pH. As shown in Figure 6A,
the emission spectrum of UreterGlow-45 was independent of pH between 2.5 and 10 and
also showed no impact when dissolved in urine (Figure 6B). Taken together, these data
collectively suggest that UreterGlow-11 should perform well as a ureter imaging agent
during abdominal surgeries for cancer.
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Figure 6. Sensitivity of UreterGlow-45 emission spectra in different pH buffers. (A) UreterGlow-11
(1 μM) was excited at 800 nm while dissolved in sodium acetate buffered saline at various pH levels,
and the emission spectra were characterized. (B) UreterGlow-11 (1 μM) was excited at 800 nm while
dissolved in PBS (pH 7.4) or human urine (pH 5.5), and the emission spectra were characterized.

4. Conclusions

Although this brief report described only the impact of two compositional variables
on the properties of a NIR dye for intra-operative ureter imaging, many other modifi-
cations could also have been explored for further optimization. Thus, NIR dyes with
other excitation and emission wavelengths could have been generated by the insertion of
other heteroatoms at other locations in the UreterGlow conjugate. PEGs of intermediate
lengths between 11 and 45 oxyethylene units could also have been examined for improved
biodistribution and pharmacokinetic properties. And finally, a targeting ligand could have
been designed that would enable sustained binding of the fluorescent conjugate to the
epithelial cells lining the ureters. Thus, while the above improvements in ureter specificity,
emission wavelength, and transit time through the ureters now renders UreterGlow-11 a
good candidate for translation into the clinic, opportunities may remain for further opti-
mization with an eventual goal of totally eliminating accidental damage to ureters during
abdominal surgeries.

Supplementary Materials: The following are available online, Figure S1: Chemical Structures of
Selected Dyes Used in Fluorescence-Guided Surgeries; Figure S2: Structure and LC-MS Charac-
terization of UreterGlow-0; Figure S3: Structure and LC-MS Characterization of UreterGlow-3;
Figure S4: Structure and LC-MS Characterization of UreterGlow-11; Figure S5: Structure and LC-MS
Characterization of UreterGlow-45.
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Abstract: Recently, we designed an inventive paradigm in nanomedicine—drug-free macromolecular
therapeutics (DFMT). The ability of DFMT to induce apoptosis is based on biorecognition at cell
surface, and crosslinking of receptors without the participation of low molecular weight drugs.
The system is composed of two nanoconjugates: a bispecific engager, antibody or Fab’ fragment—
morpholino oligonucleotide (MORF1) conjugate; the second nanoconjugate is a multivalent effector,
human serum albumin (HSA) decorated with multiple copies of complementary MORF2. Here,
we intend to demonstrate that DFMT is a platform that will be effective on other receptors than
previously validated CD20. We appraised the impact of daratumumab (DARA)- and isatuximab
(ISA)-based DFMT to crosslink CD38 receptors on CD38+ lymphoma (Raji, Daudi) and multiple
myeloma cells (RPMI 8226, ANBL-6). The biological properties of DFMTs were determined by
flow cytometry, confocal fluorescence microscopy, reactive oxygen species determination, lysosomal
enlargement, homotypic cell adhesion, and the hybridization of nanoconjugates. The data revealed
that the level of apoptosis induction correlated with CD38 expression, the nanoconjugates meet at
the cell surface, mitochondrial signaling pathway is strongly involved, insertion of a flexible spacer
in the structure of the macromolecular effector enhances apoptosis, and simultaneous crosslinking of
CD38 and CD20 receptors increases apoptosis.

Keywords: CD38; drug-free macromolecular therapeutics; human serum albumin conjugates;
morpholino oligonucleotides; daratumumab; isatuximab; multiple myeloma; lymphoma

1. Introduction

The use of monoclonal antibodies (mAb) in the treatment of hematological malignan-
cies has become an essential part of immunotherapy regimens [1]. Often mAb’s are used in
combination with small molecule chemotherapeutics to improve patient prognoses. Im-
munotherapy offers highly specific targeting to overexpressed cancer cell surface antigens.
Once engaged with their target cell surface receptor, various mechanisms of action may
occur to initiate cancer cell death. Immune effector cells can interact with the Fc domains
leading to a variety of cell death events including complement-dependent cytotoxicity
(CDC), antibody-dependent cellular cytotoxicity (ADCC), and antibody-dependent cellular
phagocytosis (ADCP) [2]. Additionally, crosslinking of some receptor-bound antibodies
leads to a clustering effect of surface receptors that triggers apoptotic mechanisms within
the cell.

Crosslinking of cell-surface receptors has important biological consequences, includ-
ing enhancing internalization of receptor-ligand complexes [3,4], changing the subcellular
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fate of the receptor-ligand complex from recycling to the lysosomal route [5], and phos-
phatidylserine translocation and apoptosis initiation [6].

The CD38 receptor is substantially expressed on multiple myeloma cells and at low
levels on normal lymphoid and myeloid cells. It is also expressed on lymphoma cells. In
addition to its receptor function, CD38 is an ectoenzyme that cleaves nicotinamide dinu-
cleotide phosphate (NADP) and nicotinamide adenine dinucleotide (NAD+) [7]. DARA
(fully human IgG1-κ) [8] and ISA (chimeric IgG1-κ) [9] are two FDA approved antibodies
for multiple myeloma (MM) treatment [7]. DARA’s mechanisms of action include CDC,
ADCC, and ADCP. In addition, FcγR-mediated crosslinking of tumor-bound DARA ini-
tiates cell death (Scheme 1) [6]. ISA’s mechanism of action includes CDC, ADCC, and
ADCP. Importantly, ISA has a strong apoptosis-inducing activity that is independent of
crosslinking and inhibits the enzymatic activity of CD38 [10].

Scheme 1. CD38-targeting DFMT system depicted using DARA-MORF1 as the bispecific engager and HSA-(MORF2)y

as the crosslinking effector molecule. DFMT is a two-step process involving step (1): specific antigen engagement by
the bispecific engager followed by step (2): receptor crosslinking via the effector nanoconjugate. Crosslinking occurs via
hybridization of complementary morpholino oligonucleotides conjugated to the bispecific engager and effector molecules.

Drug-free macromolecular therapeutics (DFMT) is a new paradigm for the treat-
ment of malignancies [11–13]. Induction of apoptosis is mediated by receptor crosslink-
ing facilitated by biorecognition of complementary peptide or oligonucleotide motifs;
no low molecular weight drug is needed [11,12]. DFMT is comprised of two comple-
mentary nanoconjugates: (a) the bispecific engager: an antibody or Fab’ fragment con-
jugate with morpholino oligonucleotide MORF1; and (b) the crosslinking effector: N-
(2-hydroxypropyl)methacrylamide (HPMA) copolymer or human serum albumin (HSA)
modified with multiple copies of complementary oligonucleotide MORF2. Hybridization of
MORF1/MORF2—mediated receptor crosslinking initiates apoptosis (Scheme 1). We have
demonstrated the efficacy of DMFT on CD20 positive (CD20+) Raji B cells in vitro [14,15],
in vivo on a disseminated non-Hodgkin lymphoma (NHL) model in SCID mice [16,17],
and on patient cells diagnosed with various blood borne malignancies [18]. Apoptosis
induction by DMFT is triggered by relocation of crosslinked CD20 complexes to lipid rafts
resulting in calcium influx, mitochondrial depolarization, and caspase 3 activation [19].
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The linkers used in the DFMT nanoconjugations are based on a bifunctional PEG. Intact
nanoconjugates, therefore, have inert linkers consisting of short PEG dimers with amide and
thioether bonds on either terminus. All antibodies used in this work are FDA approved
products which have overcome much scrutiny in terms of toxicity, pharmacokinetics
and biocompatibility [20–22]. Human serum albumin is a ubiquitous protein in human
plasma and is gaining more and more interest in drug delivery systems because of its
long circulation half-life and non-immunogenicity [23]. The morpholino oligomer strands
are DNA analogues that have had their backbone chemistry altered to allow for protease
resistance in vivo. Numerous oligonucleotides have been evaluated in clinical trials and
proven their biocompatibility [24]. A detailed study of the immune properties of the
crosslinking effector HSA-(MORF2)x is planned using protocols we developed when
evaluating the peptide containing crosslinking effector P-(CCK)x [25].

Rituximab (RTX) and other Type I antibodies dramatically improved treatment of
CD20+ B-cell hematological malignancies [26]. However, a number of patients develop
resistance and due to polymorphism of Fcγ receptors on immunocompetent cells the hyper-
crosslinking of RTX bound to CD20 is not efficient. This catalyzed the advance of Type
II antibodies, such as Obinutuzumab (OBN), that do not need crosslinking. They induce
apoptosis by actin rearrangement, lysosomal disruption, and homotypic cell adhesion [21].

Interestingly, when DFMT was applied to OBN, classified as a Type II antibody,
a system that combines Type I and Type II mechanisms was developed [27]. The first
nanoconjugate was OBN-MORF1 (OBN conjugated to one morpholino oligonucleotide
MORF1); and the second nanoconjugate was HSA-(MORF2)y (HSA grafted with multiple
copies of complementary morpholino oligonucleotide 2). Modification of OBN with one
MORF1 does not impact the binding of OBN-MORF1 to CD20 and following binding
to CD20 Type II effects occur. Further exposure to multivalent effector HSA-(MORF2)y
results in crosslinking of CD20-OBN-MORF1 complexes, their clustering into lipid rafts and
initiation of Type I effects. This new approach, called “clustered OBN (cOBN)” combines
effects of both cell death-inducing mechanisms resulting in very high apoptotic levels [27].

Aiming to improve the efficacy of treatment of B cell malignancies in general and of
multiple myeloma in particular, we evaluated the impact of crosslinking CD38 receptors
on the mechanism and extent of apoptotic induction in four CD38 positive malignant B
cells (Daudi, Raji, RPMI 8226, and ANBL-6). DFMT based on Fab’DARA-MORF1, Fab’ISA-
MORF1, DARA-MORF1, and ISA-MORF1 as bispecific engagers and HSA-PEGx-(MORF2)y
as multivalent crosslinking effector were evaluated. The ultimate goal of our studies is to
establish the cell and nanoconjugate structure-dependent participation of Type I and Type
II apoptotic mechanisms in CD38 crosslinking-mediated apoptosis induction.

2. Results and Discussion

2.1. Nanoconjugates Synthesis and Cell Lines

DARA and ISA nanoconjugates were synthesized using procedures previously re-
ported by our group (Figure 1A) [27–29]. First, whole antibody was selectively reduced
targeting the interchain disulfide bonds located in the hinge region. In parallel to the reduc-
tion reaction, the 3′-amine-functionalized MORF1 was reacted with maleimide-PEG2-NHS
by aminolysis, resulting in maleimide-MORF1 intermediate. The latter was then coupled
with freshly reduced whole antibody via thiol–ene click chemistry yielding the desired
antibody-MORF1 nanoconjugate. The Fab’ fragment MORF1 analogues were generated
by first digesting whole antibody with pepsin resulting in dual chain cleavage below
the disulfide hinge region generating the divalent F(ab’)2 intermediate. F(ab’)2 was then
reduced to generate two equivalents of Fab’ fragments which were further coupled via
a thiol–ene click reaction with the maleimide-MORF1 intermediate yielding the desired
Fab’-MORF1 nanoconjugate. The HSA-(PEG)x-(MORF2)y nanoconjugate was synthesized
in a similar fashion utilizing the bifunctional reactivity of maleimide-(PEG)x-NHS (SM-
PEG). Free lysine amine groups on the periphery of the HSA molecule were coupled with
maleimide-PEGx-NHS (x = 2, 8, or 24) yielding the multivalent maleimide functionalized
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HSA-PEGx-maleimide intermediate. The complementary morpholino, MORF2, was cus-
tomized with an easily reducible disulfide bond on its 3′ terminus. HSA-PEGx-maleimide
was decorated with freshly reduced MORF2 molecules via thiol–ene maleimide click reac-
tions. A valency greater than about 5 in HSA-(MORF2)y did not show significant increase
in efficacy of CD20 receptor crosslinking [27]; so minor variations in valency (Figure 1C)
should not have an impact on efficacy. Reaction intermediates and final nanoconjugates
were characterized by size exclusion chromatography (SEC) (Figure 1B). Each nanocon-
jugate morpholino valency was characterized by UV-Vis spectrophotometry (Figure 1C)
and BCA assay. The valence of MORF per macromolecule was calculated by (i) attaining
the concentration of MORF in solution by UV-Vis spectrophotometry and (ii) determining
concentration of protein in solution by BCA assay, then (iii) dividing the two concentrations
yielding ratio of MORF per molecule. Hybridization between complementary nanoconju-
gates was confirmed by UV-Vis spectrophotometry by observing absorbance changes at
λ = 260 nm of varying molar ratio solutions of MORF1:MORF2 (Figures S2 and S5); and
size exclusion chromatography (Figures S1 and S4).

Figure 1. Nanoconjugate synthesis and characterization. (A) Synthetic route to produce antibody-MORF1, Fab’-MORF1
and HSA-(MORF2)y conjugates. Note: If not otherwise stated all conjugates contain a diethyleneglycol unit in the spacer
inserted by SM-PEG2. Conjugates containing longer spacers are denoted as, e.g., Fab’-PEG8-MORF1. (B) Nanoconjugate
size exclusion chromatography profiles detected on a Superdex 200 10/300 GL column, PBS (pH 7.4) as eluant at 0.4 mL/min
flow rate. (C) Characterization (MORF valence) of nanoconjugates determined using UV-Vis absorbance at λ = 260 nm and
BCA assay.

Four CD38 positive cell lines were used: Raji (Burkitt’s lymphoma), Daudi (Burkitt’s
lymphoma), RPMI 8226 (multiple myeloma), and ANBL-6 (multiple myeloma). CD38
negative cell line U266 (multiple myeloma) was used as control. Level of CD38 expression
was estimated by DARA binding to each cell line at 4 ◦C followed by exposure to a
fluorescently labeled anti-human secondary antibody. The level of CD38 expression was
Daudi > RPMI 8226 > Raji > ANBL-6 >> U266 (Figure 2A).
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Figure 2. (A) DARA binding on various B cell lines as determined by secondary fluorescence of a Fluor 488-labeled anti-
human goat antibody. (B) Apoptosis induced by DARA-MORF1 and Fab’Dara-MORF1 DFMT treatments on various CD38+
cell lines and one CD38- cell line: U266. Cell viability was measured by Annexin V and Propidium Iodide staining and
analyzed by flow cytometry. (C) Confocal microscopy of fluorescently labeled nanoconjugates: Cy5-DARA-MORF1 (left,
green); Cy3-HSA-(MORF2)10 (middle, red); overlay (right, yellow) of Cy5 and Cy3 channels on Daudi cells. (D) Effect of time
lag (15, 30, and 60 min) between the administration of the bifunctional engager, DARA-MORF1 and the multivalent effector,
HSA-(MORF2)10 on apoptosis initiation. (E,F) Effect of HSA PEG linker length on DFMT apoptosis efficacy on Daudi cells.
(E) DARA-MORF1 + HSA-PEG2,8,24-(MORF2)y. (F) Fab’DARA-MORF1 + HSA-PEG2,8,24-(MORF2)y. Flow cytometry cell
population distribution data for the HSA PEG linker length studies are also shown. All experiments were performed in
triplicate. **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, n.s., not significant by One-Way ANOVA and Tukey test.
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2.2. DFMT Triggers Apoptosis in CD38+ Lymphoma and Myeloma Cell Lines by Consecutive
Binding of Nanoconjugates

To validate the hypothesis that crosslinking of CD38 directly initiates apoptosis, we
evaluated the levels of apoptosis initiation in Daudi, Raji, RPMI 8226, ANBL-6, and U266
cell lines by exposing them to DARA-MORF1 or Fab’DARA-MORF1 (0.5 μM MORF1) for
1 h, followed (after washing and resuspending) to HSA-(MORF2)10 (0.5 μM MORF2)
for 24 h. High levels of apoptosis were achieved in the three CD38+ cell lines (Daudi
cells exhibited the highest levels) as well as in controls, premix and Daratumumab +
sec. antibody. As expected, CD38- U266 cells exhibited negligible levels of apoptosis.
Interestingly, percentage of apoptotic cells for the various cell types correlated with the
level of CD38 expression observed in the binding studies (Figure 2A,B).

We next investigated the biorecognition of nanoconjugates at the cell surface employ-
ing confocal fluorescence microscopy. Consecutive exposure of Raji cells to Cy5-DARA-
MORF1 resulted in cell surface green signal; exposure of decorated cells to HSA-(MORF2)10
showed red surface signal. Both signals were colocalized (yellow color) indicating success-
ful biorecognition (hybridization) of MORF1/MORF2 at cell surface (Figure 2C).

DFMT is a two-step process: The first nanoconjugate a bispecific engager, DARA-
MORF1 or Fab’DARA-MORF1, binds to CD38 and decorates the cell surface with MORF1
moieties. After a time lag, the second nanoconjugate, a multivalent macromolecular effec-
tor, HSA-PEGx-(MORF2)y, hybridizes and crosslinks multiple CD38 receptors resulting
in apoptotic response. One important factor related to the efficacy of the process is the
potential internalization of CD38 following binding with the bispecific engager. It is
known that surface CD38 is internalized after receptor binding [30,31]. The internalization
is gradual with time and crosslinking enhances the rate of internalization on the Jurkat
cell line [30]. To validate the two-step pretargeting approach, we compared apoptosis
induction for different time lags between cells’ (Raji, Daudi, and RPMI 8226) exposure to
the two nanoconjugates; the second nanoconjugate HSA-(MORF2)10 was administered
after 15 min, 30 min, and 1 h after the administration of the bispecific engager (Figure 2D
and Figure S7). Additionally, we exposed cells to a multivalent premix of both conjugates
(control). In all three cell lines the length of the time lag had no impact on the level of
apoptosis. Premixing nanoconjugates before cell exposure enhanced apoptotic levels when
compared to two-step administration. The difference was largest in Raji cells and minor in
Daudi and RPMI 8226 cells. This may be the effect of crosslinking enhanced internalization
of the loaded CD38 receptor. The difference in apoptosis induction between premixed
nanoconjugates and consecutive administration was minimal for the CD20 receptor [28],
reflecting different internalization kinetics of CD20 vs. CD38 following receptor binding
and crosslinking.

We described the advantages of the two-step administration previously, e.g., [32].
Importantly, a two-step approach permits pretargeting in vivo, a strategy commonly used
in cancer radioimmunotherapy [33,34]. The experiments in this work were performed
in vitro which makes the nanoconjugate premixture a meaningful control treatment group
because hybridization is allowed to occur in an idealized setting and no washing step
between treatments is needed. This provides a theoretical “maximum efficacy” for the
in vitro experiments. For in vivo applications, one must consider important factors such as
immune response, effector cell interactions and clearance and how each of these factors
influence both the targeting of the system and the hybridization.

Pretargeting strategy (two-step treatment) permits the amplification of therapeutic
efficacies and reduces adverse side reactions [35]. For example, in our previous work
with DFMT targeted to CD20 we determined the time lag when the pretargeting agent
(Fab’-MORF1) was mostly cleared from the blood and reached a steady plasma concen-
tration, and, second, by determining the tumor targeting efficiency when using this time
interval [14]. Results indicated a suitable timing for P-(MORF2)x administration at 5 h
(in female SCID mice); at this time, Fab’-MORF1 was efficiently distributed to the tumors.
Based on this result, we further performed therapy experiments in a disseminated B-NHL
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mouse model. When the optimized pretargeting time lag (5 h) was used, the therapeutic
efficacy was significantly better than that of identical experimental conditions but with a
1 h interval. A low dose (58 μg × 3) of Fab’-MORF1 with a 5× excess P-(MORF2)x resulted
in significantly delayed tumor growth and substantially improved animal survival [14].
The optimized therapeutic system surpassed rituximab in anticancer efficacy and com-
pletely eradicated lymphoma B-cells in 83% of the animals. This pretargeting approach
may constitute a novel personalized nanotherapy to enable more efficient treatment and
limit potential side effects associated with off-target binding.

The decreased adverse (off-target) effects of two-step administration in vivo are based
on these phenomena: CD20 is a very slowly internalizing receptor. When Fab’-MORF1
is administered, the part bound to CD20 remains at the surface, whereas the off-target
bound part is internalized (and degraded in the lysosomes) during the time-lag before the
administration of the crosslinking effector. Thus, the crosslinking effector administered
following a time-lag, finds the bispecific engager bound just to the target (CD20).

2.3. Impact of Spacer Length on Apoptosis Initiation

Spacer length is an important factor in the efficiency of nanoconjugates. PEG spacers
enhanced the efficacy of DMFT systems based on flexible HPMA copolymer molecules [28]
as well as multivalent liposomes [36]. Since HSA has a relatively rigid structure, introduc-
tion of a flexible spacer between HSA and MORF2 should enhance biorecognition and apop-
tosis induction. We used succinimidyl-PEGx-maleimides, hetero-bifunctional crosslinkers
with different numbers of repeating ethyleneglycol (EG) units to synthesize HSA-PEGx-
MORF2 conjugates with variable spacer length. In particular, NHS-PEG2-maleimide
(succinimidyl-[(N-maleimidopropionamido)-diethyleneglycol]ester), NHS-PEG8-maleimide
(succinimidyl-[(N-maleimidopropionamido)-octaethyleneglycol] ester), and NHS-PEG24-
maleimide (succinimidyl-[(N-maleimidopropionamido)-tetracosaethylene glycol] ester)
(Thermo Scientific) were used for the synthesis of HSA-PEG2-(MORF2)10, HSA-PEG8-
(MORF2)9, and HSA-PEG24-(MORF2)13. The characterization of conjugates is shown in
Figure 1b (right panel). Apoptosis was determined on Raji cells by Annexin V/PI assay.
Two bispecific engagers, DARA-MORF1 and Fab’DARA-MORF1 were employed. Data in
Figure 2E,F show no statistically significant difference between spacers containing PEG2
(17.6 Å) and PEG8 (39.2 Å). Increasing the length of the spacer to PEG24 (95.2 Å) resulted in
statistically significant enhancement of apoptosis induction. This is valid for both bispecific
engagers used. It appears that a relatively rigid carrier, such as HSA, needs a longer
spacer to enhance efficacy when compared to a flexible HPMA copolymer carrier. In the
latter DFMT system (Fab’-MORF1 + HPMA copolymer-MORF2) a statistically significant
enhancement of apoptosis was observed when increasing the spacer length form PEG2 to
PEG8 [28].

2.4. Prevention of Calcium Influx and Cholesterol Depletion from Lipid Rafts Lessen Apoptosis

Two important features were observed when initiating CD20 mediated apoptosis
by DFMT. Crosslinking of CD20 receptors in Raji cells resulted in rapid rise in the Ca++
intracellular concentration [19]. Additionally, extracting cholesterol from cell membranes
by β-cyclodextrin (β-CD) impacted receptor clustering as detected by STORM (stochastic
optical reconstruction microscopy) [15]. Cholesterol is an important part of lipid rafts and
contributes to mechanisms of anti-CD20 antibodies action [37,38]. Both phenomena seem
to be correlated; transfer of loaded CD20 into lipid rafts promotes calcium influx [39].
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We hypothesized that crosslinking of CD38 receptors by DFMT will have similar
impact on the apoptosis initiation as observed with CD20 receptors. To this end, we prein-
cubated Raji cells either with 0.02% β-CD (to extract cholesterol) or with 1 mM EGTA
(to chelate extracellular calcium) before exposing them to DFMT. Following pretreatment,
decrease in apoptotic levels was observed for both, DARA-based DFMT (DARA-MORF1
followed 1 h later by HSA-(MORF2)10) and Fab’DARA-based DFMT (Fab’DARA-MORF1
followed 1 h later by HSA-(MORF2)10). Data seem to suggest a higher impact of pretreat-
ment on Fab’DARA-based DFMT. When normalized to untreated, the percent apoptotic
cells pretreated with β-CD decreased by 0.7-folds for DARA-based DFMT and by about
1.0-folds for Fab’DARA-based DFMT. The percent apoptotic cells pretreated with EGTA
decreased by 0.5-folds for DARA-based DFMT and by 1.2-folds for Fab’DARA-based DFMT
(Figure 3A).

Figure 3. (A) Investigation of Raji cell apoptosis induced by DFMT with or without pretreatment with 0.02 wt% β-CD or
1 mM EGTA. (B) Flow cytometry time lapse fluorescence of calcium chelator Fluo-3AM after addition of nanoconjugates
in DARA-based DFMT (DARA-MORF1 + HSA-(MORF2)10 (left panel) and Fab’DARA-based DFMT (Fab’DARA-MORF1 +
HSA-(MORF2)10) (right panel). Red arrows indicate time of nanoconjugate addition to cell sample. (C) Confocal microscopy
images of β-CD or EGTA treated Daudi cells compared to normal cells undergoing Fab’DARA-based DFMT. *** p < 0.001,
** p < 0.01, n.s. nonsignificant, by One-Way ANOVA and Tukey test.

Calcium influx was also measured directly by using a fluorescent calcium chelator,
Fluo-3AM, to observe calcium influx into Raji cells following DARA-based DFMT and
Fab’DARA-based DFMT (Figure 3B). Raji cells were used because the cell line is both CD20
and CD38 positive. Therefore, we could compare CD38-induced calcium influx with
previously reported CD20-induced calcium influx data [19,27]. Red arrows indicate the
time at which the nanoconjugates were added to the cell samples (Figure 3B). The DARA-
MORF1 treatment had a distinct calcium signal spike immediately upon addition to the
sample; however, the Fab’DARA-MORF1 had a much less prominent Ca2+ influx event
upon addition of the Fab’ nanoconjugate. Conversely, upon addition of HSA-(MORF2)10 to
both samples, the calcium spike was more pronounced for the Fab’DARA-based DFMT than
whole antibody-based DFMT corresponding with the calcium inhibition data (Figure 3B).
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As mentioned above, partial inhibition of calcium influx impacted the efficacy of Fab’DARA-
based DFMT more than it impacted DARA-based DFMT. The calcium influx observed in
Fab’DARA-based DFMT treated cells corresponds with the results of the calcium inhibition
experiments where calcium inhibition hampered the Fab’DARA-based DFMT efficacy over
DARA-based DFMT. The inhibition of calcium influx was also confirmed by confocal
fluorescence microscopy (Figure 3C). Fluorescence was markedly lower in the EGTA and
β-CD pretreated cells. Raji cells are CD38+/CD20+ so comparison of effects resulting from
crosslinking of both receptors seem to indicate a stronger response following crosslinking
of CD20 (comparing data of this manuscript with [19,27]).

2.5. DARA- and Fab’DARA-based DFMT Induce Apoptosis via Mitochondrial Signaling Pathway

We next investigated the possible activation of the mitochondrial signaling path-
way following crosslinking of decorated CD38 receptors on Daudi cells by multivalent
macromolecular effector. The major features of the mitochondrial pathway include mito-
chondrial depolarization, cytochrome C release, caspase 3 activation, and bcl-2 downregu-
lation [19,40].

Mitochondrial depolarization was assayed using the JC-1 mitochondrial membrane
polarization sensor. In healthy mitochondria, membrane polarization remains intact and
JC-1 aggregation occurs resulting in red fluorescence emission. As membrane potential
diminishes, JC-1 can diffuse out of the mitochondria, thereby losing its red fluorescent
signature as aggregates disperse into monomers. This solubilization event is observed
by a change in fluorescent signature from red to green fluorescence. Therefore, red fluo-
rescence indicates healthy mitochondria while green fluorescence indicates depolarized
mitochondrial membranes. Mitochondrial membrane potential for DARA-based DFMT
and Fab’DARA-based DFMT was investigated using flow cytometry (Figure 4A) and con-
focal microscopy (Figure 4D) with and without the presence of EGTA and β-CD. The
amount of observed mitochondrial depolarization was larger for DARA-based DFMT than
Fab’DARA-based DFMT, but both had higher mitochondrial membrane depolarization than
DARA alone. This higher mitochondrial membrane depolarization observed in DFMT-
treated cells compared to naked mAb is consistent with the higher apoptosis observed in
the cell viability experiments.

B-cell lymphoma 2 (Bcl-2) and Bcl-2-associated X protein (Bax) expression levels were
assayed by fluorescent immunostaining (Figure 4B). DFMT treated or untreated Daudi
cells were incubated with fluorescently labeled antibodies specific to these two proteins:
Bcl-2 mAb (100) Alexa Fluor® 488 and Bax mAb (2D2) Alexa Fluor® 647. Bcl-2 is located in
the outer mitochondrial membrane and inhibits actions of pro-apoptotic proteins such as
Bax. The expression level ratio of Bax to Bcl-2 is often used to indicate apoptotic states of
cells [41,42]. DARA-based DFMT and Fab’DARA-based DFMT treated cells were tested
against one another and against untreated cells for Bcl-2/Bax expression. The enhanced
Bax/Bcl-2 ratio, especially in DARA-based DMFT (Figure 4B) is the indication of mito-
chondrial signaling pathway involvement, as supported by data on cytochrome C release
(Figure 4D) and caspase 3 activity (Figure 4C). Both, DARA-based DFMT and Fab’DARA-
based DFMT treated cells demonstrated 150–200% of caspase 3 activity when compared
to untreated cells. The enhancement of activity was similar for both DFMT approaches.
Apparently, the release of cytochrome C initiates the formation of the apoptosome with
procaspase 9 and Apaf-1, followed by activation of procaspase 3 and the activation of the
caspase cascade results in cell death [40,43].
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Figure 4. Investigation of mitochondrial pathway involvement in apoptosis induction in Daudi cells. (A) Compiled
mitochondrial membrane depolarization of DARA DFMT and Fab’DARA DFMT treated Daudi cells with or without the
presence of inhibitors (EGTA or β-CD). Controls include untreated cells, a DARA-based DFMT “Premix” group, DARA
crosslinked with a secondary antibody (goat antihuman: GAH), and a positive control treatment with CCCP. Depolarization
was measured by JC-1 red/green fluorescence by flow cytometry. (B) Bax/Bcl-2 expression ratio of DARA-based DFMT
and Fab’DARA-based DFMT treated Daudi cells. Expression was measured using immunostaining and flow cytometry.
(C) Caspase 3 activity of DARA DFMT and Fab’DARA DFMT treated Daudi cells was measured using PhiPhiLux® assay
kit and flow cytometry. (D) Cytochrome C release of DARA and Fab’DARA DFMT on Daudi cells. Increase in Cytochrome
C release shown as fold increase over untreated cells. Determined by ELISA. (E) Confocal fluorescence microscopy
visualization of mitochondrial depolarization of DARA DFMT with or without the presence of EGTA or β-CD. More red
fluorescence indicates healthier mitochondria while more green fluorescence indicates the occurrence of depolarization.
**** p < 0.0001, *** p < 0.001, ** p < 0.01, n.s. nonsignificant, by One-Way ANOVA and Tukey test.
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2.6. Reactive Oxygen Species (ROS) Generation, Lysosomal Enlargement,
Translocation to Lipid Rafts

ROS are generated by both Type I and Type II antibodies. In the mechanism of
CD20 apoptosis initiation there is a clear distinction of mechanisms between Type I Abs,
such as RTX [19] and Type II Abs, such as OBN [44]. Following receptor crosslinking,
Type I antibodies induce apoptosis by receptor crosslinking followed by calcium influx,
mitochondrial depolarization, and caspase activation. In contrast, Type II antibodies do
not need crosslinking, they initiate apoptosis by actin remodeling, homotypic cell adhesion
and lysosome disruption. Both types produce ROS.

ISA binds to an epitope independent to that of DARA and provides more enzymatic
inhibition of the CD38 function [22]. ISA can induce apoptosis without crosslinking,
however, lysosomal breakage and cathepsin B leakage was observed [45]. Initiation of
direct apoptosis by DARA upon crosslinking and by ISA without crosslinking was reported
in refs. [6,22,45]. In contrast, Moreno et al. did not observe it [46]. The discrepancy was
explained by the level of CD38 expression—use of cells transduced with CD38 vs. cells
with lower CD38 expression levels close to those in MM patients.

To compare mechanisms of DFMT based on CD38-targeting antibodies, DARA and
ISA, with CD20-targeting OBN, Raji cells positive for both receptors were used. Three bispe-
cific engagers, DARA-MORF1, ISA-MORF1, and OBN-MORF1, were employed. Following
binding to the corresponding receptor, HSA-(MORF2)10 was used for crosslinking.

The production of ROS by DARA, ISA, DARA-based and ISA-based DFMT was at
the same level without statistically significant differences (Figure 5A). However, OBN
and OBN-based DFMT produced considerably higher amounts of ROS. The highest ROS
production was observed in OBN-based DFMT, an indication that both mechanisms (Type I
and II) of apoptosis induction are operative.

OBN DFMT showed 1.5-fold increase in lysosome size compared to untreated cells
(Figure 5B). Lysosomal enlargement and increased reactive oxygen species are indicative of
Type II and coincides with data our group published previously [27].

Additionally, confocal microscopy was employed to investigate redistribution of
receptor-bound nanoconjugates on the cell surface into lipid rafts (Figure 5C). Fluorescently
labeled antibody-MORF1 conjugates and immunostaining of lipid compartments on the
cell surface with cholera toxin subunit B (CTxB) were used to visualize clustering or
aggregation of antibody-bound receptors on the cell membrane. Only OBN-based DFMT
exhibited typical Type II behavior of intercell homotypic adhesion and lipid raft distribution
at cell–cell adhesion sites (Figure 5C top row).

DARA-based and ISA-based DFMT treated cells showed no significant increase in
lysosome size compared to untreated cells and about only half as much ROS production as
OBN-based DFMT treated cells. The confocal imaging showed minimal homotypic cell–cell
adhesion and even when some cell adhesion was observed, no pronounced lipid raft
accumulation at cell adhesion sites was distinguishable. All of these results are consistent
with Type I antibody characteristics for DARA- and ISA-based DFMT. Only OBN-based
DFMT demonstrated Type II mechanism characteristics.

