/(//.
4

Check for
updates

TECHNICAL NOTE

CYTOMETRY

Journal of Quantitative Cell Science

®5AC

MIFlowCyt

Evaluating spectral cytometry for immune profiling in
viral disease

Paula Niewold,'" Thomas Myles Ashhurst,*"
Nicholas Jonathan Cole King"**

Adrian Lloyd Smith,”

e Abstract

'Discipline of Pathology, Charles Perkins
Centre, The Faculty of Medicine and
Health, Camperdown, New South
Wales, Australia

2gydney Cytometry Core Research
Facility, Charles Perkins Centre, The
Centenary Institute and The University
of Sydney, Johns Hopkins Drive,
Camperdown, New South Wales,
Australia

Received 4 November 2019; Revised 23
June 2020; Accepted 25 June 2020

Grant sponsor: International Society for
the Advancement of Cytometry (ISAC),
Grant number Marylou Ingram Scholars
Program; Grant sponsor: Merridew
Foundation; Grant sponsor: National
Health and Medical Research Council,
Grant number: 1088242

Additional Supporting Information may
be found in the online version of this
article.

*Correspondence to: Nicholas Jonathan
Cole King, Charles Perkins Centre, D17,
Johns Hopkins Dr, University of Sydney,
Camperdown, NSW 2050, Australia
Email: nicholas.king@sydney.edu.au

"These authors contributed equally to
this work.

Published online in Wiley Online Library
(wileyonlinelibrary.com)

DOI: 10.1002/cyto.a.24211

© 2020 International Society for
Advancement of Cytometry

ISAC

INTERNATIONAL SOCIETY FOR
ADVANCEMENT OF CYTOMETRY

Cytometry Part A @ 2020

In conventional fluorescence cytometry, each fluorophore present in a panel is mea-
sured in a target detector, through the use of wide band-pass optical filters. In contrast,
spectral cytometry uses a large number of detectors with narrow band-pass filters to
measure a fluorophore’s signal across the spectrum, creating a more detailed fluores-
cent signature for each fluorophore. The spectral approach shows promise in adding
flexibility to panel design and improving the measurement of fluorescent signal. How-
ever, few comparisons between conventional and spectral systems have been reported
to date. We therefore sought to compare a modern conventional cytometry system
with a modern spectral system, and to assess the quality of resulting datasets from the
point of view of a flow cytometry user. Signal intensity, spread, and resolution were
compared between the systems. Subsequently, the different methods of separating fluo-
rophore signals were compared, where compensation mathematically separates multi-
ple overlapping fluorophores and unmixing relies on creating a detailed fluorescent
signature across the spectrum to separate the fluorophores. Within the spectral data
set, signal spread and resolution were comparable between compensation and
unmixing. However, for some highly overlapping fluorophores, unmixing resolved the
two fluorescence signals where compensation did not. Finally, data from mid- to large-
size panels were acquired and were found to have comparable resolution for many
fluorophores on both instruments, but reduced levels of spreading error on our spec-
tral system improved signal resolution for a number of fluorophores, compared with
our conventional system. Furthermore, autofluorescence extraction on the spectral sys-
tem allowed for greater population resolution in highly autofluorescent samples. Over-
all, the implementation of a spectral cytometry approach resulted in data that are
comparable to that generated on conventional systems, with a number of potential
advantages afforded by the larger number of detectors, and the integration of the spec-

tral unmixing appr oach. © 2020 International Society for Advancement of Cytometry
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INTRODUCTION

Fluorescence Cytometry and Spreading Error

Flow cytometry is a technique that utilizes the emission of multiple fluorescently
labeled antibodies excited by a laser to measure the simultaneous expression of vari-
ous proteins on single cells. The high sensitivity and high-throughput nature of this
technique, in conjunction with the increasing numbers of available fluorophore
labels, make it suitable for the characterization of many cell subsets under a wide
variety of conditions. In conventional cytometry, individual detectors (often photo-
multiplier tubes [PMTs]) are used to record the signal from specific target
fluorophores following excitation with a laser (Fig. 1A) via selective optical filters
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with wide band-pass properties, to maximize the amount of
light collected (Fig. 1B). As such, each detector is effectively
tailored to a particular fluorophore, restricting the range of
fluorophores that can be used on these systems, thus limiting
reagent flexibility. Many fluorophores that are used simulta-
neously may have overlapping emission spectra, leading to
spillover of one fluorophore into a nontarget detector
(Fig. 1C,D). However, the process of compensation can math-
ematically correct for the overlap of signal from a target fluo-
rophore into all other nontarget detectors (Fig. 1E) (1, 2).
Through the application of linear algebra, the spillover of
each fluorophore into all detectors is corrected such that each
detector effectively contains information for only a single dye.
This is achieved by multiplying the measured signal in each
detector by the inverse of a mixing matrix, scaled columns
wise to 1 (3). Errors or uncertainty in photon counting com-
plicates the correction of mixed signals resulting from spill-
over, as they are not described by a Gaussian distribution.
Thus, applying a linear correction to the nonlinear counted
photons results in an error in the distribution of the spillover
fluorophore signal in nontarget detectors. This is referred to
as spreading error (SE) (4). It manifests as an increased width
of the signal from a spillover fluorophore in a nontarget
detector after compensation, and the spread of this signal
increases as the fluorescence intensity of the spillover fluo-
rophore increases. Importantly, compensation does not intro-
duce this error, but rather the process of compensation
moves the signal distribution to the low end of a logarithmic
or bi-exponential/Logicle scale. As a result, this signal distri-
bution appears to expand. SE can complicate separating the
negative and positive populations that are being measured in
that detector. The construction of high-quality panels requires
careful panel design to reduce the intensity of signals that
have a large degree of SE, as not all fluorophores will exhibit
the same level of SE in all detectors. Recently, advances in
instrumentation and dye development have led to the devel-
opment of panels that can incorporate more than
25 fluorophores simultaneously across five or more excitation
lasers (5-7), with reports of 40-color panels beginning to
emerge.

