
Full Spectrum Flow Cytometry as a
Powerful Technology for Cancer
Immunotherapy Research
Diana L. Bonilla*, Gil Reinin and Edmond Chua

Cytek Biosciences, Fremont, CA, United States

The Nobel Prize-deserving concept of blocking inhibitory pathways in T cells, to unleash
their anti-tumoral capacity, became one of the pillars of cancer treatment in the last decade
and has resulted in durable clinical responses for multiple cancer types. Currently, two of
the most important goals in cancer immunotherapy are to understand the mechanisms
resulting in failure to checkpoint blockade and to identify predictive immunological
biomarkers that correlate to treatment response, disease progression or adverse
effects. The identification and validation of biomarkers for routine clinical use is not only
critical to monitor disease or treatment progression, but also to personalize and develop
new therapies. To achieve these goals, powerful research tools are needed. Flow
cytometry stands as one of the most successful single-cell analytical tools used to
characterize immune cell phenotypes to monitor solid tumors, hematological
malignancies, minimal residual disease or metastatic progression. This technology has
been fundamental in diagnosis, treatment and translational research in cancer clinical trials.
Most recently, the need to evaluate simultaneously more features in each cell has pushed
the field to implement more powerful adaptations beyond conventional flow cytometry,
including Full Spectrum Flow Cytometry (FSFC). FSFC captures the full emission spectrum
of fluorescent molecules using arrays of highly sensitive light detectors, and to date has
enabled characterization of 40 parameters in a single sample. We will summarize the
contributions of this technology to the advancement of research in immunotherapy studies
and discuss best practices to obtain reliable, robust and reproducible FSFC results.
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INTRODUCTION

According to the World Health Organization, Cancer is the second leading cause of disease burden
and mortality in the world, and strategies for cancer prevention, diagnosis, and treatment are still a
global effort (Mattiuzzi and Lippi, 2019). Immuno-oncology (IO) is the study of the immune system
functionality against cancer and the development of treatments that improve the ability of the
immune system to fight the disease (Guo et al., 2019). The enhanced response against cancer is
achieved by improving the immune cell recruitment into the tumor microenvironment and/or the
recognition and destruction of cancer cells by immune cells (Sharma and Allison, 2015). Cancer
immunotherapy has become the standard of care for multiple tumor types at diverse disease stages,
providing better survival and reduced disease recurrences (Sharma et al., 2011). Multiple clinical
trials with successful implementation of IO treatments are being conducted to evaluate the efficacy of
FDA-approved treatments in multiple cancer types, to implement combinatorial therapies, to gain
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mechanistic insight for new drug development or to identify
immune predictors of clinical response (Wei et al., 2018).

Biomarker discovery in clinical trials requires robust and
reproducible technologies to characterize immune cells, with
evaluation of lineage-defining proteins, activation/exhaustion
markers, cytokines, transcription factors, immune checkpoints
and cell functionality. Flow cytometry (FC) enables high-
throughput profiling of single cells in suspension labeled with
fluorochromes upon laser illumination, and it has become a
standard tool to monitor dynamic changes in the lymphoid
and myeloid compartments of the immune response in IO
(Allison, 2015). This technology has been implemented for
multiple cancer applications: DNA content evaluation to study
cell cycle and ploidy, cell immunophenotyping in hematological
malignancies as a diagnostic tool, identification of residual tumor
cells to study minimal disease or characterization of circulating
tumor cells to study metastatic events (Cossarizza et al., 2019).
Ability to sort cells after immunophenotyping provides
downstream functional and DNA/RNA analysis capabilities,
giving a more complete picture of cancer immunobiology and
pathogenesis.

The development of more advanced technologies in the last
decade, including mass cytometry (Spitzer and Nolan, 2016),
imaging flow cytometry (Basiji, 2016), genomic cytometry
(Robinson, 2004; Stoeckius et al., 2017) and spectral cytometry
(Robinson, 2004; Nolan et al., 2013), has expanded our ability to
study immune responses, by characterizing more cellular
parameters simultaneously in single cells with higher
resolution than ever before. This review provides a critical
overview of the FSFC contributions to the IO field, as well as
the guidelines to generate high quality data for immune
monitoring using this technology.

