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Abstract

Autofluorescence is an intrinsic feature of cells, caused by the natural emission of
light by photo-excitatory molecular content, which can complicate analysis of flow
cytometry data. Different cell types have different autofluorescence spectra and,
even within one cell type, heterogeneity of autofluorescence spectra can be present,
for example, as a consequence of activation status or metabolic changes. By using full
spectrum flow cytometry, the emission spectrum of a fluorochrome is captured by a
set of photo detectors across a range of wavelengths, creating an unique signature
for that fluorochrome. This signature is then used to identify, or unmix, that fluoro-
chrome's unique spectrum from a multicolor sample containing different fluorescent
molecules. Importantly, this means that this technology can also be used to identify
intrinsic autofluorescence signal of an unstained sample, which can be used for
unmixing purposes and to separate the autofluorescence signal from the fluorophore
signals. However, this only works if the sample has a singular, relatively homogeneous
and bright autofluorescence spectrum. To analyze samples with heterogeneous auto-
fluorescence spectral profiles, we setup an unbiased workflow to more quickly iden-
tify differing autofluorescence spectra present in a sample to include as
“autofluorescence signatures” during the unmixing of the full stained samples. First,
clusters of cells with similar autofluorescence spectra are identified by unbiased
dimensional reduction and clustering of unstained cells. Then, unique autofluores-
cence clusters are determined and are used to improve the unmixing accuracy of the
full stained sample. Independent of the intensity of the autofluorescence and immu-
nophenotyping of cell subsets, this unbiased method allows for the identification of

most of the distinct autofluorescence spectra present in a sample, leading to less
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1 | INTRODUCTION

Autofluorescence is an intrinsic factor of cells that is caused by the
natural emission of light by its photo-excitatory molecular content,
which can complicate analysis methods in which fluorescence is used,
such as imaging and flow cytometry [1-9]. Different samples can have
variable autofluorescence signatures, which can depend on many fac-
tors including cell type, metabolic state, sample preparation, and stain-
ing protocols, which can result in samples containing a heterogeneous
autofluorescence profile [10]. In addition, autofluorescence has been
described as a reliable in vitro marker of cellular senescence and aging
in several cell types, including human mesenchymal stromal cells [11],
human nerve cells [12], human skin, [13] and nematodes of Caenor-
habditis elegans (C. elegans) [14]. As such, aged cells in vitro have
increased autofluorescence.

Spectral flow cytometry is a powerful technology for cellular mul-
tiparameter analysis, in which mathematical algorithms are used to
derive the expression on a per cell basis of specific markers, using the
pure spectral signatures of fluorescently-labeled antibodies against
these markers in a process called spectral unmixing [15]. Furthermore,
this technology allows us to fully characterize autofluorescence het-
erogeneity within a sample, that is created by the different autofluor-
escence signatures of every cell within that sample [10].

In comparison to conventional flow cytometry, spectral flow cyto-
metry captures the spectral profile of fluorochromes and autofluores-
cence by an array of detectors over multiple lasers that covers a wide
range of emission wavelengths. However, spectral gaps are present in
the array of detectors, that are associated with each laser path to
reduce optical noise. Currently, most spectral flow cytometry soft-
ware packages identify one autofluorescence signature per sample,
allowing to distinguish between autofluorescence and fluorochrome
signal [15,16]. However, when samples have a heterogeneous auto-
fluorescence profile, it is challenging to resolve the spectra of all fluo-
rochromes using the automated tools of the software, due to
similarities between multiple autofluorescence spectra and some fluo-
rochromes within one sample. A solution for this would be to add the
different autofluorescence spectra as new references (single-spectra
controls) to the unmixing. Indeed, it has been shown that addition of
one autofluorescence spectrum for a bright autofluorescence cell sub-
type, namely alveolar macrophages within in a murine lung cell sus-
pension, was able to reduce the autofluorescence signal and improve

the fluorochrome signals [17]. However, when more cell types are

confounding autofluorescence spillover and spread into extrinsic phenotyping
markers. Furthermore, this method is equally useful for spectral analysis of different
biological samples, including tissue cell suspensions, peripheral blood mononuclear

cells, and in vitro cultures of (primary) cells.

autofluorescence, data analysis, dimensional reduction, heterogeneity, spectral flow cytometry,
spectral unmixing, unbiased clustering

present, identifying all cell types with their own unique autofluores-
cence spectra becomes a time consuming task. The solution for this
would be to quickly identify every unique autofluorescence spectrum
and add them to the downstream analysis.