Spectral Cytometry

An alternative approach to measuring multiple overlapping
fluorophores on single cells is through the use of spectral
cytometry. The use of spectral approaches for flow cytometry
was demonstrated as early as 2004 by Robinson et al. (8, 9),
resulting in a patent (10) and its subsequent licensing to Sony
for a commercial spectral flow cytometer (11). Since then, a
number of studies have demonstrated the utility of the spec-
tral approach in various flow cytometry experiments (11-16)
including the use of panels with more than 20 colors (16),
with 40 colors on a spectral system recently reported (17).
This technique aims to measure as much of the whole emis-
sion spectrum of a fluorophore as possible, across a large
number of detectors with narrow band-pass properties, rather
than the peak emission in a single detector with wide band-
pass properties. Additionally, differential excitation of
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fluorophores by multiple lasers further increases the granular-
ity of this spectral signature. This design allows for the mea-
surement of any fluorophore that is sufficiently excited by the
lasers in use, avoiding the fluorophore-specific detector design
characteristic of conventional systems. The signals measured
across multiple detectors (Fig. 1F-I) create a detailed fluores-
cence “signature” for each fluorophore, allowing each of these
unique fluorescent signatures to be “unmixed” from one
another. Key to this approach is the use of a large number of
detectors on each laser line, more than are utilized in conven-
tional systems (Fig. 1J,K). This process potentially allows
fluorophores with similar emission properties, which would
normally be measured in the same detector on a conventional
system, to be measured simultaneously on a spectral system
and separated using conventional compensation approaches,
or through unmixing based on their differential spectral
signatures (Fig. 1L,M). In addition, using this approach, a
signature can be determined for cellular autofluorescence in
individual ~samples, allowing for the unmixing of
autofluorescence from affected channels, as well as the mea-
surement of autofluorescence as an additional feature. Taken
together, the large number of incorporated detectors, the
spectral unmixing approach, and the detailed signatures gen-
erated for each fluorophore enables the building of large and
flexible fluorescent panels that are capable of incorporating
highly overlapping dyes.

In conventional compensation, the correction of signal
measured in all nontarget detectors is achieved through the
inversion of a mixing matrix. In other fields, such as remote
sensing and spectral microscopy, various methods of spectral
unmixing are applied (18). The unmixing approach used in
the spectral system we tested deploys a least-squares linear
unmixing calculation. This approach assumes a linear contri-
bution of reference spectra to a mixed signal, where unmixing
is achieved through the application of matrix pseudo-inver-
sion. This approach is very similar to compensation (inver-
sion), where the number of columns and rows are the same,
where one fluorophore is assigned per detector, but in spec-
tral unmixing (pseudo-inversion), the number of detectors is
larger than the number of fluorophores, potentially making
the inversion more accurate. The object of this approach is to
deconstruct mixed fluorescent signals into separate compo-
nents (i.e., each individual fluorescent signal), so that the ori-
gin of a photon can be reassigned statistically to the source
fluorophore (13). This is not the only method of unmixing
available, and some approaches may be more suitable when
the individual reference spectra are not known. Various com-
parisons of these approaches have been made elsewhere
(13, 19).

Objectives of the Study

In this study, we sought to compare the performance of a
conventional and a spectral cytometry system, specifically in
signal quality, extent of spreading error, and signal resolution
from spread for mid- to large-size panels, in a number of
immunological contexts. Additionally, we sought to compare
the results of compensation and unmixing when applied to

Spectral Cytometry: A Spectrum of Possibilities
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Figure 1. Conventional and spectral cytometry. A diagrammatic representation of conventional and spectral cytometry. In this example,
(A) a blue 488 nm laser excites two fluorophores, PE and PE/CF594. (B) The emitted signal from both fluorophores is collected through
optical filters, (C) and the relative signal arriving at each detector is shown. (D) Uncompensated raw data can then (E) be compensated to
resolve the two signals. In spectral unmixing (F and G) signals are collected across a number of detectors, and (H) integrated signals are
then unmixed from each other to generate (l) resolved signals. Compensation beads stained with BV711 plotted after acquisition (J) the
conventional system and (K) spectral system. Profile of compensation beads stained with BV711 or BV785 when run on the (L)
conventional or (M) spectral system, showing violet (405 nm) laser detectors only.
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the data from the spectral system, to identify potential advan-
tages of the spectral unmixing approach. Importantly, in
comparing these systems, there are numerous differences in
fluidics and optical design, and these designs do not necessar-
ily reflect all conventional or spectral systems. As such, our
aim was to assess these factors from the point of a view of a
researcher applying flow cytometry experimentally, weighing
the relative strengths and weaknesses in a research context,
rather than providing a theoretical or mathematical compari-
son between the methods.