CANCER IMMUNOTHERAPY

The immune system can target and destroy cancer cells, but
tumors can grow if that response is evaded. IO is the study,
development and evaluation of treatments that exploit the
immune system to fight cancer. IO-based therapies cover
different approaches to boost the immune response in cancer
patients, that range from activation of effector cells, vaccination
with tumor antigens, administration of oncolytic viruses,
blockage of inhibitory pathways or immunosuppressive
mechanisms, use of adoptive chimeric antigen receptor T-cell
therapy; to amplification of protective pathways (Allison, 2015).
The clinical efficacy of immunotherapy led to the US FDA
approval of ipilimumab in 2010, the first checkpoint inhibitor,
a fully human monoclonal antibody targeting the inhibitory
CTLA-4 protein in T cells. Ipilimumab was the first cancer
immunotherapy to demonstrate durable clinical responses,
increased long term-survival and manageable toxicity in
metastatic melanoma patients (Hodi et al., 2010).

Since then, a plethora of agents that unleash the anti-tumoral
capacity of the immune system, including checkpoint inhibitors,
adoptive cell therapies, and cancer vaccines, have been approved
with benefit across many tumor types and stages. However,

immunotherapy is not successful in all cancer patients given
the dynamics of the immune system and the diversity of cell
populations infiltrating the tumor microenvironment. Better
characterization of the immune responses in patients receiving
immunotherapy is needed to fully understand the mechanisms of
drug resistance (Sharma and Allison, 2015). There is a clear
interest in identifying and validating predictive biomarkers to
guide treatment decisions and to select personalize IO regimens
based on clinical outcome (Fox et al., 2011). This immune
monitoring is also critical to identify signatures associated to
off-target or undesirable responses in patients treated with
immunotherapy and to design novel immune therapies (Yuan
et al., 2016).

FULL SPECTRUM FLOW CYTOMETRY

IO focuses on how cells in the immune system respond to cancer,
so the use of single cell analytical technologies is critical to define
patient immunological profiles and guide treatment decisions. FC
characterizes physical and fluorescent properties of cells in
suspension by using fluorochrome-conjugated antibodies to
measure proteins expressed by distinct immune cell
subpopulations (Cossarizza et al., 2019). Immunophenotyping
enables lineage definition and differentiation state of cell
populations, critical for classification of hematological
malignancies and myelodysplastic syndromes and for
monitoring clinical response to treatment or recurrences (Heel
et al., 2013). FC facilitates the identification of tumor circulating
cells that survive after treatment given their correlation with
higher relapse and poor survival rates (Irish and Doxie, 2014).
Furthermore, this technology enables the evaluation of cell
proliferation and DNA ploidy analysis and the identification
of rare events, by the characterization of millions of cells in a
short time (Maecker and Harari, 2015; Cunningham et al., 2019).
Compared to other single cell analytical technologies, FC is often
chosen over others for its ability to analyze cells faster at tens of
thousands of cells per second, relatively low sample volume
requirements, improved maintenance costs, shorter and easier
sample preparation and instrument set-up protocols (Barone
et al., 2020; Ferrer-Font et al., 2020a; Niewold et al., 2020). In
addition, FSFC equipped with sorting capability will allow to sort
cells for down-stream analyses, supporting genomics technology
and gene profiling of cells.

