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Abstract

Pharmaceutical products can activate immune cells, suppress their function, or change the immune
responses to traditional immunologically active agonists such as those present in microbes.
Therefore, the assessment of immunostimulation, immunosuppression, and immunomodulation
comprises the backbone of immunotoxicity studies of new drug entities. Depending

on physicochemical properties (e.g., size, charge, surface functionalities, hydrophobicity),
nanoparticles can be immunostimulatory, immunosuppressive, and immunomodulatory. Various
methods and experimental frameworks have been established to support preclinical translational
studies of nanotechnology-based drug products. Immunophenotyping after the exposure of cells
or preclinical animal models to nanoparticles can provide critical information about the changes
in both the numbers of immune cells and their activation status. However, this methodology

is underutilized in preclinical studies of engineered nanomaterials. Herein, we review current
literature about varieties of instrumentation and methods utilized for immunophenotyping, discuss
their advantages and limitations, and propose a roadmap for applying immunophenotyping to
support preclinical immunological characterization of hanotechnology-based formulations.

1. Introduction

The use of nanotechnologies in the medical setting, i.e., nanomedicine, is increasingly
utilized to prevent, diagnose, and treat various diseases such as cancer [1, 2]. The
development of various nanomaterials (e.g., inorganics, polymers, or lipids) has helped to
overcome some of the limitations of traditional drug delivery in these settings, including
spatial and temporal delivery [3-5]. For example, delivery of drug treatments to the brain
have long been hindered by the blood brain barrier [6, 7]. However, nanomaterials, such
as polymers, can be personalized and utilized for diagnostic and therapeutic purposes

in brain tumors [7]. Polymers can be conjugated to checkpoint inhibitors (anti-PD1 or
anti-CTLA4) and enable the drugs to cross the blood brain barrier thus overcoming many
treatment limitations in these cancers [6]. Nanoparticles can also aid in the delivery of
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nucleic acids in the context of both cancer vaccines and immunotherapies [8]. Moreover,
nanomaterials have been utilized to directly activate different components of the innate or
adaptive immune response to help stimulate antitumor immunity [8, 9]. Furthermore, drug
free macromolecular therapeutics, which use biorecognition events (e.g., CD20 receptor
targeting) and crosslinking to initiate therapeutic efficacy, have the potential to mitigate drug
resistance (e.g., rituximab resistance) in cancer models [10]. Thus, the use of nanomaterials
to treat disease is multifaceted.

However, the vast expanse of nanomaterial leads to an increasing need for techniques

to characterize the efficacy and safety of such materials [2, 3]. One type of

necessary nanomaterial evaluation is immunological evaluation [11, 12]. Immunological
evaluation of nanomaterials is essential because some nanomaterials are designed to
modify the immune system while others cause adverse effects to the immune system
(immunotoxicity) [13]. Systemic administration of nanomaterial has the potential to lead
to a variety of acute immune-mediated adverse effects such as hemolysis, complement
activation, thrombogenicity, procoagulant activity, disseminated intravascular coagulation,
inflammation, immunosuppression [12, 14]. These undesirable effects could be due to
either nanotechnology platform or active pharmaceutical ingredient (API); in some cases,
nanocarrier and API’s toxicities may overlap and contribute to more exaggerated adverse
effects of the final product [15]. Moreover, innate immunity modulating impurities (e.g.,
endotoxins, beta-glucans, flagellin, CpG DNA, to hame a few) may be introduced into
nanoformulations during manufacturing and contribute to the overall immunotoxicity by
priming the immune cells and changing their response to nanocarriers and/or APIs [16].
Therefore, the development of techniques that can assess changes to immune cell makeup
and activation, such as immunophenotyping, are desirable (Figure 1).

Immunophenotyping, or the identification of immune cell subsets based on antigen
expression, has become an integral technique used in both the basic and clinical laboratory
settings for many purposes, including the examination of cellular makeup in many diseases
as well as the determination of effects of treatment, such as nanomaterials, on cell makeup
and activity [17-21]. In order to perform immunophenotyping, a variety of different
analytical techniques can be utilized, such as multicolor flow cytometry, hyperspectral
flow cytometry, and mass cytometry—with multicolor flow cytometry currently being the
most commonly used technique [19, 20]. However, given the vast array of techniques
available for immunophenotyping, the consistent advancement and evolution of the cell
type definitions, and the quasi-quantitative nature of flow cytometry, the universal utility of
immunophenotyping is limited [18]. Nevertheless, there are constant efforts to standardize
immunophenotyping panel design, sample handling, instrument setup, and data analysis [18,
22-25]. For example, the National Institute of Standards and Technology developed a Flow
Cytometry Standards Consortium, supported by many corporations and groups, to develop
reference standards and protocols to help establish quantitative flow cytometry measures.
Moreover, while there are no universal formal guidelines, new standardized panels and
techniques are regularly published by prominent research groups. In this review, we will
discuss the current models and methods used for immunophenotyping as well as discuss
the regulatory landscape for immunophenotyping and how to leverage this knowledge to
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2.

characterize the effects of nanotechnology-based drug delivery platforms and nanoparticle-
drug formulations on immune cells.