The purpose of the ROS assay, the lysosomal enlargement study and the homotypic
cell adhesion experiments was to elucidate any Type II antibody mechanisms of action of
ISA and ISA-based DFMT. DARA (Type I antibody) and DARA-based DFMT, OBN (Type
II antibody) and OBN-based DFMT were used to compare and contrast ISA’s apoptosis
induction mechanisms. Type II antibodies are characterized by lysosomal disruption, ROS
production and homotypic cell adhesion. Type II antibodies, like OBN, induce apoptosis
upon binding to their receptor epitope on the cell surface without the need for crosslinking.
It is currently unknown if ISA behaves as a Type II antibody; however, ISA has been shown
to induce apoptosis without the need for crosslinking [10]. Therefore, we hypothesized ISA
could induce similar lysosomal disruption, ROS production and homotypic cell adhesion
as OBN. Our investigation proved otherwise. ISA and ISA-based DFMT did not increase
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ROS, did not enlarge the lysosomes, nor did we observe any homotypic cell adhesion
under confocal microscopy.

Figure 5. (A) Generation of ROS in DARA-, ISA-, and OBN-based DFMT treated Raji cells. The ROS production was
measured by oxidation of 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) and quantified with flow cytometry.
(B) Lysosomal enlargement of DARA-, ISA-, and OBN-based DFMT was quantified by LysoTracker Green DND-26 and flow
cytometry. (C) Confocal microscopy was employed to observe any redistribution of CD38 receptors into cholesterol-rich lipid
rafts. Ab-MORF1 (red); lipid raft marker: cholera toxin subunit B (CTxB) Alexa Fluor 555 (green). Nuclei were stained with
Hoechst (blue). **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, n.s. nonsignificant by One-Way ANOVA and Tukey test.
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To investigate ISA-based DFMT further, cellular apoptosis experiments were con-
ducted on Daudi cells (Figure 6) and Raji cells (Figure S18) to examine CD38 receptor
crosslinking effects when using ISA nanoconjugates. Under the same DFMT cell apoptosis
treatment conditions as used for DARA DFMT (Figure 1B), ISA DFMT showed several
key differences. First, the same concentration of ISA antibody induced roughly 20 percent
more apoptosis than DARA antibody. This could indicate the ISA-CD38 binding epitope
to inhibit CD38 enzymatic activity to a larger extent over DARA-CD38 binding, and/or
binding of ISA stimulates apoptotic pathways within the cell to a larger extent. Second,
Fab’ISA-MORF1 control samples showed levels of apoptosis comparable with whole an-
tibody. This is drastically different from Fab’DARA-MORF1 controls that showed little to
no apoptotic efficacy (Figure S6). Binding of either whole ISA antibody or Fab’ fragment
at the ISA binding site induces the therapeutic effect. Lastly, ISA DFMT did not enhance
the overall apoptotic efficacy on either Daudi or Raji cells over antibody alone. However,
Fab’ISA DFMT did produce significantly increased apoptosis over Fab’ISA-MORF1 control
and whole antibody.

Figure 6. ISA-based DFMT performed on Daudi cells. Apoptosis was measured after ISA DFMT or
Fab’ISA DFMT using Annexin V and Propidium Iodide staining. Flow cytometry was performed
to assess percentage of apoptotic cells compared to an untreated sample group. Experiment was
performed in triplicate and statistically analyzed by One-Way ANOVA and Tukey test. ** p < 0.01.

The findings with ISA suggest antibodies capable of triggering apoptosis directly upon
binding to their target antigen will do so regardless of secondary crosslinking. However,
the Fab’ fragment crosslinking of this variety of antibody could lead to enhanced efficacy
over antibody alone.

2.7. Simultaneous Crosslinking of CD38 and CD20 Receptors Enhances Apoptosis

Raji cells are CD38+/CD20+ and crosslinking of both receptors initiates apopto-
sis. We investigated if dual crosslinking with combination of DFMT based on Fab’ frag-
ments from DARA and RTX would enhance the efficacy of apoptosis induction. To this
end we exposed Raji cells to three DFMT treatments (concentrations relate to MORF):
(a) 0.5 μM Fab’DARA-MORF1 + (1 h later) HSA-(MORF2)10; (b) 0.5 μM Fab’RTX-MORF1
+ (1 h later) HSA-(MORF2)10; (c) combination of 0.25 μM Fab’DARA-MORF1 + (1 h later)
HSA-(MORF2)10 and 0.25 μM Fab’RTX-MORF1 + (1 h later) HSA-(MORF2)10.

Combination treatment resulted in substantially enhanced apoptotic level (Figure 7).
In addition to more effective crosslinking of receptors, probably, more signaling pathways
will be involved in apoptosis initiation via two receptors when compared with one. This
will be evaluated in our future research.
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Figure 7. Combinational DFMT treatment of Raji cells with CD38-targeting Fab’DARA DFMT coupled
with CD20-targeting Fab’RTX DFMT. The combined treatment was compared to individual therapies
at the same MORF1 equivalence. Percent apoptotic cells were determined after DFMT treatment
and analyzed with Annexin V/Propidium Iodide staining via flow cytometry. All experiments were
performed in triplicate and statistically analyzed by One-Way ANOVA and Tukey test. *** p < 0.001,
n.s. nonsignificant.

Notably, in relapsed non-Hodgkin lymphoma [47] and diffuse large B-cell lym-
phoma [48] successful treatment of patient derived xenografts was achieved by replacing
anti-CD20 RTX with anti-CD38 DARA or DARA-drug conjugates. Our data combined with
these results suggests that treatment of lymphoma patients with therapies involving both
antibodies might be beneficial.

3. Methods and Materials

3.1. Materials

A pair of 25-mer phosphorodiamidate morpholino oligonucleotides, MORF1 and
MORF2, were customized from Gene Tools (Philomath, OR, USA). In particular, MORF1
(5′-GAGTAAGCCAAGGAGAATCAATATA-3′) with 3′ primary amine modification, and
its complementary MORF2 (5′-TATATTGATTCTCCTTGGCTTACTC-3′) with 3′-disulfide
amide modification were used. Human serum albumin (HSA, chromatographically and
fractionation purified with purity > 95%) was purchased from Innovative Research (Peary
CourtNovi, MI, USA). DARA (Darzalex® 20 mg/mL, Janssen Biotech (Harsham, PA, USA),
ISA, OBN, and RTX were obtained from Huntsman Cancer Hospital, University of Utah.
Cy3-/Cy5-NHS (N-hydroxysuccinimide) were purchased from Lumiprobe (Hallandale
Beach, FL, USA). Tris(2-carboxyethyl) phosphine (TCEP) and heterobifunctional crosslink-
ers NHS-PEGx-maleimide (SM(PEG)x, x = 2, 8, and 24) were purchased from Thermo
Fisher Scientific (Rockford, IL, USA). Pepsin (from porcine gastric mucosa) was from Sigma-
Aldrich (St. Louis, MO, USA). Anti-Bcl-2 (100) Alexa Fluor® 488 mAb and anti-Bax (2D2)
Alexa Fluor® 647 mAb were purchased from Santa Cruz Biotechnology (Dallas, TX, USA).
Fluo-3 AM, JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazoylcarbocyanine io-
dide), and carbonyl cyanide 3-chlorophenylhydrazone (CCCP) were purchased from Invit-
rogen (Carlsbad, CA, USA). PhiPhiLux® kit was purchased from OncoImmunin (Gaithers-
burg, MD, USA). Lysosome tracker Green DND-26, H2DCFDA (2′,7′-dichlorofluorescein),
Cytochrome C ELISA kit (human) and cholera toxin subunit B Alexa Fluor 555 were pur-
chased from Thermo Fisher. All solvents were purchased from Fisher Scientific as the
highest purity available.
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3.2. Synthesis and Characterization of Nanoconjugates
3.2.1. Antibody-MORF1 Nanoconjugates

Antibody-MORF1 nanoconjugates are synthesized in two steps as previously de-
scribed [20]: first, a monoclonal antibody is reduced with TCEP to generate a sulfhydryl
group, which is then conjugated with maleimide-modified MORF1. Here, is an exam-
ple of synthesizing DARA-MORF1. DARA (225 μL, 4.5 mg) was buffer exchanged into
100 mM citrate buffer (pH 5.5) using an Amicon® 4 mL ultra-centrifugal filter unit (MWCO
30,000 Da). The DARA solution was then added to 20 mM TCEP (7 mg/mL, pH re-
balanced to pH 5.5), and the reaction was kept for 2 h at 37 ◦C water bath with gentle
shaking. The reduced DARA was obtained after removal of TCEP by washing with 10 mM
PBS (pH 6.5) over 6 times. In parallel, maleimide-modified MORF1 (MORF1-MAL) was
prepared by reaction of MORF1-NH2 with 50 molar excess SM(PEG)2 (succinimidyl-[(N-
maleimidopropionamido)-diethyleneglycol]ester). In brief, SM(PEG)2 (4.25 mg, 10 μmol)
was dissolved in 50 μL DMSO, then added into 100 μL MORF1-NH2 solution (1.8 mg,
200 nmol) in 10 mM PBS pH 7.4. The reaction was performed for 2 h at room temperature.
Then, MORF1-MAL was isolated by removal of excess SM(PEG)2 with 6 times washing
using 20 mM PBS pH 6.5 buffer via Amicon® 0.5 mL Ultra Centrifugal filter unit (MWCO
3000 Da). Finally, freshly reduced DARA was conjugated with MORF1-MAL in 500 μL
20 mM PBS pH 6.5 for 2.5 h at room temperature, with 1:1.5 molar ratio of [Ab]:[MORF1-
MAL]. The resultant DARA-MORF1 was purified by ultracentrifugation using the Amicon®

4 mL Ultra Centrifugal filter unit (MWCO 30,000 Da). The purity of conjugate DARA-
MORF1 was confirmed with SEC on AKTApure with a SuperdexTM 200 10/300 GL column
using PBS pH 7.4 as eluent. There was no detectable peak of either free MORF1 or free
DARA. Furthermore, MORF1 content in the conjugate was quantified using NanoDrop
(ND-1000 Spectrophotometer) at 260 nm (ε = 278,000 M−1cm−1 in 0.1 N HCl aq.), whereas
the concentration of DARA was determined using a bicinchoninic acid (BCA) assay.

To prepare Cy5-labeled DARA-MORF1 (Cy5-DARA-MORF1), DARA was first labeled
with Cy5-NHS. The reaction was performed with molar ratio of [Ab]:[Cy5] = 1:2 by adding
Cy5-NHS solution in DMSO to DARA in 1 mL PBS pH 7.4. After 2 h reaction at room
temperature, free dye was removed using a PD10 column (GE Healthcare). The collected
product was then buffer exchanged using ultracentrifugation 4 times with 100 mM citric
acid buffer pH 5.5. Then, procedures described above were followed.

3.2.2. Fab’-MORF1 Nanoconjugates

Fab’-MORF1 nanoconjugates are synthesized in multiple steps as previously de-
scribed [28]. First, a monoclonal antibody is digested into F(ab’)2 in the presence of pepsin,
followed by reduction with TCEP to generate Fab’ with a sulfhydryl group (Fab’-SH),
which is then conjugated with maleimide-modified MORF1. Here, is an example of syn-
thesizing Fab’DARA-MORF1. Briefly, DARA was buffer exchanged into citrate buffer pH
4.0. Pepsin (10 w/w%) was added to DARA solution, and the reaction was kept at 37 ◦C.
The digestion process was monitored on AKTApure till complete disappearance of DARA
peak, while a new peak with lower molecular weight (at right side) showed up, which
was related to F(ab’)2. Complete digestion occurred in 80 min. The F(ab’)2 was purified
using ultracentrifugation with a 30,000 MWCO tube and stored at 4 ◦C in PBS 7.4. F(ab’)2
(4 mg, 4 mg/mL) was reduced with TCEP (4.6 mg, 20 mM) in 100 mM citric acid buffer pH
5.5 for 2 h at 37 ◦C and purified using ultracentrifugation with a 10,000 MWCO tube. The
MORF1-MAL was synthesized in parallel as described above. MORF1-MAL (1.2 equiv.)
was reacted with freshly reduced Fab’ (1 equiv.) for 3 h at room temperature in PBS pH
6.5 buffer. The final product was purified by ultracentrifugation using a 30,000 MWCO tube
by washing 6–8 times with PBS pH 7.4 buffer. MORF1 content in Fab’DARA conjugates was
determined using UV-Vis absorbance at 260 nm; the concentration of antibody fragment
was determined using BCA assay.

ISA-MORF1 and Fab’ISA-MORF1 were synthesized as described above for DA-
RA conjugates.
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3.2.3. Multiple MORF2 Modified Human Serum Albumin (HSA-(MORF2)y)

Two steps were conducted to conjugate complementary MORF2 to HSA as previously
described [29]. First, amino groups from accessible lysine residues in HSA were converted
to maleimide groups by using heterobifunctional crosslinker NHS-PEGx-maleimide, then
freshly reduced MORF2-SH was attached to HSA in multiple copies via thiol-ene reaction.
In this study, SM(PEG)x (x = 2, 8, and 24) that differ in length were used in order to
investigate spacer effect on MORF1-MORF2 biorecognition and induction of apoptosis.
Here, is an example in which SM(PEG)2 was used to synthesize nanoconjugate HSA-PEG2-
(MORF2)10. Briefly, HSA (5 mg, 3.9 μmol NH2 equiv.) was dissolved in 400 μL PBS pH 7.4
buffer. SM(PEG)2 (18.3 mg, 10 eq) in 150 μL DMSO was added into HSA solution. The
reaction was kept stirring for 2 h at room temperature. The maleimide-modified HSA was
then purified by ultracentrifugation using an Amicon® 4 mL ultra centrifugal filter unit
(MWCO 30,000 Da). The number of maleimide groups per HSA molecule was determined
by a modified Ellman’s assay (for maleimide group) and BCA assay (for quantification
of HSA).

In a parallel reaction, 3′-disulfide MORF2 (2.89 mg) was reduced with 3.5 mg/mL
TCEP (10 mM) in 250 μL PBS pH 7.4 at 37 ◦C for 45 min, followed by purification via
ultrafiltration using a Amicon® 0.5 mL ultracentrifugal filter unit (MWCO 3000 Da).
Freshly reduced MORF2-SH was then reacted with HSA-PEG2-MALx with molar ratio of
[SH]:[MAL] = 2:1 in 500 μL PBS (pH 6.5) for 3 h at room temperature. HSA-PEG2-MORF2
was purified by ultracentrifugation using a 30,000 MWCO ultra centrifugal unit washing
6–8 times with PBS pH 7.4 buffer. Purity was confirmed by AKTApure. The ratio of MORF2
per HSA molecule was determined by UV-Vis spectrophotometry (ε = 252,120 M−1 cm−1

in 0.1 N HCl) and BCA assay.
For synthesis of Cy3-labeled HSA-PEG2-(MORF2)y, HSA was first reacted with Cy3-

NHS with molar ratio of [HSA]:[Cy3] = 2:1. For example, a solution of Cy3-NHS (70 μg,
100 nmol) in DMSO was added to a solution of HSA (3.35 mg, 50 nmol) in 1 mL PBS
pH 7.4 buffer and reacted for 2 h at room temperature. Cy3-labeled HSA was purified
using a PD-10 column using PBS pH 7.4 as eluent. Then, the synthesis proceeded as
described above.

3.2.4. MORF1-MORF2 Hybridization

MORF1-MORF2 hybridization upon mixing Ab-MORF1 (or Fab’-MORF1) with HSA-
(MORF2)y was determined by the changes of optical density at 260 nm (ND-1000 spec-
trophotometer) that was a reflection of the hypochromic effect. For example, DARA-MORF1
(or ISA-MORF1) and HSA-(MORF2)10 solutions in PBS, pH 7.4 were mixed in different
ratios with a constant total MORF (MORF1 + MORF2) concentration of 2.5 μM at room
temperature. Then, 10 min post mixture, the optical density at 260 nm was recorded. All
measurements were performed in triplicate.

In addition, MORF1-MORF2 hybridization among Ab-MORF1 (or Fab’-MORF1) and
HSA-(MORF2)10 was also confirmed by SEC by comparison with individual conjugates,
Ab-MORF1 and HSA-(MORF2)10.

3.3. Cell Culture

Human lymphoma cell lines (Daudi and Raji) and human MM cell lines (RPMI
8226 and U266) were purchased from the American Type Culture Collection (ATCC). All
cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum
(FBS), penicillin (100 units mL−1) and streptomycin (0.1 mg/mL−1) at 37 ◦C in a 5% CO2
humidified atmosphere. Human MM cell line ANBL-6 was obtained from Dr. Diane Jelinek
of Mayo Clinic (Rochester, MN, USA). The cells were cultured in IMDM with 10% FBS and
interleukin-6 (1 ng/mL).
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3.4. Cell Surface CD38 Expression and Binding Assay

DARA binding experiments were conducted by incubating Daudi, RPMI 8226, Raji,
ANBL-6, and U266 cells with a range of DARA (primary antibody) concentrations, and
subsequently exposing them to a fluorescently labeled, anti-human secondary antibody.
Specifically, 2 × 105 cells were treated with DARA (1 μM, 0.5 μM, 0.25 μM, 0.1 μM or
50 nM; in PBS pH 7.4) in a 24-well plate in 400 μL media for 1 h at 4 ◦C. Then, the cells
were washed with PBS and resuspended in PBS containing 1 w/v% BSA. An Alexa Fluor
488-labeled goat anti-human antibody (3 μL, 2 mg/mL) was added to each well and further
incubated for 1 h at 4 ◦C. The cells were washed and resuspended in PBS and analyzed by
flow cytometry. The fluorescence was normalized to an untreated control for each cell type
and reported as a “fold-increase over untreated” value. All experiments were performed
in triplicate.

3.5. MORF1-MORF2 Hybridization on Cell Surface—CD38 Crosslinking

Daudi cells (2 × 105) were treated in a 24-well plate (400 μL RPMI-1640 medium
per well) with Cy5-labeled DARA-MORF1 (0.5 μM MORF1) for 30 min, followed by a
Cy3-labeled HSA-(MORF2)10 (0.5 μM [MORF2]) treatment for 1 h. Then, the cells were
washed with PBS and cell nuclei were stained with Hoechst 33342 (5 μg/mL) for 5 min. The
cells were washed and resuspended in PBS for imaging. Cy3 fluorescence was measured
by 488 nm excitation with 530/30 nm band-pass filter. Cy5 fluorescence was measured by
633 nm excitation with 695/40 nm band-pass filter. An overlay of the respective fluorescent
signals was used to visualize MORF1-MORF2 hybridization and co-localization of the
nanoconjugates on the cell surfaces.

3.6. Apoptosis Assay

Apoptosis of DFMT-treated cells was quantified using Annexin V/Propidium Iodide
staining and measured by flow cytometry. Each cell type’s (Daudi, Raji, RPMI 8226,
ANBL-6, and U266) apoptotic response to DARA, DARA-based DFMT, Fab’DARA-based
DFMT and DARA plus a secondary antibody were evaluated. Briefly, 2 × 105 cells were
treated in a 24-well plate in 400 μL appropriate media. Cells were first incubated with
DARA-MORF1 or Fab’DARA-MORF1 (0.5 μM MORF1) for 1 h, followed by a PBS wash
and subsequent treatment with HSA-MORF2)10 (0.5 μM MORF2) in fresh media for 24 h.
Then, the cells were washed with Binding (HEPES saline) Buffer and stained with Annexin
V/Propidium Iodide for 20 min at 4 ◦C. Cells were washed and resuspended in Binding
Buffer for flow cytometry analysis. Untreated cells were used to gate as Annexin V/PI -/-
population. Each treated sample was then compared to untreated. Values reported are the
percentage of Annexin V positive cells. All treatments were performed in triplicate with
appropriate controls. One-way ANOVA (α = 0.05) followed by Tukey Test analysis was
used to determine significant differences in the reported data.

Details and Nomenclature of DFMT Apoptosis Assays

DARA DFMT: DARA-MORF1 (0.5 μM MORF1) 1 h followed by HSA-MORF2)10
(0.5 μM MORF2) in fresh media for 24 h; 2 × 105 cells/well; 24-well plate.

Fab’DARA DFMT: Fab’DARA-MORF1 (0.5 μM MORF1) 1 h followed by HSA-MORF2)10
(0.5 μM MORF2) in fresh media for 24 h; 2 × 105 cells/well; 24-well plate.

ISA DFMT: ISA-MORF1 (0.5 μM MORF1) 1 h followed by HSA-MORF2)10 (0.5 μM
MORF2) in fresh media for 24 h; 2 × 105 cells/well; 24-well plate.

Fab’ISA DFMT: Fab’ISA-MORF1 (0.5 μM MORF1) 1 h followed by HSA-MORF2)10
(0.5 μM MORF2) in fresh media for 24 h; 2 × 105 cells/well; 24-well plate.

3.7. Apoptosis Inhibition

To validate the participation of calcium influx in apoptosis initiation, Daudi cells were
pretreated with lipid raft inhibitor β-cyclodextrin (β-CD; inhibiting CD20 crosslinking) or
Ca2+ chelating agent EGTA (ethyleneglycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic
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acid) which had significantly reduced the calcium influx after DFMT treatment. Daudi
cells were pretreated with either 1 mM Ca++ doped RPMI-1640 medium or 0.02% β-
cyclodextrin containing RPMI-1640 medium for 1 h. The cells were washed with fresh
medium and exposed to DARA-MORF1 or Fab’DARA-MORF1 for 1 h at 37 ◦C, followed by
exposure to HSA-(MORF2)10. Cell viability was quantitated using Annexin V/PI labeling
and flow cytometry.

3.8. Caspase 3

Caspase 3 activity was evaluated using a PhiPhiLux®-G1D2 kit (OncoImmunin,
Gaithersburg, MD). The manufacturer’s protocol was followed, including the final stage
Propidium Iodide staining to assess cell membrane integrity. The reported values are
“fold-increase over control” fluorescence measurements of the PhiPhiLux indicator on
treated Daudi cells over untreated cells.

3.9. Cytochrome C

Levels of cytochrome C were evaluated in DARA and Fab’DARA DFMT-treated Daudi
cells by ELISA. After treatment, Daudi cells (2 × 105 cells) were washed with cold PBS
and cell pellets were subsequently lysed with 100 μL cell extraction buffer (1 mM phenyl-
methanesulfonyl fluoride (PMSF) and 1:100 protease inhibitor cocktail) for 30 min on ice.
The extract was transferred to a microcentrifuge tube and centrifuged at 13,000 rpm for
10 min at 4 ◦C. The amount of cytochrome C in the lysate was measured using an ELISA kit
(R&D Systems) according to the manufacturer’s instructions. All samples were conducted
in triplicate.

3.10. Mitochondrial Depolarization

JC-1 mitochondrial membrane potential sensor (Thermo Scientific) was used to evalu-
ate the extent of mitochondrial depolarization of Daudi cells. After indicated treatments,
the cells (2 × 105) were washed with PBS two times and resuspended in 100 μL PBS. JC-1
(4 μM) was added to each sample and incubated at 37 ◦C for 30 min. For the positive control
group, CCCP (0.5 μM) was added and incubated simultaneously with JC-1 for 30 min.
After washing by PBS, cells were resuspended in PBS and analyzed by flow cytometry
using 488 nm excitation with 530/30 nm and 585/42 nm band-pass filters, or observed
under confocal microscopy. All experiments were carried out in triplicate.

3.11. Calcium Influx by Confocal Microscopy

Daudi cells (2 × 105) were incubated with Fluo-3AM (5 μM) in 100 μL RPMI-1640
medium containing 2.5 mM Ca2+ for 30 min at 37 ◦C and compared with cells pretreated
with 0.02 wt.% β-cyclodextrin or 1 mM EGTA. Following treatment, cells were washed
with PBS and resuspended in RPMI-1640 medium containing 2.5 mM Ca2+ and observed
under confocal microscopy.

3.12. Calcium Influx by Flow Cytometry

Raji cells (4 × 105 cells/well) were counted and stained with Fluo-3 AM (5 μM) for
30 min at 37 ◦C. After staining, the cells were washed with PBS and resuspended in 400 μL
cell culture medium containing 2.5 mM Ca2+ and immediately taken for flow cytometry
analysis (excitation at 488 nm and emission at 530 nm). Baseline fluorescence was measured
for 100 s. Then, 1 μM DARA-MORF1 or Fab’DARA-MORF1 was added to the sample. The
fluorescence was measured continuously for another 200 s, followed by addition of HSA-
(MORF2)10 (1 μM). Fluorescence was monitored for another 600 s or until all cells were
counted. Rituximab-based DFMT calcium influx was employed as control (Figure S6).

3.13. Bcl-2/Bax Detection

Following treatment, levels of expression of Bcl-2 and Bax were quantified by flu-
orescent immunostaining. The cells were sequentially fixed by 4% paraformaldehyde
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for 15 min at room temperature, permeabilized by 90% methanol for 30 min on ice, and
immunostained by Alexa Fluor 488 conjugated anti-Bcl-2 mAb (1:50, Santa Cruz Biotech-
nology) and AF647 conjugated anti-Bax mAb (1:50, Santa Cruz Biotechnology) in 1% BSA
buffer for 1 h at room temperature. After washing by cold PBS twice, the fluorescence was
quantified by flow analysis. All experiments were carried out in triplicate.

3.14. Lysosomal Enlargement

Type II antibody-induced cell death involves lysosomal enlargement/breakage. Lyso-
some activity was tested by LysoTracker Green staining followed by flow cytometry. Raji
cells (2 × 105) were exposed to naked antibody or antibody-MORF1 conjugate for 1 h at
37 ◦C, followed by exposure to HSA-(MORF2)10. After 24 h treatment, cells were stained
with LysoTracker Green DND-26 (200 nM) for 20 min at 37 ◦C. Fluorescence was quantified
using flow cytometry. Each sample was prepared in triplicate.

3.15. Reactive Oxygen Species Production

Quantification of reactive oxygen production was performed on Raji cells (2 × 105)
by oxidation of 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA). Cells (2 × 105

cell/well, 24-well plate) were treated with antibody (DAR, ISA, or OBN) (0.5 μM) or
antibody (DARA, ISA, or OBN)-MORF1 conjugate followed by HSA-(MORF2)10 (MORF1
= MORF2 = 0.5 μM). After 24 h treatment, cells were incubated with H2DCFDA (5 μM)
for 30 min at 37 ◦C. Cells were washed with PBS and analyzed with flow cytometry. Each
sample was prepared in triplicate.

3.16. Translocation of CD38 into Lipid Rafts

The motility and translocation of CD38 receptors under the influence of DFMT was
evaluated by cholera toxin B staining and observed under confocal microscopy. Briefly, Raji
cells (2 × 105 cells/well) were loaded into a 24-well plate. The cells were treated with either
0.5 μM antibody alone or 0.5 μM Cy5-labeled antibody-MORF1 for 1 h at 37 ◦C followed
by PBS wash and 0.5 μM HSA-(MORF2)10 exposure for 2 h at 37 ◦C. Then, the cells were
washed to remove unbound antibodies, and stained with Alexa Fluor-555 conjugated
cholera toxin B subunit (10 μg/mL) for 1 h at 4 ◦C. The samples were immediately imaged
by confocal microscopy.

3.17. Statistical Analysis

All statistical analysis was performed on Microsoft Excel. No samples were left out of
any analysis calculations. Sample groups were compared using one-way ANOVA followed
by Tukey test. p < 0.05 was considered statistically significant. All experiments were
performed with at least n = 3 samples per group. Percent apoptotic cells was calculated
by summation of quadrants one, two and four in the Annexin V/PI gated flow cytometry
runs. Magnitude of fluorescence in immunostaining procedures was quantified by flow
cytometry’s geometric mean average function. The geometric mean average was either
normalized to untreated control cells or presented as fold increase over untreated, as
specified above.

4. Conclusions

The experiments presented herein illustrate the versatility of the DFMT system and
demonstrate how it can be applied towards the treatment of several B cell malignancies
including multiple myeloma, lymphoma and leukemia. Four novel antibody nanocon-
jugates as bispecific engagers (Fab’DARA-MORF1, Fab’ISA-MORF1, DARA-MORF1, and
ISA-MORF1) and adaptations to the HSA-based multivalent crosslinking effector molecule
(HSA-PEGx-(MORF2)y) were synthesized. Biorecognition of complementary engagers and
effectors at cell surface mediated by MORF1/MORF2 hybridization resulted in crosslinking
of CD38 receptors and apoptosis initiation in CD38+ cells: Daudi, Raji RPMI 8226 and
ANBL-6. The level of apoptosis induction, Daudi > RPMI 8226 > Raji > ANBL-6 >> U266,
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correlated with CD38 expression. Additionally, insertion of a flexible PEG24 (95.2 Å) spacer
into the effector conjugate HSA-PEG24-(MORF)13 significantly increased apoptosis of Raji
cells when compared to effectors containing PEG8 (39.2 Å) or PEG2 (17.6 Å) moieties.

Beyond the synthesis and apoptosis efficacy studies with the new conjugates, a thor-
ough investigation into the mechanisms of action of DARA, DARA DFMT, and Fab’DARA
DFMT on CD38+ cell lines were conducted. Preincubation of cells with β-cyclodextrin
(to extract cholesterol) or EGTA (to complex extracellular Ca++) decreased levels of apop-
tosis. DARA-based and Fab’DARA-based DMFT induced, following crosslinking of CD38
receptors, apoptosis via the mitochondrial signaling pathway as indicated by enhanced
Bax/Bcl-2 expression ratio, ROS generation, cytochrome C release, and caspase 3 activation.

A comparison of ISA and ISA-based DFMT to DARA and a known Type II antibody,
OBN was conducted. ISA induced apoptosis in Daudi and Raji cells. ISA DFMT did not
enhance apoptosis when compared to ISA; however, crosslinking of the CD38-Fab’ISA-
MORF1 complex with HSA-(MORF2)10 resulted in enhanced apoptotic levels. Additionally,
Fab’ISA-MORF1 induced apoptosis in Daudi and Raji cells on its own. Comparison with
DFMT based on anti-CD20 Type II antibody OBN revealed that both DARA and ISA
did not exhibit features related to Type II apoptotic mechanisms (lysosomal enlargement,
homotypic cell adhesion).

Finally, simultaneous crosslinking of CD38 and CD20 receptors on Raji cells increases
the level of apoptosis when compared to crosslinking of individual receptors. This finding
suggests a therapeutic potential of lymphoma treatment with a mixture of antibodies.

Supplementary Materials: The following are available online. Figure S1. Size exclusion chromatog-
raphy (SEC) of DARA-MORF1 and HSA-(MORF2)10 hybridization. Figure S2. UV-Vis spectroscopy
to determine DARA-MORF1 and HSA-(MORF2)10 hybridization. Figure S3. SEC of Fab’ISA-MORF1
and its intermediates. Figure S4. SEC of ISA-MORF1 and HSA-(MORF2)10 hybridization. Figure S5.
UV-Vis spectroscopy to determine ISA-MORF1 and HSA-(MORF2)10 hybridization. Figure S6. Flow
cytometry cell population shifts for DARA DFMT experiments. Figure S7. Flow cytometry cell
population shifts for Fab’DARA DFMT experiments. Figure S8. DARA DFMT on ANBL-6 cells.
Figure S9. Flow cytometry readout of Rituximab DFMT to monitor calcium influx. Figure S10. Con-
focal microscopy of Fab’DARA DFMT apoptosis inhibition by β-CD and EGTA. Figure S11. Bax/Bcl-2
expression of DFMT-treated Daudi cells. Figure S12. Cytochrome C calibration curve from ELISA
assay. Figure S13. Flow cytometry of Bax and Bcl-2 expression in Daudi cells. Figure S14. Flow
cytometry of caspase 3 population gating. Figure S15. Flow cytometry of caspase 3 post-measurement
propidium iodide staining. Figure S16. Confocal microscopy of assessment of lipid raft redistribution
using Cy5-labeled antibodies. Figure S17. Additional confocal microscopy of lipid raft redistribution
induced by DFMT systems. Figure S18. ISA DFMT & Fab’ISA DFMT apoptosis assessment on
Raji cells.
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Abstract: Understanding, predicting, and minimizing the immunogenicity of peptide-based ther-
apeutics are of paramount importance for ensuring the safety and efficacy of these products. The
so-called anti-drug antibodies (ADA) may have various clinical consequences, including but not
limited to the alteration in the product’s distribution, biological activity, and clearance profiles. The
immunogenicity of biotherapeutics can be influenced by immunostimulation triggered by the pres-
ence of innate immune response modulating impurities (IIRMIs) inadvertently introduced during the
manufacturing process. Herein, we evaluate the applicability of several in vitro assays (i.e., comple-
ment activation, leukocyte proliferation, and cytokine secretion) for the screening of innate immune
responses induced by ten common IIRMIs (Bacillus subtilis flagellin, FSL-1, zymosan, ODN2006,
poly(I:C) HMW, poly(I:C) LMW, CLO75, MDP, ODN2216, and Escherichia coli O111:B4 LPS), and a
model biotherapeutic Forteo™ (teriparatide). Our study identifies cytokine secretion from healthy
human donor peripheral blood mononuclear cells (PBMC) as a sensitive method for the in vitro
monitoring of innate immune responses to individual IIRMIs and teriparatide (TP). We identify
signature cytokines, evaluate both broad and narrow multiplex cytokine panels, and discuss how the
assay logistics influence the performance of this in vitro assay.