A suggested workflow to identify unique autofluorescence subsets
of cells would be to visualize unstained cells in a N x N matrix across
all raw fluorescent detectors [10,16]. Sequential manual gating of cells
with different autofluorescence spectra in a bivariate manner and eval-
uation of their uniqueness would result in identifying some unique
autofluorescence subsets. However, this laborious approach is subjec-
tive, requires a certain level of expertise and can only be used if the
autofluorescence subsets are abundantly present and therefore can be
visually detected [10]. Moreover, autofluorescence subsets can easily
be missed as the number of dimensions to check makes it complicated
to capture all autofluorescence subsets manually. Therefore, this cur-
rent method is not sufficient for all types of samples, especially when
containing many different autofluorescence spectra. Dimensional
reduction of the unstained sample based on the signal intensity within
the different detectors of a spectral flow cytometer can be used as an
alternative approach. This will result in a bivariate plot (e.g. Opt-SNE)
displaying heterogeneity based on intrinsic autofluorescence [17].
Although this method helps to visualize different autofluorescence sub-
sets, it still relies on selecting and gating the cells of interest manually.

Here, we provide an optimized approach to identify all different
autofluorescence signatures within an unstained sample by including
an unbiased clustering. Next, unique autofluorescence spectra are
identified based on their similarity index (SI) and mean fluorescence
intensity (MFI), which are subsequently used in the unmixing algo-
rithm to extract the autofluorescence signal and improve the fluoro-
chrome signal. We show that this approach is beneficial for various
types of samples, including tissue cell suspensions with both hetero-
geneous and bright autofluorescence spectra (e.g., human lymph node
cell suspensions), cells grown in vitro with extremely bright autofluor-
escence spectra (e.g., human fibroblastic reticular cells [FRCs]), and
also (primary) cell suspensions with heterogeneous and dim autofluor-
escence spectra (e.g., peripheral blood mononuclear cells [PBMCs]).
Using this methodology, we identified that the unique autofluores-
cence spectra differ between donor samples and over time in one cell
type upon culturing, highlighting the importance of following this
workflow with every analysis for identification of the unique auto-
fluorescence spectra in a sample in order to improve spectral data

analysis and interpretation.
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2 | MATERIALS AND METHODS
21 | Samples

Human lymph nodes were obtained from donors during liver trans-
plant procedures performed at the Erasmus MC, Rotterdam, the Neth-
erlands. The use of these tissues was approved by the medical ethical
committee of the Erasmus MC (MEC-2014-060) and the liver trans-
plant recipients provided written informed consent for the use of
samples. Donor characteristics are included in Table S1. Lymph nodes
were transported in Belzer UW cold storage solution (UW, Bridge to
Life) on ice and processed within 72 h after surgery. Lymph node cell
suspensions were obtained through enzymatic tissue digestion as
described previously [18]. In short, lymph nodes were digested using
RPMI-1640 supplemented with 2.4 mg/mL Dispase Il, 0.6 mg/mL
Collagenase P, and 0.3 mg/mL DNase | (all from Sigma-Aldrich) for
four rounds of 10 min at 37°C. After each round, the isolated cells
were washed in ice cold phosphate buffered saline (PBS) supplemen-
ted with 2% FCS and 5 mM EDTA to stop the enzyme reaction and
prevent over-digestion. Next, the cells were spun down at 300 x g
for 4 min (4°C), the cell pellet was resuspended in 1 mL DMEM with
10% FCS and passed through a 100 um filter.

PBMCs were isolated from buffy coats obtained from healthy
donors (Sanquin, The Netherlands) by density gradient centrifugation
with Ficoll-Paque PLUS (GE Healthcare). No donor specific informa-

tion is provided.

22 | Cellculture

Lymph node cell suspensions were plated at a minimum cell concen-
tration of 20 x 10° cells in a T-25 flask at 37°C, 5% CO,. To grow out
FRCs, flasks were pre-coated with 2 ug per cm? using a solution of
50 pg/mL collagen from calf skin in HBSS (Sigma-Aldrich) and the
cells were grown in DMEM supplemented with 10% FCS, 2%

TABLE 1 Antibodies used for flow cytometry.
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penicillin/streptomycin/glutamine, and 1% Insulin-Transferrin-Sele-
nium (Gibco). After 3 days, lymphocytes were washed away with PBS
in order to allow stromal cell growth. Once confluent, FRCs were har-
vested with 0.5% trypsin + 5 mM EDTA and passaged or used for
flow cytometry.

2.3 | CD45 stromal cell enrichment

Lymph nodes were digested as described above and enriched for
CD45 stromal cells by negative selection using MojoSort™ Human
CDA45 Nanobeads (Biolegend). CD45™ cell enrichment was performed
according to manufacturer's protocol, with the addition of a fluoro-
chrome-labeled antibody against CD45 (Table 1) during the CD45
Nanobeads incubation step to allow optimal CD45 fluorescent signal

for flow cytometry.