METHODS

Mice and Anesthetics

Unless stated otherwise, all experiments were performed
using female C57BL/6 mice aged between 8 and 12 weeks.
Mice were purchased from the Animal Resources Centre
(WA, Australia). All mice were housed (six per cage) in
Hepa-filter cages with food and water supplied ad libitum as
per the University of Sydney animal housing regulations. Eth-
ical approval for the experimental use of mice was obtained
from the Animal Ethics Committee at the University of Syd-
ney, under protocols K20/8-2008/3/4863, K20/6-2012/3/5761,
K20/11-2011/3/5660, and 2013/5660-273. Mice undergoing
temporary anesthesia for intranasal inoculation, or other pro-
cedures, were injected ip. with 250-300 ml of Avertin
according to a weigh-volume nomogram. Mice undergoing
terminal procedures were given 350-500 pl of anesthetic,
followed by vena caval section and left ventricular cardiac
perfusion with 30 ml of ice-cold PBS. Avertin anesthetic was
prepared by dissolving 1 g of 2,2,2-tribromoethanol (Sigma-
Aldrich) in 1 ml 2-methyl-2 butanol (Sigma-Aldrich). Heated
tap water (50 ml) was then added to the solution and thor-
oughly mixed before sterilizing through a 0.2 mm syringe fil-
ter in 5 ml aliquots. The Avertin mixture was stored at
—20°C in the dark until use.

Inoculation of Mice with West Nile Virus

Supine, anesthetized mice were inoculated intranasally with
10 pl of West Nile virus (WNV), 5 pl per nostril. Mice were
given a total of 6 X 10* plaque-forming units (PFU), the lethal
dose for 100% (LD, o) of mice by this route of inoculation.

Cell Isolation and Preparation

Bone marrow was prepared as described in reference (20).
Mouse femurs were collected, and the distal and proximal
ends removed with a scalpel or surgical scissors. The femur
was then flushed with 1-3 ml of cold PBS (from a 5 ml
syringe using a 33G needle) to collect BM cells into a 5 ml or
15 ml tube. Cells were then centrifuged at 500g for 5 min at
4°C to pellet the cells. Samples were then resuspended in
700 pl to 1 ml of fluorescence-activated cell sorting (FACS)
buffer (PBS, 5 mM EDTA, 5% FCS), counted, and the desired
cell numbers transferred to a 96-well plate for staining. Sam-
ples were kept on ice until antibody labeling later on the
same day.
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Spleens were removed from the peritoneal cavity and
gently mashed through 70 um cell strainers in 5 ml of cold
PBS and centrifuged at 500g for 5 min at 4°C. Isolated spleen
cells were then resuspended in 1-4 ml of FACS buffer and
counted. After counting, cells were then placed in wells of a
96-well plate for cell staining. Samples were kept on ice until
antibody labeling later on the same day.

Brain samples were prepared by cardiac perfusion with
30 ml of ice-cold PBS, under deep anesthesia to clear the
blood vasculature. Brains were removed from the skull, and
mechanically disrupted in cold PBS using a metal sieve. Brain
homogenates were topped up to 18 ml of PBS and 2 ml of a
10X solution of deoxyribonuclease I (DNase I) and collage-
nase added for a final concentration of 1 mg/ml collagenase
and 0.1 mg/ml DNase, and incubated at 37°C for 1 h. Alter-
natively, brains were placed into 9 ml of PBS in C-tubes
(Miltenyi Biotech, Bergisch Gladbach, Germany), cut into
eight sections, and kept at 4°C for up to 3 h on ice. Tubes
then received 1 ml of 10X collagenase/DNase solution and
the tissue was disrupted using a custom protocol on the
GentleMacs auto-dissociator (Miltenyi Biotech, Bergisch
Gladbach, Germany) for 30 min. Samples were then cen-
trifuged (500g, 4°C, 10 min) and resuspended in 7 ml of a
30% Percoll solution (26.31% Percoll stock, 10% 1.5 M NaCl,
63.7% Media). This mixture was then slowly overlayed onto
3 ml of 80% Percoll (73.1% Percoll stock, 10% 1.5 M NaCl,
16.9% sterile H,O) using a 10 ml pipette. The layered mixture
was centrifuged at 1825¢ for 25 min at 25°C with the brake
off. After centrifugation, the top layer of fat was removed and
2 ml of the cellular interface was pipetted into a new 15 ml
tube and topped up with 5 ml FACS buffer, before centrifuga-
tion (500g, 4°C, 5 min) and resuspension in 250 ul of FACS
buffer. Samples were kept on ice until flow cytometry anti-
body labeling later on the same day.

Cell suspensions from digested brain tissues were coun-
ted on a hemocytometer and assessed for viability using try-
pan blue exclusion. Bone marrow and spleen cell suspensions
were analyzed on a XP-100 hematological analyzer (Sysmex,
Kobe, Hyogo, Japan).