Keywords: cytokines; innate immunity; immunogenicity; peptides; teriparatide

1. Introduction

Repeated administration of therapeutic drug products was shown to trigger un-
wanted immune responses and the production of antibodies capable of neutralizing both
the therapeutic protein and its endogenous counterparts [1–3]. Antibodies to recombi-
nant biotechnology therapeutics come in a variety of isotypes (e.g., IgM vs. IgG vs. IgE),
allotypes (e.g., reflecting genetic differences between IgG of biologically unrelated individ-
uals), idiotypes (e.g., reflecting binding to specific epitopes within antibody variable sites),
and may ultimately lead to different functional consequences for the host (e.g., binding,
PK-altering, neutralizing, hypersensitivity- or anaphylaxis-triggering, and cross-reactive
neutralizing). Such anti-drug antibodies (ADA) may lead to severe and, when not timely
and properly treated, potentially lethal clinical consequences, loss of treatment efficacy,
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and the formation of autoimmunity [4–8]. The frequency of different ADA types and their
clinical impact have a reverse relationship, in that binding antibodies occur most frequently
and have low clinical impact whereas cross-reacting neutralizing antibodies are rare but
have the highest clinical significance.

The immunogenic risk of biotherapeutics and ADA response can be influenced by a
multitude of factors. One such factor is the presence of innate immune response modulating
impurities (IIRMIs) that might be inadvertently introduced during product manufactur-
ing [4,5]. IIRMIs may have little or no impact on the function of the resulting drug product
but may influence the host immune response [4,9–13]. While it is nearly impossible to
predict the immunogenicity of a specific biotherapeutic without directly assessing the
related immune responses in vivo [3], the presence of IIRMIs contributing to the immuno-
genicity via priming the immune cells could be identified using in vitro methods detecting
innate immunostimulatory responses, including the production of inflammatory cytokines
(e.g., IL-1, IFNs, IL-8, TNFα, etc.) and activation of the complement system. Therefore,
there is an urgent need in understanding the applicability to, and performance of, in vitro
assays in detecting IIRMIs presence in drug products.

Herein, we report the results of an in vitro study analyzing the applicability of sev-
eral in vitro assays (i.e., complement activation, leukocyte proliferation, and cytokine
secretion) to the screening of innate immune responses induced by ten common IIRMIs,
including Bacillus subtilis flagellin, FSL-1, zymosan, ODN2006, poly(I:C) HMW, poly(I:C)
LMW, CLO75, MDP, ODN2216, and Escherichia coli O111:B4 LPS, as well as model thera-
peutic Forteo™ (teriparatide or TP). The selected assays were chosen due to the known
roles of the complement system, cytokines, and activated leukocytes in the process of
immunogenicity [14]. While these immunostimulatory biomarkers do not directly pre-
dict immunogenicity, they serve as important prerequisites to it, which, when monitored
in vitro, may allow for the detection of biologically active contaminants contributing to the
process of immunogenicity by priming the immune cells [14].

2. Results

2.1. Initial In Vitro Characterization and Assay Selection

Forteo™ is a peptide-based therapeutic formulation where the active peptide, teri-
paratide (TP), is produced using recombinant DNA technology. To characterize the whole
product, we first established that TP and its corresponding formulation buffer (FB) had no
detectable endotoxin and β-glucans that could activate innate immune responses [15–17]
using a commercial turbidity Limulus Amebocyte Lysate (LAL) assay and Factor-C depleted
LAL (Glucatell) assay respectively (Table 1 and Table S1).

Detection of impurities in cell-based assays requires cells that are sensitive to the
presence of IIRMI and can elicit a quantifiable response. Previous studies have shown
that very low levels of impurities that trigger pattern recognition receptors (PRRs) can
stimulate a local innate immune response at the site of inoculation and suggested that
cell-based assays could be used to detect these types of impurities in the products. Since
retaining cell viability throughout the assay is critical, we first determined whether TP
would alter cell viability and determined the highest concentration of TP that could be
used in a PBMC-based study where the cells were in culture for 24 h. As shown in
Figure S1, when PBMC were cultured in the presence of TP at concentrations ranging
from 0.025 to 25 μg/mL, the viability of the cells was retained, but higher concentrations
of the product reduced cell viability to 60% (Figure S1). Based on this data, the highest
non-toxic concentration (25 μg/mL) was chosen as the top concentration to be used for
subsequent in vitro experiments, including the assessment of TP and/or IIRMI activation
of C3a complement, leukocyte proliferation, and cytokine secretion (Table 1).
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Table 1. Initial Characterization of Teriparatide. Teriparatide (TP) purity and capability of triggering innate immunity
activation in vitro, either due to the presence of innate immune response modulating impurities (IIRMIs) in the drug
formulation or due to the presence of the drug itself, was assessed through the following assays. Results were below the
level of detection, so these assays were not used for future TP immunity experiments. LAL = Limulus Amoebocyte Lysate
Assay; LLOQ = lower limit of quantification; STE = Sterility Endotoxin assay; ITA = Immuno-Toxicity Assay; CBA = Cell
Based Assay; ELISA = Enzyme-Linked Immuno-Sorbent Assay; AO = Acridine Orange; PI = Propidium Iodine.

Purpose
Assay Type

(NCL Protocol)
Main Findings

Endotoxin Detection LAL (STE-1.2) Endotoxin contamination is below the assay LLOQ

β-Glucan Detection Glucatell (STE-4) β-glucan contamination is below the assay LLOQ

Cell Viability/Teriparatide
Cytotoxicity AO/PI staining

>85% viability for TP <25 μg/mL
~60% viability for 50 μg/mL TP

25 μg/mL TP chosen for future experiments

Leukocyte Proliferation CBA (ITA-6)

TP did not induce leukocyte proliferation
IIRMIs induced low levels of leukocyte proliferation

TP suppressed IIRMI-induced leukocyte proliferation The assay
is not chosen for future studies

Complement Activation ELISA (ITA-5.2)

TP resulted in complement activation
Levels of IIRMIs contamination in drug product are

insufficient for the complement activation
The assay is not chosen for future studies

Next, we determined whether TP, in concentrations that do not interfere with cell
viability, can reduce the response to potential impurities. Using an array of purified TLR
agonists at concentrations that are close to those shown to elicit a local innate immune
response in vivo, we examined whether the presence of TP in the culture would modulate
the response to the PRR-agonists. As shown in Figure S2, while PRR-agonist exposure
triggered low levels of leukocyte proliferation in a dose-dependent manner, the response
was abrogated in TP-treated cultures (Table 1).

In addition to inducing cell proliferation, the activation of innate immune cells could
also induce complement activation. Therefore, we next explored whether TP would activate
complement. Treatment with TP resulted in an activation of the complement system as
evidenced by an increase in detectable C3a split products; this activation was comparable
to that detected in Cremophor-EL and Feraheme-treated plasma samples, used as positive
controls (Figure S3). Concentrations of IIRMIs capable of inducing detectable complement
activation are typically higher than what may potentially be present in drug products as
undesirable contaminants. For example, concentrations of zymosan and lipopolysaccharide
(LPS) required to produce detectable complement activation are 10 mg/mL or >500 μg/mL,
respectively [18,19]. Therefore, this assay was not selected for subsequent experiments
(Table 1).

2.2. In Vitro Cytokine Responses to Teriparatide

PBMCs treated with TP alone noticeably induced PGE-2 and IL-8 production (Figure S4).
TP-induced PGE-2 production directly correlated with TP concentrations added to PBMC
cultures (Figure 1A). Such correlation for IL-8 induction was only observed in 3 of the
10 tested PBMC cultures (Figure 1B). Cultures from the remaining donors showed increased
IL-8 levels at the second-highest concentration (2.5 μg/mL) but not at the highest con-
centration (25 μg/mL). The reduced levels of IL-8 secreted after incubation with highest
concentration of TP (25 μg/mL) suggest a level of PBMC exhaustion resulting from high
stimulation over the course of 24 h.
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Figure 1. A 16-plex Induction of Prostaglandin-E2 and Interleukin-8 by Teriparatide. PBMCs from 10 healthy human
donors were treated with 0.025, 0.25, 2.5, and 25 μg/mL teriparatide (TP), compared to a PBS negative control (NC) and
LPS/PHA-M/ODN positive control (PC) for 24 h. Supernatants were analyzed for the presence of (A) PGE-2 or (B) IL-8 by
16-plex multiplex ELISA. Each bar shows mean and standard deviation (N = 2).

2.3. Teriparatide Effects on Cytokine Expression Are Due to the Formulation Buffer (FB)

To understand whether the induction of PGE-2 and IL-8 observed in TP-treated cul-
tures (Figure S4) was due to the active pharmaceutical ingredient (API) or FB, we conducted
a follow-up experiment in which TP was tested side-by-side with FB at equivalent dilutions
that resulted in equivalent concentrations of the FB; these dilutions were performed in
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PBS. We also performed TP dilutions in the FB and tested them in the same cultures with
PBS-diluted FB and TP. The results of this experiment demonstrated that PGE-2 and IL-8
responses to TP were due to the FB (Figure 2A,B and Figure S5).

Figure 2. Formulation Buffer is Responsible for Prostaglandin-E2 and Interleukin-8 Cytokine Response to Teriparatide.
(A,B) PBMCs from three healthy human donors were used to test teriparatide (TP) at 0.025, 0.25, 2.5, and 25 μg/mL API,
diluted in either PBS or Formulation Buffer (FB), compared to complete FB diluted in PBS to achieve the equivalent API
concentrations, compared to a PBS negative control (NC) and LPS/PHA-M/ODN positive control (PC). Each bar shows
a mean response and a standard deviation (N = 3); (C,D) PBMCs from another set of three healthy donors were used to
test the components of FB (metacresol, mannitol, glacial acetic acid, and sodium acetate) at concentrations equivalent to
25 μg/mL of API in TP, in comparison to complete FB, TP diluted in PBS, and TP diluted in FB. Each bar shows a mean
response and a standard deviation (N = 2).

Next, we hypothesize that metacresol, a preservative of FB, was the cause of the
cytokine response to TP, because an earlier study in THP-1 cells reported that this excipi-
ent, at a concentration comparable to that present in our cultures (0.2 mg/mL), induced
chemokine MCP-1 (but not TNFα, IL-1, or IL-6) [20]. To verify this hypothesis, metacresol
and other components of FB (mannitol, glacial acetic acid, and sodium acetate) at concen-
trations equivalent to that of API in TP were added to PBMC cultures and the supernatants
were analyzed for the presence of cytokines (Figure 2C,D and Figure S6). The result of this
experiment demonstrated that, in addition to metacresol, all other individual components
of the FB contribute to the cytokine response observed with TP. Contrary to our hypothesis
about the potential inflammatory nature of metacresol, the highest cytokine response,
specifically IL-8, was observed upon application of mannitol (Figure 2D), a response which
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has previously been reported on in vitro PBMCs and in vivo endothelial cells to deleterious
effect [21,22].

2.4. In Vitro Cytokine Responses to Individual IIRMIs

Since IIRMIs activated a broad and often overlapping spectrum of cytokines (Figure 3,
Figures S7 and S8), we next performed a global analysis using Euclidian distance and
Ward’s clustering for the dendrogram and constructed a heatmap of normalized values
averaged across all donors and replicates (Figure 4 and Figure S9). This normalization
included scaling each cytokine reading across all collected values by dividing each value by
that cytokine’s standard deviation obtained across all donors, which brought all cytokines
onto roughly the same scale. The benefit of using this approach is that one can compare
cytokines directly across all 10 donors, while keeping cytokines with very large values
from swamping the comparative global analyses. These analyses revealed a pure red
band representing the negative control and a bright yellow vertical band representing
the positive control. These analyses also identified groupings of cytokines with similar
response patterns across all IIRMI treatments (Figure 4). For example, chemokines IL-8
and MIP-1α showed very similar patterns; PGE-2 showed such a high response to the
two higher concentrations of zymosan that it overshadowed the positive control; IL-2 and
IL-17 were very similar in that they did not appear to be strongly induced by any IIRMI
(Figure 4). Alternatively, these analyses also gave us insight on how various IIRMIs, and
their concentrations, clustered with respect to the cytokine response patterns that they
induced (Figure S9). These analyses demonstrated that the highest concentrations of each
IIRMI often clustered together. For example, zymosan and CLO75 clustered together at
the bottom of the heatmap. The analyses also highlighted a group of IIRMIs that seemed
to have virtually no cytokine response, including the lowest concentrations of poly(I:C)
LMW, ODN2006, poly(I:C) HMW, and ODN2216. Finally, these analyses also highlighted
a group of IIRMIs, and their concentrations located in the center of the heat map, that
predominantly activated IL-8 (Figure S9).

 

Figure 3. Normalized Cytokine Response to Zymosan and/or Teriparatide and Selection of One Signature Cytokine: PBMCs
from 10 healthy human donors were treated with (A) zymosan alone or (B) zymosan in combination with 25 μg/mL TP for
24 h. Supernatants were analyzed for the presence of cytokines by multiplex ELISA. The signature cytokine (red box) is the
one for which the IIRMI concentration, when compared to the PBS negative control (NC), results in a p < 0.05. The data for
which statistical significance was not observed are marked with ns. Statistical significance is shown with an asterisk as
follows: * p < 0.05; ** p < 0.01; *** p < 0.001; and **** p < 0.0001. Similar results for the other nine IIRMIs are available in
Figures S7 and S8.
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Figure 4. Innate Immune Response Modulating Impurity Treatment and Concentration Patterns via Euclidian Distance
and Ward’s Clustering. PBMCs from 10 healthy human donors were treated with various concentrations of IIRMIs, alone
and in combination with 25 μg/mL Teriparatide (TP), compared to a PBS negative control (NC) and LPS/PHA-M/ODN
positive control (PC), for 24 h. Supernatants were analyzed for the presence of cytokines by multiplex ELISA. Shown is the
mean response of normalized values averaged across all donors, clustered based on cytokine response. Dendrograms were
created using complete linkage clustering on the Euclidian distance matrices. Similar results for IIRMI clustering available
in Figure S9.

Further Pearson’s correlation analysis allowed for clustering the cytokine responses
based on how well cytokine values correlated across all treatment groups (Figure S10).
This analysis revealed that the strongest correlations were between IL-6 and TNFα, IL-
8 and MIP-1α, as well as IL-1α, IL-1β, and IL-12 (Figure S10A). We also observed that
different concentrations of the same IIRMI tended to correlate well, especially at the higher
concentration ranges. For example, higher concentrations of ODN2216, poly(I:C) LMW,
and poly(I:C) HMW showed a distinct cluster which was anti-correlated with the higher
concentrations of zymosan) and to a lesser degree CLO75 (Figure S10B).

2.5. Identification of Signature Cytokines

A two-sided paired Wilcoxon test was used to compare cytokines induced by indi-
vidual concentrations of IIRMIs with negative control samples pooled across all donors
(Figure 3A). For each IIRMI, a signature cytokine was identified by determining the lowest
IIRMI concentration which, when compared to the baseline, resulted in both an elevation
of the cytokine and the lowest p-value (i.e., at least p < 0.05) (Figure 3A, red box). For each
IIRMI concentration, if two cytokines achieved a level of significance, the lower (more
significant) p-value won. Since many test samples, especially negative controls, resulted
in cytokine levels below the assay lower limit of detection, we used a non-parametric test
for statistical analysis. This approach ranks cytokine significance values rather than the
magnitude of cytokine difference. Therefore, the “winning” cytokine was not always the
one that appeared the best with regards to mean differences, but rather the one that both
had the fewest overlaps between treated samples and controls and was consistent between
individual donors (Table 2; Figure S7). Other cytokines with statistically significant eleva-
tion above the baseline, at the same IIRMI concentration as the signature cytokine, were
also observed (Table 2; Figure S7).
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Table 2. Cytokines Induced by Innate Immune Response Modulating Impurities. Individual IIRMIs, their cognate pat-
tern recognition receptors (PRRs), and signature cytokines detected after treatment with IIRMI are summarized. Using
a two-sided Wilcoxon test, a signature cytokine was identified for each IIRMI by determining the lowest IIRMI con-
centration, which, when compared to the baseline, resulted in an elevation of the cytokine, and had the lowest rank-
ing p-value (i.e., at least p < 0.05). IIRMI = innate immune response modulating impurities; TLR = Toll-Like Receptor;
IL = interleukin; IFN = interferon; MCP = monocyte chemoattractant protein; MIP = macrophage inflammatory protein;
NOD = nucleotide-binding oligomerization domain; TNF = tumor necrosis factor; PGE = prostaglandin; LPS = lipopolysac-
charide; CLO = thiazoloquinolone derivative; MDP = muramyldipeptide; ODN = oligo deoxyribonucleotide; LMW = low
molecular weight; HMW = high molecular weight; FSL = Pam2CGDPKHPKSF, a synthetic lipopeptide derived from
Mycoplasma salivarium.

IIRMI PRR
Signature
Cytokine

Lowest Conc. of IIRMI
at Which

Signature Cytokine Is
Detected

Other Cytokines Statistically
Higher than

the Baseline at the Lowest IIRMI Conc.
that Induced Signature Cytokine

B. subtilis flagellin TLR5 IL-1β 0.01 μg/mL IFNα, IL-10, IL-1α, IL-2, IL-6, IL-8, IL-1,
MCP-1, MIP-1α, TNFα

FSL-1 TLR2/TLR6 IL-1α 10 pg/mL

IFNα, IFNγ, IFNλ, IL-10, IL-12, IL-1b,
IL-2, IL-6,

IL-8, IP-10, MCP-1, MIP-1α, TNFα,
PGE-2

ODN2006 Class B TLR9 IFNα 1 μg/mL IFNγ, IL-1α, IL-10, IL-2, IL-6, IL-8, IP-10,
MCP-1, MIP-1α, TNFα

Poly(I:C) HMW TLR3 IP-10 0.1 μg/mL
IFNα, IFNγ, IFNλ, IL-10, IL-12, IL-1α,

IL-2, IL-6,
IL-8, IP-10, MCP-1, MIP-1α, TNFα

Poly(I:C) LMW TLR3 MCP-1 1 μg/mL IFNγ, IL-12, IL-6, IP-10, MIP-1α

Zymosan TLR2/Dectin 1 MIP-1α 0.01 μg/mL
IFNα, IFNγ, IFNλ, IL-10, IL-12, IL-17,

IL-1α, IL-1β,
IL-6, IL-8, IP-10, MCP-1, TNFα

CLO75 TLR8 IL-10 0.01 μg/mL IL-1α, IL-1β, IL-2, IL-6, IL-8, IP-10,
MCP-1, MIP-1α, TNFα

MDP NOD2 IL-8 0.01 μg/mL IFNα, IL-10, IL-12, IL-6, IP-10, MCP-1,
MIP-1α, TNFα

ODN2216 TLR9 IL-6 0.005 μg/mL IL-6, IL-8

E. coli O111:B4 LPS TLR4 IL-1α 1 pg/mL
IFNα, IFNγ, IL-10, IL-12, IL-1β, IL-2,

IL-6, IL-8,
IP-10, MCP-1, MIP-1α, TNFα, PGE-2

2.6. Selection of the Cytokine Panel Specific to Teriparatide and Individual IIRMIs

In order to understand whether the 16-cytokine panel could be narrowed down
to three or four cytokines that would be representative of all 10 IIRMIs, we performed
additional analysis using the same approach as described above but focused on the top
three “winning” cytokines for each IIRMI (Table 3). For this analysis, IIRMIs were grouped
based on the intracellular location of their cognate PRRs. Interestingly, all IIRMIs that
activate membrane-tethered TLRs consistently induced two cytokines (IL-1α and MIP-
1α (Table 3). This finding suggests that any of these two cytokines could be used as a
biomarker for the detection of IIRMIs triggering membrane-tethered PRRs. In contrast,
no such consistency was observed for IIRMIs that activate endosomal TLRs. Therefore,
a combination of cytokines MCP-1 and IL-8 or MCP-1 and IL-6 would be required to
suggest the presence of IIRMIs triggering endosomal TLRs (Table 3). One of the following
cytokines—IL-6, IL-8, or IP-10—could be used to suggest the presence of IIRMIs triggering
cytosolic PRRs (Table 3).
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For the subsequent experiments, we focused on a seven-cytokine panel which includes
a combination of the following signature cytokines (IL-1α, MIP-1α, IP-10, MCP-1, IL-6, and
IL-8) representing all tested IIRMIs, and one cytokine (PGE-2) representing the response
to TP (Figure 5, Figures S11 and S12). Interestingly, the majority of IIRMIs that activate
membrane-tethered TLRs, induced MCP-1 production, with the remaining IIRMI, zymosan,
instead inducing MIP-1α expression rather than the expected IL-1α. For the cytosolic PRRs,
the overwhelming response was IL-8 expression. For the endosomal PRRs, we again
observed that there was no cytokine consistency, with the highest cytokine expression
covering MIP-1α, IL-8, and IL-6, with two of the five IIRMIs inducing high levels of MCP-1.
For the majority of the IIRMIs, there was little or no IL-1α, IP-10, or PGE-2 expression
detected (Figure 5, Figures S11 and S12). However, PGE-2 production had a dose dependent
response when PBMCs were treated with increasing concentrations of TP alone (Figure 6).
This effect was previously observed (Figure 1A) indicating that PGE-2 is still a hallmark
cytokine for tracking TP immunostimulatory activity.

Figure 5. Seven-plex Induction of Cytokines in PBMCs. PBMCs collected from 10 healthy human donors were treated
with 0.025, 0.25, 2.5, and 25 μg/mL TP (red box) or IIRMIs alone, compared to a PBS negative control (NC) and LPS/PHA-
M/ODN positive control (PC), for 24 h. Supernatants were analyzed for the presence of cytokines by multiplex ELISA.
Shown is the mean response (N = 2). Shown here are the data generated using PBMC cultures of five representative donors.
The data generated using PBMCs of the remaining five donors are presented in Figure S11. Normalized data for each
treatment set in all ten donors are also presented in Figure S12.
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Figure 6. Seven-plex Induction of Prostaglandin-E2 by Teriparatide. PBMCs from 10 healthy human donors were treated
with 0.025, 0.25, 2.5, and 25 μg/mL teriparatide (TP), compared to a PBS negative control (NC) and LPS/PHA-M/ODN
positive control (PC), for 24 h. Supernatants were analyzed for the presence of PGE-2 by 7-plex multiplex ELISA. Each bar
shows mean and standard deviation (N = 2).

2.7. Teriparatide Affects Expression of IIRMI-Induced Cytokines

The presence of TP in cell cultures affected the induction of cytokines by individual
IIRMIs (Table 4; Figure S8). Euclidian distance and Ward’s clustering analysis demonstrated
that the patterns for chemokines IL-8 and MIP-1α did not change with the addition of
TP (right half of the plot) (Figure 4). In contrast, the group of IL-1β, IL-1α, and IL-12,
which showed strong responses to the higher concentration of zymosan and CLO75, was
strongly inhibited by the addition of TP. The loss of response with TP was also seen at the
highest concentration of IIRMI for cytokines IFNλ and IFNα. PGE-2 induced by two higher
concentrations of zymosan was also lost with the addition of TP (Figure 4).

Table 4. Teriparatide Affects Cytokines Induced by Innate Immune Response Modulating Impurities (IIRMIs). Individual
IIRMIs and IIRMI-triggered cytokines in which expression is affected by the presence of 25 μg/mL of teriparatide (TP)
are summarized in the table. In the presence of TP, all cytokines shown in the table are inhibited, except for the cytokines
highlighted with an asterisk (*); levels of these cytokines are higher in the presence of TP. Statistical analysis included a
two-sided Wilcoxon test.

IIRMI IIRMI-Induced Cytokines Affected by TP

B. subtilis flagellin IFNα, IL-1α, IL-1β, IL-6, MIP-1α, TNFα, PGE-2 *

FSL-1 IFNα, IFNγ, IFNλ, IP-10, IL-1α, IL-1β, IL-2, IL-6, TNFα

ODN2006 Class B IFNα, IP-10, TNFα, PGE-2 *

Poly(I:C) HMW IFNγ, IFNλ, IL-12, IP-10, MIP-1α, TNFα, PGE-2 *

Poly(I:C) LMW IFNγ, IP-10, MCP-1, MIP-1α, TNFα, PGE-2 *

Zymosan IFNα, IFNγ, IFNλ, IL-10, IL-12, IL-1α, IL-1β, IL-6, MCP-1, MIP-1α *, PGE-2

CLO75 IFNα, IFNγ, IFNλ, IL-10, IL-1α, IL-1β, IP-10, PGE-2 *

MDP IL-1α, IL-1β, MIP-1α, TNFα, PGE-2 *

ODN2216 IFNα, IFNγ, IFNλ, IL-1α, MIP-1α, TNFα, PGE-2 *

E. coli O111:B4 LPS IFNγ, IFNλ, IL-1β
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2.8. Teriparatide Effects on IIRMI-Induced Cytokines Are Due to the Formulation Buffer (FB)

To understand whether the suppression of IIRMI-induced cytokines by TP was due to
the API or FB, we conducted a follow-up experiment in which four concentrations of TP
were tested side-by-side with the second highest concentration of IIRMIs alone, as well as
IIRMIs in combination with either 25 μg/mL TP or equivalent 25 μg/mL FB. The results of
this experiment demonstrated that changes in the expression of IIRMI-induced cytokines
by TP were due to the FB (Figure S13).

2.9. Donor’s Genetic Background Determines the Magnitude of Cytokine Response to IIRMIs

We observed that PBMCs from some donors demonstrated more robust (i.e., higher
magnitude) responses to TP than cultures from other healthy donors (Figure S4). To
understand whether such differences were due to the genetic background of the PBMC
donor or variability in the day-to-day handling of donor’s blood and PBMCs, we recalled
one highest responder (donor G9L1) and two average responders (donors M4W2 and
C9M4) for the second time, repeated the TP treatments, and compared the results between
two experiments. The results were consistent between the two experiments despite some
variability in the individual cytokine levels observed in all donors (Figure S14).

2.10. Influence of Assay Logistics on Cytokine Responses to TP and IIRMIs

We further examined the influence of blood handling and storage conditions on
resultant cytokine responses to IIRMIs or TP. Blood from ten healthy donors was separated
into six treatment groups: freshly isolated and freshly treated PBMCs; freshly isolated
PBMCs cultured for 24 h prior to the treatment; freshly isolated and cryopreserved PBMCs;
PBMCs isolated from blood refrigerated for 24 h or 48 h before PBMC isolation; and
whole blood cultures. All groups were then dosed with IIRMIs or TP for 24 h. We then
measured PBMC recovery and viability for these treatment groups (Figure 7) as well
as the levels of our seven key cytokines, IL-1α, MIP-1α, IP-10, MCP-1, IL-6, and IL-8
(Figures 5, 8, S11, S12 and S15).

Figure 7. The Effect of Storage Conditions on PBMC Viability and Cell Recovery. To simulate various handling and storage
conditions used in research, PBMCs from three healthy human donors were examined after fresh isolation, cryopreservation,
and isolation from refrigerated blood (24 h or 48 h). Cell viability was then assessed using AO/PI. (A) Number of PBMCs
recovered under the various storage/handling conditions. (B) Viability of stored PBMCs compared to their freshly isolated
PBMC counterparts. Each bar shows the mean result and standard deviation (N = 3).
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Figure 8. IL-1α and PGE-2 Responses to Zymosan are Affected by PBMC and Blood Handling Conditions. PBMCs from
10 healthy human donors were exposed to various common laboratory handling conditions (isolated from fresh blood,
cultured for 24 h, cryopreserved, isolated from blood refrigerated for 24 h or 48 h, and whole blood cultures) before being
treated with IIRMIs for 24 h. Supernatants were analyzed for the presence of cytokines. Shown are the mean cytokine
responses to zymosan (red), compared to a PBS negative control (NC, blue). The data for which statistical significance
was not observed are marked with ns. Statistical significance is shown with an asterisk as follows: * p < 0.05; ** p < 0.01;
*** p < 0.001; and **** p < 0.0001. Additional results, including zymosan-induced levels of the remaining five cytokines
and the cytokine responses for the other nine IIRMIs, are available in Figure 5 (fresh PBMCs) and Figure S15 (all other
experimental conditions).

Compared to freshly isolated PBMCs, PBMC viability is reduced to approximately
63% after 48 h of cryopreservation, as compared to the very low viability (~10%) of PBMCs
isolated from anti-coagulated blood after refrigeration storage for 24 h or 48 h (Figure 7B).
Due to the loss of 90% of usable PBMCs from the stored blood samples, we were only able
to treat the remaining cells with a limited selection of IIRMIs for comparison to the other
treatment/storage conditions. In addition, this loss of available cells can potentially skew
the resultant cytokine production (Figure 7A).

As previously discussed, there was very little general expression of IL-1α, IP-10, or PGE-2
detected even for freshly isolated PBMCs (Figure 5, Figure 8, Figures S11, S12 and S15). Inter-
estingly, the highest levels of IL-1α and PGE-2 were observed after zymosan stimulation in
whole blood cultures, indicating that other components of blood may be responsible for
increasing the levels of these cytokines.

For the other four cytokines (MCP-1, MIP-1α, IL-8, and IL-6), cultured PBMCs and
cryopreserved PBMCs had similar but reduced levels of cytokines compared to freshly
isolated PBMCs. Cytokines from refrigerated blood further reduced cytokine levels, even
at the highest IIRMI concentrations. This was especially true for IL-6, which were re-
duced to almost nothing even in the presence of strong LPS or zymosan stimulation
(Figures 5, 8, S11, S12 and S15).
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3. Discussion

Based on the results of these initial characterization studies (Table 1), complement
activation and leukocyte-proliferation assays were not chosen for subsequent studies
as they cannot adequately detect potential differences in IIRMI contamination between
different batches of product. These assays, however, could be helpful in studies investi-
gating different formulations of the same API. Examples may include when a product is
reformulated, or when a generic or follow-on product elects to have differences in formula-
tion compared to an innovator (reference) product. Therefore, we focused the rest of the
study on the cytokine secretion by PBMC after in vitro exposure to TP and formulations
containing IIRMIs.

Our study suggested that PGE-2 could be used as a signature cytokine for tracking
TP induction of innate immune responses (Figures 1A and 6). We further found that this
response is mediated by the FB rather than API. Further investigation found that, unlike
our hypothesis about the influence of metacresol, all the FB ingredients contributed to the
resultant cytokine response (Figure 2A,C; Figures S5 and S6).

IIRMIs activated a broad and often overlapping spectrum of cytokines
(Figures 3, S4, S7 and S8). This finding is consistent with the current literature about PRRs
and their cognate ligands [23–25]. Using Euclidian distance and Ward’s clustering analyses,
we obtained insight on the patterns of IIRMI stimulation and the resultant induced cytokine
responses. From these results, we identified groupings of cytokines with similar response
patterns across all IIRMI treatments (Figure 4), as well as several cytokines which did not
appear to be strongly induced by any IIRMI. These analyses also demonstrated that the
highest concentrations of each IIRMI often clustered together (Figure S9).

Further Pearson’s correlation analysis allowed for clustering the cytokine responses
based on how well cytokine values correlated across all treatment groups and donors
(Figure S10A). Strong correlations patterns identified during these analyses were consistent
with the currently available literature about the function of these cytokines and the cells
that produce them. Specifically, IL-6 and TNFα are produced by monocytes and T-cells, and
are responsible for pyrogenicity; IL-8 and MIP-1α are chemokines produced by monocytes
and responsible for neutrophils and mixed leukocyte recruitment; IL-1α, IL-1β, and IL-12
are produced by monocytes and DCs and are responsible for the inflammation, fever, and
activation of specific subsets of lymphocytes (i.e., IL-1β promotes TH17 differentiation,
whereas IL-12 supports TH1 differentiation, NK and T-cell activation to increase IFNγ

synthesis and increased cytotoxicity); in addition, IL-1α is a danger signal that indicates
damaging effects of IIRMIs that induce its secretion [14]. According to our expectations
from the global heatmaps (Figure 4 and Figure S9), Pearson’s correlation between the
different concentrations of the same IIRMI was consistent with the current knowledge
about type and intracellular localization of PRRs stimulated by these IIRMIs (Figure
S10B). Specifically, ODN2216, poly(I:C) LMW, and poly(I:C) HMW activate endosomal
TLRs (TLR9 and TLR3), whereas zymosan triggers membrane-tethered PRRs (TLR2 and
Dectin1) [25,26]. In contrast, CLO75, which showed a lower degree of anti-correlation, is
also located in the endosome but is specific to a different PRR (TLR8) [27].

To understand whether our 16-cytokine panel could be narrowed down to three or
four cytokines that would be representative of all 10 IIRMIs, we examined the top three
“winning” cytokines identified for each IIRMI (Table 3). Due to the overlapping nature of
the induced cytokines, we identified two possible panels of three cytokines which would
provide at least one positive result for all 10 IIRMIs and potentially could be used by
users who do not have access to more than a 3- or 4-plex cytokine detection panel. These
panels include the following markers: 1) IL-1α (or MIP-1α), IP-10, and IL-8; or 2) IL-1α (or
MIP-1α), MCP-1 and IL-8 (or IL-6).

The results from the subsequent 7-plex panel containing IL-1α, MIP-1α, IP-10, MCP-1,
IL-6, IL-8, and PGE-2 (Figure 5, Figures S11 and S12), suggest that our initial 16-cytokine
panel can be reduced to a four-cytokine panel, specifically containing MCP-1, MIP-1α, IL-8,
and IL-6, which would be representative of all 10 IIRMIs, which can further be expanded
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to a five-cytokine TP-specific panel, which includes the TP-signature cytokine, PGE-2, in
addition to the four IIRMI-specific cytokines.

TP did not significantly increase the levels of cytokines induced by IIRMIs. TP was,
instead, found to decrease the levels of most IIRMI-induced cytokines (Figure 4). Reduced
levels of IIRMI-induced cytokine responses in the presence of TP were also the result of the
FB rather than the API (Figure S13). Collectively, this finding and the data demonstrating
the induction of TP signature cytokine PGE-2 by the FB suggests that the assessment of
potential IIRMI contamination of the API could be more informative for comparison of
RLD and generic formulations. This data also suggests that a change in the formulation
buffer may result in a change in the signature cytokine of the whole product.

