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Spectral flow cytometry has become a game changer in single-cell analysis within research. 
Early work in measuring cell fluorescence emission spectra led to the development of 
instruments with improved detection capabilities. These advances included the use of grat-
ing-based spectrometers, vidicon detectors, and later multi-anode photomultiplier tubes 
(PMTs), avalanche photodiodes (APDs), and charge-coupled device (CCD) arrays, which 
allowed the spectral characteristics of individual cells to be measured. Over time, spectral 
flow cytometry technology has progressed from a novel approach to a widely spread tool 
impacting single-cell evaluations.  

Spectral flow cytometry is swiftly gaining traction in industrial spheres to tackle challenges, 
like multicolor immunophenotyping providing processes and superior resolution compared 
to traditional approaches. This allows greater flexibility in dye selection for multicolor pan-
els and captures autofluorescence from highly fluorescent samples, which can be removed 
to enhance cell visualization and data analysis. Furthermore, spectral cytometers use a 
single optical configuration that supports various fluorochromes, reducing the risks of emis-
sion mismatch and the need for frequent filter changes typical of conventional cytometers. 
Additionally, they require fewer lasers, lowering costs and increasing data dimensionality.

APDs are less noisy, improving data clarity and resolution, and are 10 to 100 times more 
efficient over a wider range of wavelengths. Their compact size also allows for the integra-
tion of multiple channels into systems with minimal footprint. These advancements facili-
tate solutions for the differentiation of overlapping signals and precise assessment of both 
autofluorescence and external fluorescent markers. In addition, APDs are less expensive, 
making flow cytometers more affordable.

Cellular autofluorescence has long been considered an unwanted source of background in-
terference, masking signals from weak fluorophores and low abundance markers. Consider-
able efforts have been made to correct measurements by accounting for autofluorescence 
signals. Another perspective is that autofluorescence eventually contains rich information 
about the metabolic or functional state of the cell. Full spectrum flow cytometry (FSFC) 
provides an opportunity to evaluate the autofluorescent patterns as well as the exogenous 
fluorescent signals. FSFC provides more sensitive quantitative measurements by accurately 
accounting for various sources of background noise and autofluorescence [1].

This Article Collection begins with a research paper from Kharraz et al. [2] that introduces a 
novel methodology using FSFC to improve the resolution of myeloid markers in highly aut-
ofluorescent biological samples, by extracting multiple autofluorescences. As mentioned 
above, failure to adequately account for autofluorescence in mixed populations can lead to 
erroneous conclusions. This is particularly problematic in tissues with high levels of inflam-
mation. The results of this study highlight the potential of FSFC to improve the resolution 
and accuracy of analysis of highly autofluorescent cells, such as neutrophils, macrophages, 
and eosinophils. 

SpectroFlo software was used in this study as part of a detailed workflow to improve the 
resolution of the analysis by effectively managing autofluorescence (AF). The software 
provided a structured approach to handling complex spectral data, facilitating the effective 
separation of autofluorescence from specific fluorochrome signals. This semi-automated 
management of autofluorescence allows researchers to gain more precise insights into 
the phenotypic and functional characteristics of cell populations within complex biological 
samples. This advancement opens new opportunities for detailed immunophenotyping in 
areas such as tissue regeneration and inflammation, facilitating a broader understanding of 
cellular mechanisms and interactions. 

Our second publication from Kare et al. [3] addresses the challenge of comprehensive 
immunoprofiling in murine model systems which require advanced immunophenotyping 
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capabilities that can comprehensively analyze all major leukocyte populations. Existing 
methods have been limited by the complexity of panel design and the lack of murine-spe-
cific tools, preventing a complete understanding of immune dynamics across tissues and 
treatments. In this context, the study specifically addresses autofluorescence and the 
implementation of FSFC. These improvements help to effectively separate the fluorescent 
signal from background autofluorescence.

The development of the OMIP-095 40-color spectral flow cytometry panel addresses 
these challenges by providing a high-dimensional tool for in-depth immunophenotyping of 
murine lymphoid tissues. Autofluorescence extraction played a critical role in this study by 
enhancing the analytical capabilities of the 40-color spectral flow cytometry panel and by 
improving the clarity and accuracy of the data obtained. It allows the differentiation of leu-
kocyte subsets using a robust set of surface markers, eliminating the need for intracellular 
staining, and the potential of preserving the analyzed cells for downstream analyses when 
using a full spectrum sorter. This development represents a significant achievement in FSFC 
for murine immunophenotyping and has the potential to improve preclinical research and 
immunophenotyping panel design in the future. 