Flow cytometry has rapidly evolved over the past few decades
after being introduced in 1969 by Göhde et al. (Robinson, 2019).
Conventional FC uses band pass filters and light detectors to
capture the peak of fluorescence emission, having a single
dedicated detector and filter per fluorochrome. This approach
has been traditionally used, but its limited resolution and
multiplexing capabilities moved the field towards the
development of more powerful instrumentation with higher
sensitivity optics and cost-effectiveness in mind. All
cytometers measure incident photons, derived from fluorescent
proteins, fluorochromes or fluorescent dyes, but the challenge is
to make sure those photons are efficiently captured and resolved
from noise. Spectral cytometry measures the complete
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fluorescence spectrum of individual cells, capturing in multiple
detectors the full emission across the entire wavelength range of
visible light (Nolan and Condello, 2013). Spectral flow cytometry
was first demonstrated by Dr. Paul Robinson at Purdue
University in 2004 (Robinson, 2004). The first commercial
instrument was launched by Sony Biotechnology in 2012,
using prisms along with PMT detectors to collect and amplify
light beyond the capability of conventional flow cytometers.
Initial advantages of these early spectral flow cytometers over
conventional flow cytometers were the ability to use new
combinations of fluorochromes together and the ability to
measure and extract autofluorescence contributions from
unstained cells from the total fluorescence signal in stained cells.

A more recent implementation of spectral flow cytometry, Full
Spectrum Flow Cytometry (FSFC), was introduced by Cytek
Biosciences in 2017 and was rated one of the top
immunotherapy companies of 2020 by Pharma Tech Outlook.
The immunological evaluations using the Cytek’s FSFC approach
will be the center of discussion in this review. Cytek’s high end
FSFC system, the Cytek Aurora, has up to 5 lasers, 3 scatter
detectors and 64 fluorescence detectors. The uniqueness of FSFC
is in the optical design using improved semiconductor detectors
and computational analytics for full-spectral measurement of
multiple dyes emitting in the 360–830 nm wavelength range.
Each laser has one detector array and each array has an
optical filter based coarse wavelength division multiplexing

FIGURE 1 | Full Spectral Flow Cytometry Diagram. FSFC captures the full emission spectrum of every fluorescent molecule across a defined range of wavelengths,
by using highly sensitive light detectors, and enables high-throughput characterization of beyond 40 parameters at a single cell level from one sample.
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demultiplexer assembly to disperse the emitted light across an
array of detectors, without using gratings or prisms as dispersive
elements. This system uses avalanche photo diodes (APDs) as
light detectors. APDs capture light emission with narrower
bandwidths, lower electronic noise and better quantum
efficiency, especially in red and near-infrared wavelengths,
which correlates with better resolved dim and rare cell
populations in increasingly complex multicolor samples. The
electronic signal is collected, amplified and digitized by
complex electronics, and then the multicolor data is
decomposed into different channels to analyze the
contribution of each fluorochrome into fully stained samples.
A schematic of the FSFC components is shown in Figure 1.

By measuring the full spectrum of light emissions from each
cell, FSFC can differentiate combinations of fluorophores that
conventional systems cannot. This in turn has increased flexibility
in application design and enabled the development of highly
complex multicolor panels for comprehensive
immunophenotypic analysis by flow cytometry. Recently, Park
et al. described the characterization of hematopoietic cells by
FSFC with quantification of 40 fluorescent parameters per cell
(Park et al., 2020). High resolution for every cell subset identified
was achieved for both myeloid and lymphoid populations.
Another recent study by Niewold et al. evaluated the quality
of immunophenotyping between conventional and spectral
cytometers. The full spectrum characterization of every
fluorescent dye, the use of sensitive APD detectors and the
autofluorescence extraction translated into better separation of
overlapping fluorochromes, reduced spreading error and
outstanding population resolution in multiple datasets
evaluated (Niewold et al., 2020). FSFC immunophenotyping
data is highly comparable with mass cytometry, another well-
established technique for immune monitoring (Barone et al.,
2020; Ferrer-Font et al., 2020a). Both studies reported better
cell recovery and faster acquisition times using spectral
approaches. FSFC is ideal for characterization of low-
frequency populations and samples with low cell numbers,
interrogating millions of cells in shorter time. FSFC has been
approved by the CE marking for in vitro diagnostic devices for its
clinical diagnostic use in Europe.