24 | Flow cytometry

Cell suspensions were stained in a 96-well U bottom plate at 4°C for
flow cytometric analysis. Cells were first washed with FACS buffer
containing PBS + 1% FCS, then washed with PBS and stained with a
fixable viability dye (Table 1) for 10 min at 4°C. Fc-receptor blocking
was performed using 10% normal human serum. After brief centrifu-
gation of the antibody stocks, the antibodies were diluted to the
desired concentration in 1:1 FACS buffer and Brilliant Stain Buffer
(BD Horizon) (Table 1). The cells were then incubated with these fluo-
rochrome-labeled antibodies for 20 min at 4°C. After staining, cells
were fixed with 2% PFA in PBS for 15 min, washed, resuspended in
FACS buffer and acquired on a 5 Laser Aurora spectral analyzer
(Cytek Biosciences, Fremont CA) with standard manufacturer optical
configuration. For appropriate autofluorescence spectra detection and
unmixing, an unstained sample was taken along during the procedure,

that was treated according to exactly the same procedure as the

Fluorochrome Target Dilution
Live/Dead Blue Live/Dead Blue 1000
BVv421 CD106 (VCAM1) 200
eFluor450 CD45 100
eFluor450 CD235a (Glycophorin A) 10
BV605 CD31 (PECAM-1) 100
BV650 CCRL1 (ACKR4) 100
Bv711 CD146 (MCAM) 100
BV785 CD90 (Thy1) 100
PerCP-Cy5.5 CD271 (NGFR) 100
PE-Dazzle594 CD21 (CR2) 50
PE-Cy7 CD34 100
Alexa Fluor 647 PDPN 50

Species Clone Cat. no. Manufacturer
n/a n/a L34961 Invitrogen
Mouse STA 305,816 Biolegend
Mouse HI30 48-0459-42 Invitrogen
Mouse HIR2 48-9987-42 Invitrogen
Mouse WM59 303,122 Biolegend
Mouse 13E11 747,804 BD Biosciences
Mouse P1H12 361,032 Biolegend
Mouse 5E10 328,142 Biolegend
Mouse ME20.4 345,112 Biolegend
Mouse Bu32 354,922 Biolegend
Mouse 581 343,516 Biolegend

Rat NC-08 337,008 Biolegend
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stained sample, of which at least the same amount of cells as in
the stained sample were acquired. UltraComp eBeads compensation
beads (Invitrogen) were used as single stain controls for the same fluo-
rochrome-labeled antibodies as used in the panel, and the unstained
beads were matched with the stained beads. Cells heat shocked for
3 min at 65°C were taken along as single stain control for the viability
dye. All single stain controls were treated according to exactly the
same procedure as the stained sample, except for the Fc-receptor

blocking step.

2.5 | Data analysis

All autofluorescence spectra in an unstained sample were visualized
and identified by performing dimensional reduction (Opt-SNE) and
clustering (PhenoGraph) using the online software OMIQ (www.omig.
ai). The raw FCS file of the unstained sample was loaded into OMIQ,
data cleanup was performed using PeacoQC for all features (settings:
Maximum allowed median absolute deviations: 6; Isolation tree gain
limit: 0.6; Maximum number of consecutive bins: 5; and Time units
per visualization bin: 100) and all detectors were scaled to 6000 Arc-
sinh, the default scaling setting in OMIQ. Next, Opt-SNE (settings:
Max iterations: 1000; Opt-SNE End: 5000; Perplexity: 30; Theta: 0.5;
Components: 2; Random Seed: 6203; and Verbosity: 25), and Pheno-
Graph (settings: K nearest neighbors: 20; Distance metric: Euclidean;
Louvain seed: 799; Louvain runs: 1; and Number of results: 1), were
calculated for all events based on all 64 detectors of the Aurora 5L.
The identified PhenoGraph clusters were gated and exported as one
raw FCS file for all original features, excluding the opt_snel, opt_sne2,
and pgrahp features, and including all gates for the selected filters.
The R-script “OMIQ-FCS-Separate” was used to split this file into
separate FCS files per cluster. These files were used in a new experi-
ment in SpectroFlo® to determine the similarity scores, by comparing
the normalized spectra of all autofluorescence signatures. For this, a
new fluorochrome library was created in SpectroFlo® containing all
different “autofluorescence signatures”, instead of fluorochromes. A
reference group was assembled into a new experiment including an
additional negative control and the “autofluorescence signatures” cor-
responding with the number of autofluorescence clusters. An
unstained control with an autofluorescence signal close to the back-
ground of the instrument was generated by acquiring 30% Contrad®
70 (Decon). This unstained control was imported into the unstained
and negative control tubes. The different autofluorescence clusters
were imported as additional “autofluorescence signatures” in the ref-
erence group, visually checked whether every cluster contained one
pure spectrum and used in the unmixing algorithm to define their
uniqueness by means of calculating the similarity matrix. This matrix
shows the SI of two spectra, which is a score between 0 and 1 that
measures how closely two normalized spectra match. The unmixing
algorithm of SpectroFlo®, that uses the ordinary least squares, can
unmix the sample when this number is <0.98 and there are at least
300 events per spectrum [16,19]. To identify the unique autofluores-
cence spectra, the similarity matrix was analyzed by the R-script
“SpectroFlo-Find-Unique-Spectra.” Herein, the unique spectra are

determined based on a ranking of the number of firstly, similar spectra
(SI >0.98) and secondly, the sum of S| per cluster. When two
spectra have identical number of similar spectra and sum of SI, the
spectrum with the highest MFI should be chosen. From every unique
spectrum, the similar spectra (S| >0.98) are listed in the data table
within R. By comparing the MFI per unique spectrum and its similar
spectra in SpectroFlo®, the spectrum with the highest MFI can be
chosen per unique spectrum. Make sure that the chosen spectra are
not accidently similar to other chosen spectra (Sl <0.98).