Models

As new research allows for a deeper and more detailed definition of each immune cell
type, it is important to understand the current models and common cell types used in the
development of immunophenotyping procedures. The most common source of immune cell
populations studied ex vivo is spleen or bone marrow in rodent models and peripheral
blood in humans. The major immune cell populations are divided into myeloid-derived and
lymphoid-derived cells [26]. The myeloid-derived cells to be discussed here consist of the
monocytes, macrophages, dendritic cells (DCs), and neutrophils which generally function
as phagocytic and antigen-presenting cells [26, 27]. Furthermore, the monocytes can be
subdivided into classical and non-classical monocytes, and the DCs can be subdivided into
myeloid DCs (mDCs) and plasmacytoid DCs (pDCs) [25, 28, 29]. Moreover, the lymphoid
population consists of T cells (cytotoxic, helper, and regulatory T cells), B cells (Naive,
memory, and transitional), natural killer (NK) cells, and NK T cells [25, 26]. In general,
these broad cell types are present in both humans and mouse models. However, depending
on the model identified, the definition of different cellular subtypes varies along with their
presence in circulation [28, 30].

Each cellular subtype is defined by a set of extracellular and/or intracellular markers, which
can be measured by cytometric methods. These cellular subsets have slight differences in
markers used to define each subtype depending upon the model and literature referenced.
However, for the most part, there is a consensus on the primary markers needed to define
each major cell type—many of which are available in different company catalogs and/or
posters [31-33]. These important markers to define major cell types are summarized in
Table 1 for both human and mouse models.

Additionally, another aspect of defining the cellular subtype is determining the cell’s
activation status. There are a variety of different activation markers that could be used to
define the activation status of a cell. There are early and late activation markers, markers
indicating adhesion, proliferation, degranulation, and co-stimulation and/or presentation
markers [31, 33]. Table 2 lists common cellular markers found in lymphocytes and their
status as phenotypic markers (P) and/or activation markers (A).

3. Methods

Many cytometric methods have been developed over the past few decades, which allow
researchers to simultaneously evaluate multiple cellular features on a single cell level, as
is needed for immunophenotyping. Each method established uses specific instrumentation
developed by various manufacturers for specific purposes as described in the following
sections. Table 3 includes examples of common types of cytometry equipment along with
possible uses.
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3.1.

3.2.

Multicolor flow cytometry

Currently, multicolor flow cytometry or conventional flow cytometry is the most common
platform used to perform immunophenotyping and uses typical flow cytometry equipment
(Table 3). In this type of flow cytometry, cells are characterized using fluorescently labeled
antibodies, and the expression of proteins or detection of dyes specific to different organelles
is assessed on a single cell level [19, 21, 34]. A series of lasers excite the fluorophores and
other optical cell parameters and generate fluorescent and visible light signals [19, 34]. The
generated light signals are then directed by different filter sets, read by specific detectors,
and converted into electronic signals [19]. These electronic signals are then analyzed by

a computer for a readable output [19]. The combination of visible and fluorescent light
signals detected on a single cell allows the cell to be characterized and placed into a distinct
cell subpopulation using different gating strategies. Furthermore, this technique allows for
cell sorting, which enables flow cytometry experiments to be followed by further studies
(Table 3) [19, 21, 35]. However, in this technique, the available combination of lasers, filter
sets, and detectors limits the possible fluorochrome combinations due to the fluorochromes’
properties and spectral overlap [19, 20]. Therefore, although this technique can measure
multiple parameters simultaneously, there is a limit to the number of fluorescent parameters
which can be measured within a single panel on a particular flow cytometry instrument.
However, with the development of more efficient analysis techniques, it is possible to
analyze around 30 parameters at the same time [19, 36, 37].

Nevertheless, creative panel design and innovative analysis techniques have allowed
multicolor flow cytometry to be used beyond the traditional format. One example of

the development of such a technique is called infinity flow cytometry [38]. Infinity flow
cytometry uses standard flow cytometry instrumentation with an innovative computational
analysis approach to implement massively parallel cytometry experiments and predict
antibody expression across a multitude of cell samples [38]. In this method, samples are
stained with an established panel of antibodies (backbone panel) in combination with

a unique exploratory antibody and acquired using a standard flow cytometer [38]. The
output data is then run through the infinity flow pipeline, which establishes relationships
between the backbone and exploratory markers, predicts the missing data, and forms an
augmented data matrix [38]. This infinity flow software is available at https://github.com/
ebecht/infinityflow. While there are limitations to this technique, this method opens up the
use of conventional flow cytometers so that more expansive panels can be designed without
the limitation of instrumentation.

Hyperspectral Flow Cytometry

The development of hyperspectral cytometry overcomes many of the parameter limitations
and compensation issues associated with traditional multicolor flow cytometry by using
different equipment (Table 3) [19]. In contrast to traditional flow cytometry, which uses
specific filter sets and detectors to read generated signals, hyperspectral flow cytometry
detects the entire light spectrum for each fluorochrome [18]. However, because the entire
spectrum of each fluorochrome is detected in the experimental setup, the subsequent data
analysis is more sophisticated and involves reconstructing the individual fluorochrome
signals based on their “fingerprints” [18-20]. Therefore, the bulk of the experiment lies
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in the computational analysis of signal separation but does avoid issues with spectral
overlap [20, 39]. Consequently, hyperspectral cytometry has the potential of simultaneously
measuring more than 40 parameters in a single cell [20].