The availability of unique fluorochromes and the spillover
between fluorochromes are still technical limitations for this
technology. In the past year, an increasing number of new
dyes with better and different emission profiles have been
released, allowing investigators to build larger panels and
measure more proteins simultaneously in their samples. The
FSFC developments in instrumentation and reagents, have
been accompanied by impressive advancements in data
analysis computational tools to explore the high-dimensional
datasets generated (Ferrer-Font et al., 2020a; Fox et al., 2020;
Park et al., 2020; Silvin et al., 2020). Advanced computational
algorithms facilitate deep and objective exploration of highly
complex datasets, with visualization of specific cell clusters and
their association with clinical variables. All these improvements
in cytometry methodologies have extended the utility and
usefulness of flow cytometry in IO research, enabling in-depth
characterization of immunological profiles and revealing new

insights into cancer biology (Bendall and Nolan, 2012; Irish and
Doxie, 2014).

Conventional manual gating analysis of high-dimensional
data is subjective, time-consuming and does not capture the
complexity of multidimensional datasets. Multiple options,
including plug-ins embedded in commercial software, cloud-
based platforms or scripts implemented using programing
languages, are now available to explore the dataset in a more
comprehensive and objective manner to understand the
complexity of the multiple cell subsets evaluated. FSFC data
has driven the design of new computational tools and
algorithms for data mining, facilitating data visualization and
extraction of statistical correlations. The study by Fox et al.
developed Cyto-Feature Engineering, a new R-based pipeline
to identify immune populations. This tool uses Fluorescence
Minus One (FMO) controls to set cutoff thresholds for
positive and negative marker expression. The data is then
organized by lineages, statistically correlated with other
variables and visualized using heatmaps of cell phenotypes
(Fox et al., 2020). Barone et al. tested the Tracking Responders
Expanding (T-REX), a new machine learning algorithm to
evaluate immune changes in response to disease. Using this
immune monitoring automated toolkit, this study identified
that CD4+ T cells expand rapidly in response to
immunotherapy (Barone et al., 2020). Other studies have
implemented algorithms for dimensionality reduction, such as
(t-distributed stochastic neighbor embedding (t-SNE), uniform
manifold approximation and projection (UMAP) and clustering
tools, including FlowSOM and PhenoGraph to characterize
immune cell subsets identified by FSFC (Ferrer-Font et al.,
2020a; Park et al., 2020; Silvin et al., 2020).

FSFC CONTRIBUTIONS TO CANCER
IMMUNOTHERAPY RESEARCH

FSFC has facilitated the study of the complexity of tumor immune
infiltrates and biomarker exploration for clinical response
correlations. The findings by Ng et al. described the value of
CD38 as a positive predictive biomarker in macrophages
infiltrating hepatocellular carcinoma in patients receiving
immune-checkpoint therapy (anti PD-1/PD-L1). FSFC was
used in this study to validate CD38 expression in
macrophages, using CD14, CD16, CD11c, CD68, CD11b and
HLA-DR for myeloid lineage and cell subset definition (Ng et al.,
2020). Bauman et al. investigated changes in immune signatures
in a phase I study of an anti-HGF antibody and an anti-EGFR
antibody in patients with cetuximab-resistant, recurrent/
metastatic squamous cell carcinoma. An increase in peripheral
T cells, particularly a CD8+ subset, was associated with treatment
response (Bauman et al., 2020). Mukherjee et al identified CCL5
as a poor prognostic blood biomarker associated with lower
overall survival in patients with advanced pancreatic cancer
treated with anti-PD-1. The authors hypothesize that a CCL5
inhibitor in combination with anti-PD-1 could overcome
resistance to treatment. One last example, the translational
analysis results from the SCALOP multi-center phase II trial
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were presented at the ASCO Conference this year (Mukherjee
et al., 2020). The study by Zhang et al. provided a ranking of the
sensitivity of human cancers to anti-CTLA-4 antibodies. They
tested a new generation of antibodies with reduced induction of
adverse effects and enhanced antibody-dependent cell-mediated
cytotoxicity. The non-small cell lung carcinoma (NSCLC) was
predicted to be highly responsive to anti-CTLA-4 antibodies.
FSFC was used to evaluate human NSCLC-infiltrating T cells,
finding depletion of and regulatory T cells in the tumor, a
hallmark of efficient CTLA-4 blockade. These findings suggest
that NSCLC will likely respond to these new newly designed anti-
CTLA-4 antibodies (Zhang et al., 2020).

