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1 | STATEMENT OF PURPOSE

Full spectrum flow cytometry is a powerful tool for immune monitor-
ing on a single-cell level with extensive use in cancer immunotherapy

research as well as in investigation of various immunological diseases

Isabella Lurje

| Frank Tacke | Linda Hammerich

Abstract

Full spectrum flow cytometry is a powerful tool for immune monitoring on a single-
cell level and with currently available machines, panels of 40 or more markers per
sample are possible. However, with an increased panel size, spectral unmixing issues
arise, and appropriate single stain reference controls are required for accurate experi-
mental results and to avoid unmixing errors. In contrast to conventional flow cytome-
try, full spectrum flow cytometry takes into account even minor differences in
spectral signatures and requires the full spectrum of each fluorochrome to be identi-
cal in the reference control and the fully stained sample to ensure accurate and reli-
able results. In general, using the cells of interest is considered optimal, but certain
markers may not be expressed at sufficient levels to generate a reliable positive con-
trol. In this case, compensation beads show some significant advantages as they bind
a consistent amount of antibody independent of its specificity. In this study, we eval-
uated two types of manufactured compensation beads for use as reference controls
for 30 of the most commonly used and commercially available fluorochromes in full
spectrum cytometry and compared them to human and murine primary leukocytes.
While most fluorochromes show the same spectral profile on beads and cells, we
demonstrate that specific fluorochromes show a significantly different spectral pro-
file depending on which type of compensation beads is used, and some fluoro-
chromes should be used on cells exclusively. Here, we provide a list of important
considerations when selecting optimal reference controls for full spectrum flow

cytometry.
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[1, 2]. With the availability of 5-laser instruments and novel fluoro-
phore families, panels of 40 or more markers became possible [3, 4].
However, with an increase of panel size, spectral unmixing issues
arise, and panel optimization is becoming increasingly important to

maximize the potential data outcome from each specimen [5].
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Appropriate single stain reference controls are required for accurate
experimental results and to avoid unmixing errors [6]. Most com-
monly, reference controls are compensation beads or cell samples
stained with a single fluorescently-labeled antibody used in the exper-
iment, which provides the spectral signature of each dye for the
unmixing algorithm and establishes a baseline for comparison to
the studied sample [5, 7].

In contrast to conventional flow cytometry, which solely focuses
on the signal within the specific wavelength bandwidth of interest, full
spectrum flow cytometry takes into account even minor differences
in spectral signatures that can impact the reliability of reference
controls.

To ensure accurate and reliable results the full spectrum of each
fluorochrome must be identical in the reference control and the fully
stained sample and signal intensity of the reference control should be
as high or higher than the fully stained sample [5]. Otherwise, the dif-
ferences between reference controls and samples may lead to
increases in the calculated spreading error (i.e., the spreading of a
fluorochrome-positive signal into a secondary detector) and result in
incorrect or insufficient unmixing [8, 9]. As a result, interpretation of
the data might be incorrect due to inappropriate gating, variability in
data obtained from different samples and reduced sensitivity
in detecting low fluorescence levels. It is also important to employ
quality control measures that monitor instrument performance in
order to ensure low day-to-day variability and early detection of
issues that influence data quality (e.g., detector efficiency or laser
power) [9, 10].

When establishing reference populations both beads and cells
have proven to be valuable options for single stain controls. In gen-
eral, using the same type of cells that will also be analyzed in the
experiment is considered optimal, since this takes into account
the background fluorescence present in the biological sample, which
might be caused by autofluorescence, spectral overlap or undesirable
antibody binding [11]. This is especially important for spectral unmix-
ing, which treats the cellular autofluorescence as an additional fluoro-
chrome in order to correct for it. However, certain markers may not
be expressed at sufficient levels or on enough cells to generate a reli-
able positive control (e.g., lineage markers for dendritic cells, which
represent less than 1% of leukocytes in the peripheral blood [12]). In
this case, compensation beads show some significant advantages as
they bind a consistent amount of antibody independent of its specific-
ity [13]. In addition, they are commercially available and relatively
inexpensive ready-to-use products, while the availability of biological
specimens, especially when working with human samples, might be
limited.