3.3. Imaging Flow Cytometry

Imaging flow cytometry is a hybrid between traditional flow cytometry and microscopy,
and therefore utilizes antibody panels tagged with fluorophores for labeling and acquisition
of various cell populations at high throughput rates (traditional flow cytometry) while
simultaneously acquiring fluorescent images of analyzed cells (microscopy) [19, 40-42].

It provides single-cell images using both fluorescent and brightfield capabilities which
expands the data acquisition capabilities of the cytometer and results in a major advantage
of the system—the ability to determine cellular distributions of the fluorescent markers
allowing for the implementation of applications that require protein localization knowledge
[19, 42]. However, because the system needs to collect in-focus images of each cell, these
cytometers often have relatively low throughput compared to traditional flow cytometers
[41]. Moreover, due to the differences in data collection, the gating strategy of imaging
cytometers relies on morphologic features such as cell area, width, height, and aspect ratio
rather than the forward and side scattering profiles, and these differences lead to a need

for trained operators for data acquisition and analysis [40, 41]. Some examples of different
image-based flow cytometers include Amnis, Celigo, and Attune CytPix (Table 3).

3.4. Mass Cytometry

Another cytometry method available for phenotyping is mass cytometry which is a
combination of time-of-flight mass spectroscopy and flow cytometry. In this method, cells
are labeled with heavy metal ion-tagged antibodies and subsequently passed through a mass
cytometer in which the metal ions are then ionized, detected, and recorded to identify the
different labeled parameters on a single cell [19, 43, 44].

Due to the inherent differences between mass cytometry and fluorescent-based cytometric
systems, mass cytometry has some advantages and disadvantages when compared to other
immunophenotyping techniques. One advantage of mass cytometry is the lack of spectral
overlap, meaning that compensation is not necessary [19]. Additionally, the number of
parameters that can be detected in a single experiment is around 50, and this number

will increase as antibodies are conjugated to additional heavy metal ions [45]. Another
advantage is the lack of interference when analyzed cells are exposed to and uptake
materials possessing intrinsic fluorescent properties. However, one disadvantage of mass
cytometry is that samples cannot be sorted for future use due to their ionization [44].
Another disadvantage is the low sensitivity of some heavy metal reporters, which makes
it challenging to measure antigens expressed at low levels [20, 44]. Even though there are
limitations, mass cytometry proves to be a promising technique for immunophenotyping
(Table 3).
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4. Regulatory landscape

4.1. Available standard practices and guidance documents for traditional fluorescence-
based cytometry methods

Immunophenotyping by flow cytometry is recommended by the International Council on
Harmonization (ICH) S8 for additional immunotoxicity studies; the recommendation is
adopted by both the US Food and Drug Administration and European Medicine Agency
[46, 47]. While there is no formal guidance regarding development and validation of

flow cytometry-based methods, there are many ongoing efforts among pharmaceutical
industry and regulatory agencies to standardize the methodology and streamline validation
[48]. Historically, due to the broader availability of fluorescence-based, traditional
cytometers, most standardization efforts focused on these instruments and relevant to them
methodologies, and are detailed further below.

Flow cytometry is usually considered quasi-quantitative as accuracy is not directly
measurable [18]. Therefore, there is a lack of standardization for cytometric techniques, and
many errors can be introduced into a cytometry experiment through sample preparation,
instrument setup, and data analysis. Furthermore, while there is formal guidance for
industrial laboratory practices set forth through the Good Laboratory Practices (GLP),
many laboratories that perform drug development with flow cytometry operate outside

the regulated area [22]. Regardless, recommendations have been made for both the assay
development and validation of flow cytometry instrumentation; some of which are detailed
further below [22, 23, 49].

Early in 2011, the American Association of Pharmaceutical Scientists (AAPS) Flow
Cytometry Action Program Committee released a series of publications about method
validation [22, 23]. Next, the International Council for Standardization in Hematology
and the International Clinical Cytometry Society established a working group to specify
validation parameters for clinical cytometry-based assays [50]. This was followed by the
FDA workshop and round table discussions that collectively resulted in recommendations
and considerations for the validation of both instruments and methods, as well as for
quality controls [51, 52]. In the US, Clinical Laboratory Improvement Amendments of
1988, and GLP Regulations are followed for conducting cytometry-based assays utilized
for clinical specimen analysis and non-clinical studies, respectively [53-55]. Additional
recommendations are also available from the AAPS, United States Pharmacopeia (USP),
and International Society for Pharmaceutical Engineering (ISPE) [22, 56]. The installation
qualification (1Q), operational qualification (OQ), and performance qualification (PQ),
also known as 1Q/OQ/PQ, are broadly recognized as the most important steps in the
instrument validation and, among other tools, rely on vendor-specific calibration software
and calibration beads for light scattering and optical alignment [48]. Method validation was
also found by many to be critically important for result reproducibility within individual
laboratories and inter-laboratory data comparison [23, 49]. In both research and clinical
settings, there have been many attempts to guide the development and performance of
cytometric protocols.
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Mair and Tyznik outline a step-by-step process of designing and running a flow cytometry
panel including 1) development of biological targets 2) instrument characterization and
optimization 3) fluorochrome characterization 3) in silico panel design 4) antibody titration
and 5) single stain controls and testing of full panel [18]. Furthermore, in Selliah et

al. 2019, the authors give three distinct types of method validation, including 1) limited
assay validation, 2) initial assay validation, and 3) technology transfer validation [49]. The
limited assay validation gives recommendations for the minimal parameters needed for flow
cytometry experiments in labs that do not follow regulations [49]. These recommendations
and example experimental design steps help to create a standardized protocol for non-
regulated labs [49]. The initial assay validation is a set of protocols that include those
necessary for validation in regulated labs, while the technology transfer validation is for the
validation of protocols that will be used across different labs. All these different validation
protocols give labs guidance on what is necessary for each validation step.