Next, the not unique autofluorescence spectra were eliminated
and the unique autofluorescence spectra were used to unmix the raw
data of the original experiment, including unstained and full stained
samples. Unmixing was performed in SpectroFlo (version 3.0.3), on an
analysis workstation with the instrument data backup. The correspond-
ing autofluorescence spectra were added to the reference group
together with an additional negative control, to correct for the back-
ground noise of the machine. Again, the negative control and unstained
sample of the reference group were replaced with a FCS file containing
events without any autofluorescence and unmixing was performed.

The addition of extra fluorochromes to the unmixing can reduce
the resolution of some fluorochromes, due to overlap between the
newly added autofluorescence signatures and the spectra of
the actual fluorochromes, leading to spillover spread. To improve the
resolution, but still resolve the autofluorescence, the unmixing was
evaluated after the reduction of the different autofluorescence spec-
tra (Figure S2). The autofluoresence spectra were removed one by
one from lowest to highest uniqueness, as given by the order of the
output of the unique spectra identified with the R-script “SpectroFlo-
Find-Unique-Spectra,” which is from most to least unique. After
unmixing, the N x N plots of the unstained sample were evaluated to
identify whether the removed autofluorescence spectrum was neces-
sary to resolve all autofluorescence. If no autofluorescence was
detected, this autofluorescence spectrum could be removed. How-
ever, if the autofluorescence was increased in the unstained sample
for any of the fluorochromes, this autofluorescence spectrum could
not be removed and was added back to the unmixing. Then, the next
autofluorescence spectrum was removed from the unmixing and the
whole procedure was repeated until all autofluorescence spectra were
tested (Figure S2). After unmixing with the optimal number of auto-
fluorescence spectra, live cells were gated (Figure S3) and subse-
quently spillover correction was performed using SpectroFlo®, based
on the single color controls and the added autofluorescence spectra
samples within the reference group.

Data is visualized using FCS express (De Novo Software) for the
raw spectra and Prism (Graphpad Software) for the unique and nor-
malized spectra and bar graphs. All other figures are produced using
OMIQ (www.OMIQ.ai). For the density plots produced with OMIQ,
data cleanup was performed using PeacoQC for all features (settings:
Maximum allowed median absolute deviations: 6; Isolation tree gain
limit: 0.6; Maximum number of consecutive bins: 5; and Time units
per visualization bin: 100). Next, cells of interest were gated based on
FSC and SSC (Figure S3). These unstained cells were used for
Figures 2A and 4. For the stained cells used in Figures 2 and 3, viable
cells were gated as cells that lacked the Live/Dead Blue staining

85UB017 SUOLILLIOD SAIERID 3|l jdde 8y Aq peusenob ake 9L VO '8sn J0 S9|NI 10} ARIq1T8UIIUQ AB]IM UO (SUOTIPUOD-PUE-SWBILOY A8 |1 Akeiq 1 U1 |uo//SdNL) SUORIPUOD pue SW | 81 89S *[Z02/90/82] U0 Akeiqi8uliuO A8|1M SBeyioliqiastBlS BAIUN Wepenoy AlsieAlun snuwses3 Aq 95812 € 0140/200T 0T/I0p/w0o" A3 1m Afe.q 1 jpul uo//:sdny wou) pepeojumod ‘0 ‘08612SST


http://www.omiq.ai
http://www.omiq.ai
http://www.omiq.ai

ROET ET AL.

(Figure S3A). Scatter plots (density) with 5 number levels and 0.4 per-

centile outliers were used to visualize the data.

2.6 | Data availability statement

The R-scripts used in this manuscript are publicly available at https://
github.com/MolecularCellBiologylmmunology/Autofluorescence-Wor
kflow. The FCS files used in this manuscript are publicly available at
http://flowrepository.org/id/FR-FCM-Z78C and are annotated in
Table S4.

3 | RESULTS

3.1 | Determination of all unique autofluorescence
subsets of cells using unbiased clustering

To correctly identify all autofluoresence spectra within a cell suspen-
sion for flow cytometric analysis, a workflow was created to identify
all autofluorescence clusters present in a sample, with each cell cluster
having its own unique autofluorescence spectrum (Figure 1A). First,
the spectral profile of an unstained sample was acquired. To take into
account autofluorescence induced during the preparation of the sam-
ple, the unstained sample had undergone the same wash-steps as the
full stained sample. Furthermore, to be able to identify all different
autofluorescence subsets, the same amount of events for the
unstained sample as for the full stained samples was acquired.