In this study, we evaluated two types of manufactured compensa-
tion beads for use as reference controls for full spectrum cytometry
and compared them to primary leukocytes from both human and
mouse. We provide a list of optimal reference controls for 30 of the
most commonly used and commercially available fluorochromes when
working with peripheral leukocytes. While most fluorochromes show
the same spectral profile on beads and cells, we demonstrate that spe-

cific fluorochromes show a significantly different spectral profile
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depending on which type of compensation beads is used, including

some that should be used on cells exclusively.

2 | MATERIALS AND METHODS

21 | Single stains on compensation beads

One drop of ThermoFisher Ultracomp eBeads Plus™ (Thermo Fisher
Scientific, Waltham, USA) or one drop each of positive and negative
Biolegend compensation beads (Biolegend, San Diego, USA) were
diluted in 1 mL of staining buffer (HBSS + 2 mM EDTA). After thor-
ough vortexing 100 uL of the diluted compensation beads were used
for each reference control. Fluorochrome-conjugated antibodies were
added at the indicated concentrations (Supplementary Table 1) and
incubated for 15 min at room temperature. A washing step was per-
formed with 2 mL of staining buffer (HBSS + 2 mM EDTA) and sam-
ples were resuspended in 200 uL of staining buffer and acquired
immediately (within 20 min).

2.2 | Single stains on human peripheral blood
leukocytes

Anti-coagulated (EDTA) whole blood was obtained from volunteers
(ethical approval number EA2/065/21) and processed immediately.
200 pL of whole blood were incubated with indicated concentrations
(Supplementary Table 1) of fluorochrome-conjugated antibodies for
20 min at room temperature. Lysis of red blood cells was performed
by adding 2 mL of 1x BD Pharm Lyse™ Lysing buffer and incubating
the samples for 10 min at room temperature. Cells were washed in
staining buffer (HBSS + 2 mM EDTA) and incubated with lysis buffer
a second time for 5 min at room temperature. After washing, cells
were fixed in 2% formaldehyde (in 1x PBS) for 10 min. After the last
washing step, cells were resuspended in 200 uL staining buffer and
acquired immediately (within 20 min).

2.3 | Single stains on mouse splenocytes

Mouse splenocytes were harvested by forcing a spleen from a wild-
type mouse through a 70 um nylon mesh to achieve a single-cell sus-
pension. Pelleted cells were resuspended in 5 mL of 1x BD Pharm
Lyse™ Lysing buffer and incubated for 5 min at room temperature to
remove red blood cells. Cells were washed with HBSS and resus-
pended in an appropriate volume of staining buffer. After filtering
through a 70 um mesh again, 10% of the single cell suspension were
used for each reference control. Fluorochrome-conjugated antibodies
were added directly to the cells at the indicated concentration
(Supplementary Table 1) and incubated for 20 min at room tempera-
ture. A washing step was performed with 2 mL of staining buffer
(HBSS 4+ 2 mM EDTA) and samples were resuspended in 200 uL of
staining buffer and acquired immediately (within 20 min).
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2.4 | Data acquisition and analysis
Sample analysis was performed on a standard issue Cytek® Aurora
Cytometer equipped with 3 lasers and 38 detectors (Supplementary
Table 2) and running Spectroflo® v3.0.3 (Cytek Biosciences, Inc.). QC
was performed daily, and samples were acquired at medium speed
using Cytek Assay Settings. The stopping gate was set at 2500 events
for beads or 100,000 events for cells. FSC and SSC were adjusted
individually depending on the nature of the single stain control: com-
pensation beads, human or mouse immune cells.

Histogram and dot plot overlays of single stain controls were gen-
erated with FlowJo 10.8.0 (BD Biosciences).

2.5 | Normalized spectra and similarity
Normalized spectra for each reference control were extracted from
Spectroflo® v3.0.3 as follows: After gating on beads or the cells of
interest (lymphocytes or myeloid cells, depending on antigen-specific-
ity) according to their FSC/SSC profile, interval gates for positive and
negative peaks were defined for each single stain in the respective
peak channel (Supplementary Table 3) and statistics tables indicating
the median signal intensity of all fluorescent channels were created
for both the positive (MFl,.s) and the negative (MFl,¢,) gate. Statistics
data was exported to Excel, and the normalized signal intensity for
each fluorescent dye in each channel was calculated as MFl,os — MFI-
neg/ (MFl 05 — MFleg)max. Using normalized medium fluorescence
intensity data, spectrum overlays were created in GraphPad Prism
9 and visualized as a histogram overlay graph for comparison.