While there is less available information about validating newer types of cytometry-based
methods, some discussions and opinions have been released. For example, Colangelo J.L.
shared Pfizer’s experience with applying mass cytometry methods for immunophenotyping
and identified challenges, such as ion suppression and limited mass spectrometry calibration
standards, unique to the validation of mass-cytometry methods [57]. Another recent study
outlined critical quality parameters, including but not limited to sample fixation and storage,
post-staining wash stability, and proposed a validation workflow as well as staining and
acquisition optimization criteria for mass cytometry-based peripheral blood mononuclear
cell (PBMC) profiling for clinical diagnosis of celiac disease using 33-biomarkers panel
[58].

4.2. Standardization of Immunophenotyping panels

In addition to guides and standard practices for cytometry, many companies and research
groups have begun developing and publishing standard immunophenotyping and panels. In
an effort to standardize the immunophenotyping method, some companies have attempted to
streamline the protocol. One standardization method is the development of instrumentation
that allows for a centrifuge-less staining procedure, for example, the Curiox Droparray™-
cell system [59]. With this system, the cells are not centrifuged but are rather washed with

a laminar flow process, which allows for streamlining and standardizing the procedure and
decreases cellular loss during processing [59].

Many more efforts have been put forth to develop standardized immunophenotyping panels.
One effort of panel standardization has been the development of rigorously optimized
multicolor immunophenotyping panels (OMIPs) published in Cytometry Part A Journal on
behalf of the International Society for Advancement of Cytometry. In this Journal, there

are currently seventy OMIPs of five or more colors for others to utilize [60]. The detailed
information regarding the reagents used in these optimized panels allows other researchers
to use the same panel or gives them a starting point for developing a new panel [60].

Additionally, the Human Immunology Project was started to try to standardize flow
cytometry-based immunophenotyping in order to allow for panels to elucidate heterogeneity
in human immune cells and detect changes in the immune system that are associated
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with disease [25]. This project aims to both create a repository for immunological data
which could be mined for different biomarkers and propose standardized panels and
procedures to detect T cells, B cells, macrophages, monocytes, DCs, and NK cells along
with their activation status [25]. Furthermore, experts from the Human Immunology Project
Consortium developed five standardized panels, each consisting of 8-colors, in order to
identify the major immune cell subsets in the peripheral blood [61]. These panels identify
different cell subsets and were developed in an attempt to standardize flow cytometry
panels in clinical studies [61]. While these panels do not delve into the complexity

of current immunophenotyping possibilities, these panels can be expanded as necessary
[61]. Furthermore, it was determined that automated computational analysis methods
provided by the Flow Cytometry: Critical Assessment of Population Identification Methods
improved standardization of data analysis as compared to manual analysis [61, 62]. The
standardization success of these panels led to the production of BD Lyoplate by BD
Biosciences; lyophilized antibody cocktails can be purchased for immunophenotyping [61].

Moreover, many companies provide cytometric services and/or panels available for purchase
using different immunophenotyping methods (Table 4). Many of the panels available for
purchase are intended for clinical research and range from general panels to specific immune
panels, as well as panels with activation markers. Beckman Coulter Life Sciences has a
multitude of flow cytometry immunophenotyping panels (Duraclone panels) available that
cover a broad spectrum of immune cells, including panels for rare cells (Table 4) [63].
ThermoFisher Scientific and Miltenyi Biotec also have immunophenotyping Kits available
for flow cytometry (Table 4). Additionally, there are Cy TOF immunophenotyping panels
available for purchase, including the Maxpar® Direct™ Immune Profiling Assay ™ by
Fluidigm (Table 4) [64]. This standardized immunophenotyping panel for CyTOF offers

30 parameters to define immune cell subtypes on the Helios™ Mass Cytometer [64]. In
addition to panels available for purchase to perform immunophenotyping, there are also
many companies that will design and run in-house panels which provide personalized
cytometric services for flow cytometry immunophenotyping testing.

5. Roadmap for characterization of nanotechnology-formulated products

5.1. How we can leverage current knowledge

The development of nanomaterials over the past few decades has helped to overcome

the limitations of traditional drug delivery [3-5]. However, immunological techniques for
characterizing the safety and efficacy of nanomaterial need further development [3, 11].
In particular, flow cytometry and immunophenotyping are underutilized techniques that
could help to determine both the efficacy and safety of nanomaterials on the immune
system as indicated by the International Council on Harmonization (ICH) S8 [47, 65, 66].
Immunophenotyping and flow cytometry could aid in understanding the expression of a
nanomaterial target on different cell subsets or could be used to detect biomarkers of
immunotoxicity [65]. While the effects of nanomaterials on immune cell populations are
not always the primary endpoint of a given study, understanding the nanomaterial-driven
changes in immune cell makeup and activity can help characterize nanotechnology-based
formulations.
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5.2. Nanomaterial effects on immune cell phenotypes