The more robust cytokine responses to TP demonstrated by some donors suggests
that day-to-day variability in phlebotomy and handling of whole blood and PBMCs may
result in quantitative differences (i.e., influence the magnitude of the responses) but would
not change the overall qualitative trends and resultant conclusions of the study. However,
the genetic background of donors that donate their blood for in vitro experiments does
appear to be an important factor in qualitative determination of the PBMC response to
individual IIRMIs (Figure S14).

Overall, the PBMC handling and blood storage conditions have a significant effect on
the detectable levels of cytokines, with freshly isolated PBMCs being the most preferred
condition since it allows for more adequate detection of cytokines as a result of innate
immunity activation (Figure 5, Figure 8, Figures S11, S12 and S15).

4. Materials and Methods

4.1. Materials

Feraheme (FH) (AMAG Pharmaceuticals, Waltham, MA) and Forteo™ (teriparatide,
TP) (Eli Lilly, Indianapolis, IN, USA), were obtained from NIH Pharmacy. All Limulus
amebocyte lysate (LAL) reagents, LAL grade (endotoxin free) water, Glucatell kits, Glu-
cashield buffer, and E. coli lipopolysaccharide (LPS) were from Associates of Cape Cod (East
Falmouth, MA, USA). Veronal Buffer was obtained from Boston BioProducts (Ashland,
MA, USA). Phosphate Buffered Saline (PBS), RPMI-1640 media, fetal bovine serum (FBS),
penicillin and streptomycin solution, L-glutamine, Ficoll-Paque Premium was from GE Life
Sciences (Marlborough, MA, USA). Hank’s balanced salt solution (HBSS) was from Gibco
(Gaithersburg, MD). All IIRMIs—B. subtilis flagellin, FSL-1, ODN2006 Class B, poly(I:C)
HMW, poly(I:C) LMW, zymosan, CLO75, MDP, ODN2216, and E. coli O111:B4 LPS—were
from Invivogen (San Diego, CA, USA). Acridine orange (AO)/propidium iodide (PI) stain-
ing solution were purchased from Nexcelom Bioscience (Lawrence, MA, USA). The 16-plex
and 7-plex cytokine multiplex kits were supplied by Quansys Biosciences (Logan, UT,
USA). Cobra venom factor (CVF), Heat Aggregated Gamma Globulins (HAGG), and Mi-
croVue EIA kits were purchased from Quidel Corporation (San Diego, CA, USA). Glacial
acetic acid, sodium acetate, mannitol, sodium hydroxide (NaOH), hydrochloric acid (HCl),
MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide), glycine, sodium
chloride, dimethyl sulfoxide (DMSO), Phytohemagglutinin (PHA-M), and Cremophor
(Cre) were purchased from Sigma-Aldrich (Burlington, MA, USA). Metacresol was from
USP (Frederick, MD, USA).

4.2. Innate Immune Response Modulating Impurities

Ten model innate immune response modulating impurities (IIRMIs) were tested at
four concentrations (Table 5) either alone or in combination with teriparatide (TP). Eight
IIRMIs (B. subtilis flagellin, FSL-1, zymosan, ODN2006, poly(I:C) HMW, poly(I:C) LMW,
CLO75, and MDP) were selected based on preliminary studies in HEK-TLR reporter
cells [9,10]; two other IIRMIs (ODN2216 and E. coli O111:B4 LPS) were selected based on
the Nanotechnology Characterization Laboratory (NCL) (https://ncl.cancer.gov/, accessed
on 15 October 2020) prior experience using them as immunological assay cascade positive
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controls. Taken together, these ten IIRMIs bind Dectin 1, TLRs 2, 3, 4, 5, 6, 8, 9, and NOD2,
as summarized in Table 5.

Table 5. Innate Immune Response Modulating Impurities used in the present study. IIRMIs and
their final concentrations tested in vitro are summarized. LPS = lipopolysaccharide; CLO = thiazolo-
quinolone derivative; MDP = muramyldipeptide; ODN = oligo deoxyribonucleotide; LMW = low
molecular weight; HMW = high molecular weight; FSL = Pam2CGDPKHPKSF, a synthetic lipopep-
tide derived from Mycoplasma salivarium.

Reagent PRR Final Concentrations per mL

B. subtilis flagellin TLR5 10 μg, 1 μg, 100 ng, 10 ng
FSL-1 TLR2/TLR6 10 ng, 1 ng, 100 pg, 10 pg

ODN2006 Class B TLR9 10 μg, 1 μg, 100 ng, 10 ng
Poly(I:C) HMW TLR3 10 μg, 1 μg, 100 ng, 10 ng
Poly(I:C) LMW TLR3 10 μg, 1 μg, 100 ng, 10 ng

Zymosan TLR2/Dectin 1 10 μg, 1 μg, 100 ng, 10 ng
CLO75 TLR8 10 μg, 1 μg, 100 ng, 10 ng
MDP NOD2 10 μg, 1 μg, 100 ng, 10 ng

ODN2216 TLR9 5 μg, 500 ng, 50 ng, 5 ng
E. coli O111:B4 LPS TLR4 1 ng, 100 pg, 10 pg, 1 pg

4.3. Endotoxin Detection

Endotoxin levels were evaluated using the kinetic turbidity Limulus Amebocyte Lysate
(LAL) Assay according to NCL protocol STE-1.2 [28,29]. Briefly, 100 μL of TP (at 250 μg/mL)
and the equivalent amount of its formulation buffer (FB) were each mixed with 100 μL
of LAL reagent in a glass tube, then measured via spectrophotometer at 660 nm for at
least 7200 sec for appropriate development. Using a standard curve prepared with Control
Standard Endotoxin of known potency, we calculated the concentration of endotoxin
present in the TP and FB solutions.

4.4. β-Glucan Detection

Levels of β-glucans were evaluated using Glucatell® kit as detailed in NCL protocol
STE-4 [15,30]. Briefly, 50 μL of TP (at 250 μg/mL) and the equivalent amount of its
formulation buffer (FB) were each mixed with 50 μL of Glucatell reagent in a 96-well plate
and incubated at 37 ◦C. The reaction was stopped through the addition of 50 μL of 1N
HCl-sodium nitrite solution, 50 μL of ammonium sulfamate solution, and then 50 μL of
NEDA solution to each well. Color development was immediately observed and measured
at 540–550 nm using a spectrophotometer. Using a β-(1,3)-D-glucan standard curve, we
calculated the concentration of β-(1,3)-D-glucan present in the TP and FB solutions.

4.5. Donor Blood

Blood from healthy human donors was collected in vacutainers containing either
Li-heparin or K2-EDTA (BD Biosciences, San Jose, CA, USA) under the NCI-Frederick
protocol OH9-C-N046. At the time of blood collection, donors were not on any medications
and have never been exposed to the model Forteo™ teriparatide formulation.

4.6. Peripheral Blood Mononuclear Cell (PBMC) Isolation and Culture

Fresh donor blood anti-coagulated with Li-heparin was mixed with an equal volume
of room-temperature PBS. The blood/PBS mixture was then slowly layered on top of
Ficoll-Paque solution in a 4:3 ratio. The sample was centrifuged for 30 min at 900× g,
18–20 ◦C, without brake. After centrifugation, the upper layer containing plasma and
platelets was removed and discarded. The mononuclear cell layer was isolated and washed
using an excess (approximately three times volume) of Hank’s Balanced Salt Solution
(HBSS) and centrifuged for 10–15 min at 400× g, 18–20 ◦C. After washing, the supernatant
was discarded, and the wash step was repeated once more. The remaining mononuclear

84



Molecules 2021, 26, 7461

cells were then resuspended in complete RPMI-1640 medium, containing 10% FBS (heat
inactivated), 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin. Cell
viability was then determined using the acridine orange (AO)/propidium iodide (PI) dual-
fluorescence viability method, in which an equal volume of staining solution, containing
AO (live cells, green) and PI (dead cells, red) was added to cells and analyzed in <60 s using
a fluorescent Cellometer instrument. The details of the protocols are publicly available
through NCL protocol ITA-10 and were previously described [31,32].

4.7. PBMC Cryopreservation

Isolated PBMCs were resuspended at a concentration of 5–7.5 × 106 cells/mL in
freezing media (10% DMSO in FBS), placed into cryopreservation tubes, and stored in a
freezing container containing isopropanol for controlled freezing at −80 ◦C.

4.8. Whole Blood Cell (WBC) Culture

Fresh donor blood anti-coagulated with Li-heparin was mixed 1:4 with room-temperature
PBS (e.g., 10 mL blood added to 30 mL PBS). The blood/PBS mixture was then added
directly to 96-well plate for treatment and culture at 37 ◦C. The details of the protocols are
publicly available through NCL protocol ITA-10 and were previously described [31,32].

4.9. Teriparatide Cytotoxicity Analysis

PBMCs in complete 1640-RPMI were incubated with 0–50 μg/mL teriparatide (TP)
for 24 h. Cell viability was then determined using the AO/PI staining method [33].

4.10. Leukocyte Proliferation

PBMCs were cultured at in the presence of controls, 0.025–25 μg/mL TP, four concen-
trations of IIRMIs (Table 5), or four concentrations of IIRMI + 25 μg/mL TP for 72 h. The
proliferation of leukocytes was determined according to NCL protocol ITA-6 [34].

4.11. Complement Activation

These experiments were conducted according to NCL protocol ITA5.2 [35]. Briefly,
K2-EDTA plasma from individual donors was pooled and incubated with controls or
0.025–83.3 μg/mL TP, and veronal buffer for 30 min at 37 ◦C. Following incubation, the
samples were analyzed for the presence of complement split product C3a using a com-
mercial multiplex ELISA kit. In this experiment, Cobra venom factor (CVF) and Heat
Aggregated Gamma Globulins (HAGG) were used as the assay positive controls (PC).
Cremophor (Cre) and Feraheme (FH) were included as additional controls as they are
known to cause complement-mediated toxicity in sensitive patients [36–39].

4.12. Cytokine Production

These experiments followed NCL protocol ITA-10 [31,32]. PBMCs were cultured at in
the presence of PBC negative control, LPS/PHA-M/ODN positive control, 0.025–25 μg/mL
TP, four concentrations of IIRMIs (Table 5), or four concentrations of IIRMI + 25 μg/mL
TP for 24 h in a humidified 37 ◦C, 5% CO2 incubator. After incubation, the plates were
centrifuged for 5 min at 700× g to pellet the PBMCs. The supernatants were collected for
cytokine analysis using custom 16-plex or 7-plex multiplex plates from Quansys Biosciences
(Logan, UT, USA). The cytokines present in the multiplex panel included type I interferon
(IFNα), type II interferon (IFNγ), type III interferon (IFNλ), interleukins (IL-1α, IL-1β,
IL-2, IL-6, IL-8, IL-10, IL-12, IL-17), interferon-gamma inducible protein (IP-10), tumor
necrosis factor alpha (TNFα), prostaglandin-E2 (PGE-2), macrophage inflammatory protein
(MIP-1α), and monocyte chemoattractant protein (MCP-1). Cytokine levels were each
quantified against a standard curve of calibrator controls (provided in the Quansys kit).
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4.13. Statistical Analysis

All experiments were performed with at least two independent samples, tested in
duplicate (%CV < 25). Unless otherwise stated, results show the mean and standard
deviation generated from these independent samples. For the cytokine multiplex assay,
the analysis was performed using custom R scripts. Cytokine concentration values above
the detection limit (“ADL”) were set to the upper detection limit, and values below the
detection limit (“BDL”) were set to zero. Statistical analysis of cytokine data was performed
using normalized values. The normalization included scaling each cytokine reading across
all collected values by dividing each value by that cytokine’s standard deviation obtained
across all donors. The normalization brought all cytokines onto roughly the same scale.
The benefit of using this approach is that one can compare cytokines directly on graphs
across 10 donors, and it keeps cytokines with very large values from swamping global
analyses. As an initial quality control (QC) step, we looked at the negative control (NC) vs.
positive control (PC) values for each cytokine using the Wilcoxon non-parametric test on
replicate-averaged cytokine-normalized values. All cytokines showed significantly higher
PC than NC values. Additionally, we looked at the correlation between pairs of replicate
runs (a vs. b for each treatment) and observed a good correlation for most pairs. Unless
otherwise noted, comparisons between cytokine levels were made on normalized values
using two-sided Wilcoxon tests.

5. Conclusions

Cytokine secretion by human PBMCs may be used to assess the innate immune
responses to IIRMIs, formulation components, and whole products containing peptide
and protein therapeutics. While the whole product needs to be analyzed, the results of
our study emphasize that the components of FB are not immunologically inert and can
contribute to both the cytokine stimulation by the whole product and inhibition of the
IIRMI-mediated cytokines. Statistical analysis helps to identify signature cytokines and
select cytokine panel appropriate for the given peptide drug product and any prospective
generics and biosimilars. It is expected that signature cytokines maybe different between
different products due to differences in formulation components, potential IIRMI contami-
nation, immunological properties of API, and interactions among them, which collectively
may lead to both quantitative and qualitative differences. Importantly, the logistics of
blood storage and handling may influence the results, and, therefore, should be carefully
investigated during assay validation phase.

Supplementary Materials: The following are available online, Table S1: Endotoxin and β-glucan
Levels in Teriparatide Formulation, Figure S1: PBMC Viability in the Presence of Teriparatide,
Figure S2: In vitro Leukocyte Proliferation in the Presence of Teriparatide and/or Innate Immune Re-
sponse Modulating Impurities, Figure S3: In vitro Complement Activation Induced by Teriparatide,
Figure S4: 16-plex Induction of Cytokines in PBMCs, Figure S5: Formulation Buffer is Responsible
for the Cytokine Response to Teriparatide, Figure S6: Metacresol and Mannitol are Responsible for
the Formulation Buffer Cytokine Response, Figure S7: Normalized 16-plex Cytokine Response to
Innate Immune Response Modulating Impurities and Selection of One Signature Cytokine, Figure S8:
Normalized 16-plex Cytokine Response in the Combined Presence of Innate Immune Response
Modulating Impurities and Teriparatide, Figure S9: Innate Immune Response Modulating Impurity-
Induced Cytokine Response Patterns via Euclidian Distance and Ward’s Clustering, Figure S10:
Cytokine Analysis via Pearson’s Correlation, Figure S11: 7-plex Induction of Cytokines in PBMCs,
Figure S12: Normalized 7-plex Cytokine Response to Innate Immune Response Modulating Im-
purities, Figure S13: Formulation Buffer Affects Cytokines Induced by Innate Immune Response
Modulating Impurities, Figure S14: Reproducibility of Cytokine Response to Teriparatide in PBMC
Cultures, Figure S15: Normalized Cytokine Responses to Innate Immune Response Modulating
Impurities are Affected by PBMC and Blood Handling Conditions.
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Abstract: Nucleic acid nanoparticles (NANPs) require a carrier to allow for their intracellular delivery
to immune cells. Cytokine production, specifically type I and III interferons, allows for reliable moni-
toring of the carrier effect on NANP immunostimulation. Recent studies have shown that changes in
the delivery platform (e.g., lipid-based carriers vs. dendrimers) can alter NANPs’ immunorecognition
and downstream cytokine production in various immune cell populations. Herein, we used flow
cytometry and measured cytokine induction to show how compositional variations in commercially
available lipofectamine carriers impact the immunostimulatory properties of NANPs with different
architectural characteristics.

Keywords: nucleic acid nanoparticles; lipofectamine; cytokine; interferons

1. Introduction

Nucleic acid nanoparticles (NANPs) are therapeutic nucleic acids designed to assemble
into various geometric shapes with distinct physicochemical properties and have a host
of diagnostic and therapeutic benefits in a wide array of diseases [1–4]. Physicochemical
characterization and immunological evaluation of various RNA and DNA NANPs have
been performed to fully understand their structure–activity relationship and help bridge
gaps that hinder the clinical translation of these novel nanomaterials [3,5–7].

It has been shown that RNA and DNA NANPs require a carrier for their intracellu-
lar delivery to immune cells [5–7]. Without a delivery agent, NANPs have repetitively
been shown to remain invisible to the immune system and do not stimulate immune
responses [5,7,8]. However, upon delivery with, for example, Lipofectamine 2000 (L2K),
NANPs are recognized by peripheral blood mononuclear cells (PBMCs), more so by mono-
cytes than lymphocytes [5,7]. Furthermore, NANPs induce interferon (IFN) response in
PBMCs, particularly type I (IFNα; IFNβ; IFNω) and III (IFNλ) IFN responses, and NANP
composition and structure define the degree of response—for example, RNA NANPs
stimulate greater immune response as compared to their DNA counterparts [5–8]. Within
the RNA NANP category, the potency of IFN responses is influenced by nanoparticle
architectures, shape, and size. For example, 3D RNA cubes are more immunostimulatory
than 2D RNA rings, and 1D RNA fibers are the least immunostimulatory NANPs of all [5,8];
likewise, RNA hexagons are more potent than RNA triangles [5].

Moreover, various delivery platforms can tailor NANPs’ immunorecognition and sub-
sequent function, including cytokine induction [7–9]. For example, NANPs’ delivery with
dendrimers influences their uptake and PBMC cytokine induction when compared to L2K-
assisted deliveries. NANPs delivered using cationic dendrimers induce pro-inflammatory

Molecules 2023, 28, 4484. https://doi.org/10.3390/molecules28114484 https://www.mdpi.com/journal/molecules
89



Molecules 2023, 28, 4484

cytokines and danger signals but not type I and III IFNs. In contrast, the same NANPs
delivered with L2K induce the IFN response with no/low cytokines and danger signals [7].
To further examine the role of the delivery carrier in the qualitative and quantitative out-
comes of NANPs’ interactions with the primary human immune cells, we investigate two
different commercial lipofectamine carriers.

Lipofectamine is a 3:1 (w/w) formulation of 2,3-di-oleyloxy-N- [2(spermine-carboxamido)-
ethyl]-N,N-dimethyl-l-propan-aminium (DOSPA) and dioleoylphosphatidylethanolamine
(DOPE) [10]. While L2K and Lipofectamine MessengerMAX (LMM) are both lipofectamines,
their composition and chemical structures were optimized to improve the transfection of
different types of nucleic acids. L2K is marketed as a more versatile transfection reagent
with superior co-transfection performance and the ability to deliver a variety of nucleic
acids [11]. LMM, on the other hand, is optimized and recommended for delivery of
mRNA without genomic integration [12]. We hypothesized that fine structural variations
in lipofectamine might further contribute to controlling the magnitude of NANP-mediated
immunostimulation.

Herein, we present results indicating that the type of lipofectamine, L2K vs. LMM,
alters NANPs’ immunostimulation and cytokine production, thereby providing additional
tools to researchers for controlling the magnitude of the IFN response.

2. Results

2.1. Assembly of NANPs and Formation of Lipoplexes

A representative panel of NANPs—RNA fibers, RNA rings, RNA cubes, and DNA
cubes—were selected to address the effect of NANPs’ composition and architectural pa-
rameters on their delivery with lipofectamines and immunorecognition. The assembly of
NANPs took place in endotoxin-free conditions. The successful assembly of NANPs was
confirmed using non-denaturing polyacrylamide gel electrophoresis (native-PAGE) and
visualized via atomic force microscopy (AFM), as shown in Figure 1A.

In addition, eight lipoplexes formed between L2K or LMM, and each of the tested
NANPs were visualized using transmission electron microscopy (TEM) and compared to
free lipofectamines. The change in morphology of the carrier alone compared to the carriers
complexed with NANPs suggests that NANPs were successfully complexed in L2K and
LMM, as demonstrated in Figure 1B.

2.2. Monocytes Have Greater NANP Uptake Than Lymphocytes Regardless of
Lipofectamine Carrier

To compare the ability of LMM vs. L2K to serve as carriers for NANPs, representative
Alexa Fluor 488 (AF488) fluorescent DNA or RNA NANPs (AF488-DNA cubes; AF488-
RNA cubes; and AF488-RNA rings) were incubated overnight with PBMCs at a final
concentration of 10 nM. The uptake (and/or association with the cellular plasma membrane)
of the fluorescent NANPs in both lymphocyte and monocyte populations was determined
using flow cytometry. Lymphocyte and monocyte populations were defined via forward
and side scatter. The NANP-association with the cells was measured in two ways: (i) the
percentage of AF488+ lymphocytes or monocytes, i.e., the proportion of cells that have
NANP-associated fluorescence, and (ii) the degree of geometric mean fluorescence intensity
(gMFI) in each AF488+ population, i.e., the magnitude of NANP uptake/association by
individual cells. Representative gating of the lymphocyte and monocyte populations, along
with the AF488+ gating, is shown in Figure 2A.
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Figure 1. Characterization of NANPs and their lipoplexes. (A) 3D models and AFM images of
representative NANPs. (B) TEM images of NANPs complexed with either L2K (upper panel) or
LMM (lower panel).

As previously established by our group, AF488-labeled NANPs have different levels
of fluorescence due to the differences in labeling efficiencies of individual oligos. Therefore,
the experimental results should not be compared across different NANP types and should
be considered qualitatively [5]. Nonetheless, our results were in agreement with previous
data from our group, which showed lipofectamine leads to NANP uptake predominately
by the monocyte population (Figure 2B,C) [5,7]. Both the percentage of AF488+ monocytes
(~60–90%) and the gMFI of AF488+ monocytes (~10 K–40 K arbitrary units (a.u.)) were
more significant than the results in the lymphocyte population (~10–50% and 800–1600 a.u.,
respectively), regardless of lipofectamine type (Figure 2B,C). However, there were a few
significant differences when we compared L2K- versus LMM-mediated NANP uptake
within a particular NANP type. The only difference between the percentage of AF488+
populations was in lymphocytes, where LMM led to a higher uptake percentage of AF488-
RNA rings than L2K (Figure 2B). Furthermore, for the magnitude of NANP uptake, LMM
led to lower gMFI for DNA and RNA cubes in the lymphocyte population, while LMM led
to lower gMFI for RNA cubes and RNA rings in the monocyte population (Figure 2B,C).
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However, while these differences may be statistically significant, biological significance
may not follow.

Figure 2. Monocytes have greater NANP uptake than lymphocytes regardless of lipofectamine
carrier. PBMCs were treated with 10 nM AF488-NANPs for 20 h, fixed, and acquired on the flow
cytometer. Cells were gated for lymphocyte and monocyte populations based on side and forward
scatter and then gated on the AF488 signal. (A) Representative gating strategy for one healthy donor
(Q3G6) showing the raw data for the negative controls and AF488-DNA cubes. (B) Lymphocytes
and (C) monocytes were assessed for uptake of AF488-labeled NANPs. The percentage of cells
positive for the AF488+ signal (left plots) and the geometric mean fluorescence intensity (gMFI) of
AF488+ cells (right plots) were assessed for both populations. Each bar graph represents the mean
data ± standard deviation from three healthy donors. Each dot represents the mean for each individ-
ual donor (run in duplicate). An asterisk (*) indicates p ≤ 0.05 for paired t-test between lipofectamine
carriers for a particular NANP type. L2K—LipofectamineTM 2000 reagent; LMM—LipofectamineTM

MessengerMAXTM reagent.

2.3. RNA Fibers Delivered with LMM Carrier Decrease IFN Production in PBMCs

To determine if the lipofectamine-carrier-type-induced changes in NANP uptake
affected PBMC biologically, IFN response was determined. Multiplex analysis was used to
assess type I (IFNα; IFNβ; IFNω) and type III (IFNλ) interferon production in PBMCs after
overnight treatment with 10 nM NANPs delivered using either L2K or LMM. The IFN panel
was used in our earlier studies, which identified IFNs as biomarkers of immunostimulation
of NANPs delivered using lipofectamine carriers [5,7]. The cytokine levels are presented as
a heat map (Figure 3A) and as a bar graph (Figure 3B). It was determined that treatment
with RNA cubes led to IFN levels similar to the positive control (ODN2216), and this
finding agrees with previous studies (Figure 3) [5]. Furthermore, PBMC treatment with
DNA rings, RNA fibers, and RNA rings generally led to lower IFN responses than the
positive control.
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Figure 3. Lipofectamine carrier type alters PBMC IFN production in response to incubation with
RNA fibers. PBMCs were treated with 10 nM NANPs for 20 h, and supernatants were collected
and analyzed via multiplex for IFN production (IFNα; IFNβ; IFNλ; IFNω). (A) Heat map of
the different IFN production levels of three healthy donors. Data points for each donor were
run in duplicate. (B) Bar graphs representing the IFN production levels of three healthy donors.
Each bar graph represents the mean data ± standard deviation from three healthy donors. Each
dot represents the mean for each individual donor (run in duplicate). An asterisk (*) indicates
p ≤ 0.05 or ** indicates p ≤ 0.01 for paired t-test between lipofectamine carriers for a particular
NANP type. NC—negative control (untreated PBMC); PC—positive control (5 μg/mL ODN2216);
L2K—LipofectamineTM 2000 reagent; LMM—LipofectamineTM MessengerMAXTM reagent.
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When addressing the specific effect of lipofectamine carrier, we determined that
lipofectamine carrier type did not affect NANP-induced IFN production except with the
RNA fibers. In the case of RNA fibers, delivery of RNA fibers with LMM led to decreased
IFN production for all four IFNs tested as compared to L2K (Figure 3B). This difference
in IFN production may reflect the design of the LMM carrier, which was optimized to
deliver mRNA.

3. Discussion

The greater degree of NANP uptake in the monocyte population as compared to the
lymphocyte population in the presence of a lipofectamine carrier (Figure 2) is consistent
with our previous studies [5,7] and data published by other research groups using DNA
origami [13]. The uptake of these NANPs in the monocytes was higher than in lymphocytes
regardless of tested carriers—L2K, LMM (Figure 2), or dendrimers [7]. Furthermore, while
there were differences seen between L2K-mediated and LMM-mediated uptake for a few
NANPs in the lymphocyte and monocyte populations, the differences are less than two-
fold except for AF488 gMFI in monocytes for RNA cubes (Figure 2B,C). Differences less
than two-fold are unlikely to lead to a biologically significant change. Moreover, these
differences seen in uptake did not correspond to downstream differences in IFN production
(Figure 3). We observed decreased PBMC IFN production after treatment with LMM-
delivered RNA fibers compared to L2K-delivered RNA fibers. Unfortunately, we did not
have AF488-RNA fibers to test RNA fiber uptake in monocyte and lymphocyte populations.
Therefore, we do not have data to indicate whether the decrease in IFN production in
PBMC from LMM-delivered RNA fibers is due to a lack of NANP uptake or another
downstream process.

Interestingly, the current study and one of our earlier studies [7] observed the asso-
ciation of DNA cubes with ~60% of the monocyte population in the absence of a carrier
(Figure 2C, left) [7]. This observation was also similar to the study by Du et al. investigating
the uptake of DNA origami [13] but in contrast to the initial report by Hong et al., in which
the uptake of DNA NANPs by monocytes was detected only in the presence of L2K [5]. We
hypothesize that differences in the type of flow cytometer used in these studies may explain
the observed discrepancy in the test results. Our current research and reports by Avila et al.
and Du et al. utilized digital flow cytometers, which adjust the instrument settings au-
tomatically and, thus, are more sensitive at detecting even low fluorescent signal [7,13].
In contrast, the initial study by Hong et al. used a traditional cytometer which involves
manual adjustment of instrument settings and often leads to the relocation of objects with
weak fluorescence outside of the data collection gates [5]. Furthermore, even though the
use of the NovoCyte flow cytometer in our current study revealed ~60% of the monocyte
population was positive for DNA cube in the absence of any carrier (Figure 2C, left), this
increase was not accompanied by increased AF488 gMFI (Figure 2C, right) nor was it ac-
companied by detectable IFN production (Figure 3), further suggesting that the association
on the individual cell level was relatively low. This could imply that the NovoCyte 3005
(and possibly other digital cytometers with similar properties) is more sensitive than the
previously used FACSCalibur [5] in the ability to detect low NANP quantities associated
with the cells. A cross-validation between the two instruments would help verify this
hypothesis, but it was not feasible because FACSCalibur is no longer available.

4. Materials and Methods

4.1. Materials

DNA strands (PCR forward and reverse primers and templates for RNA NANPs and
individual oligos for DNA NANPs) and fluorescently labeled oligos (3′- Alexa Fluor 488)
were obtained from Integrated DNA Technologies (IDT), Inc. MyTaq Mix, was purchased
from Bioline. A DNA Clean & Concentrator kit was obtained from Zymo Research. RQ1
RNase-Free DNase was purchased from Promega (3 u/50 μL). Phosphate-buffered saline
(PBS), RPMI-1640 medium, penicillin–streptomycin solution, L-glutamine, ficoll-paque
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premium, fetal bovine serum (FBS), and HyPure cell-culture-grade water were all obtained
from Cytiva/GE Heathcare Life Sciences (Marlborough, MA, USA). Opti-MEMTM I reduced
serum medium and Hank’s balanced salt solution (HBSS) were from Gibco (Gaithersburg,
MD, USA). Acridine orange (AO)/propidium iodide (PI) staining solution was from Nex-
celom Bioscience (Lawrence, MA, USA). Oligodeoxyribonucleotide, a human TLR9 ligand
(ODN2216), was from InvivoGen (San Diego, CA, USA). NovoFlow, NovoRinse, and
NovoClean were from Agilent Technologies (Santa Clara, CA, USA). LipofectamineTM

MessengerMAXTM reagent and LipofectamineTM 2000 reagent were obtained from Invit-
rogen (Waltham, MA, USA). Paraformaldehyde (PFA) 20% Solution was from Electron
Microscopy Science (Hatfield, PA, USA). A custom 4-plex Multiplex (IFNα; IFNβ; IFNλ;
IFNω) kit with sample diluent, calibrator 1, calibrator 2, detection solution, streptavidin-
HRP, substrate A, substrate B+, and wash buffer was obtained from Quansys BioSciences
(Logan, UT, USA).

4.2. NANP Preparation

All sequences used for NANP preparation are provided in the Supporting Information.
DNA templates were amplified via PCR using MyTaq Mix. The DNA Clean & Concentrator
kit was used to purify the amplified PCR products, followed by in vitro run-off transcription
using T7 RNA Polymerase in 80 mM HEPES-KOH (pH 7.5), 2.5 mM spermidine, 50 mM
DTT, 25 mM MgCl2, and 5 mM of each rNTP at 37 ◦C over 3.5 h. Transcription was stopped
through adding RQ1 RNase-Free DNase and incubating at 37 ◦C for 30 min. For the
purification of RNA strands, denaturing polyacrylamide gel electrophoresis (PAGE, 8%) in
the presence of 8 m urea run in 89 mM tris-borate, 2 mM EDTA (TBE, pH 8.2) was run at
13 W for 2 h. UV was used to visualize the RNA bands; the bands were then excised and
eluted overnight in 300 mM NaCl, TBE (pH 8.2) at 4 ◦C. To precipitate the RNAs, the elution
was mixed with 2.5 volumes of 100% EtOH and stored at −20 ◦C for 3 h. Then, the samples
were centrifuged at 10.0× g for 30 min at 4 ◦C. The pellet was washed with 90% EtOH for
10 min via centrifugation at 10.0× g at 4 ◦C; this step was repeated twice. The pelleted
samples were vacuum-dried at 55 ◦C with IR in a CentriVap micro-IR vacuum concentrator
(Labconco), then dissolved in HyPure cell-culture-grade water. The concentration of each
strand was measured using a NanoDrop 2000 (ThermoFisher) at 260 nm. The fourteen
RNA strands were stored at −20 ◦C until use.

All NANPs were assembled in a one-pot thermal anneal through combining each
strand in an equimolar ratio with HyPure cell-culture-grade water. The DNA cubes, RNA
cubes, AF488-DNA cubes, and AF488-RNA cubes were heated to 95 ◦C for 2 min, then
mixed with assembly buffer (89 mM tris-borate (pH 8.2), 2 mM MgCl2, 50 mM KCl) and
incubated at 45 ◦C for 30 min, and then stored at 4 ◦C until use. The RNA rings, AF488-RNA
fibers, and RNA rings were heated to 95 ◦C for 2 min, snap-cooled on ice for 2 min, mixed
with the assembly buffer, and incubated at 30 ◦C for 30 min, then stored at 4 ◦C until use.

4.3. Characterization of NANPs

Successful assembly of NANPs was confirmed via visualization on 8% native-PAGE
(37.5:1 acrylamide:bis-acrylamide). The gel was prepared on a Mini-PROTEAN Tetra Cell
system (Bio-Rad), pre-run for 5 min at 150 V with running buffer (89 mM TB (pH 8.2),
and 2 mM MgCl2). 2 μL of each sample was mixed with 2 μL loading buffer (Assembly
buffer, 30% glycerol, bromophenol blue, xylene cyanol), and loaded per well. The loaded
gel was run at 300 V for 30 min in a 4 ◦C cold room. The gel was stained with ethidium
bromide (EtBr, 0.5 μg mL−1) for 5 min, then washed twice with double-deionized water
(ddiH2O). Then, the gel was imaged using a ChemiDoc MP (Bio-Rad). The Alexa Fluor
488-labeled NANPs’ gel was imaged before EtBr staining via the Alexa Fluor 488 setting on
the ChemiDoc MP system.

Atomic force microscopy (AFM) imaging of NANPs was performed on a freshly
cleaved 1-(3-aminopropyl) silatrane-modified mica surface as previously described [7,14,15].
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The AFM imaging was performed in tapping mode on the MultiMode AFM Nanoscope IV
system (Bruker Instruments, Billerica, MA, USA).