Cell Staining

Samples were distributed into wells of a 96-well plate, typi-
cally 1 x 10° cells per well, centrifuged at 300-500g for 5 min
at 4°C and the supernatant discarded. Samples were then
resuspended in 50 pl PBS-containing Zombie NIR Live/Dead
(1/1,000, BioLegend, San Diego, CA) and purified anti-mouse
CD16/32 (1/100, BioLegend), incubated for 20 min at 4°C,
and then topped up with PBS before centrifugation. Samples
were then resuspended in 50 pl of antibody master mix, and
incubated for a further 30 min at 4°C before centrifugation
and washed twice. Antibody details are provided in
Supporting Information Table S4. Samples were then fixed in
4% paraformaldehyde (PFA) or fixation buffer (BioLegend)
for 10 min. After fixation, samples not requiring intracellular
staining were washed once, centrifuged at 800g for 5 min, and
resuspended in FACS buffer and kept at 4°C for up to 3 days
until flow cytometric acquisition. Alternatively, samples were

Spectral Cytometry: A Spectrum of Possibilities
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processed for intracellular staining. For instrument compari-
sons and compensation/unmixing, UltraComp beads
(Thermo Fisher Scientific, Waltham, MA), or quantum sim-
ply cellular beads (QSCB) were labeled with selected
fluorophore-conjugated antibodies in the same conditions as
cellular samples, including staining time, temperature, and
fixation.

Intracellular Staining

For intracellular staining of transcription factors, cells were
washed in FACS buffer following fixation and permeabilized
in 50-100 pl of FoxP3 fixation/permeabilization buffer
(eBioscience, San Diego, CA) for 20 min at RT. After
washing, samples were resuspended in 50 pl FoxP3
permeabilization buffer containing specific concentrations of
intracellular antibodies. Samples were then incubated for
45 min at RT, washed in permeabilization buffer, and then
washed in FACS buffer.

Instrumentation

For flow cytometry, samples were analyzed on a 4-laser
Becton-Dickinson (BD, Franklin Lakes, NJ) Fortessa X-20
(conventional system), a 5-laser BD LSR-II (conventional
system), or a 3-laser Cytek Aurora (spectral system).
Configurations are provided in the Supporting Information
Tables S1-S3. All instruments were subject to daily QC proce-
dures before the samples were acquired. The data in Figures 1
and 2 were generated on the BD Fortessa X-20 (conventional
system) or Cytek Aurora (spectral system). For these compar-
isons, only the violet, blue, and red lasers were used with
fluorophores that were compatible with both systems. The
data in Figures 4-7 were generated on the BD Fortessa X-20,
BD LSR-11, or Cytek Aurora, as specified in the figure legends.
The data in Figure 3 were generated on the spectral
system only.

Data Analysis

For “peak channel” data, the channel with the peak signal for
each fluorophore in each case was selected as the “target”
detector, and compensation was performed in FlowJo v10.6.1
(BD). Of note, in the fluorochromes included in the study,
each fluorophore peaked in a separate channel on the Aurora,
as it has many more detectors than a conventional system;
therefore, we did not need an approach to handle fluoro-
chromes peaking in the same detector. Compensation for
“virtual channel” data, and spectral unmixing, was performed
in SpectroFlo software (Cytek Biosciences, Fremont, CA).
Graphs were generated in PRISM (GraphPad, San Diego CA).

REsuLTs

Comparing Staining on the Conventional and Spectral
System

Initially, we sought to compare the performance of a conven-
tional and spectral system in terms of signal quality per fluo-
rophore. To do this, we prepared compensation beads labeled
with a variety of common fluorophores and recorded them

Cytometry Part A @ 2020

on a conventional system (BD Fortessa X-20, using 12 detec-
tors across 3 lasers) or a spectral system (Cytek Biosciences
Aurora, Fremont, CA, using 38 detectors across 3 lasers). The
spectral detectors allowed for measurement of fluorescence
signal with a detection range up to at least 1 x 10°, greater
than the detection range up to 2.62 X 10° on the conventional
system. For the fluorophore-bound beads analyzed in this
experiment, the signal CVs were similar, suggesting similar
signal quality (Supporting Information Fig. S1).

Comparing Signal Spread and Resolution on the
Conventional and Spectral Systems
To compare data generated on each system in terms of signal
spread and resolution, we examined the signal from pairs of
fluorophore-labeled compensation beads, plotting the signal
from fluorophores in neighboring detectors excited by the
same laser (Fig. 2A-D) or from fluorophore pairs that exhibit
similar emission properties excited by different lasers
(Fig. 2E-H). For each fluorophore pair, the spread of the
offending positive signal (red) is shown against the positive
signal in the receiving detector (blue). We made these com-
parisons for compensated data from the conventional
(Fig. 2A,E) and spectral systems when using data recorded in
the peak channel (Fig. 2B,F). We also made these compari-
sons for compensated fluorophores on the spectral system
after aggregating each signal into virtual filters (Fig. 2C,G), to
match the filter configuration of the conventional system as
closely as possible. Finally, we made these comparisons for
data acquired on the spectral system after unmixing (Fig. 2D,
H). To quantify these relationships, we used two metrics: a
spreading ratio and a resolution ratio (Fig. 2I). The spreading
ratio was calculated as the 99th percentile of the offending
fluorophore in the receiving detector, divided by the 99th per-
centile of unstained beads in the same channel. The resolu-
tion ratio was calculated as the median of the receiving
fluorophore in the receiving detector, divided by the 99th per-
centile of the offending fluorophore in the same detector. A
demonstration of how these metrics reflect patterns on the
plots is provided in the Supporting Information Figure S2.
When we compared compensated data from the conven-
tional (Fig. 2A,E) and spectral system (peak detectors, Fig. 2B,
F), higher levels of spread of the positive signal into neighbor-
ing or cross laser detectors (red arrows) were evident on the
conventional system when compared to the spectral system.
When we quantified this (Fig. 2J), we found that the degree
of spread across all measured fluorophores was higher overall
for the conventional system compared with the spectral sys-
tem. However, because the signal intensity in the receiving
detector (blue) was higher for the conventional system com-
pared with the spectral system, the increased spread did not
have a large impact on the resolution of signal from spread.
When we quantified the resolution of the signal of the fluo-
rophore in the receiving detector (blue) against the spreading
signal (red), we found some cases where, despite decreased
spread on the spectral system when compared to the conven-
tional system, no change was found in the resolution of blue
from red signal (e.g., PE-CF594 vs PerCP/Cy5.5). However, in
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many cases, this reduction in spread was paired with an
increase in the resolution of blue from red signal (e.g., BV711
vs BV785).