To visualize and verify the different steps of the workflow that is
presented in this paper, we used a freshly digested human lymph node
cell suspension enriched for CD45™ cells, as the lymph node contains
different cell types including CD45~ lymph node stromal cells, which
tend to have highly heterogeneous and bright autofluorescence signa-
tures. The signal intensities within the 64 detectors form a heteroge-
neous spectral profile in combination with high autofluorescence,
with signals up to 10° for the ultra-violet, violet, and blue lasers
(Figure 1B). The dimensional reduction Opt-SNE and clustering algo-
rithm PhenoGraph visualized and identified 28 clusters based on the
signals from the 64 different detectors (Figure 1C). Next, it is impor-
tant to identify which of these clusters are unique, that is, have auto-
fluorescence spectra that are different enough to be used by the
unmixing algorithm. The similarity matrix, which is a measurement
how closely spectra match, of all autofluorescence spectra is calcu-
lated in SpectroFIo® (Table S2) and the custom made R-script identi-
fied the unique spectra based on the ranking of the number of similar
spectra (S| >0.98), the sum of Sl per cluster and the MFI of the peak
emission channel, as described before [10]. For this human lymph
node cell suspension, eight unique autofluorescence clusters could be
identified (Figure 1D,E). The unique autofluorescence clusters have
spectral profiles with differences in brightness and with distinct nor-
malized spectra (Figure S1A). Furthermore, the unique clusters could
not all be distinguished based on FSC and SSC, but include clusters
with low SSC (clusters 4, 8, and 20), suggesting immune cells, a cluster
with low FSC (cluster 1), suggesting dead cells and clusters with
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intermediate to high SSC and FSC (clusters 13, 18, 19, and 21), sug-
gesting stromal cells (Figure S1B).

3.2 | Improved unmixing by addition of unique
autofluorescence spectra

Next, the identified unique autofluorescence spectra (Figure 1E) were
used for unmixing by adding them as separate autofluorescence signa-
tures in addition to the fluorochromes already present in the antibody
panel. The highest similarity between the autofluorescence spectra
and the fluorochromes is seen for BV605 and BV650, with similarity
indices up to 0.77 (Table S3). Unmixing with additional eight unique
autofluorescence spectra reduced the autofluorescence signal present
in the unstained and stained sample for different fluorochromes
(Figure 2A). This is observed for fluorochromes with peak emissions in
the highly autofluorescence violet channels (BV605, BV711, and
eFluor450), but also for fluorochromes with peak emissions overlap-
ping with secondary emission channels from other fluorochromes
(BV785 and PE-Cy7) or for fluorochromes with a peak emission in the
less autofluorescence red channel (AF647) (Figure 2A). The CD45"
population seen in the sample unmixed without autofluorescence
spectra (Figure 2A, first row), is reduced upon unmixing with eight
autofluorescence spectra (Figure 2A, second row), showing that some
signal within this population was created by autofluorescence and not
by true fluorochrome signal.

The addition of extra autofluorescence spectra to the unmixing
also resulted in lower resolution of the fluorochrome signal markers
(Figure 2A, second row). To improve the resolution of some
markers while still resolving autofluorescence, we removed the auto-
fluorescence spectra one by one from lowest to highest uniqueness
(Figure S2). For this human lymph node cell suspension, the eight
unique autofluorescence spectra could be reduced to five unique
autofluorescence spectra without increasing the autofluorescence sig-
nal (Figure 2A, third row). In contrast, when the unmixing was reduced
to four unique autofluorescence spectra, autofluorescence was again
detected (Figure 2A, fourth row). The reduction from eight to five
autofluorescence spectra during the unmixing especially improved the
resolution of the fluorochrome BV711 in this sample (Figure 2B).
After unmixing with five autofluorescence spectra, we performed
spillover correction using single stained controls, which reduced the
spread identified for some of the markers, especially PE-Cy7 versus
BV785 and BV711 versus BV605 (Figure 3).

3.3 | Unbiased autofluorescence finding is
beneficial for different types of samples

Identification of all unique autofluorescent spectra within a sample is
beneficial for the unmixing of samples with both different cell popula-
tions, as well as cells with high autofluorescence, as seen for the
human lymph node cell suspension (Figures 2,3). To test whether this
workflow is also valuable for spectral flow cytometry analysis of cells
with high autofluorescence in vitro, and for heterogeneous cell
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Identification of all unique autofluorescence spectra using dimension reduction and clustering. (A) Schematic representation of the

workflow and software needed to identify all unique autofluorescence spectra within an unstained sample that can be used for unmixing. (B) Raw
spectrum of an unstained human lymph node cell suspension acquired on Aurora 5 L. (C) Opt-SNE projection of all 28 autofluorescence clusters
of the unstained human lymph node cell suspension. The Opt-SNE and PhenoGraph clusters were analyzed based on all 64 raw fluorescence
detectors of the Aurora 5 L. (D) Spectra of the eight unique autofluorescence clusters of the unstained human lymph node cell suspension. The
unique autofluorescence clusters were determined using the Sl from SpectroFlo® and the R-script “SpectroFlo-Find-Unique-Spectra.” (E) Opt-
SNE projection of the eight unique autofluorescence clusters of the unstained human lymph node cell suspension. AF, autofluorescence; B, blue;
MFI, mean fluorescent intensity; R, red; UV, ultraviolet; V, violet; YG, yellow green. [Color figure can be viewed at wileyonlinelibrary.com] [Color