The third research publication presents a protocol for optimizing high-dimensional im-
munophenotyping with FSFC, developed by Ferrer-Font et al. [4]. This protocol addresses 
the challenges of managing heterogeneous autofluorescence of traditional flow cytome-
try methods in resolving and differentiating closely related fluorophores, which limits the 
depth and reliable experimental outcomes of immune system analysis. It further demon-
strates how the utilization of FSFC for panel optimization in high-dimensional immunophe-
notyping assays overcomes these limitations.  

The authors provide a comprehensive step-by-step protocol that guides the optimization 
process, from panel design to troubleshooting. This protocol covers the evaluation of spec-
tral reference controls, antibody titration, adjustment of instrument settings, management 
of heterogeneous autofluorescence, and evaluation of data quality. Overall, autofluores-
cence is an important consideration in the study protocols for optimizing the spectral flow 
cytometry panel, as it directly affects the clarity and accuracy of marker resolution and the 
overall quality of the data collected.

Our fourth study, published in 2022 by Farrand et al. [5] underscores the need for standard-
ized protocols for panel design and analysis, especially for ex vivo analysis, where tissue 
preparation methods must ensure that samples accurately reflect the in-situ state of the 
tissues. The study introduces optimized protocols for processing and phenotyping memory 
T cells and natural killer T (NKT) cell subsets from different tissues (liver, lung, spleen, lymph 
node) using FSFC. As previously mentioned, the use of FSFC enables easier characterization 
and extraction of autofluorescence in difficult-to-analyze tissues. 

A detailed 21-color antibody panel is presented for the identification of various memo-
ry subsets, including tissue-resident memory (TRM) T cells, which are known to play an 
important role in adaptive immunity. The protocol also highlights the sensitivity of certain 
cells, such as liver TRM cells, to processing conditions, advocating for quick processing 
to maintain cell integrity. It also describes the use of specific autofluorescence tags and 
autofluorescence extraction techniques to mitigate artifacts caused by autofluorescence. 
By providing standardized protocols and a comprehensive antibody panel for FSFC, the 
researchers enable more accurate and detailed analysis of memory T cells and NKT cell 
subsets in different tissues. 

The last study is a protocol for single-cell profiling of microglia that was recently published 
by Spiteri et al. [6]. Microglia, the primary immune cells of the central nervous system, play 
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a critical role in neuroinflammatory and neurodegenerative diseases. Understanding their 
function and identification in disease states is essential due to the increasing prevalence of 
neurodegenerative diseases with societal aging. However, the diagnosis and understand-
ing of those diseases have been hampered by limitations in the accurate identification 
and analysis of microglia. It has been observed that microglia-specific markers are often 
downregulated during inflammation, which may have an impact on the autofluorescence 
characteristics. Autofluorescence can obscure specific signals, compromising the resolution 
and accuracy of cell population analyses needed to identify and characterize neurological 
microglia.

To mitigate these issues, the authors recommend the use of autofluorescence extraction 
techniques. Using spectral cytometry-based technologies and FSFC provides an unprec-
edented depth of analysis for phenotyping microglia. Spectral cytometry has enhanced 
the ability to analyze microglial phenotypes by allowing the separation of microglia from 
monocyte-derived cells, offering improved marker resolution. The authors provide detailed 
protocols in this study for processing mouse brain tissue for microglia isolation and phe-
notyping, including steps for single-cell suspension preparation.,. This study represents a 
significant advance in neuropathologic disease research by introducing high-dimensional 
methods for single-cell microglial profiling.

Overall, advances in FSFC are set to address significant challenges in high-dimensional cell 
analysis, with a focus on improving marker resolution and overcoming cellular autofluo-
rescence for more accurate biological insights. FSFC can resolve autofluorescence issues 
by treating AF as a fluorochrome and separating it from the fluorochrome signal using its 
inherent ability to measure the entire fluorochrome emission spectrum across multiple 
lasers and detectors. This has broadened the scope and capability of cytometric analysis in 
biological research and clinical applications.