One possible explanation for these differences was that
the “peak” detectors used on the spectral system were captur-
ing different light spectra, due to their smaller band pass filter
range (e.g., the FITC detector on the conventional system
captures 500-550 nm, whereas the “peak” FITC detector on
the Aurora captures 498-518 nm). To test this, we compen-
sated data from the spectral system using virtual filters, where
data were integrated from multiple detectors to match

corresponding detector on the conventional system
(Supporting Information Fig. S3). When we compared com-
pensated data from these virtual channels against the com-
pensated peak channel data, or data from the conventional
system, we found little change in either spread or resolution
values (Fig. 2C,G,J,K).

Spectral Unmixing and Compensation

On many conventional systems, fluorophores with very simi-
lar peak emission properties are often captured using the
same wide band-pass filter, meaning that only one of those

(as closely as possible) the band-pass filter range of the fluorophores may be used in a given panel (e.g, APC and
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Figure 3. Comparing compensation and spectral unmixing on the spectral system. QSCBs labeled with various fluorophores, subject to
spectral unmixing (SpectoFlo) or compensation (FlowJo). Beads were labeled with (A) AF647 and APC, (B) PE/Cy5.5 and PerCP/Cy5.5, (C)
BB700 and PerCP/Cy5.5, or (D) PE-CF594 and PE/Dazzle594. In some cases, these fluorophores had the same “peak” detector. As such, for
compensation, one fluorophore had to be assigned to a nonoptimal channel in order to perform compensation.

Figure 2. Signal comparisons between the conventional and spectral systems. Compensation beads labeled with various fluorophores
plotted against each other. For the data in this figure, the fluorophores tested were excited using the same lasers on both the
conventional (BD Fortessa X-20) and spectral (Cytek Aurora) systems. Of note, PE-CF594 was detected using the blue laser on both the
spectral system and the conventional system, having a Yellow/Green 561 nm option available on the conventional system. The spread of
one fluorophore signal (red) is plotted (and measured) against a (A-D) neighboring fluorophore (blue) on the same laser, or (E-H) another
fluorophore (blue) with similar emission properties that is primarily excited by a different laser (cross-laser fluorophore). The degree of
spread (red) and the resolution of signal (blue) from spread (red) are quantified by two ratios. Spread is calculated as the 99th percentile
of the spreading fluorophore (red) in the receiving detector, divided by the 99th percentile of unstained beads in the same channel.
Resolution is calculated as the median of the receiving fluorophore (blue) in the receiving detector, divided by the 99th percentile of the
spreading signal (red). Spreading results for fluorophore pairs are provided in J (where increasing values are indicated by the intensity of
color grading from white to red), and resolution results are provided in K (where increasing values are indicated by the intensity of color
grading from white to blue). Comparisons were made for: (A, E) data from the conventional system when compensated, (B, F) data from
the spectral system (using “peak” signal detectors only) when compensated, (C, G) data from the spectral system (using virtual channels
derived from integrated signal) when compensated, and (D, H) data from the spectral system when unmixed. Details on the integration of
signal into virtual channels are provided in the Supporting Information Figure S3. Red arrows indicate occasions where greater signal
spread was observed for data from the conventional system, compared to data from the spectral system.
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AF647). A key claim of the spectral approach is that dyes
with similar emission properties can be analyzed simulta-
neously in sufficient detail on a spectral system to create a
signature through the use of a larger number of detectors, all-
owing these signals to be spectrally “unmixed” from each
other. However, as these comparisons are often made in the
context of unmixing performed on a spectral system and
compensation performed on a conventional system, the rela-
tive contributions of the system itself (detection methods,
optical configurations, detection sensitivity, electronic noise,
etc) and the signal correction process (compensation,
unmixing) are often intertwined. While a thorough mathe-
matical comparison of the signal correction approaches was
outside the scope of this study, it has been studied elsewhere
(19). However, in our study, we sought to determine if the
provided unmixing approach gave any specific advantages
over compensation in the context of a spectral analyzer
(Fig. 2D,H). Overall, we found that unmixed and compen-
sated data were largely comparable (Fig. 2],K), where spread
and resolution for unmixed data for the fluorophores exam-
ined were similar to compensated peak channel or virtual fil-
ter data from the spectral system. However, we did find some
cases where unmixing led to reduced spread and increased
resolution, such as in PE-CF594 vs PerCP/Cy5.5.