For TEM imaging, 10 μL of corresponding 1 μM NANP stock and 2 μL of L2K or LMM
were repeatedly mixed through pipetting up and down. The complexed samples were
incubated at room temperature for 5–30 min. Stock L2K and LMM complexes were used
for imaging except for the LMM + RNA fiber, which was diluted 10-fold in water before
imaging. Samples were vortexed and 5 μL of each sample was applied to a glow-discharged
carbon-coated 200 mesh Cu grid (EMS, Hatfield, PA, USA) for LMM/LMM-NANPs com-
plexes or carbon-coated 400 mesh Cu/Rh grid (Ted Pella, Redding, CA, USA) for L2K/L2K-
NANPs complexes and allowed to dry for 1 min at room temperature. Staining with 5 μL
of 1% uranyl acetate (EMS, Hatfield, PA for LMM samples or Polysciences, Warrington,
PA, USA for L2K samples) was repeated twice followed by final blotting and air-drying
the grid. An FEI Tecnai T20 transmission electron microscope operating at 200 kV with a
Gatan 2 k × 2 k Eagle camera was used to image the LMM grids and an FEI Talos L120C
TEM with Gatan 4 k × 4 k OneView camera was used to image the L2K grids. A bridging
experiment analyzing L2K on 200 mesh Cu grids (EMS, Hatfield, PA, USA) and images
from an FEI Tecnai T20 transmission electron microscope operating at 200 kV with a Gatan
2 k × 2 k Eagle camera was conducted to verify that differences in instrumentation do not
affect the results; the image is included in the Supplementary Materials (Figure S1).

4.4. PBMC Isolation

Healthy human donor whole blood was collected in li-heparin vacutainers (BD Bio-
Sciences) under NCI-Frederick protocol OH9-C-N046. The whole blood was used for PBMC
isolation as specified in NCL protocol ITA-10 [16]. In brief, whole blood was diluted with
PBS at a 1:1 ratio, layered over ficoll-paque at a ratio of 4:3 (4 mL diluted blood for every
3 mL ficoll-paque), and centrifuged for 30 min at room temperature at 900× g with no
brake. The mononuclear cell layer containing the PBMCs was then removed, collected,
and washed twice with HBSS (centrifuged for 10 min at 400× g). The PBMCs were resus-
pended in complete RPMI-1640 medium (10% heat-inactivated FBS, 100 U/mL penicillin,
100 μg/mL streptomycin, and 2 mM L-glutamine) and counted on a Cellometer using a 1:1
ratio of the cell suspension to AOPI. Once the PBMCs were counted, samples were diluted
to 1.25 × 106 cells/mL using a complete RPMI-1640 medium.

4.5. Uptake of Alexa Fluor-488 NANPs in PBMCs

PBMCs were aliquoted into a 96-well round bottom plate with 160 μL cell suspension
(1.25 × 106 cells/mL) per well. The AlexaFluor-488 NANPs (AF488-DNA cubes; AF488-
RNA cubes; and AF488-RNA rings) and appropriate controls (untreated controls and
no-carrier controls) were then prepared in microcentrifuge tubes using Opti-MEMTM I
reduced serum medium and lipofectamine reagents. An aliquot of 15 μL of 1 μM stock of
appropriate NANPs was combined with 3 μL of lipofectamine reagent (LMM or L2K) or
3 μL of Opti-MEMTM I reduced serum medium for the no-carrier controls and incubated
between 5–30 min in the dark at room temperature. The untreated controls consisted
of either complete RPMI-1640 media (Complete Media) only or Opti-MEMTM I reduced
serum medium (OptiMEM) only. After the incubation, 282 μL of Opti-MEMTM I reduced
serum medium was added to each sample (except negative controls) for a total volume
of 300 μL and an NANP concentration of 50 nM where applicable. An aliquot of 40 μL
prepared sample or control was added to each appropriate well of the prepared 96-well
plate with PBMC suspension for a final volume of 200 μL (cells at 1 × 106 cells/mL; NANP
at 10 nM final concentration). The 96-well plate was placed in a humidified 37 ◦C/95%
CO2 incubator for approximately 20 h.

The PBMC samples were then prepared for acquisition on a NovoCyte 3005 flow
cytometer (Agilent Technologies, Inc., Santa Clara, CA, USA). The plate was removed
from the incubator and centrifuged for 5 min at 400× g. The supernatants from each well
were then aspirated and discarded, leaving the cell pellet undisturbed. The samples were
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washed twice with 150 μL 1× PBS (centrifuged 400× g for 5 min). The cell pellets were
then fixed with 2% PFA for 15 min at room temperature and washed twice more with
1× PBS. Each cell pellet was resuspended in 150 μL 1× PBS for acquisition on the flow
cytometer. On the NovoExpress software, side-scatter and forward-scatter area and height
parameters were selected along with the area and height parameters for the FITC (488)
channel. All other parameters remained unselected. Samples were then acquired with
the instrumentation and analyzed using GraphPad Prism 9 (Graph Pad Software, Boston,
MA, USA) and NovoExpress software version 1.5.6 (Agilent Technologies, Inc., Santa Clara,
CA, USA).

4.6. IFN Production of PBMCs after NANPs Treatment

PBMCs were aliquoted into 96-well round bottom plates with 160 μL cell suspen-
sion (1.25 × 106 cells/mL) per well. The NANPs (DNA cubes; RNA cubes; RNA fibers;
and RNA rings) and appropriate controls (negative control, positive control (5 μg/mL
ODN2216), vehicle controls, no-carrier controls) were then prepared in microcentrifuge
tubes. An aliquot of 20 μL of 1 μM stock of appropriate NANPs was combined with 4 μL of
lipofectamine reagent (LMM or L2K) or 4 μL of Opti-MEMTM I reduced serum medium for
the no-carrier controls and incubated between 5–30 min at room temperature. The vehicle
controls consisted of 20 μL Opti-MEMTM I reduced serum medium combined with 4 μL
of appropriate lipofectamine reagent. The negative control consisted of Opti-MEMTM I
decreased serum medium only. The positive control consisted of 10 μL ODN2216 1 mg/mL
stock diluted in 390 μL Opti-MEMTM I reduced serum medium for a 25 μg/mL concentra-
tion. After the incubation, 376 μL of Opti-MEMTM I reduced serum medium was added
to each sample (except the positive control) for a total volume of 400 μL and a NANPs
concentration of 50 nM where applicable. An aliquot of 40 μL prepared sample or control
was added to each appropriate well of the prepared 96-well plates with PBMC suspension
for a final volume of 200 μL (cells at 1 × 106 cell/mL). NANP samples were at a 10 nM final
concentration, and the positive control samples were at a final concentration of 5 μg/mL.
The well plates were placed in a humidified 37 ◦C/95% CO2 incubator for approximately
20 h. After the incubation, the plates were centrifuged for 10 min at 700× g. Supernatant
aliquots were then collected in newly labeled 96-well plates and stored at −80 ◦C.

A custom 4-plex Multiplex (IFNα; IFNβ; IFNλ; IFNω) from Quansys BioSciences was
then used to analyze the freeze–thawed aliquots according to the manufacturer’s manual
and NCL Protocol ITA-27 [17]. All reagents needed were included in the kit except for
de-ionized water and cell-culture-grade water and prepared when indicated by the manual.
In brief, the supernatants were thawed (partially at room temperature and partially at
37 ◦C). The calibration standards were prepared using the sample diluent in a 96-well
polypropylene plate. The supernatant samples were diluted 2-fold with the sample diluent.
50 μL aliquots of calibration standards and supernatants were loaded into appropriate
wells of the provided multiplex plate and incubated at room temperature for 2 h on a shaker
(500 rpm). The multiplex plate was washed 3 times with wash buffer using a plate washer.
The detection mix was then added to the multiplex plate and incubated for 1 h at room
temperature on a shaker. The multiplex plate was then washed 3 times. A 50 μL aliquot of
streptavidin-HRP was added to each well, and the plate was incubated for 20 min on the
shaker. The multiplex plate was then washed 6 times, and 50 μL of ChemiLum substrate
(Substrate A combined with Substrate B+) was added to each well. The plate was then read
using the Quansys ImagePro, and the resulting data were analyzed using Microsoft Excel
and GraphPad Prism.

5. Conclusions

This is the first study to demonstrate that the lipofectamine type of commercial delivery
agents can be used as a simple tool to mediate change in the immunorecognition of different
NANPs. LMM decreased IFN production in response to RNA fibers, which may be linked
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to their linear structure. This sensitivity to lipofectamine carriers could be used to modify
PBMC response to NANPs precisely.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules28114484/s1, Sequences used in this project and Figure S1: Comparison
of lipofectamine 2000 (L2K) morphology by TEM performed using different grids.
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Abstract: The chloroquine family of antimalarials has a long history of use, spanning many decades.
Despite this extensive clinical experience, novel applications, including use in autoimmune disorders,
infectious disease, and cancer, have only recently been identified. While short term use of chloro-
quine or hydroxychloroquine is safe at traditional therapeutic doses in patients without predisposing
conditions, administration of higher doses and for longer durations are associated with toxicity,
including retinotoxicity. Additional liabilities of these medications include pharmacokinetic profiles
that require extended dosing to achieve therapeutic tissue concentrations. To improve chloroquine
therapy, researchers have turned toward nanomedicine reformulation of chloroquine and hydroxy-
chloroquine to increase exposure of target tissues relative to off-target tissues, thereby improving the
therapeutic index. This review highlights these reformulation efforts to date, identifying issues in
experimental designs leading to ambiguity regarding the nanoformulation improvements and lack
of thorough pharmacokinetics and safety evaluation. Gaps in our current understanding of these
formulations, as well as recommendations for future formulation efforts, are presented.

Keywords: chloroquine; hydroxychloroquine; nanomedicine; nanoformulation

1. Introduction

Chloroquine (CQ) and hydroxychloroquine (HCQ) have been used for decades in the
prevention and treatment of malaria and in the treatment of some autoimmune diseases
such as lupus erythematosus and rheumatoid arthritis due to their immunomodulatory
properties [1–3]. Despite being considered old drugs, CQ and HCQ have generated new
interest due to their anticancer activity both in preclinical and clinical studies [4,5]. Re-
searchers have shown these drugs act through a variety of antineoplastic mechanisms
such as autophagy disruption, tumor vessel normalization, immunomodulation, and inhi-
bition of metastasis, acting both directly on the tumor parenchyma and tumor microen-
vironment [6,7]. Chloroquines have been shown effective either as monotherapies or
as adjunct therapies, sensitizing cancer cells to existing cytostatic agents as well as tar-
geted therapies [7]. For example, HCQ has been shown to synergize with MEK pathway
inhibitors for effective treatment of RAS-driven cancers, and CQ has been shown to in-
hibit melanoma growth through modifying tumor-associated macrophage (TAM) from
the M2 immunosuppressive/pro-tumor phenotype to M1 immunostimulatory/antitumor
phenotype [8,9].

CQ and HCQ have also recently received worldwide attention due to their potential
use in treating coronavirus disease 2019 (COVID-19) caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection. Previous studies showed in vitro efficacy
of these drugs against Middle East respiratory syndrome coronavirus (MERS-CoV) and
severe acute respiratory coronavirus (SARS-CoV), and a recent study demonstrated CQ
could effectively inhibit viral infection of SARS-CoV-2 in vitro [10–12]. As a result, scientists
suggested their assessment in patients, leading to emergency use authorization for HCQ
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and the initiation of several clinical trials. However, interest in these drugs sharply declined
following a retrospective analysis claiming COVID-19 patients were more likely to die of
irregular heart rhythms when taking CQ or HCQ, resulting in revocation of the FDA’s
emergency use authorization [13,14]. This report was later retracted due to data validity
concerns; however, many clinical trials had already been terminated. It should also be noted
that recent data have questioned the original in vitro findings supporting inhibition of viral
replication by CQ, demonstrating that the CQ-sensitive viral activation mechanism in the
Vero cell line utilized was not relevant to human lung cells [15]. For these reasons, the use of
these drugs for the prevention or treatment of COVID-19 remains extremely controversial.

CQ and HCQ are both basic amphiphiles that concentrate in the lysosome and in-
hibit lysosomal function as their primary mechanism of action [16]. While CQ and HCQ
also have similar toxicity profiles and are equipotent, chloroquine is much more toxic
(2-fold) [16]. Although short-term administration of either drug is generally well-tolerated,
except in patients predisposed to arrhythmia, chronic dosing and high-dose regimens
can cause severe side effects such as irreversible retinal toxicity [17–19]. CQ and HCQ
have similar pharmacokinetic (PK) properties, including high volume of distribution and
prolonged plasma half-lives between 40 and 50 days, which requires weeks of dosing to
achieve steady-state therapeutic concentrations [20]. Reformulation of CQ and HCQ to
improve their PK and safety profile may support the use of these drugs for applications
such as cancer and infectious diseases.

Nanoparticle drug delivery is one promising strategy to overcome drug liabilities
such as poor PK and toxicity while improving site-specific drug delivery. Nanomedicines
can provide a variety of benefits, such as improving the solubility of hydrophobic drugs,
protecting drugs from degradation, and altering tissue distribution through passive or
active targeting mechanisms [21]. Indeed, various nanomedicines have been developed
and clinically approved that enhance the safety and/or efficacy of drugs and legacy for-
mulations [22]. Overall, CQ and HCQ therapy may benefit from reformulation, and this
review will discuss the efforts to formulate these drugs through nanomedicine approaches
(Figure 1).

 

Figure 1. Nanomedicine formulations of CQ and HCQ. A variety of nanotechnology platforms
are being explored in the reformulation efforts of improving the overall safety and efficacy of CQ
and HCQ.

2. Liposomes

Liposomes are spherical vesicles consisting of one or more phospholipid bilayers and
are capable of loading drugs within their aqueous core or lipid bilayer. Liposomes are
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generally very stable with long circulatory half-lives, and changes to their surface chemistry,
such as hydrophilic coating (e.g., polyethylene glycol; PEG) or targeting moieties (e.g.,
antibodies), can result in decreased uptake by the mononuclear phagocytic system (MPS)
and site-specific delivery, respectively [23,24]. Liposomal formulations of CQ, with and
without erythrocyte-specific antibody targeting fragments, were first developed during the
1980s and provided better suppression of parasitemia compared to unformulated CQ in
malaria parasite P. berghei-infected animals (Table 1) [25–30]. Despite these early successes,
liposomal CQ did not progress toward clinical applications, and only a few liposomal CQ
formulations have been published since. For example, Fotoran et al. developed micron-
sized, multilamellar liposomes for loading CQ through interlayer hydrogen bonding [31].
In comparison to unformulated CQ, this formulation only provided a significant reduc-
tion in parasitemia for two of the thirteen-day efficacy study, suggesting only a modest
improvement in therapy.

It is worth noting that these studies utilized non-PEGylated liposomes, which are
known to be rapidly cleared by resident macrophages in MPS organs such as the liver
and spleen [32]. Although this is unfavorable for many applications, since it lowers drug
exposure to non-MPS tissues, some researchers have utilized non-PEGylated liposomes as a
strategy to increase drug exposure to macrophages and improve treatment of macrophage-
based infections. For example, in a C. neoformans murine model, liposomal CQ in combina-
tion with fluconazole provided better antifungal prophylaxis and treatment compared to
free drug controls due to enhanced liposomal drug uptake by macrophages [33,34]. Most
modern liposomal formulations contain a PEG surface coating that reduces macrophage
clearance and increases circulatory time, which may be desirable for malaria and cancer
indications. In one recent example, a CQ formulation using PEGylated liposomes with
antibody targeting to the erythrocyte surface protein glycophorin A provided robust CQ
delivery to uninfected and Plasmodium-infected red blood cells, resulting in superior
efficacy compared to unformulated CQ in P. falciparum-infected mice [35]. Overall, these
studies support the use of liposomal formulations for delivering CQ to erythrocytes and
macrophages for malaria and antifungal applications, but additional PK and toxicology
studies would be informative to evaluate their safety profile moving forward.

Liposomes initially found clinical success as drug carriers in cancer treatment with the
development of Doxil® (liposomal doxorubicin), which reduced the drug’s dose-limiting
cardiotoxicity and increased tumor exposure due to the enhanced permeability and re-
tention (EPR) effect [36]. The EPR effect concept was first introduced by Matsumura and
Maeda et al. in 1986; this ability of nanoparticle-based formulations to accumulate in
tumor tissue is now widely recognized and was recently reviewed by Price et al. [37,38].
In particular, liposomes have become a commonly used formulation to passively target
one or multiple drugs to tumors. Due to CQ’s anticancer activity, researchers have devel-
oped liposomal formulations combining CQ and other chemotherapeutics for enhanced
anticancer efficacy. For example, liposomes co-loaded with CQ and paclitaxel (PTX) or
doxorubicin (DXR) resulted in tumor growth suppression in A549/T-tumor-bearing mice
and MCF-7/ADR-tumor-bearing zebrafish, respectively [39,40]. However, the authors did
not compare to unformulated drug controls in the efficacy or drug distribution studies,
and therefore, it is unclear if the liposomal formulations provided any benefits to CQ
delivery, a major shortcoming of these studies.
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Several HCQ-loaded liposomes have also been developed for cancer indications.
For example, Wang et al. combined HCQ-loaded liposomes with TAT-Beclin 1 peptide to
induce autophagy catastrophe in a 4T1 breast cancer model [41]. The combination treatment
significantly reduced tumor growth compared to unformulated drug controls and HCQ
liposomes alone, suggesting improved liposomal HCQ tumor exposure and supporting the
strategy of inducing autophagy catastrophe in tumor cells to treat cancer. A similar strategy
was used to combine HCQ-loaded liposomes with Salmonella VNP20009 antitumor peptide
in a B16F10 melanoma xenograft model [42]. The liposomes increased HCQ concentrations
4-fold within the tumor compared to the free drug control 24 h following injection, with
no difference in liver or spleen concentrations at this same time point. This improvement
in tumor drug exposure resulted in 90% survival in comparison to 20% survival for the
free drug HCQ + VNP20009 combination control group, and no survival in the HCQ,
VNP20009, or HCQ-liposome only groups. These studies strongly support the use of
liposome formulations to increase HCQ delivery to the tumor site and improve efficacy
when combined with other anticancer drugs.

To further improve the delivery of HCQ to tumors, liposomes have been modified
with various targeting ligands to enable tumor-specific drug delivery. For example, lipo-
somes decorated with pH-sensitive RGD peptides for targeting ITGAV-ITGB3/integrin
αvβ3 receptors were used for HCQ delivery to melanoma tumors [43]. Both untargeted
and targeted versions of the liposomes significantly decreased drug exposure to the heart,
spleen, lung, and kidney compared to unformulated drug control, while only the tar-
geted liposome version significantly increased HCQ concentrations within the tumor
24 h post-injection. As a monotherapy, the formulation achieved a median survival of
30 days compared to 25 days from the untargeted liposome treatment group and 15 days
from HCQ free drug control. However, when combined with liposomes containing DXR,
the median survival improved to >60 days, and tumor growth was significantly inhibited
compared to free drug controls or DXR liposomes only. This same ITGAV-ITGB3/integrin
αvβ3 receptor-targeted liposome formulation was also used to co-deliver HCQ and PTX
for pancreatic cancer therapy [44]. This formulation achieved significantly better tumor
growth inhibition and reduction of metastatic tumor nodules in a BxPC-3-luc orthotopic
tumor model compared to targeted liposomes containing either HCQ or PTX, untargeted
liposomes containing both drugs, and PTX + HCQ free drug control while not affecting
body weight. This ITGAV-ITGB3/integrin αvβ3 receptor-targeted liposomal formulation
not only significantly changed HCQ distribution toward the tumor, but also provided
excellent anticancer efficacy when combined with chemotherapeutics.

In addition to integrin αvβ3 receptors, Yin et al. also targeted neuropilin-1 recep-
tors on melanoma cells for co-delivery of HCQ and PTX [45]. This targeted liposomal
formulation significantly inhibited tumor growth and effectively inhibited metastasis in
a B16F10 melanoma model compared to an untargeted liposome version and unformu-
lated drug controls. Another liposomal formulation, also targeting the integrin αvβ3 and
neuropilin-1 receptors was co-loaded with HCQ and tyrosine kinase inhibitor ZD6474 and
evaluated for efficacy in a C6 glioma model [46]. Interestingly, these liposomes did not
significantly change drug exposure to the heart, liver, spleen, lung, or kidney compared to
untargeted liposome version or free drug controls, but they did achieve a 4.9-fold increase
in drug exposure to the brain in C6 intracranial tumor-bearing mice. This improvement
in drug delivery across the blood-brain barrier (BBB) resulted in significantly prolonged
median survival time with the targeted, co-loaded liposomes (41 days) compared to the
untargeted liposome version (35 days) and unformulated, free drug controls (28 days).

Ultrasound (US) is another method that has been investigated as a means to improve
nanoparticle delivery across the BBB and is also involved in sonodynamic therapy [70,71].
This strategy was used to improve the delivery of HCQ and sonoactive chlorin e6 to glioma
tumors using angiopep-2 peptide-modified liposomes that target low-density lipoprotein
receptor-related protein 1 (LRP1) [47]. Combined with ultrasonic pulse, the targeted
liposome containing both drugs achieved the greatest median survival time of 52 days
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compared to 40 days from the untargeted liposome version and 33 days from chlorin
e6 + HCQ unformulated drug controls. Combining autophagy inhibitors with sonodynamic
therapy through targeted drug delivery to brain tumors may offer a novel therapeutic
strategy for glioma.

Drugs that are not suitable for remote loading into the liposomal aqueous core or
are not sufficiently lipophilic to associate with the lipid bilayer can be conjugated to
a lipid anchor to facilitate loading within the lipid bilayer [72]. Although researchers
have shown HCQ can be successfully incorporated in the liposomal aqueous core with
high drug loading, Liu et al. developed a liposome bilayer-loaded cholesterol-modified
version of HCQ for the treatment of pulmonary fibrosis [48]. Both cholesterol-modified
HCQ liposomes and core-loaded HCQ liposomes inhibited the development of bleomycin-
induced pulmonary fibrosis in Sprague-Dawley rats; however, the authors did not compare
to unformulated HCQ, so the benefits of using a liposomal bilayer-loaded cholesterol-
modified HCQ formulation remain unclear.

3. Polymeric Nanoparticles

Polymer-based nanoparticles have been used to improve the solubility of hydropho-
bic drugs and facilitate enhanced tumor distribution through the EPR effect. Polymeric
micelles, one of several different types of polymer-based nanoparticles, generally con-
sist of amphipathic polymers that co-precipitate with drugs to form a hydrophobic core
surrounded by a hydrophilic shell. These formulations have been shown to have low
critical micelle concentrations (CMC) and have better stability than traditional surfactant
micellar systems due to hydrophobic interactions between the drug and polymer [73].
CQ is a hydrophobic drug with a high logP of 4.72 and is predicted to be suitable for poly-
meric micelle formulations based on previous analysis of how drug properties influence
nanomedicine compatibility [74,75]. Despite this, few examples of CQ-polymeric micelles
have been reported. In one study, micelles composed of methoxy PEG-b-poly(L-lactic acid)
(mPEG-PLA) were used to co-load CQ with either DXR, PTX, or cis-platin [49]. In all cases,
the micellar formulations provided superior efficacy in ovarian cancer models compared
to unformulated drug combinations, indicating improved tumor distribution.

In addition to micelles, polymeric nanoparticles can be formed through emulsion tech-
niques. This approach can be used to encapsulate hydrophilic drugs and biologics within
the polymer matrix and do not require amphipathic polymers. For example, Yang et al.
developed a nanoparticle composed of poly(lactic-co-glycolic acid) (PLGA) for co-delivery
of CQ and pDNA expressing the mSurvivin-T34A protein [50]. In this case, CQ was used
for pDNA compaction through electrostatic interactions as well as for improving lysosome
escape of the pDNA following cell uptake. This formulation provided better tumor growth
inhibition compared to pDNA/PLGA nanoparticle without CQ in a CT26 tumor model.
However, the authors did not compare to a CQ free drug control or to pDNA/PLGA + CQ
administered separately, so it is unclear if the improvement in efficacy is due simply to the
addition of CQ or to an improvement in CQ drug delivery.

HCQ has also been formulated with biologics to aid in lysosome escape. For example,
Liu et al. developed a PLGA nanoparticle co-loaded with HCQ and ovalbumin (OVA) as a
model antigen for a proof-of-concept vaccine delivery formulation [51]. This formulation
provided statistically significant tumor growth inhibition in an OVA-sensitive E.G7-OVA
xenograft tumor model compared to free OVA or OVA-nanoparticles alone, but the authors
did not include controls for unformulated HCQ administered alone or in combination
with OVA-nanoparticles. Further studies are required to determine if there is a benefit to
formulating CQ or HCQ to facilitate cytosolic delivery of biologics, or if the same effects
can be achieved by simply administering the drugs separately.

Similar to liposomes, polymeric nanoparticles can be coated with antibodies to enable
tumor-specific drug delivery, but few have been developed for CQ or HCQ. In one example,
a cd20-antibody-targeted poly(caprolactone)/PLA nanoparticle was co-loaded with HCQ
and chlorambucil and evaluated for efficacy in a Burkitt lymphoma animal model [52].
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The targeted nanoparticle provided 90% survival after 120 days compared to 40% sur-
vival in animals treated with the antibody alone and 0% survival in animals treated with
untargeted, drug-loaded nanoparticles or free drug combination controls. Interestingly,
at non-toxic doses, the untargeted version of the nanoparticle provided worse survival (0%)
compared to the free drug combination control (33%), indicating an untargeted polymeric
nanoparticle may unfavorably change tissue distribution of these drugs.

Although most polymers used in drug delivery are biodegradable, some non-biodegradable
polymers such as acrylamide-based polymers have shown success for small molecule and
oligonucleotide delivery [76,77]. One major advantage of acrylic polymers is the wide selec-
tion of functionalized monomers available to form polymers with different physicochemical
properties. For example, poly(N-isopropylacrylamide-co-acrylic acid) (PNIPAM-Aac) is a
negatively charged polymer that can undergo electrostatic complexation with positively
charged molecules. This approach was used to co-load CQ and DXR within PNIPAM-Aac
nanogels to induce autophagy catastrophe within tumor cells [53]. Despite successful drug
loading, CQ release in PBS was rapid, with more than 50% in the first two hours and more
than 95% over 12 h. This rapid drug release is likely too fast to benefit from any passive
tumor targeting of the nanoparticle. Indeed, in an efficacy study in an MCF-7 breast cancer
model, the nanoparticles containing both drugs did not achieve a statistically significant de-
crease in tumor weight compared to CQ-only nanogels. The authors also did not compare
to a free drug DXR + CQ control to prove the benefit of nanoparticle delivery.

Overall, due to a lack of appropriate controls, there is limited data to support the
utilization of polymeric nanoparticles for improving the delivery of either CQ or HCQ.

4. Dendrimers

Dendrimers are repetitively branched molecules generally constructed as macromolec-
ular polymers with variable cores and terminal groups to facilitate drug encapsulation
and drug delivery [78]. Properties such as size, morphology, and surface chemistry can be
controlled through synthetic chemistry steps and designed for specific drug delivery needs.
To improve CQ delivery to Plasmodium-infected red blood cells, Marti Coma-Cros et al. de-
signed cationic dendrimers based on Pluronic F127 and 2,2′-bis(glycyloxymethyl)propionic
acid as well as a hyperbranched dendrimer derived from 2,2′-bis(hydroxymethyl)propionic
acid [54]. Although both dendrimer formulations were capable of loading CQ and demon-
strated parasite growth inhibition in vitro, they provided worse survival outcomes (20%)
in P. yoelii-infected mice compared to CQ control (80%), indicating the formulations signifi-
cantly reduced the antimalarial efficacy of CQ. One possible explanation for this decrease
in efficacy could be due to a reduction in systemic drug exposure. Previously, dendrimers
composed of PEG and poly(lysine) with and without galactose terminal groups signifi-
cantly reduced the maximum concentration (Cmax) and area under the concentration-time
curve (AUC) of CQ in comparison to unformulated CQ [55]. A similar CQ-loaded PEG-
poly(lysine dendrimer) with a chondroitin sulfate A coating also significantly reduced
Cmax compared to free drug (13.85 and 50.23 μg/mL, respectively), but increased AUC
from 74.72 to 120.58 μg*h/mL; however, in this case the differences in PK were likely due to
the routes of administration, since the unformulated drug was administered intravenously
and the dendrimer formulation was administered intramuscularly [56].

Alternatively, Panagiotaki et al. designed dendrimers composed of poly(ethylenimine)
with triphenylphosphate terminal groups to facilitate mitochondrial delivery of DXR
and CQ for improved cancer therapy [57]. Dendrimer formulations were developed
for each drug and, when administered together, significantly reduced tumor volume in
DU145 tumor-bearing mice. However, the efficacy was only slightly better than the DXR-
only dendrimer, and the authors did not compare to a CQ-only dendrimer formulation or
DXR + CQ free drug control. Therefore, it is unclear whether this formulation provided
any benefit to the delivery or anticancer efficacy of CQ.
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5. Polyelectrolyte Complexes

Polyelectrolyte complexes, also sometimes referred to as polyplexes and coacervates,
are formed by mixing oppositely charged polyionic species in an aqueous medium, and var-
ious ionic polymers have been investigated extensively for their ability to complex with
nucleic acids [79]. However, their use for delivering small molecule drugs has been lim-
ited, likely due to the necessity of multiple charge sites per drug molecule to allow stable
complexation with the polymer.

CQ is positively charged at physiological pH due to its two ionizable amine groups,
and because of this, researchers have attempted to load the drug into complexes containing
ionic polymers. In one example, Urban et al. developed poly(amidoamine) polymers that
formed ~10 nm complexes when mixed with CQ [59]. Drug release from the formula-
tions in PBS was nearly identical to unformulated CQ, indicating formulation instability.
Surprisingly, P. yoelii-infected mice treated with the polymer/CQ complexes achieved
100% survival 30-days post-infection compared to 0% survival in the unformulated CQ
control group. Although the polymers alone were shown to reduce parasitemia in vitro,
polymer-only controls were not included in the in vivo efficacy study. Therefore, it is un-
clear whether the improved survival is due to an improvement in CQ delivery or rather due
to additive or synergistic effects of the drug and polymers. Furthermore, the formulations
provided no statistically significant improvement in survival compared to CQ alone in
P. yoelii-infected mice when administered orally [58].

Another CQ-polyelectrolyte complex, composed of chitosan and tripolyphosphate,
was shown to reduce parasitemia to a greater extent than unformulated CQ in several
efficacy studies in P. berghei-infected mice [60–63]. However, the authors did not use
vehicle-only controls in any of the studies to rule out the possible antimalarial activity
of the polymer complex itself. Overall, these studies support the use of combining ionic
polymers with CQ to improve malaria treatment since there is evidence of better survival
outcomes and reduced parasitemia, possibly due to additive effects between CQ and the
ionic polymers, rather than improved delivery to target cells.

6. Non-Liposomal Lipid-Based Nanoparticles

In addition to liposomes, there are a variety of other lipid-based nanoparticles includ-
ing solid lipid nanoparticles (SLN), nanoemulsions, and niosomes. These formulations are
generally used for improving the solubility and delivery of hydrophobic drugs and are
highly biocompatible and biodegradable due to their physiological lipid compositions.

Unlike other lipid-based carriers, SLN contain a solid lipid core and are often uti-
lized as oral formulations to improve solubility and intestinal absorption of hydrophobic
drugs [80,81]. CQ is typically administered orally and has highly variable bioavailability
ranging from 52% to 102% as an oral solution and 67–114% as a tablet [82]. It has also been
shown that taking CQ with food results in significantly higher Cmax and AUC, and it is
recommended to avoid an upset stomach during CQ dosing [83]. Despite having high
oral bioavailability, Bhalekar et al. attempted to improve CQ oral delivery and intestinal
lymphatic uptake using a SLN formulation for arthritis therapy [64]. The SLN formulation
achieved 2-fold increases in Cmax, time of maximum concentration (Tmax), and AUC in
comparison to standard CQ suspension, reportedly due to intestinal lymphatic uptake and
bypassing first-pass metabolism. Consequently, the SLN formulation achieved greater paw
volume reduction compared to the standard CQ suspension in the arthritis mouse model.

In addition to loading drugs, lipid-based carriers have been shown to inhibit malar-
ial parasitemia in erythrocytes [84]. Due to these properties, Baruah et al. developed
CQ-loaded, cationic nanoemulsions to improve antimalarial efficacy [65]. The formula-
tion suppressed parasitemia by 99.68% compared to only 76.5% by unformulated CQ in
P. berghei-infected mice 5 days post-infection. However, the blank lipid emulsion reduced
parasitemia by 35.35%, indicating the lipid emulsion alone inhibited malarial infection.
Therefore, it is unclear if the efficacy from the CQ nanoemulsion is due to an improvement
in drug delivery or simply additive or synergistic effects with the lipid emulsion and drug.
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Niosomes are another class of drug delivery vehicle capable of loading both hydropho-
bic and hydrophilic drugs. Niosomes are similar to liposomes in that they also contain
a bilayer and an aqueous core. Unlike liposomes, which typically utilize phospholipids,
niosomes are formed from mixtures of non-ionic surfactant molecules and cholesterol.
Niosomes have been used for transdermal drug delivery due to their ability to improve
drug penetration through the skin and provide local and sustained drug release [85]. This
strategy was used to develop a HCQ-loaded niosome formulation dispersed in a Pluronic
F-127 gel for the treatment of oral lichen planus [66]. Human patients applied the niosome
gel with or without the drug (placebo group) to their lesion every day for four months.
Patients receiving the HCQ-containing gel observed an average lesion size reduction of
64.28% compared to only 3.94% reduction in the placebo group. On a pain score from 0 to
10, where 0 is no pain and 10 is the worst pain, patients in the gel and placebo groups
reported pain scores of 4 and 3 pre-treatment and 1 and 3 post-treatment, respectively.
Although these data support the benefits of this HCQ niosome gel in human patients,
the authors did not compare to HCQ gel control, HCQ free drug control, or standard of care
(corticosteroids). Therefore, it is unclear whether encapsulation within niosome provided
any benefits to the delivery of HCQ.