figure can be viewed at wileyonlinelibrary.com]

suspensions with low autofluorescence, we, respectively, analyzed
FRCs and PBMCs. FRCs have extremely high autofluorescence, with
signal up to 10° in the ultraviolet, violet, and blue channels and signal
up to 10° in the yellow-green and red channels (Figure 4A-i). Within
this sample of FRCs, six different unique autofluorescence spectra
were identified (Figure 4A-ii). Addition of these six autofluorescence
spectra to the unmixing reduced the autofluorescence signal from
unstained cells from 10* to around O into different fluorochromes,
including PE-Cy7 and BV785 (Figure 4A-iii). PBMCs have a heteroge-
neous spectral profile with autofluorescence signal up to 10* in the
ultraviolet, violet, and blue channels (Figure 4B-i). Within this sample,
four different unique autofluorescence spectra were identified
(Figure 4B-ii). Addition of these four unique spectra to the unmixing
reduced the autofluorescence signal in the unstained PBMCs in differ-
ent fluorochromes, including eFluor450 and BV605 (Figure 4B-iii).

3.4 | Unique autofluorescence spectra differ
between donor samples and within one cell type
over time

The addition of one predefined autofluorescence spectrum per cell
type has been shown to be beneficial for unmixing, for example, the
addition of the alveolar macrophage autofluorescence spectrum to
lung cell suspensions [17]. To identify whether this workflow can be
used to create a library of unique autofluorescence spectra per sam-
ple or cell type that can be used for the unmixing of new samples of
the same type, we compared the unique autofluorescence spectra
found in different unstained samples. The unique autofluorescence
spectra identified in lymph node cell suspensions of five different
donors, which were processed and acquired on different days, except
for donors three and four which were processed and acquired on the
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FIGURE 2 Unmixing of samples with or without the addition of autofluorescence spectra. (A) Scatter plots of the unstained lymph node cell

suspension (left) and stained viable lymph node cell suspension (right), enric

hed for CD45™ cells, after unmixing without autofluorescence

extraction (first row), with the eight unique autofluorescence spectra (second row), with a reduced number of unique autofluorescence spectra,

respectively, five (third row) and four (fourth row) autofluorescence spectra

. The spectra were reduced one by one from lowest to highest

uniqueness (Figure S2). (B) Histograms of the stained lymph node cell suspension after unmixing with eight (blue) or five (orange) unique
autofluorescence spectra. For all plots, the fluorochromes visualized have peak emissions in the highly autofluorescence violet channels (eF450,
BV605, and BV711), have peak emissions overlapping with secondary emission channels from other fluorochromes (BV785 and PE-Cy7), or have
a peak emission in the less autofluorescence red channel (AF647). AF, autofluorescence, BV, brilliant violet. [Color figure can be viewed at
wileyonlinelibrary.com] [Color figure can be viewed at wileyonlinelibrary.com]

same day, did not completely overlap between the donor samples
(Figure 4C). The observed differences were not related to the sex or
the age of the donor (age 16 versus 83, Table S1). Although some
unique spectra did overlap between all five donors, four out of five
donors also had unique autofluorescence spectra that were specific
for that donor sample (Figure 4C). A similar pattern is seen when
comparing the unique autofluorescence spectra identified from pas-
sage two until six of cultured FRCs from the same donor. Three out
of five passages had autofluorescence spectra overlapping with all
other passages (Figure 4D). However, they also contained unique
autofluorescence spectra that were not identified in other passages

(Figure 4D). These data show that unique autofluorescence spectra

differ between donor samples and within one cell type over time in
culture and that selecting predefined autofluorescence spectra per
cell type will not be sufficient to cover all autofluorescence within a

sample.

4 | DISCUSSION

Here we introduce an unbiased workflow for spectral flow cytometry
to identify autofluorescence signatures in a variety of samples con-
taining heterogeneous autofluorescence profiles. This method

improves signal-to-noise ratio in spectral flow cytometry data, but is
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also valuable for autofluorescence-based cell sorting. Our method
entails first the identification of all autofluorescence subsets using
dimensional reduction (Opt-SNE) and clustering (PhenoGraph), then
evaluation and selection of unique autofluorescence spectra based on
the similarity matrix, after which the autofluorescence signal is
extracted by adding them to the unmixing algorithm.

Recently, a workflow was published which also used dimensional
reduction to visualize different autofluorescence subsets, followed by
the manual selection of cells with the highest autofluorescence spec-
trum [17]. We have now improved this workflow by replacing the
manual gating with unbiased clustering and automated gating. The
advantage of unbiased clustering is that this will select all subsets with
unique autofluorescence spectra and not only the ones manually
selected.