Separation of Highly Overlapping Fluorophores Using
Spectral Unmixing and Compensation

Despite this, we reasoned that spectral unmixing may result
in improvements in signal resolution for fluorophores that
had very similar peak emission properties, due to the more
detailed spectral signature that can be measured on the
Aurora. To test this, we labeled QSCB multilevel capture
beads with a variety of fluorophores, including a number of
highly overlapping fluorophores that would not normally be
combined on a conventional system as they would be mea-
sured in the same detector. These samples were recorded on
the spectral system and subject to compensation (using
FlowJo v10.6.1) or spectral unmixing. For some dyes that are
typically measured in the same detector but are spectrally dis-
tinct, such as AF647 and APC, we were able to successfully
separate these signals using either compensation (peak chan-
nel) or spectral unmixing (Fig. 3A), although we did find bet-
ter resolution in the unmixed data. However, for other dyes
with similar emission properties, such as PE/Cy5.5 and
PerCP/Cy5.5 (Fig. 3B) or BB700 and PerCP/Cy5.5 (Fig. 3C),
we found that we these two signals were substantially better
resolved from each other when subject to spectral unmixing,
compared with (peak channel) compensation. Nevertheless,
we also found some instances where compensation resulted in
better signal resolution than unmixing (Fig. 3D).

Comparing Leukocyte Panels on Conventional vs
Spectral System

Importantly, we sought to explore the application of spectral
cytometry for mid to large size panels from the perspective of
a cytometry user and how this technology may apply to their
research. Thus, we compared the resolution of cellular

8

populations on the two systems. To do this we labeled bone
marrow (BM) cells from mock- or West Nile virus (WNV)-
infected mice with a panel of antibodies against typical leuko-
cyte markers. After staining and fixation, each sample was
split into two and run in parallel on a conventional system
(using four lasers, compensated) and a spectral system (using
three lasers, unmixed). Although different lasers were used on
each system, we sought to determine if the staining patterns
and frequencies of each population were comparable between
systems. We adjusted the plots so that a comparable dynamic
range was displayed for each system, and the frequencies of
each population were calculated.

We examined BM cells from mock-infected animals and
compared data generated on the spectral and conventional
systems for singlets, cells, live cells, leukocytes (Fig. 4A-D), T
cells, NK cells, NKT cells, CD4" T cells, CD8a" T cells, plas-
macytoid dendritic cells (PDCs), B cells, conventional den-
dritic cells (cDCs) (Fig. 4E-H), neutrophils, eosinophils,
resident macrophages, Ly6C" monocytes, and Ly6C'® mono-
cytes (Fig. 4I-L). Overall, both the staining patterns and
quantification of each of these populations were largely com-
parable between the two systems (Supporting Information
Fig. S4A).

In addition to examining normal BM, we also sought to
compare the resolution of each system on a more complex
assay that included intranuclear staining. To this end, we
designed a seven-color panel identifying regulatory T cells in
the murine spleen. As with the BM samples, each sample was
split into two and the same panel run in parallel on a conven-
tional system (using four lasers, compensated) and a spectral
system (using three lasers, unmixed). In each data set, we
examined singlets, cells, live cells (Fig. 5A), T cells (Fig. 5B),
CD4", and CD8a" T cells (Fig. 5C). Within the CD4" T-cell
population, FoxP3"CD25" regulatory T cells were identified
(Fig. 5D, left panel), using the fluorescence minus one (FMO)
samples to determine the cut-off values for populations
(Fig. 5D, center and right panel). Interestingly, we found two
prominent differences in this case. The resolution of AF700
CD4 from the spread of BV711 CD8a was improved on the
spectral system, as was the resolution of APC FoxP3 from
background.

Comparing Brain Samples Panels on Conventional vs
Spectral System

We also sought to compare more highly autofluorescent sam-
ples. To do this we infected mice with WNV and isolated
brain tissue for flow cytometry 7 days post infection. As with
the BM, each sample was split into two and the same panel
run in parallel on a conventional system (using four lasers,
compensated) and a spectral system (using three lasers,
unmixed). In each data set, we examined singlets, cells, live
cells, leukocytes, (Fig. 6A-D), neutrophils, eosinophils, NK
cells, NKT cells, CD4" T cells, CD8a" T cells (Fig. 6E-H),
PDCs, B cells, cDC, microglia, Ly6C" and Ly6C'" infiltrating
monocytes (Fig. 6I-L). Overall, we found staining patterns
and quantification to be similar between the systems
(Supporting Information Fig. S4B). However, population
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resolution in fluorophores being measured in areas of high
autofluorescence clearly differed between the samples
acquired on the conventional versus spectral system, as
described below.

Autofluorescence Extraction

An additional advantage of a spectral approach is in the sepa-
rate measurement of autofluorescence. By measuring the
whole fluorescent spectrum of unstained cells, and treating
this fluorescent signature as another fluorophore, the auto-
fluorescent signal can be used as another marker for cellular
identification of, for example, neutrophils or senescent cells
(21, 22). Alternatively, the autofluorescent signal can be
reduced by unmixing the signal from other signals (referred
to as extraction), potentially improving resolution in some
channels, particularly for cells from highly autofluorescent
organs like liver, brain and skin. To determine the extent to
which autofluorescence extraction improves resolution, we
sought to compare highly autofluorescent samples on both
the conventional and spectral systems, including using
autofluorescence extraction in the unmixing process for data
generated on the Aurora.