We hope that researchers will find this collection of articles useful in their pursuit of knowl-
edge about the latest developments in how spectral flow cytometry has revolutionized the 
handling of autofluorescence to improve assay resolution. In 2017, Cytek Biosciences intro-
duced Aurora to the flow cytometry community to further support scientific discovery. The 
Aurora allows users to build larger panels with fewer lasers, thanks to its emission optics 
design to overcome autofluorescence challenges. For more information, we encourage you 
to visit Cytek Biosciences to gain a deeper understanding of available options for improving 
your immunoprofiling process and available applications for FSFC. An Aurora spectral sorter 
is now available for phenotyping and sorting cells for subsequent assays.

Julian Renpenning, Ph.D. 
Scientific Editor

https://cytekbio.com/
https://cytekbio.com/pages/immunoprofiling-applications
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Abstract

Autofluorescence (AF) is an intrinsic characteristic of cells caused by the presence of

fluorescent biological compounds within the cell; these can include structural pro-

teins (e.g., collagen and elastin), cellular organelles, and metabolites (e.g., aromatic

amino acids). In flow cytometric studies, the presence of AF can lead to reduced

antigen and population resolution, as well as the presence of artifacts due to false

positive events. Here, we describe a methodology that uses the inherent ability of full

spectrum cytometry to treat AF as a fluorochrome and to thereby separate it from

the other fluorochromes of the assay. This method can be applied to complex

inflamed tissues; for instance, in regenerating skeletal muscle we have developed a

16-color panel targeting highly autofluorescent myeloid cells. This represents a first

step toward overcoming technological limitations in flow cytometry due to AF.

K E YWORD S

antigen resolution, Aurora, full spectrum, macrophages, skeletal muscle, tissue regeneration

1 | INTRODUCTION

The inflammatory response initiated by different immune cell types is

critical to mediate tissue repair after injury [1]. Although conventional

histological methods allow cells within a tissue to be identified and

spatially localized, their ability to analyze the full array of phenotypic

cell populations and activation states is limited. This constraint can be

overcome by using alternative methods, such as flow cytometry, a

technique that enables a more in-depth characterization of individual

cell populations using multiple surface markers and intracellular pro-

teins. This application also allows cell populations to be sorted and

used for further studies.

An important drawback of using flow cytometry for complex tis-

sue samples with high levels of inflammation is the presence of high

levels of autofluorescence (AF) of varied spectral output from the con-

stituent cell fractions. This can make it difficult for conventional flow

cytometry to appropriately assign photons to a particular dye conju-

gate or the cell background, thus decreasing the signal-to-noise ratio

and leading to a loss in antigen resolution. The failure to adequately

account for the impacts of AF can result in erroneous conclusions

[2–4]. Current flow cytometry protocols to reduce the impact of AF in

complex tissue samples represent an imperfect solution at best [5–7].

The differences in lineages, activation, and differentiation states of

cell fractions in inflamed tissues increase the variance of the cellular

constituents, thereby escalating the complexity of the AF and compli-

cating the application of current AF management techniques in flow

cytometry.

Skeletal muscle shows a remarkable capacity to regenerate after

injury and is easily amenable for experimental manipulation [8],

making it a particularly appropriate model for assessing the role of

inflammation in tissue repair. During regeneration, skeletal muscle

undergoes a series of tightly regulated steps that require the coordi-

nation of stem cells with several muscle-resident and blood-derived

cell populations to restore tissue homeostasis [9]. The hematopoietic

system has an essential contribution in this process [10–15]. In partic-

ular, the monocyte–macrophage lineage has a critical function,
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exemplified by a complete failure of regeneration in injured skeletal

muscle of monocyte-depleted mice [16]. Monocytes and macrophages

play major roles in phagocytosing tissue debris, contributing to tran-

sient matrix support [17] and providing pro-myogenic growth factors

and cytokines [18]. Macrophages are highly plastic and change their

phenotype quickly in response to different microenvironment cues

[1]. For that reason, phenotypical classification of these cells has been

controversial over the decades [19], with in vivo profiles that do not

match the ones observed in in vitro paradigms. Therefore, under-

standing the nature and role of each macrophage fraction in tissue

regeneration requires using high-dimensional analysis tools to better

capture the complexity of this cell lineage.