Nanomaterials can be designed to have different effects on the immune system. Indeed,
some nanomaterials are specifically intended to modify the immune cell phenotypes and cell
activation status, while others do not have that purpose and modify immune cells through
an adverse effect [13]. One example of nanomaterial which is designed to modify immune
cell function are nanoparticles that deliver small inhibiting RNA against a voltage-gated
potassium (Kv1.3) channel specifically to memory (CD45R0O+) T cells [67]. The treatment
of immune cells with these nanoparticles changed both immune cell makeup and activation
as detected by flow cytometry [67]. The treatment of T cells with the nanoparticles
decreased the overall percentage of memory cells in the population as well as decreased

the expression of CD40 ligand, tumor necrosis factor-a., and interferon-+y in the treated
memory T cells as measured by flow cytometry [67]. Another example of nanomaterial
designed to modify the immune is a series of nanoparticles designed to decrease different
inflammatory cytokines of innate immune cells [68]. It was determined, through using flow
cytometry, ELISA, and transcriptional activity cell array, that the physicochemical properties
of the nanoparticles differentially affected the expression of molecular markers, cytokines,
and transcription factor activity of bone marrow-derived macrophages [68]. Furthermore, a
study by Simén-Vazquez et al. showed that human lymphocytes treated with various metal
oxide nanoparticles activated mitogen-activated protein kinase and nuclear factor kappa-
light-chain-enhancer of activated B cells signaling pathways and changed gene expression
using real-time PCR [69]. Given the use of such nanomaterials to modulate the immune
system, more techniques, such as immunophenotyping, to measure such modulation should
be developed.

5.3. Flow cytometry use in biomedical nanotechnology

In addition to the analysis of nanoparticles’ effects on immune cells, flow cytometry was
successfully used to detect markers of nanoparticle immunoreactivity. For example, Liptrott
et al. applied flow cytometry for the analysis of nanoparticle-plasma protein interactions,
aka protein corona, as well as physical characteristics of the nanoparticles [70]. Forward
scatter and side scatter of the nanoparticle samples were used to determine polydispersity

of the nanoparticles, changes in characteristics of the nanoparticles in varying matrices, and
the formation of the protein coronas [70]. Moreover, Roffler’s team proposed using flow
cytometry for the detection of anti-PEG IgG and IgM antibodies in human plasma response
to the exposure to PEG and PEGylated nanomaterials [71]. In this experimental setup, beads
were incubated with human plasma, stained with fluorescent anti-IgG or IgM secondary
antibodies, and then analyzed via flow cytometry which determined the presence of anti-
PEG antibodies based on the mean florescence intensity [71]. Furthermore, Garcia Romeu
et al. used flow cytometry to detect nanoparticle distribution within cellular organelles [72].
Flow cytometry was also used to determine the effect of nanoparticle size on the kinetics and
trafficking of nanoparticles to organelles such as lysosomes [72].

Not only is cytometry used in nanoparticle characterization, but it is also used to assess

the effect of nanomaterials in the preclinical setting. He et al. used nanoscale coordination
polymer nanoparticles to combine photodynamic therapy and chemotherapy to increase
antitumor immunity both in vitro and in vivo in colorectal cancer models [73]. In vitro, flow
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cytometry was used to assess which nanoparticle/treatment components cause immunogenic
cell death and apoptosis and necrosis [73]. Additionally, leukocyte profiles of tumors
harvested from the treated murine tumor models were analyzed by flow cytometry [73]. In
another study, flow cytometry was instrumental at detecting and analyzing CD4+ and CD8+
T-lymphocytes infiltrating tumors and correlating the cell number to the anti-tumor effect
seen after the immunization with PDS0101 (ImmunoMAPK-RDOTAP/HPV-16 E6 and E7
Peptides) liposome-based vaccine developed by PDS Biotechnology [74]. Furthermore,
Barth et al. applied flow cytometry to assess the in vivo efficacy of calcium phosphosilicate
nanoparticles containing indocyanine green as a photosensitizer for photodynamic therapy in
a leukemia model as well as to detect possible off target effects [75].

Over the past decade, there have been many efforts to identify and validate biomarkers

for the routine clinical monitoring of hematological and solid tumors progression and
evaluating the efficacy of applied anti-cancer therapies, especially in the immune-oncology
field [76-81]. In addition, there is a growing interest in methods allowing to personalize
new therapies. Such efforts require powerful research tools, and flow cytometry became one
of the most successful analytical approaches for the single-cell analysis to both detect and
monitor immune cell phenotypes in patients with hematological malignancies, solid tumors
undergoing immunotherapies, metastatic and residual stages of cancer progression. The
increasing need in simultaneous analysis of multiple cellular markers pushed the technology
beyond conventional flow cytometry with mass cytometry and full spectrum flow cytometry
being among the most popular[76-82].

Monitoring the efficacy and understanding the mechanism of action of nanoparticle-based
vaccines are additional clinical characterization areas commonly relying on flow cytometry.
For example, clinical assessment of efficacy and safety of lipid-nanoparticles formulated
MRNA SARS-Co-V2 vaccines relied on the flow cytometry for monitoring Thl vs. Th2
responses of CD4+ lymphocytes following immunization [83, 84]. Likewise, detection of
tumor-infiltrating CD4+ and CD8+ lymphocytes and their characterization in terms of
exhaustion and activation status are among the study endpoints in the ongoing Phase II
clinical trial of liposome-based HPV vaccine utilizing Versamune (PDS0101) platform [85].