The autofluorescence signal in the CNS samples was
highest in the 500-650 nm region, in particular in the detec-
tors for the violet laser, but there is also substantial signal
measured from the blue laser. By comparing unmixed data,
with or without including autofluorescence measured on
unstained cells as a parameter, we determined whether
autofluorescence extraction improved the resolution of signal
in brain samples. In comparing the fluorescence spectrum of
the unstained brain to the spectra of the various fluorophores,
it is clear that the interference is largest with FITC and
BV510 (Fig. 7A). This is also obvious in the labeled samples,
with discrimination of individual populations being almost
impossible due to autofluorescence interference (Fig. 7B).
When autofluorescence applied, the
populations became clear (Fig. 7C), increasing the resolution
ratio of the measured populations (defined as the median of
the positive population, divided by the 99th percentile of the
negative population). BV605 is still in this region where
autofluorescence impacts the signal (Fig. 7D), although the
interference is much less than with FITC and BV510 (Fig. 7E,
F). When examining the spectrum around the 780 nm region
(Fig. 7G), autofluorescence makes little difference to the signal

extraction was

in these samples, and thus subtraction of autofluorescence
does not substantially improve resolution (Fig. 7H,I).

Discussion

Spectral cytometry provides a number of potential advantages
over conventional cytometry through the detailed measure-
ment of the fluorescent spectrum for each fluorophore. In this
study, we sought to compare the performance of a spectral
cytometry system with conventional system. Overall, the sys-
tems were comparable for the applications we tested when
performing compensation or spectral unmixing on either sys-
tem. However, a number of differences between the two
approaches were apparent.

Signal Comparability of the Systems

Overall, the resolution of signal from background on the sys-
tems was comparable. In comparing signal resolution, we
looked at two main factors: signal from background (e.g., the
separation between the negative and positive population) and
signal spread. The former showed greater resolution of signal
from background for the fluorophores on the conventional
system, while for the latter we found a decrease in signal
spread from measurements made on the spectral system,
compared to the conventional system, and in many cases, this
was accompanied by an increase in resolution of signal from
spread. It is likely that the use of avalanche photodiode
(APD) detectors on the spectral system contributes to the
improved resolution of some of these signals, compared to
the photomultiplier tube (PMT) detectors used on the con-
ventional system, as APD have been shown to perform better
in spectral regions over 650 nm due to increased sensitivity in
these parts of the spectrum (23). Importantly, although the
resolution of individual signals from background was lower
on the spectral system compared to the conventional system
in this comparison, the improved signal resolution from sig-
nal spread in most cases indicates better performance in a
mixed panel context. Of note, in our comparison, we used
two conventional cytometers with specific configurations, and
as such, these comparisons may differ for other conventional
cytometers.

Spectral Unmixing vs Compensation

Importantly, spectral unmixing did not eliminate spreading
error, despite increased signal resolution from spreading error
in many cases. However, fluorophores that are very similar

Figure 4. Instrument comparison using a general leukocyte panel on bone marrow cells. Bone marrow cells were stained with a general
immune panel and run on the three-laser spectral system or a four-laser conventional system. On the spectral system, PE and PE tandem
fluorophores were excited with the blue laser, and on the conventional system, they were excited using the Yellow/Green 561 nm laser.
Samples were gated for (A) singlets, (B) cells, (C) live cells, and (D) CD45" leukocytes. (E) T cells (CD3¢*NK1.17), NKT cells (CD3¢*NK1.1%),
and NK cells (CD3e”"NK1.1*) were gated, and (F) T cells were further subdivided into CD4" and CD8a™" subsets. (G) CD3e"NK1.1™ cells were
gated for B cells (B220*Siglec-H™) and PDCs (B220*Siglec-H*), and (H) B220~Siglec-H™ cells were then gated for CD11c"MHC-II" c¢DCs. (1)
CD11c" ¥ MMHC-II"°9 " cells were then gated for mature (Ly6G") and immature (Ly6G™™) neutrophils, and (J) Ly6G™ cells were then gated
for Siglec-F* eosinophils. (K) Siglec-F~ cells were then gated for F4/80* macrophages and (L) Ly6C"CD11b* monocytes. The plot axes
were adjusted so that dynamic range could be directly compared between each system.
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may gain an additional resolution from the measurement of
the complete spectrum of each, enabling more accurate dis-
crimination between them than can be achieved using com-
pensation. This was observed for a number of highly
overlapping fluorophores that we tested. However, in one
comparison, (PE-CF594 vs PE/Dazzle594) compensation
appeared to result in improved resolution over unmixing. It is
possible that optimizing the use of specific channels on the
spectral system could maximize the level of signal of target
fluorophore relative to the spillover fluorophore being
detected. In this case, compensated data might be able to sep-
arate the signals in a manner similar to unmixing. However,
attempting to optimize this is time consuming, and in many
cases, applying the unmixing approach appears to result in
satisfactory results compared with compensation.