Despite the advent of new conventional cytometers that enable

the simultaneous measurement of up to 30 parameters, there is no

study on the role of macrophages in muscle regeneration that have

used flow cytometry to detect more than 10 antigens. This can be

attributed at least in part to the complexity introduced by AF, which

impedes using certain fluorochromes due to the high AF emission at

certain wavelengths. Indeed, macrophages produce collagen [17] and

express NADPH [20], two highly autofluorescent cellular components

that emit mostly in the short wavelength range [21, 22]. In addition,

they also take up iron-containing molecules through their expression

of CD163 [23]. Iron is then incorporated and stored for further

recycling into heme [24], a protein complex that strongly emits in the

red and infrared region of the spectrum. Thus, the AF features of mac-

rophages within tissue can vary greatly depending on the activation

status and function of the macrophages, with their cellular compo-

nents emitting across the whole spectrum. Consequently, macrophage

AF can potentially interfere with any fluorochrome used in cytometric

assays and can therefore compromise the detection of low-density

antigens that might be crucial for their identification and classification.

This is one of the key reasons why the myeloid compartment has

been incompletely characterized by flow cytometry in the context of

the inflamed skeletal muscle.

Full spectrum cytometry uses single-stained controls to provide

pure spectral signatures of fluorophores as references to an algorithm,

which then calculates the contribution of photons from each fluo-

rophore to the signal of the multicolor tube captured across a detector

array, a process named spectral unmixing [25]. Because the full

spectrum of all cellular AF present in a sample from a given tissue is

captured, AF can be isolated and treated as any other fluorochrome

within the assay. As with a fluorochrome, it is imperative to use a

reference control matching the AF of the cells present in the multi-

color sample to accurately reassign the photons to this new

autofluorescence parameter during the unmixing process. Because

the AF emitted by one cell is the product of the emission spectra of

several cellular components with different optical properties and vary-

ing concentrations, isolating the AF of a cell population involves work-

ing with a combined spectral signature that is the mean of a

continuum of slightly different AF spectra.

Here, we describe a methodology in which the multiple AF spec-

tra present in a cell sample are treated in a comparable fashion as the

fluorochrome conjugates included in the assay using a full spectrum

cytometer. The purpose of this procedure is to capture as many

different AF spectra as possible from the unstained sample. These AF

spectra are then used in the unmixing algorithm to accurately assign

AF produced photons to newly derived AF parameters instead of

being misassigned as photons derived from the exogenous fluoro-

chromes on our antibody (Ab) conjugates for a given particle. A simpli-

fied model of a highly autofluorescent sample was first created by

mimicking AF on compensation beads using fluorochrome-conjugated

antibodies, whose emissions were tailored to imitate the AF emission

of biological material. These particles were then used to assess and

refine an approach to best manage the AF before evaluating this

approach on biological models.

2 | MATERIAL AND METHODS

2.1 | Animals

8- to 12-week-old male C57BL/6J mice were used. Each animal pro-

cedure used in this work was supervised by the Ethical Committee of

Animal Experimentation of the PRBB (CEEA-PRBB) and has been pre-

viously authorized by the corresponding Catalan committee, the

Section for the Domestic Animal Protection, General Direction of

Environmental and Nature Politics, Department of Territory and

Sustainability.

2.2 | Induction of muscle regeneration

Mice were anesthetized with ketamine and xylazine (80:10 mg/kg,

intraperitoneally). Regeneration of skeletal muscle was induced by

intramuscular injection of cardiotoxin (CTX, Latoxan; 10�5 M) in the

tibialis anterior muscle of the mice as described previously [34]. At

3 days post-injury, mice were euthanized, and the tibialis anterior

muscle was collected and prepared for flow cytometric analysis.

2.3 | Cell suspension preparation for analysis by
flow cytometry

Muscles were mechanically disaggregated and dissociated in Ham's F10

medium containing Liberase (0.1 mg/g muscle weight; Roche®, 5 mg/mL)

at 37�C for 2 h, then successively filtered on 70 and 40 μm nylon filter.