Other studies have implemented FSFC to characterize tumor-
infiltrating immune cells in response to treatment using animal
models. Johnson et al. showed that MHC Class II regulates the
infiltrating T cells and the subsequent response to anti-PD-1
treatment in lung adenocarcinoma. The authors demonstrated
that over-expression of CIITA, a master regulator of the MHCII
pathway, increased T cell infiltration and tumor response to anti-
PD-1 therapy (Johnson et al., 2020). Resistance to immune
checkpoint blockade is likely due to compensatory
upregulation of additional inhibitory receptors. The study by
Yang et al. described that Tim-3, an inhibitory checkpoint, was
up-regulated in regulatory T cells, CD4+ and CD8+ T cells,
dendritic cells and macrophages in the tumor
microenvironment. Treatment with Tim-3, PD-1, and Lag3
antibodies resulted in higher cytotoxic activity of infiltrating
CD8+ T cells, tumor regression and higher survival in
MC38 tumor-bearing mice (Yang et al., 2020).

FSFC has been a powerful tool for immunological evaluations
when exploring new cancer therapeutic targets. Patients with
T cell lymphoma have limited treatment options because their
cancer cells evade apoptosis by Bcl-xl upregulation. PROTAC, a
proteolysis-inducing compound, targets Bcl-xl for degradation as
a potent anti-tumoral agent. This intervention reduced disease
progression and increased survival in a TCL PDX mouse model
dependent on both Bcl-2 and Bcl-xl. (He et al., 2020; Zhang et al.,
2020). The same PROTAC approach has been used to reduce
platelet toxicity of navitoclax, a known Bcl-2 and Bcl-xl dual
inhibitor (He et al., 2020). In these studies, FSFC was
implemented to evaluate T cells, B cells, myeloid cells,
hematopoietic progenitors and hematopoietic stem cells in
bone marrow. Another study explored the use extracellular
cGAMP, an immune transmitter produced by cancer cells in
response to dsDNA, in radiation-induced protective responses. In
mouse tumors, depletion of cGAMP decreased tumor infiltration
by immune cells and inhibited the protective radiation effect,
while increase of cGAMP synergized with radiation to delay
tumor growth (Carozza et al., 2020).

Immune characterization is also a critical step in cancer
vaccine development. The FSFC technology enables both
structural and functional characterization of immune cells for
vaccine studies, including dendritic cell antigen presentation and
migration to lymph node and polarization and proliferation of
effector T cells, by quantifying the expression of multiple
transcriptional factors T-bet, Gata3, RORγt, Bcl6, Foxp3. Si
et al. designed an adjuvant-free nano vaccine that induces

in situ lung dendritic cell activation and accumulation of
antigen-specific Th17 T cells in lymph node and lung, with
subsequent induction of a protective response (Si et al., 2020).
The study by Bommireddy et al showed that a vaccine using
tumor membrane vesicles (TMV), enhances the efficacy of anti-
PD1 immune checkpoint treatment in inhibitor-resistant
squamous cell carcinoma. Membrane vesicles are prepared
from tumors and then incorporated with immunostimulatory
molecules by protein transfer to generate the TMV vaccine. TMV
inhibited tumor growth and improved the survival of mice
challenged with SCCVII tumor cells (Bommireddy et al.,
2020). Cellular senescence is characterized by cell-cycle arrest
that prevents tumor cell expansion. The study by Amor C. et al
identified a urokinase-type plasminogen activator receptor
(uPAR), a protein induced during senescence. uPAR-specific
chimeric antigen receptor (CAR) T cells target and destroy
senescent cells, extending the survival of mice with lung
adenocarcinoma. These results discovered the therapeutic
potential of senolytic CAR T cells (Amor et al., 2020).