7. Metal Nanoparticles

Metallic nanoparticles have been successfully implemented as contrast agents and
many are being investigated as therapeutic agents and drug delivery vehicles [86,87].
One of their limitations for drug delivery is the requirement of functional groups on the
drug that can undergo chelation with metals. For example, thiol-containing drugs can be
conjugated to the surface of gold nanoparticles through Au-thiol bonding. Upon cell entry,
thiol-exchange with intracellular glutathione releases the drug. Drugs without thiol groups
must be chemically modified as prodrugs in order to conjugate to gold nanoparticles and
allow the release of the parent drug. Ruan et al. used this strategy to modify DXR and HCQ
as ester prodrugs containing terminal thiol groups to enable coupling to gold nanoparticles
and evaluated these nanoparticles for antiglioma efficacy [67]. The nanoparticles containing
both drugs resulted in a 56-day median survival in C6 glioma-bearing mice compared to
44 days from nanoparticles containing only DXR; however, the results were not statistically
significant. The nanoparticles containing only HCQ resulted in a 38-day median survival
compared to 30 days from the free HCQ treatment group, though a better control would
have been the modified version of HCQ since this is the molecule that is released from the
gold nanoparticle. The authors described in vitro DXR release in PBS at acidic pH, but they
did not investigate HCQ release, and drug release in plasma would be a better predictor of
nanoparticle stability in vivo since plasma contains both glutathione and esterase enzymes.
Therefore, the stability of the HCQ prodrug and its chelation with the nanoparticle surface
are unclear.

HCQ has also been used to enhance sonodynamic therapy of metallic nanoparti-
cles through autophagy disruption. For example, Feng et al. designed HCQ-loaded
hollow mesoporous titanium dioxide nanoparticles that are coated with a cancer cell mem-
brane to allow homologous targeting to the tumor [68]. HCQ release in PBS from coated
nanoparticles was much slower than that of uncoated nanoparticles, but the release became
equivalent to the uncoated particles when exposed to US irradiation, suggesting a US
responsive drug release mechanism. In MCF-7 tumor-bearing mice, the cancer cell mem-
brane coated nanoparticles extended the systemic half-life of HCQ to 12.3 ± 1.7 h, which
was higher than that of uncoated nanoparticles (8.7 ± 1.3 h) and free HCQ (3.4 ± 0.4 h).
However, it is unclear if the authors measured the total drug fraction in the blood or the
released (pharmacologically active) fraction. The PK of nanomedicines is very complex
since total drug concentration in the plasma and blood, as well as tissues, is comprised of
encapsulated and unencapsulated drug fractions, and both fractions can contribute to drug
efficacy and toxicity [88]. Nevertheless, the cancer cell membrane coated nanoparticles
containing HCQ combined with tumor US irradiation significantly reduced tumor growth
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compared to empty nanoparticles + US and free HCQ controls, supporting the strategy of
combining US with autophagy disruption. However, the degree to which the nanoparticle
improved HCQ exposure of the tumor site remains unknown, and treatment of HCQ +
nanoparticle + US may have been just as effective.

8. Conclusions and Perspectives

There is new interest in repurposing CQ and HCQ for novel applications such as
cancers, as well as improving therapy for their traditional indications such as infectious and
inflammatory diseases. Nanomedicines have been evaluated for their ability to improve
the safety and efficacy of chloroquines. There are a variety of nanoparticle types, with
each having their own advantages and disadvantages, and it is important to understand
the liabilities and physicochemical properties of the drug being formulated in order to
select the most appropriate platform. In the case of CQ and HCQ, off-target toxicities can
be reduced, and efficacy enhanced using a combination of site-specific drug delivery and
controlled release; the balance between delivery and release kinetics being a crucial factor
in improving therapeutic index [89]. In order to achieve this, researchers have tested nearly
every type of nanomedicine available, with many failing to conclusively demonstrate
benefits to CQ or HCQ therapy.

Polymeric nanoparticles, which have been successful in formulating hydrophobic
drugs in preclinical and clinical studies, are typically unstable formulations that release their
drug immediately after injection, thereby eliminating any potential benefits of nanoparticle
distribution and essentially acting as solubilizing formulations. For example, Genexol®

PM, a polymeric nanoparticle formulation of PTX that is approved as a cancer therapy in
South Korea, has been shown to completely release its drug within 10 min after exposure to
plasma [90]. Dendrimers and polyelectrolyte complexes have shown promising preclinical
results for gene delivery but have been less successful in formulating small molecule
drugs. Dendrimer-drug conjugates of chemotherapeutics are currently undergoing clinical
trials, and this may prove to be a more useful strategy since drug release stability is
controlled through the linker chemistry [91,92]. Metallic nanoparticles have been approved
as contrast and therapeutic agents, but none have proven useful for improving the delivery
of small molecule drugs, likely due to insufficiently stable drug-metal interactions. All of
these nanoparticle types have been used to reformulate CQ and HCQ, but most have not
provided sufficient evidence of improving their efficacy and safety profile. In many cases,
appropriate controls were missing, and it was unclear if the efficacy of CQ and HCQ was
due to an improvement in drug delivery or if the same results could be achieved using
the unformulated drugs. Therefore, additional PK and efficacy studies with appropriate
controls are needed to support the use of these nanomedicine formulations for CQ or HCQ
delivery. Further, toxicity studies are also rarely performed on these formulations and are
necessary for evaluation of improvements to the therapeutic index overall.

On the other hand, liposomal formulations appeared to provide a clear benefit to
the delivery of CQ and HCQ in various malaria and tumor models, respectively. With
its ionizable amine groups, CQ can be actively loaded into the aqueous liposomal core,
and erythrocyte-specific targeting ligands on the surface of the liposomes improve drug
uptake within red blood cells, a target for malaria. Since lipids have been shown to inhibit
Plasmodium infection, combining CQ with lipid-based carriers may provide not only
better drug delivery to uninfected and infected red blood cells, but also synergistic efficacy.
Liposomes also make a good choice for improving the delivery of these drugs to tumors.
With their ~100 nm size and good stability, liposomes are able to accumulate within the
tumor microenvironment via the EPR effect and deliver their therapeutic cargo [93]. With
the help of targeting peptides on their surface, liposomes were able to co-deliver HCQ
and other chemotherapeutics to significantly improve efficacy and survival outcomes
and appear to be a promising strategy for cancer therapy moving forward. However,
one disadvantage of liposomes is that they are generally very stable with extremely long
drug release half-lives. For example, Doxil has a drug release half-life greater than 100 h,

111



Molecules 2021, 26, 175

and there are currently efforts to design less stable liposomes that provide faster drug
release rates at the site of interest [94–96].

One notable absence in the above nanotechnology formulation discussion of chloro-
quines is polymer prodrug systems, a major drug delivery class that has scarcely been
evaluated for these drugs and may offer an ideal balance of targeting and stability. Polymer
prodrugs can be designed to be biodegradable, provide site-specific targeting, and enable
controlled drug release through the polymer-drug linker chemistry [97]. This strategy
has proven useful for the delivery of small molecule drugs for cancer and neurological
diseases, and there are several candidates in clinical trials [98]. To our knowledge, only a
single example of a polymer prodrug of HCQ evaluated in vivo has been published, and it
demonstrated substantially better efficacy and lower toxicity compared to unformulated
HCQ in a mouse model of colitis [69].

It should be emphasized that despite the promising preclinical data for some of
the formulations presented in this review, none of the formulations have made it to the
clinical stage. The lack of clinical development is likely due to poor intellectual property
protections and uncertain commercial promise for the formulation platforms presented,
many of which rely on generic formulation strategies. However, it is expected that the
recent commercial success of novel nanotechnology-based delivery platforms and renewed
interest in chloroquine drugs for novel indications, such as cancer, will fuel future clinical
development of chloroquine nanoformulations [9,99]. Overall, reformulation efforts of CQ
and HCQ through nanomedicine approaches have shown some promising improvements
in efficacy and safety, but further developments are warranted.
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Abstract: Nucleic acid nanoparticles (NANPs) are an exciting and innovative technology in the
context of both basic and biomedical research. Made of DNA, RNA, or their chemical analogs,
NANPs are programmed for carrying out specific functions within human cells. NANPs are at the
forefront of preventing, detecting, and treating disease. Their nucleic acid composition lends them
biocompatibility that provides their cargo with enhanced opportunity for coordinated delivery. Of
course, the NANP system of targeting specific cells and tissues is not without its disadvantages.
Accumulation of NANPs outside of the target tissue and the potential for off-target effects of NANP-
mediated cargo delivery present challenges to research and medical professionals and these challenges
must be effectively addressed to provide safe treatment to patients. Importantly, development of
NANPs with regulated biological activities and immunorecognition becomes a promising route
for developing versatile nucleic acid therapeutics. In a basic research context, NANPs can assist
investigators in fine-tuning the structure-function relationship of final formulations and in this review,
we explore the practical applications of NANPs in laboratory and clinical settings and discuss how
we can use established nucleic acid research techniques to design effective NANPs.

Keywords: nucleic acid nanoparticle; RNA motif; RNA domain; SHAPE analysis

1. Introduction

Nucleic Acid Nanoparticles (NANPs) are a subtype of therapeutic nucleic acids (TNAs)
exclusively composed of specialized oligonucleotides designed to carry out defined archi-
tectures and functions such as delivery of therapeutic agents, biosensing, and immunostim-
ulation [1]. NANPs can be specified by the designer to deliver functional groups capable of
modulating their biological activities while adding regulatory control to the intended func-
tion of the NANP [2,3]. NANPs can be engineered to associate with specific targets which
make them useful in diagnostics as well as the targeted delivery of therapeutic agents to
detect and combat disease with fewer off-target impacts than experienced with traditional
delivery systems [4]. For that, the sequences amenable to interactions with receptors on
cellular surfaces to facilitate NANP uptake through receptor-mediated endocytosis [5].
A 2015 study by Narayan and colleagues established that class A scavenger receptors
have enhanced affinity for spherical nucleic acid nanoparticles conjugates exhibiting a
high guanine content [6]. High guanine content in the oligonucleotides of the conjugates
facilitated adoption of a secondary structure that facilitated uptake of nanoparticles car-
rying camptothecin by A549 (human lung adenocarcinoma) cells which resulted in the
significantly diminished viability of the cancerous cells seven days after treatment with a
G-rich spherical conjugates [6].

NANPs are often used as a method of getting nucleic acids past “barriers” that exist
in the body. Typically, carrier-free, naked, exogenous nucleic acids introduced without
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any chemical modifications would meet one of two fates within the body: rapid nuclease-
mediated degradation and/or renal clearance. The engineered larger NANPs or NANPs
mixed with the delivery agents assemble in such a way that the cargo they are delivering
is protected from degradative nuclease activity which would otherwise stop the NANPs
from achieving their therapeutic purposes. Additionally, the architectural parameters (size,
shape, composition, functionalization with TNAs, etc.) of NANPs can be engineered in a
way that is non-immunogenic and allows the payload to be shuttled to its intended target
without triggering any immunological responses [7]. Once the problems of nuclease medi-
ated degradation and immunogenicity are dealt with, NANPs can deliver gene regulatory
RNA interference (RNAi) inducers to decrease the expression of overexpressed genes in
pathogenic settings [4,8].

1.1. Nucleic Acid Nanoparticle Design and Functionalization

There is more than one way to design NANPs and the method used to design a partic-
ular NANP depends on the material delivered as well as its action upon delivery [9–11].
The physical properties of individual NANPs determine how well the NANP interacts with
its intended target and consequently, impacts the efficacy of the NANP’s payload delivery.
Several computer-assisted approaches allowing for designing RNA and DNA NANPs have
been introduced and explored [9,12–17]. Once a particular NANP is selected for further
use, the addition of functional moieties to its structure can be achieved through a direct
extension of 5′- or 3′-ends of individual strands that enter the NANP’s composition. One
way in which NANPs demonstrate specificity is through aptamers. Aptamers are single-
stranded oligonucleotides that can adopt specific conformations [18]. Due to their specific
conformational arrangements, aptamers can interact with cell components, namely recep-
tors and ligands, in a level of specificity like that of antibodies to elicit a response [18,19].
Their ability to modulate pathways within cells makes aptamers an attractive candidate for
therapeutics-particularly in an antagonistic indication [18].

In terms of NANP design, aptamers can be added to NANPs to enhance the specificity
of NANP binding. This binding of NANPs can be to whole cells (on the cell surfaces), as
well as proteins, and in some special cases, viruses [20]. NANPs provide therapeutic agents
access to cells without leaving those therapeutic agents subject to degradation and less
prone to triggering an immune response. The aptamers, which have undergone several
rounds of Selective Evolution of Ligands by Exponential Enrichment (SELEX), are the
key to getting the therapeutic agent to exactly where it is needed [19,20]. We can think
of aptamers like a ZIP code on a letter such that the contents of the NANP could go to
several different places, but when the aptamer is added, the potential delivery locations are
narrowed down to a specific place within the cell.

1.2. Selection of Nucleic Acid for NANPs

In the previous section, it was stated that NANP design is influenced by the cargo that
is delivered as well as the intended action. The same dependence on cargo and action must
be considered when selecting the nucleic acid for a NANP. Both DNA and RNA NANPs
have been developed for therapeutic and research applications, but the two have several
distinct qualities that make them unique from one another. In general, DNA is typically
regarded as the more stable of the nucleic acids, however, that does not mean that RNA is
the “lesser” nucleic acid. In fact, RNA has some properties that make it favorable for use
in NANPs.

A clear distinction between DNA and RNA nanoparticles is the base pairing capa-
bilities of each nucleic acid. DNA is confined to Watson–Crick base pairing, meaning
that A binds with T and C binds with G. While RNA often does form Watson–Crick base
pairs, it also participates in non-canonical base pairing, such as G:U, G:A or C:A type as
found in RNA structural folds [21]. These noncanonical base pairs play critical roles in
RNA-folding to establish the three-dimensional structures required for diverse functions of
RNA. Thus, RNA’s ability to form non-canonical base pairs allows it to adopt motifs with
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discrete structure and function, setting it apart from DNA [21]. The motifs present in RNA
provide it with enhanced thermal stability, which can be variable in relation to base pairs
in DNA, creating differentials in thermal stability within the same DNA sequence [21,22].
This stability is further reflected in the free energy of RNA-RNA helices [21]. The free
energy for RNA-RNA helices is the lower that of DNA-RNA hybrid helices and DNA-DNA
helices [21,23,24].

For a NANP to carry out its intended function, it must be recognized by a recep-
tor on the exterior of a target cell and endocytosed into the cell. Upon endocytosis, the
NANP is inside of an endosome that functions to degrade molecules and reuse their
components [21,25,26]. The endosome is acidic to aid in the degradation of endocytosed
molecules [25–27]. In the case of DNA, this low pH environment leads to depurination-a
process in which adenine and guanine (the purines) are protonated and subsequently
lost from the sequence, leaving the DNA lacking purines and susceptible to degrada-
tion [21,28,29]. On the other hand, RNA is tolerant of lower pH levels than DNA, which
will facilitate successful delivery through the endosome [21].

In summary, RNA nanoparticles are more stable thermodynamically and to pH ranges.
Additionally, they have greater structural flexibility. When considered together, these
features make RNAs preferred over DNAs as NANPs.

1.3. Small Interfering RNA (siRNA)

Small interfering RNA (or siRNA) is a short, non-coding, regulatory RNA [30]. Like
other small RNAs, siRNAs are generally 20–30 nucleotides in length, and they can modu-
late the expression of genes [30,31]. siRNAs are usually exogenous to the organisms they
regulate, and they can be designed by researchers to target a specific gene for downreg-
ulation [31]. siRNAs are commonly used in RNA interference (RNAi). RNAi has long
existed in nature, however, more recently researchers have begun to harness its power
to regulate gene expression [32]. siRNA is used to target specific sequences of RNA or
DNA. siRNA originates from double-stranded RNA (dsRNA), which is not common in
cells and triggers a cascade to eliminate the dsRNA [31]. The dsRNA is cleaved into small
pieces, which become the siRNAs, by a protein called Dicer [31]. siRNAs are loaded into
the RNA-Induced Silencing Complex, or RISC [31]. Once in the RISC, the strands of the
siRNA are separated and only one strand is retained [31]. When the siRNA-bound RISC
recognizes a mRNA sequence complementary to the siRNA strand, the RISC activates a
protein called slicer to cleave the mRNA and render it untranslatable [31]. Sometimes,
there is not perfect sequence complementarity, but it is still similar enough that the siRNA
strand will bind the partially complementary RNA and block it from efficient translation
(Figure 1A) [32]. In a therapeutic setting, researchers may introduce synthetically produced
siRNAs for targeted knockdown of a gene of interest. In this case, the siRNA is not cleaved
from a larger dsRNA inside the cell-it is already the appropriate size for association with
the RISC [31].

NANPs are particularly useful in the delivery of siRNA due to their stability [33].
Typically, “naked” RNAs are quickly recognized as foreign and degraded by endogenous
nucleases inside the cell or organism to which the RNA is delivered [33]. The stability
provided to the siRNA payload delivered by the NANP increases the ability of the siRNA
to reach its intended target without being destroyed by the recipient. Additionally, NANPs
can be conjugated to aptamers which bind with high specificity to a desired target. The
specificity conferred to the siRNA delivery by nanoparticles reduces the possibility of off-
target binding/delivery and increases the concentration of siRNA at the desired target [19].
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Figure 1. (A) Diagram detailing the steps involved in RNA interference (RNAi) through the pro-
duction of small interfering RNAs (siRNAs). (B) A representative diagram of how siRNAs may be
delivered to a cell via RNA-functionalized nanoparticles, and how the siRNAs can be used for RNAi
upon delivery. Image created with BioRender.com.
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1.4. NANP Applications in Medicine

In addition to the delivery of therapeutics to treat disease, NANPs can be used in
disease prevention. RNA or DNA NANPs can be designed to deliver genetic information
from pathogens in vaccines to prime the immune system for a natural exposure [34]. This
is a new and exciting application of nanoparticles that we will undoubtedly see become
more common as nucleic acid vaccines are further developed. NANPs can also be used as
adjuvants that allow vaccine materials to be incorporated into the target tissue to stimulate
an appropriate immune response [35]. On the flipside, nanoparticles can be altered to be
immunologically inert and lack inflammatory activation, which can result in adverse effects
to the patient. The future of NANP medicine will rely on careful optimization of these
drugs and mitigation of their side effects and off-target effects.

2. Functionalized RNA Nanoparticles

2.1. RNAi

RNAi is the phenomenon of dsRNAs knocking down or silencing the expression of
endogenous mRNAs initially described by Andrew Fire and Craig Mello nearly 25 years
ago [36,37]. RNAi relies on small interfering RNAs (siRNAs) which silence encoded genes
(Figure 1A). This occurs through a short double-stranded RNA binding with a target and
preventing translation into functional protein [38]. While Fire and Mello characterized
RNAi with an exogenous RNAi with dsRNA delivered from outside in C. elegans, the
phenomenon is an evolutionarily conserved method of post-transcriptional gene silencing
that has served as a means for organisms to protect themselves from exogenous threats
as well as regulate gene expression [39]. RNAi has been characterized in plants as a sort
of immune protection from plant viruses and insects [39]. A few years ago, Chejanovsky
and colleagues used deep sequencing to detect the presence of perfect siRNA matches
for three viruses that strongly contribute to colony collapse disorder in the genomes of
honey bee colonies that had succumbed to colony collapse disorder [40]. In an experimental
setting, RNAi has been used to tackle a wide range of biological problems. RNAi-mediated
biological pest control has been used experimentally to protect valuable crops which will
provide nutrients to countless people and livestock [41]. Building off of Chejanovsky’s work
in honey bees, RNAi has been experimentally employed to combat viruses that contribute
to colony collapse disorder and threaten global food supplies [42]. NANPs can be used to
mediate the delivery of exogenous RNAs for RNAi within cells. NANPs functionalized
with the exogenous RNA deliver the RNA inside a cell to silence a target gene and prevent
the formation of that gene’s product [43]. Once the NANP has been internalized within
the cell, the enzyme Dicer acts upon the attached RNAs, allowing them to participate in
RNAi-mediated gene silencing (Figure 1B) [43].

Currently, RNAi is a subject of much research and development for clinical applica-
tions [44]. Despite a rocky start in the 2000s in which several RNAi therapeutic candidates
were pulled from clinical trials due to unintended effects, Patisiran became the first RNAi
drug to receive FDA approval in 2018 [37,45]. Patisiran treats hereditary transthyretin
amyloidosis-a deadly genetic disorder which is characterized by the deposition of amyloid
plaques of the protein transthyretin in key organs such as the heart and kidneys, leading
to deterioration of quality of life for patients and eventual death [45–48]. Today, there are
several RNAi drugs in clinical trials for treating cancers, inherited genetic disorders such
as Sickle Cell Disease and familial hypercholesterolemia, and viruses such as HIV and
hepatitis B [37].

Like with all new technologies, RNAi does not come without drawbacks. Naturally,
we must consider immunogenicity. RNAi therapeutics work at their best when they are
delivered to the appropriate tissue without degradation. When the RNAi drug triggers an
immune response, the drug may never reach its intended target, or if it does, it could be in a
less effective state [37]. In addition to unintended immunogenic responses, accumulation of
RNAi therapeutics in unintended locations and subsequent toxicity are of major concern to
RNAi drug developers [37]. While accumulation of RNAi therapeutics in off-target tissue is
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a very legitimate problem in and of itself, an additional unintended consequence of RNAi
drug treatment is the drug acting as it is supposed to outside of its target tissue and causing
interruption to normal tissue function [37].

To continue to develop the applications of RNAi therapeutics, researchers have got-
ten creative with how they have approached drawbacks. Researchers have incorporated
base modifications into the RNA delivery system to get around the problem of immuno-
genic activation caused by RNAi therapeutics [5,37,49]. In 2007, Robbins and colleagues
demonstrated that the addition of a 2′-O-Me modification to siRNA reduced the siRNA’s
immunogenic potential without diminishing its ability to decrease expression of a target
gene [49]. The added benefit of the base modifications is increased RNA stability, which
generally increases the amount of time it is able to remain in the body without becoming de-
graded or neutralized by the immune system [5,37]. When the circulation time is increased,
the RNAi therapeutic has an increased probability of arriving at its target and carrying out
its intended function.

To mitigate off-target RNAi activity, researchers propose some common-sense mea-
sures to enhance safety for RNAi therapeutic recipients. The first proposed measure occurs
long before the RNAi therapeutic makes it to the patient-it is extensive quality control
to ensure that the drug has as few targets in the human genome as possible [37,50]. In
their 2019 review, Setten and colleagues uphold that some off-target binding is inevitable
and patients receiving RNAi therapy should be administered the smallest dose capable of
achieving the desired effect, while being closely monitored for signs of off-target activity
that is threatening to the patient’s wellbeing [37].

It becomes more challenging when on-target effects in off-target tissues are considered.
The drug is doing what it is supposed to do, just in a suboptimal location, which can imperil
the patient’s health. Much like mitigating off-target effects in off-target tissue, researchers
must design intentional, highly specific therapeutics to ensure that there are as few possible
routes for the therapeutic to build up in a non-target location [37]. In addition to designing
therapeutics with the awareness of these effects, drug developers have “reverse engineered”
compounds to reverse the impacts of the siRNA therapeutics in the event that they excel at
performing their intended functions outside of the optimal location [37,51].

2.2. NANP-Induced Immunogenicity

The use of NANPs in humans as well as other animals carries the potential for immune
activation. The immunogenic response must be thoroughly evaluated by the investigators
to ensure that it is not activated in an unintended manner (i.e., prior to the delivery of the
NANP to the target tissue). Researchers do have some (though not complete) control in how
immunostimulation proceeds through the design of their NANPs. A 2017 research article by
Guo and colleagues examined the impact of NANP sequence as well as physical properties
(size and shape) on their immunostimulatory effects [52]. In this study, the research
team demonstrated that increases in the size of RNA squares resulted in enhancement of
cytokine secretion, namely TNF-α and IL-6 [52]. Similarly, RNA squares with attached
uniform RNA sequences showed the same effect-as the number of attached RNA sequences
increased, so did the levels of cytokine secretion [52]. The same study indicated that
three-dimensional RNA nanoparticles elicited higher levels of cytokine secretion than their
planar counterparts [52]. Figure 2 provides a visual representation of the results that were
described in Guo’s 2017 article (Figure 2).
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Figure 2. Structural parameters and other factors affecting immune stimulation by NANPs. Image
created with BioRender.com.

2.3. Immuno-Adjuvant

The use of adjuvants offers a robust method where immunostimulatory compounds
are employed to potentiate and modulate the immune response, when used together with
vaccines. Among the recent advancements of the immunomodulatory NANPs, is their
ability to regulate and modulate the immune responses when encountered. The rapid
clinical development of this technology is impeded by several hurdles among which is the
unknown immune stimulation by NANPs. However, recent studies have reported that
mammalian cells use the same patterns of recognition established to defend themselves
against viral and bacterial nucleic acids to process NANPs [2]. Further investigations
showed that various interactions of NANPs with different immune cells elicit different
immune responses. The regulation of the immune response by NANPs can be controlled by
varying their design, specifically by altering numerous architectural parameters including
the NANPs’ size, shape, functionalization and composition (Figure 2) [2,8,53,54]. The
correlation between those variations in NANPs’ structures and their effect on the immune
response is now being considered carefully during the design process aiding to develop
NANPs that would either modulate the immune activation or stay immunoquiescent [54].
Other aspects considered to successfully translate NANP technologies into clinical settings
would include the choice of delivery carriers and administration routes for NANP formula-
tions. If NANPs complexed with a carrier are delivered via intravenous administration,
they may induce undesired inflammation due to cytokine induction and complement
activation. However, if the same system is administered locally, it would serve perfectly
as immune-adjuvant as it will induce the same cytokine and interferon response along
with complement activation, which would potentiate the vaccine efficacy and enhance
immunotherapy efficacy [53].

2.4. NANPs with Regulated Immune Responses

Human cells have receptors for the recognition of foreign nucleic acids called pattern
recognition receptors (PRRs), which can also distinguish and process NANPs. There-
fore, understanding the underlying mechanisms of recognition and the NANPs structural
parameters that affect their recognition process would allow the tunability of the immunos-
timulatory effects. This, in turn, will allow engineering the immunoquiescent NANPs
intended for drug delivery, or NANPs with regulated immunological properties that could
be used in immunotherapies [3]. In the case of immune-adjuvants, PRR agonists help
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to stimulate the innate cytokine and interferon production, which endorses the cellular
antiviral defenses [3].

Extensive studies have been carried out to assess the immunostimulation of the rep-
resentative library of NANPs introduced to freshly collected human peripheral blood
mononuclear cells (PBMCs) [3,7,8,55–61]. PBMCs were chosen as a highly reliable model
for prediction of cytokine storm toxicity in humans [57]. One of the parameters that af-
fects the immunorecognition of NANPs is their chemical composition (e.g., DNAs vs.
RNAs vs. DNA/RNA hybrids) (Figure 2-Composition) [55,62]. A study reported that
altering the composition of NANPs can modulate the mechanisms and degree of elicited
immune responses [63]. It also highlighted that NANPs made of RNA normally demon-
strate significantly higher immune activations in comparison to their DNA counterpart,
since RNA NANPs can trigger both TLR7 and RIG-I mediated cytokine and interferon
response (Figure 2-Composition) [63–65]. Another parameter is NANP size; increases in
the size of NANPs may lead to elevated immunostimulation (Figure 2-Size). One more
parameter that plays a major role in immunostimulation is the dimensionality of NANPs.
Several studies have confirmed that for RNA NANPs, fibrous structures (1D) demonstrate
reduced immunostimulation when compared to planar NANPs (2D) and that the globular
RNA NANPs (3D) produce the highest levels of immune responses amongst all of them
(Figure 2-Globularity) [2,59,60]. It was reported that 2D and 3D RNA NANPs induced
interferon production upon activation of TLR7, while 1D NANPs did not [62]. In addi-
tion, it was shown that the immunostimulation of NANPs functionalized with therapeutic
nucleic acids (TNAs) induce higher production of type I and II IFNs when compared to
non-functionalized NANPs and that the extent of activation can be regulated by relative
orientation of the TNAs (Figure 2-Functionalization) [8,60].

2.5. The Role of Carriers on NANPs Immunorecognition

Another hurdle precluding broader clinical application of NANPs is their intracellular
delivery [1,66,67]. One of the most essential factors for NANPs delivery and their efficacy is
the use of carriers and complexation agents. Extensive studies had previously reported that
carrier-free NANPs do not elicit any immune response as they are invisible to the cells, and
the use of delivery platforms further tailors the immunorecognition of NANPs [2,53,68].
Hence, for efficient intracellular delivery of NANPs, various delivery agents such as lipid-
based carriers [55], exosomes [69], polymeric agents [70], and inorganic materials [71,72]
have been investigated. One study employed PBMCs to investigate the use of amine-
terminated PAMAM dendrimers to deliver NANPs (e.g., RNA and DNA cubes) and
compared to commercially available Lipofectamine 2000 (L2K), a well-established lipid-
based delivery platform [55]. The results highlighted that the uptake of the NANPs by
different human immune blood cells, and their cytokine responses varied based on the
delivery system used [55]. NANPs complexed with dendrimers did not induce type
I and type III IFNs as opposed to NANPs complexed with L2K. In addition, NANPs
complexed with L2K did not induce cytokine production (IL-1α, IL-1 β, IL-6, TNFα), while
NANPs complexed with dendrimers induced the production of these stress associated
cytokines. The 3D RNA NANPs (RNA cubes) delivered by dendrimers also elicited a
more potent profile of cytokine production when compared to their DNA counterparts,
which aligned with previous findings highlighting the effect of NANP composition on
immunorecognition [53]. Additionally, as was expected, the carrier-free NANPs did not
elicit any immune responses [55]. To overcome the barrier of safe and efficient delivery
of NANPs while avoiding the carrier-associated toxicity, naturally occurring nanovesicles
involved in cellular communication (e.g., exosomes) can be utilized. The exosomes provide
a stealth-coating for loaded NANPs, which prevents nuclease degradation of NANPs as
well as exposure to PRRs. For example, exosome-mediated delivery of RNA cubes which
are known to have high immunostimulatory effects on cells, showed negligible immune
activation [69], as compared to other carriers.
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As each set of NANPs holds a unique physicochemical and architectural profile, this
creates a burden to predict the type of immune response and its magnitude. To overcome
this challenge, a computational predictive tool called “artificial immune cell”, or AI-cell,
was developed to guide the design of NANPs to fit the desired immunological profiles.
This unprecedented computational approach is fed by physicochemical and immunological
profiles for an array of various NANPs and uses innovative transformer architectures to
predict the immunological activity of NANPs based on the entered oligo and their sequence
compositions [7]. This freely available web-based implementation is expected to advance
the understanding of properties that contribute to immunomodulatory activity of NANPs
and draw guidelines for their design principles. The AI-cell shall further promote the
therapeutic nucleic acid nanotechnology even further by addressing the public health
challenges related to the toxicities of nucleic acid therapies [7].

3. RNA Motifs and Domains, and Their Delivery via Nanoparticles

3.1. Motifs

In 1999, P.B. Moore defined an RNA motif as a “discrete sequence or combination
of base juxtapositions found in naturally occurring RNAs in unexpectedly high abun-
dance” [73]. Moore’s definition of an RNA motif leaves room for RNA sequence motifs as
well as structural motifs [74]. RNA motifs occur naturally, can exhibit three-dimensional
structure, and can interact with other motifs in RNAs and protein domains to contribute
to their overall functionality [73]. Researchers and pharmaceutical developers have taken
advantage of naturally occurring RNA motifs and incorporated them into their nanoparticle
designs for enhanced stability and increased capacity for payload delivery and tracking [5].

3.2. Domains

In a 2002 review of protein domains, Ponting and Russell provided three different
perspectives from which protein domains could be defined: biochemical, structural, and
sequential [75]. Structurally, they defined domains as “spatially distinct units” [75]. In the
biochemical context, they were less concerned with structure and specified a domain as a
region with a clear-cut function [75]. From a sequential standpoint, Ponting and Russell
claim that a domain is characterized by homology to other sequences which achieve similar
functions in different environments [75]. While each definition of the domain holds some
truth, all three should be considered together to get the full understanding of the domain.

Ponting and Russell did provide a more modern definition of a domain as a structure
that could adopt the necessary structural conformation for carrying out its function [75].
While this definition is applied to protein domains, it could be applied in the context of RNA
as well. After all, RNA can adopt specific conformations that facilitate biological functions.
RNA motifs, described earlier, have the capacity to build upon each other and interact
with other motifs in ways that perform biological functions. Those interactions between
motifs are key to the establishment of RNA domains. A 2011 review by Reiter, Chan and
Mondragón described domains as complex, functional, three-dimensional structures in
the RNA that are comprised of (and stabilized by) interacting RNA motifs [76]. Functional
RNA motifs are the building blocks of larger functional RNA domains that have unique
three-dimensional structures [76].

3.3. Motifs and Domains in Research

Since the late 1980s, RNA motif research has been rapidly growing. In a 1998 review
article, Conn and Draper claim that there are only a few functional RNA motifs, but when
these motifs are placed together in combination, the functions that can be carried out by
the structured RNA and the specificity with which these functions can be executed is
enormous [77]. Nanoparticles, which were in their early days at the time of Conn and
Draper’s review, take full advantage of combinatorial effects of RNA motifs. RNA motifs
themselves are quite frequently incorporated into the designs of nanoparticles for their
functionality [5].
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RNA tectonics (or tectoRNAs) utilize naturally occurring RNA motifs to form hier-
archically folded modular functional RNAs which can be used to construct RNA nanos-
tructures [78,79] and illuminate the functions of already-existing RNA structures [80]. We
can think of modular tectoRNAs as jigsaw puzzle pieces that when put together, provide
us with the greater unified function of the specific nanostructure much like the pieces of
an actual jigsaw puzzle show us an entire picture [79]. However, unlike a jigsaw puzzle,
tectoRNAs (or pieces) can be reused in different nanostructures (puzzles) to make and
execute entirely new functions [80].