It has been shown that the addition of only one or two autofluor-
escence spectra to the unmixing algorithm could improve signal-to-
noise ratios. For example, the addition of the autofluorescence spec-
trum of murine alveolar macrophages improved the unmixing of
murine lung cell suspensions [17]. Also, the addition of both the auto-
fluorescence spectra of lymphocytes and monocytes/neutrophils as
separate spectra improved the unmixing output of human PBMCs [20].
In our study, we showed that unmixing accuracy could be improved
by the addition of multiple autofluorescence spectra, demonstrating

the importance of identifying all different unique autofluorescence
spectra in a sample for the final analysis.

Besides the use of this workflow to improve signal-to-noise ratio,
the identified unique autofluorescence signatures can also be used as
a parameter on its own, when a proper and consistent sample prepa-
ration is performed. It has been shown that distinct autofluorescence
spectra can be used to identify different cell subsets, for example, to
distinguish hepatoblast-like cells and mature cholangiocytes within
murine fetal livers [21]. Moreover, autofluorescence can be used as
parameter for label-free sorting on conventional cell sorters, for
instance of senescent cells from mesenchymal stromal cell cul-
tures [22] or neutrophils from peripheral blood human granulo-
cytes [23]. Combining high-end spectral cell sorters and the workflow
presented in this paper could facilitate the sorting of different
(unknown) cell subtypes purely based on their autofluorescence pro-
file. Additionally, autofluorescence is a property of cells that reflects
diversity in intracellular composition that may be linked to functional
differences. It has been shown that the autofluorescence of human
lymph node stromal cells of rheumatoid arthritis patients was signifi-
cantly higher compared with healthy controls, which was in line with
other senescence hallmarks (including increased DNA damage and
lipofuscin positive granules), suggesting that autofluorescence con-
tributes to functional changes in rheumatoid arthritis [24]. This
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workflow can offer an enormous potential in future research to inves-
tigate metabolic and proteomic foundations of autofluorescence

properties.
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The workflow described in this paper is focused on the use of the
Aurora spectral flow cytometer and the accompanied SpectroFlo®

software from Cytek Biosciences. However, with the addition of some
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small adjustments this protocol can be used for different types of
spectral flow cytometers. To do so, it is necessary that the raw spec-
trum profile can be exported and that additional spectra can be added
to the unmixing algorithm. As the Cytek Similarity Index, which is a
metric developed by Cytek Biosciences, is exclusive for the Spectro-
Flo® software, a matrix of Pearson r correlations could also be used
for the identification of unique spectra when working with other soft-
ware. In our hands (data not shown) and as described before [17],
these two methods had an almost perfect linear correlation.

Some spectral flow cytometry software have incorporated a tool
to take the autofluorescence spectrum of a sample into account dur-
ing the unmixing. For example, the SpectroFlo® software can treat the
autofluorescence spectrum of the sample, defined by gating on
the cells of interest based on FSC and SSC, as a separate parameter
and extracts it from the fluorescence data, if desired [10]. This can be
used when the sample contains a single autofluorescence spectrum,
as this spectrum is extracted from all cells within the sample. How-
ever, this tool is not sufficient to reduce all autofluorescence in sam-
ples with heterogeneous autofluorescence profiles. As this tool
extracts the mean autofluorescence spectrum from a mixture of cells
with all different autofluorescence profiles, it would result in photons
from autofluorescence being wrongly assigned. This would impact the
resolution between the fluorochromes, making the analysis less sensi-
tive. Therefore, in a heterogeneous sample, it is necessary to identify
all different autofluorescence subsets to use them in the unmixing
algorithm.

The method described here is unbiased in identifying and select-
ing unique autofluorescence spectra. The only manual component
described in our workflow is the reduction of the number of added
autofluorescence spectra in the unmixing to improve the resolution of
some fluorochromes. To make this workflow totally unbiased, a tool
would need to be created that can evaluate the effectiveness of the
different combinations of autofluorescence spectra used for unmixing.
For example, by generating an unmixing score based on the signals for
all the different fluorochromes within the unstained sample, especially
by paying attention to the outliers and extreme negative values. This
can then be used to evaluate in an unbiased setting whether the
reduction of added autofluorescence spectra affects the unmixing
accuracy.

Remarkably, we showed that unique autofluorescence spectra are
present in similar tissue samples from different donors, including two

donors processed on the same day, and even within cultures of the

same cells over different passages. Therefore, we highlight that this
method should be performed with every new acquired sample, to
identify the unique autofluorescence spectra for that specific sample
at that specific time. However, when the same sample types are used,
an additional step can be added to the workflow to build an extensive
library of all unique spectra identified that could not be removed and
were thus necessary for correct unmixing accuracy. When enough
samples are acquired, these spectra can be evaluated to identify
whether there is a pattern of autofluorescence spectra that are always
needed for correct unmixing. These spectra can then be beneficial for
the unmixing of later experiments with the same sample types.
Although such a pattern was not present for the lymph node cell sus-
pensions and in vitro FRCs (Figure 4C,D), we hypothesize that such a
pattern might be present in other samples, depending on the sample
type, number of samples, preparation, and acquisition.