Natural killer (NK) cells play a role in tumorigenesis and
multiple treatment alternatives are focused in this cell population.
FSFC helps to characterize structural and functional features in
NK cells. The study by Ng et al. showed that the natural killer cell
granule protein 7 (NKG7), a protein expressed by NK cells that
controls degranulation, is important to prevent cancer growth
and dissemination (Ng 2020). Wilk et al. described the use of
non-viral transporters to efficiently transfect primary human NK
cells with mRNA without the need of NK cell activation and
preserving cell cytotoxicity and viability for therapeutic
applications (Wilk et al., 2020). Finally, Shissler S et al.
demonstrated that a subset of thymic resident NKT cells
displays differential requirements for CD28 co-stimulation
during antigenic activation. Cell proliferation was impaired
when CD28 engagement was blocked, but unaffected by
CTLA-4 activation or blockade (Shissler et al., 2020).

Other FSFC applications described so far are: 1. Detection of
mitochondria reactive oxygen species to evaluate mitochondrial
respiration of hospitalized heart failure patients. Heart failure was
associated with reduced respiratory capacity and elevated
proinflammatory cytokine responses (Zhou et al., 2020). 2.
Detection of lysosomal activity using a fluorescent substrate, to
evaluate the role of specific mutations in granular cell tumors.
Granular cell tumors are rare tumors characterized by abundant
intracytoplasmic granules. The authors identified inactivating
somatic mutations in endosomal pH regulators causing this
type of tumors. Gene silencing impaired vesicle acidification,
redistribution of endosomal compartments and accumulation of
intracytoplasmic granules. In addition, depletion of these
regulators results in the acquisition of oncogenic properties
(Pareja et al., 2018). 3. Detection of nitric oxygen species in
macrophages after heart transplantation. IL-33 restricts the
proinflammatory capacity of graft-infiltrating macrophages
after heart transplantation preventing the subsequent
transplant rejection (Li et al., 2020). 4. Detection of
intracellular cytokines to characterize IL-21 production in T
follicular helper (TFH) cells in patients undergoing antibody-
mediated rejection after kidney transplantation These circulating
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IL-21-producing TFH cells also expressed higher levels of the
checkpoint receptors ICOS and PD-1, memory markers CCR7
CD127 subsets and transcription factors IRF4 and c-Maf (Louis
et al., 2020). Figure 2 summarizes the FSFC applications in cancer
immunotherapy described so far.

Finally, since COVID-19 research has been the center of
attention this year, a few studies have addressed the evaluation
of immunological responses against this disease using FSFC.
Severe symptoms correlated with low frequency of non-
classical CD14LowCD16High monocytes, accumulation of HLA-
DRLow classical monocytes and calprotectin released by immature
CD10LowCD101-CXCR4+/- suppressive neutrophils (Silvin et al.,
2020). COVID-19 patients mildly symptomatic developed SARS-
CoV-2-specific antibodies and had virus-specific memory B and
T cells. The virus-specific memory lymphocytes secreted IFN-γ
and proliferate andmemory B cells expressed receptors capable of
neutralizing virus, suggesting functional features of antiviral
protective immunity (Rodda et al., 2021).

CHALLENGES IN THE IMPLEMENTATION
OF FLOW CYTOMETRY FOR IMMUNE
MONITORING
The use of any type of cytometry technology for longitudinal
cancer immunotherapy studies requires reproducible protocols
with careful standardization of every step in the workflow, from
experimental and panel design to sample handling/acquisition
and data analysis, to obtain reliable results (Laskowski et al.,
2020). Multiple challenges can be faced during the
implementation of cytometry in immune monitoring studies:

gating and analysis subjectivity; operator level of training;
instrument maintenance and QC; lack of protocol consistency;
lack of optimized controls; and technical errors during staining,
acquisition or data analysis and interpretation. The informed
selection of reagents and controls, together with careful panel and
experimental design and proficiency in instrument operation, will
minimize data variability. Reproducibility can also be achieved
using automated equipment for sample preparation and staining,
as well as machine learning tools for data quality assessment,
cleaning, transformation, batch effect identification and
normalization, clustering, visualization, predictive statistical
analysis and biomarker discovery (White et al., 2014).