The similarity between indicated fluorochromes was determined
by the unmixing tool of SpectroFlo® and displayed in heat maps,

values inside the cells are given in %.

3 | RESULTS

The availability and diversity of manufactured compensation beads
have significantly increased in the past years as they are increasingly
used as reliable reference controls in flow cytometry. However, not all
types of compensation beads bind all antibody species
(Supplementary Table 4), which reduces their convenience of use. We
compared the species reactivity of commercially available compensa-
tion beads (Supplementary Table 4) and decided to test Biolegend
Compensation beads as well as ThermoFisher Ultracomp eBeads™
Plus due to their ability to bind the most indicated species. We tested
30 of the most commonly used and commercially available fluoro-
chromes in full spectrum cytometry on both types of beads, as well as
human peripheral blood leukocytes and mouse splenocytes. The list of
all antibodies used in this study can be found in Supplementary
Table 1. In general, we used the same anti-human antibody on both
types of beads as well as human peripheral blood leukocytes
(Supplementary Table 3), while a different antibody was used on

murine splenocytes due to specificity.

Twenty-five out of the 30 tested fluorochromes showed identical
emission spectra on cells and either type of beads (Supplementary
Figure 1). Consistently, Spectroflo® determined a similarity of 100%
for all reference control types for each of these fluorochromes
(Supplementary Figure 2). Of note, this included protein-based tan-
dem dyes such as PE-Cy5, PE-Cy7, and APC-Cy7 that are known to
be sensitive to PFA fixation, even though we fixed the human periph-
eral blood leukocytes prior to analysis due to local biosafety regula-
tions. Supplementary Figure 3 shows that the spectral signatures of
these fluorochromes on compensation beads do not change with PFA
fixation, even after extended storage times (up to 4 h) before analysis.
This enables the use of compensation beads as reliable reference con-
trols for each tested color when working with human or murine
peripheral leukocytes.

However, five fluorochromes (BV480, BV785, PerCP-Cy5.5,
PerCP-eFluor710, and AlexaFluor700) showed different emission
spectra on cells and beads (Figure 1). BV480, BV785, and PerCP-
eFluor710 showed identical emission spectra on mouse and human
primary cells as well as Biolegend Compensation Beads, but different
spectra when used on ThermoFisher UltraComp eBeads Plus
(Figure 1A,B,D). This is also reflected in the similarity matrices gener-
ated by SpectroFlo®. Notably, the spectra for AlexaFluor 700 seemed
to differ between murine cells and Biolegend Compensation Beads
versus human cells and UltraComp eBeads Plus, but only the differ-
ence between human and murine cells is picked up by SpectroFlo®
(Figure 1E). PerCP-Cy5.5 showed different emission spectra between
all types of primary cells as well as compensation beads (Figure 1C).
While primary mouse cells seem to show a spectrum identical to Bio-
legend Compensation Beads and almost identical to human cells (simi-
larity 99%), UltraComp eBeads™ Plus only reach a similarity of 92% or
94% with mouse and human primary cells, respectively. To determine
the impact these reduced similarities have on the quality of the
unmixing we unmixed PerCP-Cy5.5 single stains on human and mouse
cells with all types of beads and cells and compared the resulting data.
To ensure that any observed differences are only due to the different
emission spectra we made sure that the single stains on beads were
always brighter than the single stains on cells (Supplementary
Figure 4A) and that cells were used as unstained controls during
unmixing to allow for correct autofluorescence subtraction.
Supplementary Figure 4B shows dot plots of PerCP-Cy5.5 versus
PerCP-eFluor710—the fluorochrome with the highest similarity
to PerCP-Cy5.5—demonstrating that only using the same cell type in
the reference control and the sample generates properly unmixed
data. Taken together, these results indicate a remarkable advantage of
Biolegend compensation beads as a reliable reference control for
spectral flow cytometry for all tested fluorochromes except
PerCP-Cy5.5.