Besides the mathematical extraction of the autofluorescence sig-
nal after acquisition, reduction of the autofluorescence signal before
acquisition is often used in fluorescent microscopy [25-27]. Various
reagents have been described to quench autofluorescence signal. For
example, Sudan Black B has been shown to eliminate autofluores-
cence on both frozen and paraffin embedded sections of multiple tis-
sues [25,26]. We have explored whether these methods can also be
applicable for flow cytometric analysis. Unfortunately, we noticed that
Sudan Black B adds its own fluorescent spectrum to our flow cytome-
try samples, making it not useful for quenching autofluorescence in
spectral flow cytometry (unpublished observations). Another method
that has been described to reduce autofluorescence in microscopy is
photobleaching using UV light, which induces irreversible modifica-
tions of fluorochromes [27]. This method has also been described to
quench antibody-conjugated fluorochromes signal on live cells in sus-
pension. To minimize viability loss, constant cooling and anti-oxidants
are necessary to prevent reactive oxygen species from damaging
cells [28]. Antibody-conjugated fluorochromes can be photobleached
in 3-25 min. However, to quench autofluorescence a longer exposure
time is needed: 24 h to multiple days have been described for micros-
copy [27]. Because a long exposure time to UV light would kill live,
unfixed cells and quench fluorescent signals from antibody-conju-
gated fluorochromes, autofluorescence photobleaching could only be
used for flow cytometry on fixed, unstained samples. This reduces its
capacity as a general method to reduce autofluorescence in spectral
flow cytometry. Overall, reduction of the autofluorescence before
acquisition is not always feasible, and a simple way to get the best

FIGURE 4 Unbiased autofluorescence detection in different types of samples. (A) i. Raw spectrum of a sample of unstained human FRCs in
culture acquired on Aurora 5 L. ii. Opt-SNE projection of the six unique autofluorescence spectrum identified in this sample. iii. Scatter plots after
unmixing without autofluorescence or with the six unique autofluorescence spectra. (B) i. Raw spectrum of a sample of unstained human PBMCs
acquired on Aurora 5 L. ii. Opt-SNE projection of the four unique autofluorescence spectrum identified in this sample. iii. Scatter plots after
unmixing without autofluorescence or with the four unique autofluorescence spectra. (C) Count of the unique autofluorescence spectra in the
human lymph node cell suspension of five different donors, divided into sample-specific (red), overlap with multiple samples (blue), or overlap
with all samples (green). (D) Count of the unique autofluorescence spectra per passage of FRCs from the same donor in culture for five passages,
divided into sample-specific (red), overlap with multiple samples (blue), or overlap with all samples (green). AF, autofluorescence; B, blue; BV,
brilliant violet; FRC, fibroblastic reticular cell; P, passage; PBMCs, peripheral blood mononuclear cells; R, red; UV, ultraviolet; V, violet; YG, yellow
green. [Color figure can be viewed at wileyonlinelibrary.com] [Color figure can be viewed at wileyonlinelibrary.com]
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signal-to-noise ratio when working with autofluorescence samples is
to assign the fluorochromes used within the antibody panel on fore-
hand in such a way that they have the least overlap and interference
with the autofluorescence spectrum of the unstained cells.

A limitation of working with samples with a heterogeneous auto-
fluorescence profile is that these samples cannot be used as single
stain controls during unmixing. The rule for single stain controls is that
the positive and negative events should have the same autofluores-
cence [29]. In this article, we demonstrate that our sample does not
have a homogeneous autofluorescence profile and can therefore
not be used for single stain controls. Another rule for single stain con-
trols is that the positive signal should be as bright or brighter than in
the experimental sample [29]. Unfortunately, the positive signal on
the compensation beads used as single stain controls was sometimes
dimmer than in the experimental sample. This is an inherent limitation
of this study, but we tried our best to minimize the impact on our
work. We also tested SpectraComp beads (Slingshot), which could
have a higher fluorescence intensity, but we observed that these were
not always bright enough (Figure S4). For example, fluorescence
intensities up to 10° were identified for CD90 BV785 in the lymph
node cell suspension (Figure 2), while fluorescence intensities up to
3 x 10* on SpectraComp beads and 6 x 10* on UltraComp eBeads
were present for CD90 BV785 (Figure S4). More research into and
better reagents to optimized single stain controls are needed to go
further in this field.

To summarize, we here describe an improved, unbiased method
to identify and select all unique autofluorescence spectra using spec-
tral flow cytometry. Addition of these spectra to the unmixing algo-
rithm reduces the autofluorescence background and increases the
resolution to detect different fluorochromes. This workflow is benefi-
cial for spectral flow cytometry analysis of various types of samples,
including samples containing very high autofluorescence signal and/or

with a heterogeneous autofluorescence profile.
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