GUIDELINES TO GENERATE FSFC HIGH
QUALITY DATA

High-quality data means that dim or rare cell subsets can be easily
resolved, and that all populations of interest can be visualized and
easily gated by the investigator. As with any other technology, careful
experiment and panel design are required to generate high quality
data. FSFC panel design requires prior knowledge of the biology of
the populations in the assay, the cytometer optical configuration, the
levels of expression of the proteins in the panel and the fluorescence
emission signatures of the selected fluorophores. Careful optimization
of the assay is also required, including sample preparation, antibody
titration, Fc receptor blocking, reference control selection,
incorporation of biological positive controls, validation of the
staining protocol and optimization of acquisition settings. The
publication by Ferrer-Font et al. described a simple protocol to
follow for successful design and optimization of a FSFC panel

FIGURE 2 | FSFC applications. Through the characterization of the immune cell response, FSFC has enable multiple applications: characterization of tumor
immune infiltrates, biomarker exploration, evaluation of new drug and vaccine targets and testing of cell functionality.
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(Ferrer-Font et al., 2020b). Other publications provide additional
guidelines (Park et al., 2020; Solomon et al., 2020). Park et al. designed
the first 40-color panel for identification of multiple hematopoietic
cells, including T cells, NK cells, B cells, monocytes and dendritic cells
for immunological studies, describing in details the step for successful
panel design. For each specific cell type, the panel includes markers
for further characterization, such as activation and differentiation
markers and chemokine receptors. (Park et al., 2020).

Here the most important considerations for a successful
experiment using FSFC. A simplified workflow is described in
Figure 3.

(1) Formulate the experimental question and confirm FSFC
will provide the correct readout with optimal resolution.

(2) List the proteins of interest, their antigen density and their
co-expression levels. Select the antibody clones and
reagents using validated antibodies and based on
previous literature.

(3) Define the theoretical gating strategy to be used when
testing the panel.

(4) Select fluorochromes with unique spectral signatures based
on your instrument configuration.

(5) Assign a fluorochrome to each marker based on antigen
density and dye brightness, uniqueness, spread and availability.

(6) Guide fluorochrome assignment by using Similarity Index
and Complexity Index to evaluate overall similarity for the
selected fluorochromes and Cross Stain Index matrix to
evaluate spread impact between the selected fluorophores.

(7) Verify instrument performance by running daily QC.
(8) Use Cytek Assay Setting (CAS) for sample acquisition as a

starting point. CAS provide optimized instrument settings
to maximize resolution, minimize spread and ensure the
uniqueness and accuracy of the spectral emission profiles.
CAS are adjusted automatically during daily QC using
calibration beads.

(9) Optimize FSC and SSC gains and threshold to have your
population of interest on scale.

(10) Acquire all your samples using the same instrument settings
(gain, threshold, signal type, area scaling factor and laser
delays).

(11) Check the fully stained sample first. If the signal is off scale,
titration is recommended, but gains can be adjusted to allow
brighter signals to be detected accurately.

(12) Acquire an unstained control and one single-color control
per fluorochrome in the panel.

(13) QC the reference controls by confirming the accuracy of the
spectral signature and ruling out spectral mismatch,
contamination, reagent degradation or carryover between
samples.

(14) Unmix the data using the reference controls to determine
the contribution of each fluorochrome to the fully stained
samples.

(15) Determine if autofluorescence extraction is needed, based
on the emission profile observed in the unstained control
and its impact on fluorescence resolution for the
fluorochromes in the panel.