Since several of the fluorochromes described in Figure 1 are tan-
dem dyes (BV785, PerCP-Cy5.5, and PerCP-eFuor710), we next
investigated the potential impact of different antibodies—with differ-
ent clones (which come from different production batches) and from
different vendors (which might use different variants of fluorescent

probes)—on the spectral profiles. To test this, we stained both types
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FIGURE 1 Normalized emission spectra and similarity matrizes of fluorochromes showing different spectra on cells and beads. Indicated
fluorochromes were stained on cells (human peripheral blood leukocytes or murine splenocytes), Biolegend® Compensation Beads or UltraComp
eBeads™ Plus Compensation Beads. Emission spectra were extracted from Spectroflo software, normalized to the maximum signal and overlaid in
GraphPad Prism. Similarity was determined in Spectroflo software. (A) BV480, (B) BV785, (C) PerCP-Cy5.5, (D) PerCP-eFluor710, and

(E) AlexaFluor 700. BL, Biolegend compensation beads; UC, UltraComp eBeads Plus. [Color figure can be viewed at wileyonlinelibrary.com]
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of compensation beads with several antibodies coupled to the same
fluorochromes that showed differential emission spectra before. Sup-
plementary Figure 5 provides emission spectra and similarity matrices
for each indicated fluorochrome, the spectrum observed on human
cells was kept as a reference. When used on Biolegend compensation
beads, this analysis confirmed a reproducible pattern of similarity as
observed in Figure 1, independent of the antibody used, for all colors
except PerCP-Cy5.5. In this specific case, all antibodies showed differ-
ent emission spectra, even when purchased from the same company.
Importantly, on UltraComp eBeads Plus we detected differences
between antibodies from different vendors also for BV785 and Alexa-
Fluor700, further confirming the advantage of Biolegend compensa-
tion beads. Of note, on UltraComp eBeads Plus we also noticed
different emission spectra depending on the antibody used for PerCP-
eFluor710, even though this fluorochrome is exclusively available

from ThermoFisher/Invitrogen.

4 | CONCLUSIONS

In this study, we demonstrate the usefulness and reliability of com-
pensation beads as reference controls for full spectrum cytometry,
offering the potential to replace primary cells. However, we also show
that the spectral signatures of some fluorochromes differ significantly
from those observed on cells. It is important to note that for this study
we only used human peripheral blood leukocytes and mouse spleno-
cytes and that the observed changes might be different on other
types of primary cells, especially those derived from organs known to
have a high autofluorescence (such as liver, lung or kidney) or cells
with specific metabolic activities that could lead to tandem-dye degra-
dation (such as reactive oxygen species production [14, 15]). There-
fore, it is advised to experimentally check that the beads or cells
selected for single stained controls yield proper spectral signatures to
be applied to the cells of interest for every fluorochrome in the panel.
This might need to be tested for every cell type separately. Of note,
new types of compensation beads using different materials
(e.g., Spectracomp® beads from Slingshot Biosciences, which are
hydrogels instead of polystyrene beads) have become available and
might exhibit spectral signatures resembling cells even more closely;
these could be tested in this context to further improve performance
of reference controls. We also did not test ultraviolet or yellow-green
excitation in this setup, which needs to be evaluated carefully before
using the same type of reference controls on systems with more than
three lasers. Furthermore, it is feasible to assume that different sam-
ple preparation protocols might have an influence on spectral signa-
tures as well and should therefore be assessed before each
experiment.

Importantly, our data also indicate that the spectral signatures of
most fluorescent probes are independent of antibody clone/batch or
antibody vendor when used on Biolegend compensation beads. Gen-
erally, it is advised to test each new antibody batch, at least for tan-
dem dyes, but our data indicate that individual verification of each

new antibody panel might be omitted if the fluorochromes and cell

populations of interest are the same. For human and murine primary
leukocytes, we provide a readily accessible list (Supplementary
Table 5) optimized reference controls for 30 of the most commonly
used and commercially available fluorochromes in full spectrum cyto-
metry when used on a 3-laser system and under the same conditions
described here.
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