3.4. RNA Functional Augmentation

Over the last nearly three years, the public has become increasingly aware of the use of
RNA in medicine through the SARS-CoV2 vaccine. Two of the three mainstream COVID-19
vaccines contain the mRNA transcript encoding the spike protein, which facilitates viral
entry into the cell [81]. The mRNA to be delivered is encased in lipid nanoparticles to
prevent rapid degradation of the encoded instructions [81]. Once delivered, the mRNA
becomes translated into the viral spike protein and takes on its unique conformation to elicit
an immune response against the spike protein [82]. The nanoparticle delivery facilitates
non-immunogenic delivery of the mRNA cargo which is selected for its ability to trigger
immune activation.

Outside of the COVID-19 context, RNA nanoparticle delivery could be used for
functional complementation studies. Previously, conjugates of gold nanoparticles were
used as carriers for functional RNA structures in cells and these in-cell structures effi-
ciently contribute to gene expression regulation [83]. X-ray crystallographic determination
has provided further evidence that these nanostructures can fold into stable RNA mo-
tifs, such as kissing loops and T-junctions, that resemble natural RNA motifs [84]. This
opens up the possibility of using RNA structural motifs as nanostructures for genetic
complementation studies to restore a normal phenotype to mutants with some defect
(Figure 2-Functionalization). In this arena, our team is exploring how crucial discrete struc-
tural domains of RNA can be used as nanostructures to compensate functional deficiency
in parasitic disease caused by the protozoan parasite Trypanosoma brucei, the causative
agent of African sleeping sickness. Telomerase RNA is a long noncoding RNA that is an
integral functional subunit of a large RNA-protein complex responsible for synthesizing the
G-rich strand of telomeres, the physical ends of linear chromosomes. Telomerase is critical
for telomere length maintenance, thus preventing chromosome instability in eukaryotic
cells [85,86]. Our previous and ongoing works with T. brucei telomerase RNA structural
domain deletion mutants have demonstrated that certain domains of the telomerase RNA
are vital to cell proliferation [87]. Once the functions of the T. brucei structural domains
have been established, we aim to deliver the missing telomerase RNA structural domains
to the domain-deletion mutants in an effort to restore their functions.

3.5. Domain Delivery and Associated Challenges

Several different types of RNA can be delivered to cells for purposes such as post-
transcriptional regulation, enhancement of catalytic activity and augmentation of gene
expression [88]. NANPs functionalized with aptamers can deliver cargos (including RNA
domains) to highly specific locations within cells (Figure 3) [88]. Additionally, CRISPR
(Clustered Regularly Interspaced Short Palindromic Repeats) technologies are showing
great promise in targeting highly specific sequences for editing (Figure 4) [88]. CRISPR
genome editing is inspired by a bacterial immune system to protect bacteria against viral
invaders [89]. The CRISPR-associated (Cas9) restriction enzyme is directed by a guide
RNA (gRNA) which binds to a protospacer adjacent motif (PAM) on a segment of DNA
containing the target for editing [89,90]. Cas9 moves from the PAM to determine if there
is base complementarity between the gRNA and the DNA target sequence [89,90]. When
complementarity between the gRNA and target DNA is located, the Cas9 endonuclease
creates a double strand break (DSB) in the target DNA sequence [89,91].
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Figure 3. Hypothetical experimental schematic for delivering RNA structural domains to RNA
domain-depleted cells for complementation studies with nucleic acid nanoparticles (NANPs). Image
created with BioRender.com.

Once the DSB has been made, the host cell’s DNA damage repair machinery is acti-
vated to prevent cell death [89,92]. Repair processes such as non-homologous end-joining
(NHEJ) and homology directed repair (HDR) commonly activate and they cause alterations
in the target sequence [89]. A single DSB repaired through NHEJ often incorporates extra
base pairs which interrupt the coding sequence and result in the absence of the gene prod-
uct (Figure 4) [89]. If two different gRNAs are used to make cuts at different places in the
target sequence, a segment of the target DNA can be eliminated [89]. If a DNA template is
also present in the CRISPR-Cas9 reaction involving two gRNAs, HDR will incorporate the
DNA template into the target sequence [89].

Although NANPs are exceptionally promising as tools for modulating gene regulation,
they come with considerable delivery and stability issues. NANPs exhibit diminished
stability in mammalian serum [63]. In addition to the low stability of NANPs inside of the
body, RNAs are rapidly degraded inside of cells by ribonucleases. When an unstable NANP
is coupled with RNA domains that could be destroyed upon cellular entry, the prospects of
the RNA domains reaching their intended target decrease dramatically. Furthermore, RNA
carries a net negative charge, which makes it unlikely to achieve internalization within cells
without modifications or incorporation within a carrier that is more amenable to traversing
the plasma membrane [2,63]. NANPs carrying exogenous RNA are also quite effective
activators of immune responses which can stimulate inflammation harmful to the patient’s
wellbeing, and to the successful delivery of the NANP payload.

The challenges of NANP stability and rapid RNase-mediated degradation of RNAs
delivered by NANPs are not absolute. In fact, over the last decade, significant strides have
been made in mitigating NANP serum instability and exogenous RNA degradation. In a
2020 article by Johnson and colleagues, they effectively demonstrated that the composition
of the NANP itself carried a significant impact on how stable the NANP was in serum [63].
Replacement of the 2′-OH group in RNA by a 2′-F increased stability for triangular NANPs
that contained either an RNA or DNA center [63]. In addition to enhancing the stability
of NANPs, the substitution of the 2′ hydroxyl group for a fluorine assisted in mitigating
RNase-mediated degradation of RNA NANPs [63,93].
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Figure 4. Basic diagram of the CRISPR-Cas9 genome editing system. Image created with
BioRender.com.

4. Determination of RNA Structural Properties in Nanobiotechnology

4.1. Importance of RNA Structure Determination

It is a strong theme throughout biology that structure is crucial in determining function.
The structure of RNA is dynamic and typically reflects the RNA’s specific function [94].
Whether it is the delivery of RNA nanoparticles in cells or RNAs delivered via gold or
other nanostructures, determining thermodynamically stable structures, such as three-way
junction (3WJ) motifs or structural RNA domains are important for further investigations.
With the advent of high-throughput sequencing based RNA probing and cell-penetrating
chemical probes, it is now possible to determine structures of RNAs in vivo. In our research
team’s work, we have demonstrated the dynamic nature of RNA through different stages
in the life cycle of Trypanosoma brucei [87]. The needs of cells can change throughout their
life cycles and having an understanding of how the changing structure of RNA contributes
to meeting those needs is of the utmost importance [95].

4.2. Methods for Structural Prediction

In some of our recent work, we employed a selective 2′-hydroxyl acylation analyzed by
primer extension mutational profiling (SHAPE-MaP) technique to model telomerase RNA
secondary structure at different stages of the life cycle in Trypanosoma brucei (Figure 5) [87,96].
We chose this technique for its ability to visualize RNA conformations within living cells,
as well as its adaptability for immunoprecipitated RNA [87]. The SHAPE protocol works
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by applying a SHAPE chemical probe to a sample to facilitate the addition of bulky adducts
to RNA bases that are not engaged in a binding arrangements with other bases (from the
same RNA or a different RNA), protein, or DNA [96]. For the purpose of comparison, RNA
extracts are also treated with a control that does not place bulky adducts on the unbound
bases, which is usually the solvent for the SHAPE reagent [96]. Once the adducts are
associated with the unbound bases, library preparation is started through the production
of cDNA, which will induce mutations in the sequence at the location of SHAPE reagent-
inflicted adducts. A second strand of DNA is made to stabilize the DNA libraries and
prepare them for high-throughput DNA sequencing. The sequences from the SHAPE
reagent treated samples is compared with the sequence data from the control treated
samples, then aligned to identify where the SHAPE reagent induced mutations are located
(Figure 5) [96]. The sequence data is processed by the SHAPE-MaP software program to
calculate the flexibility (reactivity) at each base position [96]. Both the sequence data and
the flexibility data are used in a structure prediction program (we used RNAstructure) to
create minimum free energy models of the RNA secondary structure [87,96,97].

Figure 5. The SHAPE-MaP pipeline for RNA structural analysis. Image created with BioRender.com.

More recently, a new application of selective 2′-hydroxyl acylation analyzed by primer
extension emerged as juxtaposed merged pairs protocol (SHAPE-JuMP) [98]. SHAPE-
JuMP serves the purpose of supporting higher-order RNA structural prediction through
crosslinking nearby structures in the same RNA transcript [98]. The crosslinker is a SHAPE
reagent called trans-bis-isatoic anhydride (TBIA) which has two functional sites that interact
with the 2′ hydroxyl groups of bases in RNA structural domains that are near to each
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other [98]. Once the RNA structures are crosslinked, RT-C8, a reverse transcriptase capable
of “jumping” over the TBIA crosslinker, reverse transcribes the RNA into DNA while
leaving out the RNA between the crosslinked bases [98]. The skipped region of RNA
appears as a deletion when the sequence is aligned to a reference sequence [98].

4.3. Advantages and Limitations of Structural Modeling

A crucial advantage of using SHAPE-MaP techniques to predict the secondary struc-
ture of RNA is the ability to use it inside living cells in addition to outside of the cells
and on deproteinized “naked” RNA [96]. In their protocol paper, SHAPE-MaP developers
Smola and Weeks propose using both in-cell and cell-free SHAPE-MaP procedures to iden-
tify the locations of likely RNA-protein interactions [96]. Since the SHAPE-MaP software
calculates base flexibility (proclivity for interaction with other nucleic acids or proteins) at
the individual base level, RNA SHAPE-treated inside of cells can be compared with RNA
SHAPE-treated samples after extraction and deproteinization to determine where there
are differences in flexibility. The locations that exhibit base flexibility clue investigators
into areas that warrant further evaluation to determine (1) if there is in fact some kind of
interaction occurring between the RNA of interest and some other molecule(s), and (2)
what those other molecules are if there is an interaction occurring [96].

SHAPE-JuMP builds upon the concept of SHAP-MaP. Its creators credit it with being
better adapted at handling long range, RNA tertiary interactions that can be more prone to
errors in traditional SHAPE-MaP protocols [98]. An additional benefit of the SHAPE-JuMP
procedure of RNA modeling is the structural support provided to interacting structures
within the transcript [98]. Essentially, TBIA freezes the interacting RNA structures in place
for the purpose of reverse transcription and sequencing [98]. The immobilization of the
interacting structure makes SHAPE-JuMP a particularly effective method of predicting the
structures of large RNAs [98].

While quite powerful, SHAPE-MaP is not perfect. SHAPE-MaP software is unable to
differentiate between multiple different isoforms of the same transcript. Different isoforms
of RNAs can be predicted by several different RNA processing events which are the results
of complex RNA interactions. These interactions have impacts on the RNA’s ability to
perform its intended function, whether that be translation into a functional protein or a
regulatory role. In addition to the inability to differentiate between structural isoforms
of an RNA transcript, SHAPE-MaP requires chemical probes that can cross the plasma
membrane of the cells being studied [96]. There are several SHAPE probes commercially
available, but they do not all have the same inclination to penetrate cellular plasma mem-
branes [96]. SHAPE-MaP analysis relies on effective DNA library preparations and in RNA
transcripts that are highly repetitive or structurally inaccessible, these sequencing results
and predicted secondary structures are not as reliable as regions that are non-repetitive
or structurally accessible [96]. SHAPE-JuMP is quite novel and not all limitations have
been fully characterized. The SHAPE-JuMP creators did cite a less than optimal ability to
identify tertiary contacts between interacting structures as well as a reliance on amplicon
sequencing as major limitations of the protocol [98].

The applications of RNA structural modeling using SHAPE techniques are not limited
to RNA in living systems. NANPs themselves take on discrete structures that are key to the
effective delivery of their cargo to the appropriate location. The RNA-SHAPE techniques
to produce structural models of RNA can be applied after NANP production in a quality
control step to ensure that the nanoparticles accurately formed the intended structure.
Additionally, SHAPE structural modeling techniques can be employed to evaluate how
the structures of NANPs change when the cargo is delivered. Furthermore, we can use
RNA-SHAPE to determine if the delivery process makes any changes to the structure
of the nucleic acid cargo that may impact its ability to perform its intended function(s).
These techniques can assist investigators in evaluating the structural stability and integrity
of their delivery systems as well as cargo loads to enhance the efficacy of delivery and
incorporation of the functional cargo.
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5. Discussion

Nanotechnology has been a crucial area of research over the last decade. Nanoparticles
are a growing area of academic and commercial investment, and the exploration of nucleic
acid nanoparticles has opened up a wide array of research and therapeutic avenues. In the
clinic, NANPs offer medical providers with potential preventative, diagnostic and therapeu-
tic applications for patient care. Of course, as is the case with all novel technologies, there
is room for nucleic acid nanoparticles to improve. Problems surrounding immunogenicity,
off target activity, and unintended buildup all persist, and careful experimentation will
lead researchers to optimizing specific NANPs for their unique purposes.

Outside of the clinic in a basic research capacity, NANPs are of great academic value.
Investigators can use NANPs to deliver nucleic acids to knock down expression of genes to
clarify the purpose of the gene. Additionally, in the arena of RNA domains, we propose the
use of NANPs to deliver RNA structural domains to cells that have been depleted of the
same structural domains. In this planned research, one could examine the impact of RNA
structural domain loss followed by complementation of the cells with the missing domain
to clarify the purpose of discrete RNA structural domains. Once optimized, this system
will allow us to gain a better understanding of how RNA structure influences its function.

As research with nucleic acid nanoparticles progresses, investigators will need to
address the challenges and disadvantages that come with working with them. Challenges
such as unintended immune neutralization, NANP accumulation, and off-target effects are
most common. The most powerful tool researchers have in mitigating these challenges is
careful design of the NANPs so that they are non-immunogenic prior to target site delivery,
do not build up in inappropriate locations, and do not act on inappropriate tissue. This can
be done through robust screening of candidate NANPs to ensure that their specificity is as
narrow as possible (i.e., it has only one complementary sequence). When designing NANPs
for use in the clinic, specificity is absolutely crucial for proper delivery and appropriate
immune activation. Additionally, investigators must consider the stability of the NANP
they wish to design. While the NANP should be stable enough to travel to the intended
target tissue, once there, it must be able to deliver its cargo and then be broken down and
cleared to prevent accumulation of “spent” NANPs. The structure of the NANP is a key
element in its activity and special attention must be paid to how the nanostructures will
react upon arrival at the target site. Advances in NANP design technology (i.e., software
like NanoTiler and SELEX) will undoubtedly assist researchers in creating NANPs that
have highly specific sequences to limit target possibilities and the proper three-dimensional
structures to act on a specific target, then undergo degradation and clearance [19,20,99].
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Abstract: The relatively straightforward methods of designing and assembling various functional
nucleic acids into nanoparticles offer advantages for applications in diverse diagnostic and therapeu-
tic approaches. However, due to the novelty of this approach, nucleic acid nanoparticles (NANPs)
are not yet used in the clinic. The immune recognition of NANPs is among the areas of preclinical
investigation aimed at enabling the translation of these novel materials into clinical settings. NANPs’
interactions with the complement system, coagulation systems, and immune cells are essential com-
ponents of their preclinical safety portfolio. It has been established that NANPs’ physicochemical
properties—composition, shape, and size—determine their interactions with immune cells (primar-
ily blood plasmacytoid dendritic cells and monocytes), enable recognition by pattern recognition
receptors (PRRs) such as Toll-like receptors (TLRs) and RIG-I-like receptors (RLRs), and mediate
the subsequent cytokine response. However, unlike traditional therapeutic nucleic acids (e.g., CpG
oligonucleotides), NANPs do not trigger a cytokine response unless they are delivered into the cells
using a carrier. Recently, it was discovered that the type of carrier provides an additional tool for
regulating both the spectrum and the magnitude of the cytokine response to NANPs. Herein, we
review the current knowledge of NANPs’ interactions with various components of the immune
system to emphasize the unique properties of these nanomaterials and highlight opportunities for
their use in vaccines and immunotherapy.

Keywords: nucleic acid nanoparticles (NANPs); immunorecognition; immunoreaction; Toll-like
receptors; cytokine storm syndrome; complement activation-related pseudoallergy

1. Introduction

Nucleic Acid Nanoparticles

Nanomedicine is an application of nanotechnology in medical settings for diagnosis,
treatment, and prevention. It exploits unique chemical, physical, and biological proper-
ties of materials at the nanoscale. One of the perspective branches of nanomedicine is
nucleic acid nanotechnology, which uses nucleic acids—DNA, RNA, and their various
modifications—to design and formulate nanostructures for therapeutic applications [1].

Due to the programmability and the intrinsic functions of nucleic acids, single-
stranded DNA or RNA molecules are rationally designed into modular nucleic acid
nanoparticles (NANPs) that are easily customized into supramolecular three-dimensional
structures exclusively made of nucleic acids. RNA and DNA form canonical and non-
canonical base pairings to assemble into various higher-order structures that serve as
a basis for the assembly of different nanostructures including rings, fibers, and poly-
gons [1–6]. Advantageously, the choice of nucleic acid components provides tunability
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for the physicochemical properties, biological activities, and multifunctionality of NANPs.
Many experiments in biotechnology and biomedicine propose applications of NANPs as
carriers of bioactive compounds, molecular tools for imaging and biosensing, scaffolds
for biochemical reactions, or multifunctional nanoparticles combining the previous func-
tions into one complex [1,7–9]. The rapidly evolving field of nucleic acid nanotechnology
had provided multiple synthesis methods for NANPs, established their characterization
techniques in vitro and in vivo, and produced proof-of-concept data for using NANPs in
various therapeutic applications [10–13].

NANPs can achieve biomedical functions by delivering therapeutic nucleic acids
(TNAs) that are designed to perform key functions in gene regulation and expression and
protein synthesis to serve in therapeutic applications. The modular functionalization of
NANPs with aptamers, antibodies, or small molecules for their targeted delivery allows
NANPs to integrate and deliver various TNAs into cells for synergistic therapeutic effects.
However, despite these developments, NANPs have yet to advance to clinical translation
due to concerns that need to be investigated and resolved including their specific delivery
to target cells, their enzymatic degradation, and their ability to induce an immune response
upon cellular uptake [4,12,14,15]. While targeting and stability are not immediate life-
threatening issues, the excessive immune recognition of NANPs and overreaction by
immune cells can have potentially deleterious effects. Thereby, the immunostimulatory
properties of NANPs are being extensively investigated [14,16,17].

Several physicochemical properties of NANPs determine their recognition by the
immune cells; the most notable properties are 3D structure, composition (RNA to DNA
ratio), molecular size, and the NANP’s sequence. In addition, the immune response could
be modulated by the type of delivery carriers used [6,14,18–22]. The proper design of
NANPs with respect to immunostimulatory properties has the potential to activate innate
and adaptive immune responses by activating nucleic acid immune sensors, thus having
high potential as vaccine adjuvants and pan-antivirals [2,14,20,21,23–25]. Our emerging
knowledge about the individual immunostimulatory abilities of nucleic acids aids in the
design of safe NANPs, but it must be stressed that because of the effects of structure, the
immunological characteristics of NANPs are not the sum of their individual components.
Therefore, each NANP assembly must be experimentally tested and safety validated.

2. Recognition and Reaction of Immune Cells to Nucleic Acids

Immune cells are equipped with an extensive portfolio of so-called pattern recognition
receptors (PRRs) that detect pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPS). The first line of PRRs include Toll-like receptors
(TLRs) located on cell membranes (TLR1, TLR2, TLR4, TLR5, TLR6, TLR10) and in the
endosomal compartment (TLR3, TLR7, TLR8, and TLR9) followed by RIG-I-like receptors
(RLRs) or DNA sensor cyclic GMP–AMP synthase (cGAS) situated in the cytosol [20,26].

TLR sensing of nucleic acids is specific for RNA or DNA recognition and resides in
the endosomal compartment, where TLR3 is specific for double-stranded RNA, including
small interfering RNA (siRNA), TLR7 functions as a single-stranded RNA receptor, TLR8
is specific for bacterial and viral RNA immune recognition, and finally, TLR9 responds
to bacterial and viral DNA (Figure 1) [20,26]. Recognition of nucleic acids from non-
cellular origins activates a complex network of signaling cascades that usually culminates
in the expression of interferons (IFNs), including other cytokines and various chemokines.
The general goal of the response is to alarm adjacent cells and recruit cells of adaptive
immunity. The recognition of nucleic acids by TLRs causes signal transduction through
Toll/interleukin-1 receptor (TIR)-containing signaling adaptors, TRIF, or MyD88 [27,28].
The downstream acceptor of these signals is NF-κB which, upon activation, translocates
into the nucleus and induces the expression of pro-inflammatory genes [26,29]. NF-κB is
functioning in both innate and adaptive immune cells. In addition to the mediation of
macrophage inflammatory responses, NF-κB promotes the activation and differentiation of
T cells and the maturation and differentiation of B cells [30,31]. Finally, the expression of
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IFNs modulates further immune defense via paracrine and autocrine signaling through
the transcription of IFN-stimulated genes (ISGs). The main effector functions of ISGs are
to target pathways and functions required during the pathogens’ life cycle as well as to
enhance innate immune signaling. In addition, ISGs encode proapoptotic proteins that
lead cells to apoptosis under specific conditions [32,33].

Figure 1. Toll-like receptors. Cell membrane-bound TLRs include TLR1, TLR2, TLR4, TLR5, and TLR6, while endosomal
TLRs include TLR3, TLR7, TLR8, and TLR9. TLR3 recognizes double-stranded RNA (dsRNA). TLR8 recognizes bacterial
and viral single-stranded RNA (ssRNA). TLR7 recognizes single-stranded RNA (ssRNA), as well as ring and cube RNA.
TLR9 recognizes bacterial and viral double-stranded DNA (dsDNA), along with cube RNA. It is important to note that
RNA cube triggers the activation of TLR9 and TLR7 only after its delivery inside the cell using a carrier such as L2K.

Intracellular surveillance of RNA is carried out by RLRs, mainly the retinoic acid-
inducible gene-I protein (RIG-I) and melanoma differentiation-associated protein 5 (MDA5)
located in the cytosol, although the presence of RIG-I has also been observed in the nucleus.
RIG-I and MDA5 are activated by binding short double-stranded RNA (dsRNA) with a
5′-triphosphate and 5′-diphosphate or long dsRNA structures, respectively. Furthermore,
for the most efficient activation of RIG-I, the blunt end is required as well as a short
double-stranded sequence. Activated RIG-I interacts with the mitochondrial antiviral
signaling protein (MAVS) residing on the mitochondrial membrane or peroxisomes. Finally,
kinase complexes activated by MAVS induce transcription through IRF3, IRF7, and NF-
κB. The main cytoplasmic sensors of dsDNA are cyclic GMP-AMP synthase (cGAS) and
IFNγ-inducible protein 16 (IFI16), which is also located in the nucleus, where it probably
detects naked viral DNA. After binding dsDNA, cGAS synthesizes the second messenger
2′3′-cyclic-GMP-AMP (cGAMP) that subsequently mobilizes the stimulator of IFN genes
(STING) on the endoplasmic reticulum that again induces the transcription of antiviral
genes through IRF3 and NF-κB [34–36].

3. Recognition and Reaction of Immune Cells to NANPs

NANPs demonstrate different interactions with various types of immune cells, that,
unlike traditional nucleic acid therapeutics, are also determined by the type of carrier or
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complexation agent used for NANPs’ intracellular delivery. Without such agents, plain
NANPs are invisible to the immune cells and do not trigger cellular immunological re-
sponses. For example, flow cytometric analysis of freshly collected human peripheral blood
mononuclear cells (PBMCs) treated with a carefully chosen panel of NANPs with various
compositions (RNA, DNA) and connectivity (globular, planar, and fibrous) revealed that
after complexation with Lipofectamine 2000 (L2K), most NANPs are associated with the
monocyte fraction and less with lymphocytes. Subsequent confocal microscopy showed
that in monocytes, L2K-complexed NANPs were located inside the cells. Using a dye label-
ing the endolysosomal compartment and an inhibitor of endosomal uptake, it was observed
that unlike lymphocytes, monocytes transport L2K-complexed NANPs into their interiors
via endosomes. Overall, phagocytosis and endosomal acidification are key processes for
L2K-complexed NANPs’ uptake by monocytes. A further functional study indicated that
scavenger receptors (SRs) are the most probable receptors involved with binding and
internalization of L2K-complexed NANPs. In addition, the inhibition of SRs also prevented
the expression of IFN-α in response to L2K-complexed NANPs [21]. Scavenger receptors
are a heterogenous group of cell surface receptors that recognize a broad range of ligands;
therefore, we currently do not know the mechanism of how SRs recognize NANPs [37].
Without L2K, NANPs did not show any signs of internalization by immune cells present in
PBMCs and did not trigger the activation of PRRs or interferon responses.

Plasmacytoid dendritic cells (pDCs) play a key role in linking the innate immune
and adaptive response, and although they constitute less than 1% of the monocyte frac-
tion, pDCs, in comparison with isolated monocytes and myeloid DCs, respond to L2K-
complexed NANPs with the strongest expression of type I and III IFNs. While in all
fractions, RNA cubes appear as the strongest inducer of IFN response, pDCs activated IFNs
regardless of the composition (DNA vs. RNA) or 3D structure. The depletion of pDCs from
PBMCs leads to a dramatic reduction of IFN production, which means that pDCs are the
primary source of immune reaction to NANPs. Interestingly, the distinct expression profile
of IFN-α, IFN-β, IFN-ω, and IFN-λ between whole PBMCs and isolated pDCs implies that
most likely, there is cellular crosstalk among PBMC subpopulations, which determines the
overall response to NANPs [21].

The next important question is, which PRRs are responsible for the recognition and
triggering of signaling cascades? The application of a pan oligonucleotide inhibitor of
endosomal TLR signaling completely prevented the induction of IFN response upon
treatment of PBMCs with any L2K-complexed NANPs used in the study. Similar results
were observed in purified pDCs. The model HEK293 cell lines overexpressing either TLR3,
TLR7, TLR8, or TLR9 were used to rule out which TLR type recognizes respective NANPs.
In this model, the globular NANPs (RNA cubes) were sensed by TLR7, and RNA fibers
were sensed by the rest of the examined TLRs [21].

In a follow-up study, we downregulated TLR7 and TLR9 expression in PBMCs by
a mix of siRNAs. TLR7 and TLR9 were chosen as TLRs expressed in pDCs that are the
primary IFN producers in the PBMC pool. However, the interpretation of observed data is
complicated by different levels of downregulation of TLRs among the cells isolated from
different healthy donors. Even the extent of silencing between TLR7 and TLR9 in one donor
varied. The possible explanation may lay in the inter-individual sequence heterogeneity
or regulation of TLRs’ expression. The significant reduction in IFN response for the L2K-
complexed RNA cubes was observed in two out of three donors with silenced TLR7,
while no decrease in IFN production was detected upon treatment with L2K-complexed
RNA fibers or DNA cubes. The downregulation of TLR9 prevented IFN response only
in culture from one donor treated with RNA cubes and from another donor treated with
RNA rings [20]. Taken together, TLR7 is responsible for RNA rings’ and cubes’ immune
recognition but not DNA cubes nor RNA fibers (Figure 1).
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4. What Makes NANPs Immunostimulatory?

The recognition of NANPs by the cell defense system depends on several physico-
chemical characteristics, including composition, 3D structure, sequence, shape, size, and
connectivity. One of the first observations that the composition of NANPs (number of RNA
vs. DNA strands that enter the composition of a particular NANP) affects their immune
recognition came from the earlier study of functionally interdependent shape-switching
nanoparticles where we noted that all examined NANPs triggered an IFN-α response,
but NANPs assembled from six RNA strands were the most immunostimulatory [38]. A
similar trend was observed in a study implementing a new RNA tetra-U helix linking motif
in triangles with different DNA vs. RNA composition. In a model of human microglia-like
cells, the transfection of RNA triangles induced the highest level of IFN-β production,
followed by hybrid DNA/RNA triangles. No expression of IFN-β was stimulated by DNA
triangles [19].

Several structure–activity relationship models that link the physicochemical properties
of NANPs to their immunostimulation have emerged from a larger analysis of 25 different
NANPs [21]. First, globular RNA cubes proved to be the most immunostimulatory NANPs.
In comparison to DNA cubes that have almost identical shape and size, RNA cubes
induced not only IFN-α and IFN-ω as DNA NANPs did, but also IFN-β and type III
IFNs (IFN-λ). In addition, RNA cubes were more immunostimulatory than any other
RNA-based NANPs (planar rings or fibers), and planar DNA or RNA structures were more
immunostimulatory than chemically corresponding fibrous nanoobjects (Figure 2). In all
these examples, NANPs were delivered to the cells using L2K.

Figure 2. Influence of physicochemical properties on immune stimulation. The main characteristics of NANPs that affect
their immunostimulation are connectivity (how individual NANP strands are assembled), composition (number of RNA
strands vs. DNA), and dimensionality (3D shape).
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The chemical complexity or diversity of assembled NANPs can be increased by the
incorporation of modified bases in individual strands. Especially for RNA bases, the
diverse modifications play significant roles in RNA stability and affect the immunostimu-
latory potential [39]. Various experiments have described that the modification of RNA
(herein siRNA) helps to circumvent TLR signaling and renders modified RNA immuno-
quiescent [40]. Therefore, it is interesting that when used with a carrier (L2K or DOTAP),
triangular NANPs that consisted of a DNA strand in their center and 2′fluoropyrimidine-
modified RNA strands on their sides induced IFN-β and IL-6 production, unlike all
DNA NANPs and NANPs composed of a DNA center and unmodified RNA sides. The
results suggest that the presence of 2′fluoro-modification significantly enhances the im-
munoreactivity of DNA-containing NANPs. The NANPs with RNA in the center and
2′fluoropyrimidine-modified RNA sides stimulated IFN-β and IL-6 production similarly to
all RNA NANPs and NANPs composed of an RNA center and DNA sides. This indicates
that 2′fluoropyrmidine modification does not affect the immune mediator response. The
fully 2′fluoropyrimide-modified RNA triangles stimulated significant IFN-β and IL-6 pro-
duction similarly to NANPs with either an RNA center and 2′fluoropyrimidine-modified
RNA sides or NANPs consisting of a DNA center and 2′fluoropyrimidine-modified RNA
sides [13]. Surprisingly, the incorporation of 2′fluoro-modifications into RNA NANPs
abrogated the activation of TLR7 in the HEK293 reporter cell line but failed to avoid RIG-I
dependent immune responses [14].

The ability to design complementary NANPs (also called anti-NANPs) that are assem-
bled from the reverse complementary strands of evaluated NANPs allows for examining
the effects of the sequence of NANPs on the ability to activate an IFN response. NANPs
and anti-NANPs had completely different sequences but nearly identical 3D shapes. The
RNA rings and DNA cubes were able to stimulate similar levels of IFN to their anti-
NANPs analogs and anti-RNA cubes maintained the high response, which indicates that
the NANPs’ sequences are less important for immunostimulation than their 3D shape and
composition (RNA vs. DNA). Except for the RNA rings and RNA fibers that are assembled
from pre-formed monomers, all other studied NANPs (cubes, polygons, tetrahedrons, and
DNA fibers) create intermolecular bonds (Figure 2). Indeed, free-unpaired nucleotides
(ssUs) have enhancing effects on immunogenicity, but it appears only for globular NANPs
such as RNA cubes. Interestingly, PBMCs from donors that demonstrated a higher IFN
response to a TLR agonist (ODN 2216) reacted stronger to RNA cubes with nine ssUs in
their corners than to cubes with a lower number of ssUS (three and six). On the other side,
blood cells with lower reactions to the administered TLR agonist induced a similar IFN
expression irrespective of the numbers of ssUs.

The size of the nanoparticles is one the main characteristics with potential impact on
interactions with cells. Similar to the case of the number of free nucleotides in RNA cubes,
the difference was observed only in donor cells with high reactions to ODN 2216, where
hexagons activated the stronger response than three-, four-, or five-sided RNA polygons.
Adjusting the mass of smaller polygons to be equal to or larger than that of the larger
polygons had no effect on IFN production. In cells with low activation by ODN 2216, there
was no observed difference between individual NANPs. In the case of DNA polygons, no
significant differences were detected between different sizes of NANPs [21].

5. Delivery Method/Carrier: An Unexpected Immunomodulator

The immunostimulatory potential of NANPs is significantly influenced by the em-
ployed delivery method. The NANPs without a delivery agent are not efficiently inter-
nalized and thus do not induce IFN production. Even if naked NANPs are delivered to
cells via electroporation, no production of IFNs was detected in response to any of the
tested NANPs (Figure 3). Moreover, electroporated cells lose the ability to respond to other
known inducers of IFN response, such as TLR9 agonist ODN 2216, although the addition of
ODN2216 to the non-electroporated cells resulted in high levels of type I and III IFNs. The
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results suggest that electroporation negatively affects endosomal TLR signaling, thereby
affecting the ability of cells to elicit an immune response [20].

Figure 3. Delivery method and type of carrier affects cellular immune response. Naked NANPs do not trigger IFN response
even upon transport to the cytosol via electroporation. Cellular defense is activated by NANPs only if they are in complex
with carrier. The type of delivery carrier determines the spectrum of cytokines produced in response to NANPs.