(16) Validate the panel using single stained cells. Compare intensity
of fluorescence in the positive population and spread in the
negative population, in single stain sample versus themulticolor
sample. Identify loss of staining resolution and take corrective
actions if needed, reassigning fluorochromes, modifying the
staining protocol or changing the antibody concentration. If the
resolution and the assay readout are not highly impacted, then
the panel can be used.

Reference controls (RCs) are the single stained controls used
for unmixing calculation. The recommendations to prepare high
quality RCs are:

FIGURE 3 | Workflow to generate high quality FSFC data.
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• They should be as bright or brighter than the fluorescence in
the fully stained samples.

• The autofluorescence of the events in the negative and
positive peaks should be similar. In other words, use the
same type of particle for both populations.

• They should be treated the sameway as themulticolor samples,
including the samewashes, incubations,fixation, permeabilizations
or any step that could alter the emission profile.

• Record enough events for the unmixing calculation and for
the software to clearly identify the spectral signatures,
having at least 500 events in each interval gate.

• Both compensation beads and cells can be used as RC. Cells
are the ideal control to match the dye spectral profile in the
multicolor samples, but beads are a good option for low
density antigens or rare populations.

Similar single control recommendations also apply for
conventional flow cytometry and have been described before
(Ashhurst et al., 2017). In FSFC, an unstained control is always
necessary for every experiment, for both unmixing and
autofluorescence extraction. The unstained cells should match
the cell type and staining protocol used for the fully stained
sample. Multiple unstained controls can be recorded to match
exactly each stimulation condition, treatment or sample type.

CONCLUSION

Immune monitoring is critical to correlate immune signatures
with cancer progression in preclinical studies and clinical
trials. Cytometry technologies allow us to identify the type
of immune cells present, as well as, features about their
function, maturation, activation or memory status. The
utmost goal is to use these cell immune profiles as
biomarkers to identify successful treatments and guide
therapy decisions for cancer patients. The clinical
applications of cytometry in oncology started with DNA cell
cycle profiling as a prognostic tool, and then expanded, using
fluorochrome-conjugated antibodies, to a broad range of
applications: diagnosis of hematological malignancies, study
of minimal residual disease, quantification of tumor circulating
cells and cancer immune surveillance after treatment. Clinical
biomarkers are still needed to characterize new therapies, to
understand the mechanisms behind treatment resistance and
to tailor personalized treatment.

FSFC has further enabled high throughput multi-parametric
characterization of single cells in suspension for immune
evaluations of up to 40 parameters in the same sample. This
technology combines high sensitivity, empowering new
applications with reagent flexibility and better resolution and
expanding the accessibility through lower cost. The higher
sensitivity of this technology contributes to generating higher
quality high-dimensional immune characterizations critical for
biomarker discovery. Since more markers can be evaluated
simultaneously, FSFC addresses the issues of limited sample
availability by increasing the amount of information obtained
from a single sample. The use of FSFC in cancer immune
surveillance has facilitated the identification of biomarkers,
exploration of immune correlates in immunotherapy trials and
for new therapies and the characterization of cell phenotype and
functionality, measuring cell proliferation, cytotoxicity or
cytokine production. The use of this technology has facilitated
in-depth characterizations of multiple immune cell
subpopulations for the IO field with very promising results
and supported by multiple investigations.

Generation of FSFC high quality results, to support
immunotherapy clinical studies requires reliable data and involves
many factors that could impact the robustness of the studies. Panel
design and validation, sample preparation, antibody titration,
optimized reference controls, standardized staining protocols,
inclusion of biological controls for normalization, inclusion of
controls for gating purposes and instrument quality control need
to be included into the experimental workflow. Similarly, optimized
instrument settings and correction for variation in instrument
performance are required to render reproducible results with
optimal population resolution. Spectral cytometry is a powerful
tool available for immune monitoring in cancer immunotherapy
studies and clinical trials. The successful implementation of any
cytometry technology relies on monitoring the quality of the process
and the data, to ensure robustness and reproducibility in any
scientific conclusion drawn from the observations.
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