Autofluorescence Extraction during Spectral
Unmixing Increases Population Resolution in
Autofluorescence Wavelength Ranges

A key advantage in performing spectral unmixing is the mea-
surement and extraction of cellular autofluorescence in
labeled cells. In regions of the spectrum that exhibit low cellu-
lar autofluorescence, or in cells that exhibit low
autofluorescence, this is of little advantage. However, in auto-
fluorescent cells, in spectral regions where high levels of cellu-
lar autofluorescence are observed, such as around the
500-600 nm region, autofluorescence extraction markedly
improved the resolution of populations. This is a critical
advantage applicable to a wide range of biological contexts,
especially where autofluorescence impedes the use of a large
number of fluorophores on certain cell types or tissues, as
well as where the measurement of autofluorescence as an
additional parameter may yield interesting biological insights.

The Spectral Approach Allows for Far Greater
Flexibility in Fluorophore Choice and Panel Design

A key component of panel design in conventional cytometry, is
the choice of fluorophores that are able to be detected on a
given system, considering the excitation lasers and optical filters
available. For example, in our conventional system, the red laser
has three associated detectors, with filters designed to capture
APC (or AF647), AF700, and APC/Cy7 (or APC/H?7), respec-
tively. An outcome of using a larger number of detectors in the
spectral system is greater flexibility afforded in the approach to
panel design. This was most evident when fluorophores were
used together that would normally occupy the same detector on
a conventional system (e.g., APC, AF647). However, this is also
relevant for fluorophores that are less overlapping, but when
used in conventional cytometers, the choice of one or the other

has to be made, for example, PerCP and PerCP/Cy5.5. As such,
approaches to panel design need not begin with a review of
which fluorophores are compatible with the instrument (based
on the available filters), but rather a consideration of which pos-
sible combinations of fluorophores can be successfully resolved
from one another. This allows selection from a wider range of
fluorophores, rather than a limited list of instrument-
compatible fluorophores.

The Role of Spectral Cytometry among Conventional
High-Dimensional Fluorescence and Mass Cytometry
In the field of single-cell science, the techniques of (conven-
tional) flow cytometry, mass cytometry, image cytometry, and
genomic cytometry (single-cell RNA sequencing and associ-
ated oligonucleotide reporters for antibody labeling (24)),
have all developed their own strengths and weaknesses. Flow
cytometry provides a high-throughput and cost-effective
method of measuring few parameters (currently up to approx.
27 fluorophores published, with up to 40 fluorophores
reported) on many cells with high-throughput (approx.
10,000 events/s). Mass cytometry, on the other hand, acquires
cells at a much lower rate (approx. 300-400 events/s), but
with more markers per cell (over 50 metals), with significantly
reduced overlap between reporters. Single-cell sequencing
measures cells at a very low throughput and high cost, but it
is capable of measuring hundreds to thousands of genes per
cell (RNA, transcriptome), and more recently has incorpo-
rated oligonucleotide-based reporters for antibody labeling of
cells (proteome/epitome) (24), as well as epigenomic and
other single cell measurements (25, 26). Ignoring cost, these
technologies represent a spectrum between greater numbers
of cells with fewer features per cell, and fewer cells with more
features per cell per unit time. Spectral cytometry potentially
improves on conventional flow cytometry by enabling the use
of previously impracticable fluorophore series, thereby also
providing increased flexibility of panel design, as well as
incorporating autofluorescence measurement and extraction.
In contrast to the use of fluorescent molecules in flow
cytometry, mass cytometry uses heavy metal tags and time-
of-flight mass spectrometry readouts to measure antibody
binding to cells. This method allows a much larger number of
simultaneous markers than conventional flow cytometry.
However, while mass cytometry is often used for rare and
precious samples, the time investment in acquiring samples
and performing analysis is higher than for flow cytometry.
Thus, for researchers seeking to acquire and analyze data
quickly, but requiring more colors than are available on con-
ventional instruments, spectral cytometry provides a potential
opportunity. Moreover, the use of the same fluorophore-

Figure 7. Autofluorescence correction performed on WNV-infected brain cells. (A) Spectral signatures generated on the spectral system for
unstained cells, BV510-labeled beads, and FITC-labeled beads. Fully stained samples unmixed on the spectral system (B) without and (C) with
autofluorescence correction. (D) Spectral signatures generated on the spectral system for unstained cells and BV605-labeled beads. Fully
stained samples unmixed on the spectral system (E) without and (F) with autofluorescence correction. (G) Spectral signatures generated on
the spectral system for unstained cells and BV785-labeled beads. Fully stained samples unmixed on the spectral system (H) without and (1)
with autofluorescence correction for BV785-CD11c. For each plot, percentages of cells in each populations are show, as well a resolution ratio
for each population, defined as the median of the positive population, divided by the 99th percentile of the negative population.
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conjugated antibodies, staining, and analysis techniques as
conventional cytometry make this a well-characterized, read-
ily accessible technique, while also allowing an increased
number of markers to be measured. Additionally, researchers
using smaller panels may benefit from the flexibility of the
system, with a larger range of fluorophores being compatible
with the system, aiding panel design.

While spectral approaches to fluorescence cytometry
have been developed for some time, spectral cytometry is an
emerging technology in the commercial space and is still
maturing. However, the nature of the spectral approach
exhibits several clear advantages over conventional cytometry
and should be incorporated into routine cytometry
approaches where possible.
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