Another interesting, yet less traditional application of flow cytometry is the finding of
quantum-dots-labeled bacteriophages in complex media for the rapid and sensitive detection
of bacterial contamination [86]. This approach is of interest to bioterrorism surveillance,
agriculture safety and medical diagnosis fields.

5.4. What challenges exist for nanomaterials and possible solutions

Many challenges exist in the characterization and implementation of nanomaterials

for biomedical applications. Formulations of nanomaterials are often complex and

can lead to unexpected biological interactions [87, 88]. In order to characterize any
immunological interactions and/or effects of the nanomaterials on the immune system,
immunophenotyping could be utilized. However, there are challenges when it comes to
using immunophenotyping to determine the effect of the nanomaterials. One challenge of
implementing immunophenotyping to characterize the effects of nanomaterials is that the
most common immunophenotyping technique, multicolor flow cytometry, is limited in its
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ability to test cells exposed to nanomaterials possessing inherent fluorescent properties

due to possible optical interferences of the said nanomaterials. Some nanomaterials are
designed with optical and/or fluorescent components, while others have components that
inherently interfere with certain visible or fluorescent wavelengths [89-91]. Metallic
nanoparticles, metal oxides, and metal-containing formulations (e.g., superparamagnetic
iron oxide nanoparticles and arsenic trioxide nanoparticles), as well as nanomaterials
containing traces of metal catalysts utilized during synthesis or accidently introduced
during manufacturing (e.g., iron catalyst in carbon nanotubes formulations, and tungsten
nanoparticles in recombinant protein therapeutics), may interfere with mass cytometry-
based immunophenotyping. Therefore, depending on the nanomaterial studied, the use of
different immunophenotyping techniques and selection of appropriate antibody tags, such as
fluorophores for multicolor flow cytometry and heavy metals for CyTOF, may need to be
considered. Otherwise, established flow cytometry immunophenotyping panels would need
to be tailored to compensate for the optical components of the nanomaterial.

Furthermore, the use of flow cytometry for direct nanoparticle characterization (without
attachment to cells) is challenging due to the detection limit of typical flow cytometry
instrumentation and the small size of the nanoparticles. In order to be able to use flow
cytometry to characterize nanoscale particles many optimization steps are required as
detailed in the study by Garcia Romeu et al. [72]. However, new cytometers such as

the Flow NanoAnalyzer by NanoFCM have been designed for the purpose of detection
and characterization of both synthetic nanoparticles and natural nanomaterials such as
exosomes. The high resolution and detection of objects with a wide size range from 7
to 1000 nm by this new generation cytometer was made possible by combining light
scattering and fluorescent detection (https://www.nanofcm.com/). The development of
these types of cytometers could extend the methodology for nanoparticle physicochemical
characterization.

6. Conclusion

Immunophenotyping is an underutilized technique with much potential to characterize the
effect of nanomaterials on immune cell makeup and activity. There are many techniques that
could be utilized to perform immunophenotyping, including, but not limited to, multicolor
flow cytometry, hyperspectral flow cytometry, and mass cytometry [19]. However, the
ever-evolving definitions of immune cell subsets make immunophenotyping challenging
as the immunophenotyping panels may need to be updated as new definitions come about
[18]. Additionally, most immunophenotyping techniques’ qualitative nature leads to the
difficulty in standardizing experimental protocols. Nanoparticle characterization involves
additional set of challenges related to nanoparticle intrinsic fluorescent properties or
composition that create interference with fluorescence-based or mass spectrometry-based
flow cytometry approaches, respectively. Nevertheless, there are many universal efforts to
develop references and standards that can be used across different facilities including those
characterizing nanomaterials [24, 25, 61]. Therefore, as the technology and techniques
improve, immunophenotyping has an even greater potential to be a standard protocol to
evaluate the efficacy and safety of nanomaterials.
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Figure 1. Applications of flow cytometry in nanomedicine studies.
Flow cytometry can be used in a variety of applications to further nanomedicine. PBMCs

that are incubated with various nanomaterials can analyzed using a flow cytometer to
determine 1) the distribution of fluorescent nanomaterial within the cell population, 2) the
presence of immune cell subsets based on antigen expression (immunophenotyping) along
with the cellular activity, and 3) live activity of cells such as calcium (Ca2+) fluxes in cells.
With the use of non-traditional cytometers, these applications can be expanded even further.
NK = natural killer; P = particle
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Table 1.
Immune cell subsets and phenotypes commonly used in research and identified by flow

cytometry.

Immune cell subtypes and their phenotypes are summarized based on the currently available literature.
Differences between mouse and human cells exist as determined by expression of surface markers specific to
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the given subset of immune cells.