The importance of complexing the NANPs with a carrier for immunorecognition was
demonstrated in a study that tested the ability of RNA cubes to induce the type I IFN
immune response. The NANPs added to the cell cultures without a delivery carrier were
incapable of stimulating an IFN response, while the NANPs complexed with L2K showed
the ability to induce the secretion of both type I and type III IFNs. On the other side, ODN
2216, which was used as a positive control, stimulated an IFN response regardless of its
complexation with L2K. The application of carrier itself did not cause the induction of
the IFN response [21]. L2K does not affect NANPs’ structures. Not surprisingly, different
carriers demonstrate distinct transfection efficiencies for the same NANP [14].

Although the delivery of NANPs remains a challenge, new carriers are constantly
introduced and tested. For instance, the immunostimulatory ability of the lipid-based
carrier versus a cationic amphiphilic copolymer was compared. The NANPs delivered via
the lipid-based carrier stimulated the production of both IL-6 and IFN-β. In contrast, when
the NANPs were delivered using an amphiphilic copolymer, no statistically significant
presence of IL-6 or IFN-β was detected. The results suggest that the employment of a
cationic amphiphilic copolymer as a delivery carrier can reduce the immunostimulation,
therein decreasing off-target effects [41].

Another recent study compared a lipid-based carrier (L2K) and dendrimers (PAMAM)
to determine whether the spectrum and the magnitude of the cytokine response to RNA and
DNA cubes depend on the type of the utilized carrier. The results showed significant differ-
ences in the induction of type I and type III IFNs and pro-inflammatory cytokines between
NANPs delivered utilizing a lipid-based carrier and those delivered via dendrimers. The
NANPs complexed with L2K stimulated type I and type III IFNs, while the complexation
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of NANPs with dendrimers did not induce an IFN response. A remarkable difference was
observed for cytokines associated with stress and danger (TNFα, IL-1 β, IL-6). The NANPs
delivered via L2K did not stimulate a danger response, whereas those complexed with
dendrimer induced the production of the stress- and danger-associated pro-inflammatory
cytokines. The examination of chemokines (IL-8, MIP-1α, MIP-1β, MCP-1, MCP-2, and
RANTES) showed that dendrimers alone did not stimulate any of the chosen chemokines,
while the L2K carrier alone induced the production of all examined chemokines but MCP-2.
The induction of MCP-2 was detected only when NANPs were complexed with the lipid-
based carrier but not for dendrimer-complexed NANPs. Intriguingly, the induction of IL-8,
MIP-1α, MCP-1, and RANTES was comparable between NANPs complexed with the lipid-
based carrier and complexed with dendrimers. These results support the hypothesis that
the type of carrier used for NANPs’ delivery significantly alters their ability to stimulate
the immune response, both quantitatively and qualitatively [4].

6. Complement Activation-Related Pseudoallergy (CARPA) and Cytokine Release
Syndrome (CRS)

The systemic administration of pharmacologic or biologic agents can cause a strong
and serious response in immune cells. Infusion-related reactions (IRs), a form of anaphy-
laxis or other hypersensitivity reactions occurring within minutes to hours of infusion, are
immune-mediated adverse effects that occur after the administration of various products,
including low-molecular-weight drugs, antibodies, and recombinant proteins, therapeutic
nucleic acids, and nanotechnology-formulated products. Frequently observed symptoms
in patients with IRs comprise flushing or rash, chest and back pain, dyspnea, wheezing,
chills, or fever. These manifestations can lead to serious and potentially fatal consequences.
Therefore, accurate assessments and early intervention are crucial when these symptoms
occur. When IRs are triggered by the complement system, anaphylactoid reactions or
CARPA occur. CARPA has the same symptoms and timeline of development as immediate
type hypersensitivity (ITH) reactions. However, in contrast to the ITH, which are mediated
by the antigen-specific IgE, CARPA is triggered by the complement. Both CARPA and CRS,
also known as cytokine storm, are common, and the best understood mechanisms of IRs
are associated with nanotechnology-formulated products [42].

The fundamental processes of CARPA include complement system activation, stimula-
tion of blood cells and secretory cells, and the response of effector cells to mediator presence.
The complement is activated via an initial trigger. The initial trigger can be radiocontrast
agents, therapeutic antibodies, micellar and liposomal formulations, or nanoparticles. After
the activation of the complement, anaphylatoxins are released. The anaphylatoxins are
primary mediators that bind to target secretory cells (macrophages, mast cells, basophils,
other phagocytic cells, and leukocytes), resulting in a release of secondary mediators that
include cytokines, proteases, histamine, tryptase, prostaglandins, platelet-activating factor,
thromboxane A2, and leukotrienes. The indications of CARPA are like those that occur with
common allergies, with some unique exceptions. The most frequent symptoms are asthma,
chest pain, chills, confusion, coughing, dermatitis, diaphoresis, dyspnea, edema, erythema,
fever, headache, hypertension, hypotension, hypoxemia, nausea, rash, and wheezing [43].
The significant distinguishing feature is that the reaction arises after the first exposure to
the drug and then decreases upon repeated exposure. In the case of NANPs, the lipid-
based carrier is the most common cause of complement activation, which can subsequently
lead to CARPA [44]. The large size and positive or negative surface charge of liposomes
were shown to promote complement activation, whereas liposomes of a smaller size and
neutral charge had reduced ability for activation [45]. In addition, the susceptibility of
liposomes for complement activation was demonstrated to depend on dose and, in the
case of PEGylated liposomes, on the presence of anti-PEG antibodies.

The CRS is a systemic inflammatory response caused by the excessive and rapid
release of various pro-inflammatory molecules, including but not limited to INF-γ, TNF-α,
IL-1, and IL-6. Macrophages, neutrophils, NK cells, and T cells are most often implicated
in the pathogenesis of cytokine storm. The activation of primary T cells or immune cells’
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lysis initiates the production of IFN-γ and TNF-α, which stimulate macrophages, dendritic
cells, other immune cells, and endothelial cells to release more pro-inflammatory cytokines
(Figure 4). The production of IL-6 is essential for cytokine storm because IL-6 activates T
cells and other immune cells, thereby creating a positive feedback loop. The trigger activat-
ing CRS can be traditional therapeutic proteins and nucleic acids as well as small molecular
drug allergens, whereas nanocarriers can amplify their toxicity. The analysis comparing
the ability of adenoviral vectors and lipid-based carriers to induce cytokine production
showed that lipid-based carriers exhibit higher immunostimulatory potential than viral
vectors. The clinical translation of numerous nanoformulations designed for nucleic acid
delivery was terminated in part due to the immune-mediated adverse effects [46].

Figure 4. Cytokine storm. Cytokine storm is the result of the rapid release of numerous pro-inflammatory cytokines,
including INF-γ, INF-α, IL-1, and IL-6. T cells, macrophages, neutrophils, and NK cells are most often involved in the
cytokine storm pathogenesis. The activation of primary T cells or immune cells’ lysis stimulates the production of IFN-γ and
TNF-α, which activate other immune cells and endothelial cells to release more pro-inflammatory cytokines. The excessive
production of IL-6 constantly activates the JAK–STAT3, Akt–mTOR, and MAPK–ERK signaling pathways. Their prolonged
activation stimulates immune cells to produce more cytokines, which causes hyperinflammation and multiple organ failure.
JAK–STAT3, Janus kinase-signal transducer and activator of transcription 3; MAPK, mitogen-activated protein kinase;
mTOR, mammalian target of rapamycin; NF-κB, nuclear factor κB.

7. Conclusions

It is evident that the programmability, biological compatibility, and modularity of
nucleic acids assembled into multifunctional NANPs promotes this class of biologically
active molecules into an innovative class of personalized therapeutics. To successfully
translate these materials to the clinic, one has to recognize the importance of the indi-
cation, route of administration, and complexation of NANPs with delivery carriers. If
delivered with a carrier via intravenous administration, the induction of cytokines and/or
interferons by NANPs may lead to undesirable inflammation. Moreover, some carriers
such as liposomes may also trigger CARPA upon systemic administration. However, the
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same type of cytokine or interferon response and complement activation by the carrier
upon local administration may contribute to vaccine efficacy and improve the efficacy of
immunotherapy. Experimental data from our laboratory provide several ways for control-
ling NANPs’ immunostimulatory properties. Among them are NANPs’ physicochemical
properties (e.g., size, shape, sequence, connectivity), complexation with a delivery agent
(e.g., lipofectamine, dendrimers), and route of administration (e.g., i.c., vs. s.c. or i.d.).
Since the relationship between NANPs’ physicochemical/bioactive parameters and the
immune system has just emerged, it is necessary to improve the current understanding of
NANPs’ immunostimulatory properties for their successful translation to the clinic. We
believe that the recent onset of mRNA vaccines to fight the COVID-19 pandemic will boost
the field of therapeutic nucleic acids, including NANPs.
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Abstract: Innate immunity can be triggered by the presence of microbial antigens and other contami-
nants inadvertently introduced during the manufacture and purification of bionanopharmaceutical
products. Activation of these innate immune responses, including cytokine secretion, complement,
and immune cell activation, can result in unexpected and undesirable host immune responses. These
innate modulators can also potentially stimulate the activation of adaptive immune responses, in-
cluding the formation of anti-drug antibodies which can impact drug effectiveness. To prevent
induction of these adverse responses, it is important to detect and quantify levels of these innate
immunity modulating impurities (IIMIs) that may be present in drug products. However, while it
is universally agreed that removal of IIMIs from drug products is crucial for patient safety and to
prevent long-term immunogenicity, there is no single assay capable of directly detecting all potential
IIMIs or indirectly quantifying downstream biomarkers. Additionally, there is a lack of agreement as
to which of the many analytical assays currently employed should be standardized for general IIMI
screening. Herein, we review the available literature to highlight cellular and molecular mechanisms
underlying IIMI-mediated inflammation and its relevance to the safety and efficacy of pharmaceutical
products. We further discuss methodologies used for direct and indirect IIMI identification and
quantification.

Keywords: immunity; bionanopharmaceuticals; impurities; immunotoxicity; immunogenicity; bioas-
says; nanomedicine

1. Introduction

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

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

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

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

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

2. Innate Immunity Modulating Impurities

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

When in the presence of these IIMIs (Figure 2), immune cells (e.g., DCs, macrophages,
monocytes, neutrophils, and some epithelial cells) recognize these antigens via a variety
of pattern recognition receptors (PRRs) containing leucine-rich repeats (LRR) [24,25], in-
cluding toll-like receptors (TLRs), nod-like receptors (NLRs), retinoic acid-inducible gene-I
(RIG)-I-like receptors (RLRs), and C-type lectin receptors (CLRs). Each of these recep-
tor families binds highly conserved microbial structures containing pathogen-associated
molecular patterns (PAMPs), or endogenous structures containing damage-associated
molecular patterns (DAMPs) released via cell rupture which are important for augmenting
the elimination of pathogens and pathogen-damaged cells [9,26,27].
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Figure 1. The many levels of possible unintended contamination in drug products. While most often associated with
microbial contamination, unintended impurities can actually be introduced into pharmaceutical products from multiple
sources, including raw materials and specialized host-cell reagents, and at various stages of production, ranging from
fabrication and payload encapsulation in nanocarriers to purification of the final formulation.
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Figure 2. Impurities in drug products trigger innate cellular responses and produce biomarkers for bioassay detection and
Quantification. Currently, only β-glucans and endotoxins can be detected and quantified directly using specialized assays.
The remaining population of impurities must instead be detected and quantified indirectly using downstream biomarkers
(e.g., proteins, peptides, and nucleic acids) and immune cell activation as hallmarks of contamination.
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The most studied and diverse family of PRRs, TLRs are a family of highly varied
signaling receptors, each of which binds to a different set of microbial structures to trigger
intracellular signaling resulting in cytokine secretion and lymphocyte activation [24,26].
Membrane-tethered TLRs, which often require dimerization for appropriate antigen bind-
ing and subsequent intracellular signaling, bind to molecules found on bacterial surfaces,
including triacyl lipopeptides/proteins, glycolipids, and peptidoglycans, all of which
bind to either the TLR1/2 heterodimer or the Dectin1/TLR2 heterodimer; diacyl lipopep-
tides, lipoteichoic acid, or zymosan which bind to TLR2/6; lipopolysaccharides (LPS)
or endotoxins, which bind to MD2, an extracellular adaptor protein for TLR4; and flag-
ellin, which binds TLR5 [24,25,28]. Several DAMPs can also bind membrane-tethered
TLRs, including but not limited to hyaluronic acid and other fatty acids, high-mobility
group protein B1 (HMGB1), heat shock proteins, S100 proteins, fibrinogen, and tenascin-C
which bind to TLR4 [29,30] and serum amyloid A protein, which binds the TLR2/6 het-
erodimer [27,31]. On the other hand, intracellular TLRs bind to microbial components
released after pathogen endocytosis and phagocytosis, including viral double-stranded (ds)
RNA containing poly(I:C) motifs which binds TLR3; unmethylated CpG-rich DNA which
binds to TLR9; and Guanosine/Uridine-rich single-stranded (ss) RNA and anti-viral imi-
dazoquinoline compounds that mainly bind to TLR8 but can also bind TLR7 [24,25,27,28]
Many intracellular TLRs also recognize DAMPs. For example, TLR7 and TLR9 distin-
guish between snRNP immunocomplexes vs. immunocomplexes of self-DNA or histones
respectively [27].

With the assistance of a variety of signaling adaptor proteins (TIRAP, TRAM) and
TRIF/TRAF transcription factors [24,25], all antigen-bound TLRs, except TLR3, activate
intracellular signaling through a myeloid differentiation primary response protein (MyD88)-
dependent NFκB pathway resulting in the secretion of pro-inflammatory cytokines, includ-
ing type II interferons (IFNs) (e.g., IFNγ), interleukins (ILs) (e.g., IL-1β, IL-6, CXCL8/IL-8,
IL-12, and IL-18) and tumor necrosis factor α (TNFα); priming of caspase-1; and the acti-
vation of local lymphocytes and vascular endothelium, eventually resulting in antibody
production [24,26]. Meanwhile, MyD88-independent activation of IRF3/7 leads to the type
I IFNs (IFNα) response critical for antiviral defense [25,30]. However, the continuous stimu-
lation of these PRRs, especially the “bipolar” PRRs involved in DAMP recognition, can lead
to inflammatory dysregulation leading to the development of autoimmune and chronic
inflammatory diseases [27], as well as blunted responses, also known as tolerance [32]. As
such, these pathways are tightly controlled, with some TLRs (TLR2 and TLR4) even having
decoy receptors designed to dampen innate responses during severe infection by blocking
the interactions between the bacterial ligands and the active TLRs [26].

TLR function also overlaps and integrates with other PRR signaling pathways, includ-
ing NLRs, RLRs, and CLRs. NLRs, such as NOD1 and NOD2, act as intracellular bacterial
sensors by recognizing peptidoglycans (e.g., mDAP and MDP respectively) resulting in
inflammasome-mediated NFκB activation leading to the production of IL-1β [26]. The
TLR and NLR pathways are clearly integrated for producing IL-1β, as effective NLR acti-
vation requires both PAMP activation of the inflammasome and TLR priming, to initiate
an inflammatory response [26]. Other NLRs are responsible for triggering the activation
and regulation of pro-inflammatory caspase-1 and caspase-5. RLRs, on the other hand,
are intracellular viral sensors, binding specifically to dsRNA. Like NLRs, these receptors
contain caspase-recruitment domains (CARD) responsible for recruiting adaptor proteins
resulting in IRF3 and NFκB activation, leading to the production of type I IFNs (IFNα/β)
and pro-inflammatory cytokines (e.g., TNFα, IL-1β, IL-6). Due to these similarities with
viral-sensing TLRs (i.e., TLR3, 7, 8, and 9), it is likely that TLRs and RLRs also function
together to provide ubiquitous anti-viral protection [26]. Lastly, CLRs are carbohydrate-
binding receptors located mainly on the surface of DCs [33,34]. Group I CLRs, which
bind mannose and fucose, aid in pathogen phagocytosis, degradation, and antigen pre-
sentation to T-cells [33]. Group II CLRs, which bind glucan and dectin, appear to be more
immunomodulatory; they induce upregulation of IL-10 and the secretion of cytokines
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(specifically IL-1β, IL-6, IL-12, and IL-13) required for T-cell polarization into the TH1 or
TH17 subsets [33,34]. CLRs also act in collaboration with other TLRs (TLR2, 4, 5, 7, and 9)
to amplify preceding TLR-mediated NFκB activation and cytokine induction, in addition to
triggering the complement cascade through β-1,3-glucan binding complement receptor-3
(CR3, CD11b/CD18), located in the membrane of many phagocytic cells [24,33,34].

Overall, while the binding domains and adaptor proteins vary, there is a significant
overlap between the downstream signaling domains employed by each of these pathways.
However, these pathways are far from redundant. While TLR7 and TLR9 are expressed on
the endosomes of many cells including DCs, eosinophils, basophils, and B-cells, TLR3 and
TLR8 are only expressed by natural killer (NK) cells [24]. In the same way, where TLRs
are located mainly on leukocytes (macrophages, DCs, neutrophils, etc.), NLRs and RLRs
can be found on all cells except DCs [26]. The complex signaling interplay between these
pathways, in response to bacterial and viral antigens, highlights the importance of pro-
inflammatory cytokines and PAMP-PRR detection in providing a tailored front-line defense
against a wide variety of invading pathogens [26]. Further, the interplay between these
PRR signaling pathways also drives the induction of effective adaptive immune responses,
in that IL-1R and caspase-1 play a crucial role in development of both CD4+ and CD8+

T-cells, as well as antibody responses [25]. As such, IIMI-induced immune responses in the
presence of biological therapeutics can lead to immunogenicity toward the administered
biologic and potentially to other similar endogenous proteins [19], which can result in loss
of treatment efficacy as well as severe and potentially lethal clinical consequences including
anaphylaxis, serum sickness, and the formation of autoimmunity [19].

3. Impact of IIMIs on the Immunotoxicity of Drug Products

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

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

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

Inappropriate or inadequately controlled immunostimulation may lead to hypersensi-
tivity reactions (HSRs) [37]. While no universal classification of HSRs exists, the system
proposed by Gell and Coombs, which classifies HSR reactions based on underlying mecha-
nisms, time of symptom occurrence, mediators, and clinical manifestations, is frequently
used [40]. Type I HSRs, or classic “acute allergic” reactions such as asthma or food allergies,
result from antigen binding to immunoglobulin E (IgE) antibodies on the surface of granu-
locytes (basophils, mast cells), triggering cellular degranulation and an immediate release
of histamine, leukotrienes, and other mediators [40–42]. While also antibody-driven, type
II HSRs lead to the production of IgM and IgG antibodies as well as the activation of
complement, natural killer (NK) cells, neutrophils, and macrophages [41], all of which
result in cellular cytotoxicity and tissue damage. These types are reactions are commonly
seen in response to medications such as penicillin, thiazides, or cephalosporins. Type
III HSRs are driven by uncontrolled systemic complement activation, resulting in large
deposits of IgM immuno-complexes and anaphylatoxins C3a and C5a in tissues which
can trigger cell death and compromise organ function [40,43]. Examples of this type of
HSR include serum sickness and autoimmune diseases such as rheumatoid arthritis and
lupus erythematosus [42]. As both type I and type III HSRs result in the degranulation of
basophils and mast cells, true IgE-mediated type I allergy reactions, which are referred to
as “anaphylaxis” even though they lack complement involvement, are often difficult to
distinguish from IgE-independent complement-activation related pseudoallergy (CARPA)
reactions, also known as anaphylactoid or pseudoallergy, which do rely on complement
anaphylatoxins C3a and C5a [42,44–46]. Lastly, type IV HSRs such as contact dermatitis or
drug sensitivities, are delayed T-cell and macrophage-mediated reactions characterized by
increased cytokine release and lymphocyte stimulation [40,42].

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

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

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

After activation by pro-inflammatory cytokines and PRR binding, local antigen-
presenting cells (APCs), such as macrophages and dendritic cells (DCs), endocytose and
degrade invading pathogens. APCs present fragments of these degraded pathogens on
their membrane-bound major histocompatibility complex (MHC) receptors, which bind
to and activate T-cells, initiating their downstream activation of B-cells [3,4,24,33]. The
fate of activated T-cells is determined by the levels and types of cytokines induced during
the inflammatory response, as well as the type and dose of antigen, type and affinity of
MHC binding, route of administration, presence of other adjuvants, and patient genetic
predisposition [4]. Major classes of T-cells include CD4+ helper (TH) T-cells activated
by MHC class II antigen presentation, CD8+ cytotoxic T-cells activated by MHC class I
presentation, and regulatory T-cells (Tregs) [3,4,33]. In the presence of either IFNγ or a com-
bination of IL-4, IL-6, and PGE-2, naive CD4+ helper T-cells are further differentiated into
specialized subsets of CD4+ helper T-cells which are responsible for cell-mediated (TH1) or
humoral (TH2) responses respectively [3,4]. TH1 T-cells secrete large quantities of IFNγ,
in addition to IL-2, IL-3, IL-12, IL-18, GM-CS, and TNFβ, to regulate the inflammatory
response and fight intracellular pathogens and viruses [3,4,33]. These cytokines promote
macrophage activation and the production of opsonizing and complement-fixing antibod-
ies. However, if not properly regulated, TH1-dependent immune reactions can also lead to
antibody-dependent cellular toxicity and delayed HSRs, the most predominant of which
can include autoimmune disorders, acute allograft rejection, and chronic inflammatory
disorders [2,4,39]. On the other hand, TH2 T-cells secrete large quantities of IL-4, IL-5, IL-13,
in addition to IL-3, IL-6, IL-9, IL-10, GM-CSF, and TNF, to induce humoral responses and
mucosal immunity, as well as fight helminths and extracellular pathogens [3,33]. These
cytokines promote the proliferation of mast cells and eosinophils, favor the differentiation
of IgE and IgG-producing B-cells, and facilitate the synthesis of mucosal IgA [3,4]. While
TH2 cells predominate in transplantation tolerance, they can also lead to chronic graft vs.
host disease, systemic sclerosis, and allergen-reactive atopic disorders [4,39,43].

While it has been observed that cytokines from specific TH cell subsets (e.g. IFNγ

from TH1 cells and IL-10 from TH2 cells) usually inhibit the action of the other types of
T-cells and their companion phagocytes [3,4], this classic binary model does not account
for instances where an immunological response is triggered without any significant shift in
TH1/TH2 balance, such as is the case with omega-3 fatty acids, or alternatively where there
is TH1/TH2 activation with minimal immunological pathogenesis, such as with melanin,
probiotics and zinc [3]. In addition, other sub-classes of T-cells have been identified which
were not previously represented by this model, including but not limited to: TH17 cells,
which secrete IL-17 to mobilize phagocytes against extracellular fungi and bacteria; and
Tregs, which produce FoxP3 to control the activity of the other effector TH cells and main-
tain immunological tolerance to self-antigens [3,19,23,33]. However, increased levels of
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regulatory (TH17, Treg) cytokines such as IL-10 or IL-17 can also be an indication of adverse
patient effects such as autoimmune diseases or advantageous concomitant infections [3].

4. Sources of Immunotoxicity in Nanotechnology-Based Products

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

Once fabricated, the physical properties of the nano-formulation, including size, shape,
and surface charge, can also alter immunotoxicity. Nanoparticle interactions with the im-
mune system have been extensively discussed elsewhere [11–13,50,55–58]. Here, we will
use some examples to demonstrate structure–activity relationship between nanoparticle
physicochemical characteristics and their immunological properties. First, several studies
have shown that smaller particles (<500 nm) promote humoral TH2 responses, compared
to very large particles (>1 μm) which have been found to stimulate cell-mediated TH1
responses. In addition, very small particles (<100 nm) are associated with increased CD8+

and CD4+ T-cell activation compared to their larger (>500 nm) counterparts, who induce
good antibody responses [59]. Thus, small particles may invoke virus-like responses
and larger particles induce bacteria-like responses [59]. Second, compared to spherical
nanocarriers, oval-shaped liposomes and carbon nanotubes have been shown to activate
complement and platelet aggregation with membrane rupture, respectively [50,60]. Finally,
cationic carriers are more immunostimulatory than anionic or neutral carriers, triggering
cytokine secretion (TNF, IL-12, IFNγ); activation of DCs, T-cells, and neutrophils; and
procoagulant leukocyte and platelet activation which can potentially lead to DIC [12,50,61].
Taken together, while a nanocarrier is often designed to reduce the immunotoxicity of a
therapeutic payload, the chemical and physical properties of that nanocarrier along with it
being a source of undesirable IIMIs contamination may lead to an exaggeration of the im-
munotoxicity of the final drug product. For example, cationic polyamidoamine (PAMAM)
dendrimers in the presence of low amounts of endotoxin have a variety of immunotoxic
effects that neither dendrimers nor low levels of endotoxin alone have [11,50]. Therefore,
the use of nanomaterial platforms should be considered as yet another source of IIMIs.
Translational and regulatory challenges arising from immunomodulatory properties of
nanocarriers and their ability to exaggerate immunotoxicity of low levels of IIMIs (e.g., en-
dotoxin) have been extensively discussed elsewhere [12,13,50,56,61]. Immunogenicity of
nanoparticles alone and in the context of IIMIs along with nanoparticle contribution to the
immunogenicity of protein-based therapeutics have also been reviewed earlier [22].
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5. IIMIs Commonly Found in Pharmaceutical Products

5.1. Microbial Components

When it comes to assessing biotherapeutic purity, the only current consensus is that it
is important for manufacturers to minimize the potential for their formulation to trigger
adverse patient reactions and future immunogenicity by removal of microbial or host cell-
related impurities, as summarized by testing standards (Table 1) [29,35,62–68]. Currently
only a fraction of the potential IIMIs, specifically lipopolysaccharide (LPS), β−glucan,
flagellin, HMGB1, and nucleic acids, are routinely measured during immunotoxicity
screening of biotherapeutics [69] to confirm that the levels of these IIMIs fall within the
FDA-approved 1–100 ppm range [21]. In addition, due to the breadth and complexity of
potential IIMIs, there is currently no single assay that can provide a profile of all IIMIs
present within a biotherapeutic [70]. Other than the fact that any assays used to detect IIMIs
and evaluate possible immunotoxicity should be tailored to the specific contaminant [62],
there is currently very little agreement as to which analytical assays should be standardized
for IIMI screening [21]. Therefore, most studies use a series of assays to broadly cover
the detection of all possible IIMIs present in biopharmaceuticals [21,71], including single
analyte mechanistic assays, basic staining/gel-based assays, immunoassays, and cellular-
based assays (Figure 2).

Table 1. Examples of guidance documents and international standards for the measurement of impurities in therapeutic
products. International standards (IS) and Guidance for Industry (GI) provided through the U.S. FDA, the U.S. Pharma-
copeia (USP), and the International Organization for Standardization (ISO) describe the risks of endotoxin and pyrogen
contamination in therapeutic products and outline the assays, protocols, and detection limits which have been standardized
and approved for universal application in therapeutic safety and purity measurements.

Document Type Purpose Reference

USP 85 Bacterial Endotoxins Test GI
Describes method validation and sample preparation
requirements for turbidity, chromogenic and gel-clot

LAL assay
[63]

USP 151 Pyrogen Test GI Describes method validation and sample preparation
requirements for the rabbit pyrogen test [64]

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

Summarizes general types of toxicity and subsequent testing
that should be considered for medical devices or

constituent materials
[35]

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

Provides bacterial endotoxin and pyrogen testing
recommendations (gel-blot, photometric, and kinetic tests)

and acceptance criteria
[65]

FDA Endotoxin Testing Recommendations
for Single-Use Intraocular Ophthalmic

Devices
GI

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

surgical instruments/accessories
[66]

FDA Questions and Answers on Quality
Related Controlled Correspondence GI

Provides answers to common scientific and regulatory
questions around the manufacture and quality control of

generic drug
production including endotoxin testing

[67]

FDA Immunogenicity Assessment for
Therapeutic Protein Products GI

Outlines approaches to evaluate and mitigate
adverse immune

responses/immunogenicity associated with therapeutic
protein products; discusses the importance of IIMI detection

[62]

ISO-10993-1 Biological Evaluation and
Testing Standards for Medical Devices

(prepared by ISO/TC 149)
IS

Outlines the potential biological risks arising from the use of
medical devices and provides a framework to plan biological

evaluation, testing methods, and acceptance criteria
[68]

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

Describes application of LAL assay for evaluation
of endotoxin

levels in nanomaterials intended for use in vitro
[29]

ISO-21582 Pyrogenicity Standard
(prepared by ISO/TC 149) IS Specifies the principles and methods for pyrogen testing of

medical devices and their materials [72]
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5.2. Whole Microbes

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

5.3. Leachates

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

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

5.4. Host Cell Proteins

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

6. Immune-Mediated Adverse Effects to Pharmaceutical Products

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

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

7.1. Direct Detection Methods

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

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

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

7.2. Indirect Detection Methods

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

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

7.4. Antibody-Based Enzymatic Methods

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

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

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

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

7.5. Nucleic Acid Hybridization Methods

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

The more popular method of detecting and identifying bacterial and viral nucleic
acids is through reverse transcriptase (RT) and quantitative polymerase chain reaction
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(qPCR) assays [10]. For these assays, trace amounts of DNA or RNA are collected and then
amplified through the PCR or RT-PCR method respectively, resulting in many identical
copies of the target DNA. The levels of target DNA are then quantified and nucleic acid
concentration in the original sample is derived from target copy numbers [99]. Innate
immune activation can similarly be assessed by quantifying the levels of pro-inflammatory
cytokines, such as IFNγ, IL-1β, IL-6, or other downstream biomarkers by quantifying the
levels of target mRNA, amplified as cDNA, which are compared to standard housekeeper
genes such as GAPDH or 18S [9,69,103] to determine the fold increase or decrease of the
target genes [9,69,103]. Since this process uses specific DNA primers for PCR amplification,
the resultant quantification is highly sensitive and specific for the target sequence [99].
However, this also means that species-specific primers must be known. Additionally,
as amplification of each nucleic acid fragment requires its own primers, these reactions
need to be carried out separately; though, like the previously discussed, multiplexing and
proteomics analyses coupled with improvements in high-throughput capabilities have
produced arrays of many immobilized primers used to amplify, identify, and quantify
many different DNA sequences at the same time [9,21]. This standardization increases the
amount of data produced while reducing the required time and labor of these assays [76].

7.6. Cell-Based Methods

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

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

For a more specific way to determine the type of IIMIs present in a drug formulation,
a model of HEK-BLUE cells containing a secreted embryonic alkaline phosphatase (SEAP)
reporter inducible by NFκB, transfected with individual TLR receptors, can be used. When
bound with their specific agonists alone or in mixtures of IIMIs, the observed NFκB
activation for each TLR can be quantified through a colorimetric change. This reporter
system has high sensitivity and specificity, similar to what was observed in normal human
PBMCs [69,88]. Since therapeutic biologics could mask or interfere with the response of
these cell lines, this model necessitates the use of additional inhibition controls. In addition,
while this model is effective for detecting TLR-specific IIMIs, it does not yet cover innate
immune responses that can be triggered solely through alternate pathways such as CLRs,
NLRs, and RLRs. As such, the reporter cells were modified to contain different reporter
systems (SEAP, THP-1, and MM6) that would be expressed in the presence of NFκB, TNFα,
and mRNA from IL-6 or IL-8 respectively, thereby covering the activation of multiple
innate immune responses [69].

Other in vitro models instead directly quantify the levels of cell-secreted immune
modulators, such as cytokines and complement proteins (e.g., C3a, C5a), or antibodies [3].
While all of these soluble mediators play an integral role in host defense against microbial
invasion, the network of cytokine interactions is responsible for maintaining cellular home-
ostasis, making them a popular biomarker for gauging the potential immunotoxicity and
immunogenicity of new biotherapeutic compounds, especially when compared to normal
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(untreated) controls [3,36]. Increased levels of cytokines after application of a new drug
product can therefore be associated with a product’s immunotoxic effects (either stimula-
tory or inhibitory), which can lead to adverse patient reactions and reduced therapeutic
efficacy due to the formation of ADAs [3]. As such, pharmaceutical immunogenicity is often
determined through the use of commercially available multiplexed ELISA assays, chosen
based on convenience, affordability, and availability [3], which typically quantify a limited
panel of pro-inflammatory cytokines (IL-1, IL-6, or TNFα) [2,87] or subsequent T-effector
(TH1/TH2) cytokines, including IL-2, IL-12, IFNγ or IL-4, IL-5, and IL-6 respectively, even
though this may bias analysis towards specific immune pathways [2,3]. Despite the sensi-
tivity and specificity of the multiplex ELISAs used for these analyses, the pleiotropic nature
of cytokines and their overlapping activation pathways on numerous target cells [36] often
make the results difficult to interpret. Hence, there is a lack of consensus as to which
cytokines should be measured to accurately characterize the immunological effects of a
new drug.

7.7. In Vivo Methods

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

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

8. Conclusions and Future Directions

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

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

Finally, given that immunostimulation is the overall concern, the use of newer
cell-based assays which track levels of biomarkers (e.g., cytokines, transcription factors,
mRNA [62]) affected by the presence of IIMIs, rather than the individual IIMIs themselves,
can provide a stronger connection between the applied biotherapeutic and its impact on im-
munotoxicity and immunogenicity [31]. Past cellular studies focusing on a limited selection
of cytokines and chemokines, usually, a combination of pro-inflammatory IL-1, IL-8, IL-6,
TNFs, and IFNs, have failed to adequately interrogate the entire immune cascade [2,36].
Since immunotoxicity can cover a range of patient responses from immunostimulation and
HSR to immunosuppression, measuring a wider assortment of cytokines, including but not
limited to IFNs (α, γ, λ); ILs (1α/β, 2, 6, 8, 10, 12, 17); interferon-gamma inducible protein
(IP-10); TNFα, prostaglandin-E2 (PGE-2), macrophage inflammatory protein (MIP-1α), and
monocyte chemoattractant protein (MCP-1), can provide a more complete picture as to
the type and degree of immunotoxic response that can potentially be triggered by a new
biotherapeutic formulation.
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