Model | Cell type Subtype Phenotype References
Mouse | T cells Cytotoxic T cells CD3+, CD8+ [31, 92]
Helper T cells CD3+, CD4+ [31, 92]
Regulatory T cells CD3+, CD4+, CD25+, FoxP3+ [92]
B cells CD19+, B220+ [31, 32, 92]
NK cells CD3+, NKp46+ [31, 32, 92]
Macrophages CD11b+, F4/80+, CD68+ [92]
DCs mDCs CD11b+, CD11c+, CD80+, CD86+ [92]
pDCs CD11b-, CD11c+, B220+, Siglec- H+ [33,92]
Monocytes CD11b+, CD68+, Ly6c+ [32, 33, 92]
Neutrophils CD11b+, Gr-1+, Ly6b+, F4/80— [92]
Human | T cells Cytotoxic T cells CD3+, CD8+ [25, 31]
Helper T cells CD3+, CD4+ [25, 31]
Regulatory T cells CD3+, CD4+, CCR4+, CD25+, CD127low [25]
Naive T cells CCR7+, CD45RA+ [25, 93]
Effector T cells CCR7-, CD45RA+ [25]
Effector Memory T cells | CCR7-, CD45RA- [25, 93]
Central Memory T cells | CCR7+, CD45RA- [25, 93]
B cells Naive B cells CD3-, CD19+, CD27- [25, 33]
Memory B cells CD3-, CD19+, CD27+ [25, 33]
NK cells CD3-, CD19-, CD14-, CD20-, CD56+, CD16+/— [25, 31, 32]
NK T cells CD3+, CD56+ [25]
DCs mDCs CD3-, CD19-, CD14-, CD20-, HLA-DR+, CD11c+ | [25, 31-33]
pDCs CD3-, CD19-, CD14-, CD20-, HLA-DR+, CD123+ | [25, 31, 33]
Monocytes Classical CD3-, CD19-, CD14+, CD16- [25]
Non-classical CD3-, CD19-, CD14+, CD16+ [25]
Neutrophils CD15+, CD16+, CD14low [25]
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Common surface markers present on lymphoid and myeloid cells of mouse and human

origin.

Markers used in flow cytometry are summarized. P — phenotype marker; A — activation marker. The table is
based on references [22, 25, 31-33, 92, 93].

Mouse Human
Lymphoid Myeloid Lymphoid Myeloid

Marker | Role | Marker Role | Marker Role | Marker Role
CD3 P CD11c P CD3 P CD14 P
CD4 P CD123 P CD4 P CD1lc P
CD8 P Ly6c P CD8 P CD123 P
FOXP3 P Ly6G P FOXP3 P CD15 P
CD19 P XCR1 P CD19 P CD16 P
CD20 P MHCII P CD20 P HLA-DR | A
CD16 P B220 P IgD P CCRY7 A
CD45 P (CD45R) CD16 P CD11b A
B220 P CD68 P CD45 P
(CD45R) Siglec-H | P CD56 P
NKp46 P Gr-1 P/IA CCR4 P
CD25 P/A CD11b A CD127 P/A
CD45RA | A Ly-71 A CD25 P/A
CD22 A (F4/80) CCR7 P/A
CD335 A PD-1 A
Ki-67 A CTLA4 A
ICOS A Ki-67 A

ICOS A

CD45RA | A

HLA-DR | A
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Cytometry instrumentation and uses.

Page 21

The various types of cytometry utilize different instrumentation and each instrument has the potential for

different uses.

Type of Cytometry

Instrumentation

Manufacturer

Notes

Multicolor flow cytometry

BD LSR Fortessa

BD BioSciences

Leukocyte profiles in tissues and tumors [38, 73];
Cell phenotypes and function [94]

BD FACS Melody™ Cell Sorter

BD BioSciences

Sorting of circulating tumor cells from peripheral
blood [35]

CytoFLEX Cytometer

Beckman Coulter

Detection of anti-PEG antibodies [71];
Distribution and trafficking of nanoparticles [72]

NovoCyte Flow Cytometers

Agilent

Cell Apoptosis [95]

MACSQuant® Analyzers Miltenyi Biotec Cell phenotypes and function [94]
Hyperspectral flow Aurora Spectral Cytometer Cytek Biosciences High dimensional immunophenotyping [96]
cytometry
Image Cytometry Amnis® ImageStream Imaging Luminex Visualize the T cell/tumor cell interface [97]
Flow Cytometer
Celigo Image Cytometer Nexcelom Bioscience | Viability of tumor spheroids [98]
Attune™ CytPix™ Flow Invitrogen Immunophenotyping, cell apoptosis [99]
Cytometer
Mass Cytometry Helios™ mass cytometer Fluidigm Immunophenotyping [64, 100]
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Table 4.
Commercially available kits for immunophenotyping.

Panels available for purchase for different immunophenotyping techniques. Each panel includes the vendor,
panel 1D (or panel name), the catalog number, the markers for expression, and the fluorophores included in the
panel based on the conjugation.
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Vendor Panel ID Catalog Markers Fluorophores
Number
Beckman Coulter DuraClone IM Phenotyping B53309 CD45, CD3, CD4, CDS8, Krome Orange, APC-Alexa
Life Sciences BASIC Tube, human CD19, CD14, CD16, CD56 | Fluor 750, APC, Alexa Fluor
700, ECD, PC7, FITC, PE
DuraClone IM T Cell Subsets B53328 CD45RA, CD197 (CCRY7), | FITC, PE, ECD, PC5.5, PC7,
Tube, human CD28, CD279 (PD-1), APC, Alexa Fluor 700, APC-
CD27, CD4, CD8, CD3, Alexa Fluor 750, Pacific Blue,
CD57, CD45 Krome Orange
Duraclone IM Treg Tube, B53346 CD45RA, CD25, CD39, FITC, PE, PC5.5, PC7, Alexa
human CD4, FoxP3, CD3, Helios, Fluor 647, APC-Alexa Fluor 750,
CD45 Pacific Blue, Krome Orange
DuraClone IM TCRs Tube, B53340 TCR v6, TCR ap, HLA- FITC, PE, ECD, PC7, APC,
human DR, TCR V&1, CD4, CDS8, Alexa Fluor 700, APC-Alexa
CD3, TCR V&2, CD45 Fluor 750, Pacific Blue, Krome
Orange
DuraClone IM B cells Tube, B53318 1gD, CD21, CD19, CD27, FITC, PE, ECD, PC7, APC,
human CD24, CD38, IgM, CD45 APC-Alexa Fluor 750, Pacific
Blue, Krome Orange
DuraClone IM Dendritic Cell B53351 CD16, lineage exclusion FITC, PE, PC5.5, PC7, APC,
Tube, human markers (CD3, CD14, APC-Alexa Fluor 700, Pacific
CD19, CD20, CD56), Blue, Krome Orange
CDl1c, CD1l1c, Clec9A,
CD123, HLA-DR, CD45
DuraClone IM Granulocytes B88651 CD294, CD16, CD33, FITC, ECD, PC5.5, PC7, APC,
Tube, human CD11b, CD274, lineage APC-Alexa Fluor 700, APC-
exclusion markers (CD3, Alexa Fluor 750, Pacific Blue,
CD19, CD56, CD14), Krome Orange
CD62L, CD15, CD45
DURACIone IM Innate C96081 CD294, CD1a, CD3, FITC, PE, PC5.5, PC7, APC,
Lymphoid Cell Tube, human CD14, CD16, CD19, APC-Alexa Fluor 750, Krome
CD34, CD94, CD123, Orange
TCR ap, TCR 8,
FceR1a, CD117, CD335,
CD127, CD161, CD45
DuraClone IF T Activation B88649 IFN y, TNF a, IL-2, CDS8, FITC, PE, PC7, Alexa Fluor 700,
Tube, human CD3, CD4 Alexa Fluor 750, Pacific Blue
DuraClone IF T Helper Cell C04666 IFN vy, IL-4, CD4, CD3, FITC, PC7, APC, Alexa Fluor
Tube, human IL-17A 750, Pacific Blue
DURACIone IF Monocyte C21858 HLA-DR, TNF a, CD14, PE, APC-Alexa Fluor 700,
Activation Tube, human CD45 Pacific Blue, Krome Orange
DURACIone IF Basophil C23406 CD203c, CD3, CD294, PE, PC7, Alexa Fluor 647,
Activation Tube, human CD63, CD45 Pacific Blue, Krome Orange
DuraClone RE CLB Tube, B80393 CD81, ROR1, CD79b, FITC, PE, PC5.5, PC7, APC,
human CD19, CD5, CD43, CD20, APC-Alexa Fluor 750, Pacific
CD45 Blue, Krome Orange
DURACIone RE PC Tube, B80394 CD81, CD27, CD19, FITC, PE, PC5.5, PC7, APC,
human CD200, CD138, CD56, APC-Alexa Fluor 750, Pacific
CD38, CD45 Blue, Krome Orange
DURACIone RE ALB Tube, C00163 CD58, CD34, CD10, FITC, ECD, PC5.5, PC7, APC-
human CD19, CD38, CD20, CD45 | Alexa Fluor 700, APC-Alexa
Fluor 750, Krome Orange
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Vendor Panel ID Catalog Markers Fluorophores
Number
DURACIone SC Mesenchymal C34369 CD90, CD73, CD34, FITC, PE, ECD, PC5.5, PC7,
Tube, human CD146, CD105, CD45, APC-Alexa Fluor 750, Pacific
CD31, CD14, CD19 Blue, Krome Orange
DURACIone SC Hematopoietic | C49589 CD38, CD49f, CD34, FITC, PE, ECD, PC7, APC,
Tube, human CD10, CD133, CD45RA, APC-Alexa Fluor 750, Pacific
CD90, CD45 Blue, Krome Orange
ThermoFisher eBioscience™ Essential Human A42923 CD3, CD4, CD8, CD62L, APC-eFluor 780, APC, eFluor
Scientific T-Cell Phenotyping Kit CCR7 450, FITC, PE
eBioscience™ Essential Human A42925 CD4, CD25, CD127, FITC, PerCP-eFluor710, PE,
Treg Phenotyping Kit FoxP3 eFluor450
eBioscience™ Essential Human | A42927 CD4, IFN v, IL-17A FITC, PE, APC
Th1/Th17 Phenotyping Kit
Miltenyi Biotec 8-Color Immunophenotyping 130-120-640 CD3, CD4, CD8, CD14, PE, VioBright 667, APC-Vio770,
Kit, human CD19, CD45, CD16, CD56 | VioBlue, PE-Vio770, Viogreen,
VioBright 515
BioLegend Biolegend’s LEGENDScreen™ 700007 361 human cell surface PE
Human PE Kit markers
BD Biosciences BD Lyoplate™: Human Cell 560747 242 human cell surface Unconjugated
Surface Marker Screening Panel markers
A/B
Fluidigm Maxpar® Direct™ Immune 201325 CD3, CD4, CD8, CD11c, Not applicable

Profiling Assay™ (CyTOF)

CD14, CD16, CD19,
CD20, CD25, CD27,
CD28, CD38, CD45,
CD45RA, CD45R0O,
CD56, CD57, CD66b,
CD123, CD127, CD161,
CD294, CCR4, CCR6,
CCRY7, CXCR3, CXCRS5,
HLA-DR, IgD, TCRy&
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