Cell suspensions were extensively washed with PBS before being incu-

bated in lysis buffer (BD Pharm Lyse™) for 10 min on ice, re-suspended

in PBS with 1% fetal bovine serum (FBS) and counted. Cells were

resuspended at 1 � 106 cells in 100 μl. Fc receptors were first blocked

for 10 min on ice with mouse BD Fc Block™ (BD Biosciences®). 5 μl of

True-Stain Monocyte Blocker™ (Biolegend®) and 10 μl of Brilliant Stain

Buffer Plus (BD Biosciences®) were then added to the cell suspension.

A first staining step with PE-Cy7-conjugated anti-MertK

(Thermofisher®) for 15 min on ice was necessary to cleanly stain mac-

rophages. A mix of the following antibodies was then added to the cell
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suspension for 30 additional min on ice: eFluor 450-conjugated anti-

CD11b (Thermofisher®), BV570-conjugated anti-Ly6C (Biolegend®),

BV605-conjugated anti-CD115 (Biolegend®), BV650-conjugated anti-

Siglec-F (BD Biosciences®), BV711-conjugated anti-CX3CR1

(Biolegend®), BV785-conjugated anti-F4/80 (Biolegend®), VioBright

FITC-conjugated anti-MHCII (Miltenyi), Spark Blue 550-conjugated anti-

Ly6G (Biolegend®), PercP-conjugated anti-CD45 (Biolegend®), PE-

conjugated anti-CD163 (Biolegend®), PE-Dazzle 594-conjugated anti

CD169 (Biolegend®), PE-Cy5-conjugated anti-CD11c (Thermofisher®),

Alexa Fluor 700-conjugated anti-CD3 (Biolegend®), Alexa Fluor

700-conjugated anti-NK1.1 (Biolegend®), Alexa Fluor 700-conjugated

anti-CD19 (Biolegend®), APC-eFluor 780-conjugated anti-CD64

(Thermofisher®). Cells were then washed and resuspended in 300 μl PBS

with 1% FBS. DAPI was added at a final concentration of 10 ng/mL for

5 min before the acquisition of the samples to mark dead cells. All sam-

ples were acquired on a Cytek Aurora® 4 laser (V, B, YG, & R configura-

tion) full spectrum cytometer. Acquisition, spectral unmixing, and analysis

were performed using Cytek SpectroFlo® V3.0.1 software.

2.4 | Generation of artificial autofluorescence

UltraComp eBeads™ (Thermofisher®) were stained with the following

antibodies to emulate autofluorescence: Alexa Fluor 532-conjugated

anti-human CD4 (Thermofisher®), Alexa Fluor 647-conjugated anti-

human CD28 (Biolegend®), BV480-conjugated anti-human CD27

(BD Biosciences®). Briefly, stock solutions of antibodies were first

diluted at 1-to-100 before being added to 10 different mix cocktails

at varied volumes. Volumes of diluted stock solutions are indicated in

μl in Table S1. The 10 mix cocktails were then used separately to stain

10 tubes of beads in PBS with 1% FBS for 10 min at room tempera-

ture. Beads were extensively washed and pooled together to generate

a population of beads bearing 10 different artificial AFs.

2.5 | Staining of beads bearing artificial AF

BV510-conjugated anti-mouse CD3 (Biolegend®), BV785-conjugated

anti-mouse F4/80 (Biolegend®), FITC-conjugated anti-mouse CD45

(BD Biosciences®), PE-conjugated anti-mouse CD163 (Biolegend®),

and Alexa Fluor 700-conjugated anti-mouse CD3 (Biolegend®) were

used to stain separately five tubes of beads bearing artificial AF for

10 min at room temperature (0.25 μg/test). Beads were then washed

extensively before being pooled to generate the multicolor tube.

2.6 | Data analysis

All data were analyzed using SpectroFlo® 3.0.1 (Cytek® Biosciences

Inc., Fremont, California) or OMIQ® (OMIQ® Inc). When side-by-side

comparisons of dot plots were required to assess unmixing quality, bi-

exponential scales were manually set with the same values to avoid

any scaling artifacts.

2.7 | Statistical analysis

Data were analyzed using GraphPad Prism® 8 (GraphPad® Software).

Individual values were plotted as scattered plot with mean and

standard deviation displayed on the graph. Mann–Whitney test was

performed to compare between two groups. P-value smaller than

0.05 was considered as significant.

3 | RESULTS

3.1 | Bead-based model as a proof of concept

To refine and validate the use of multiple AF as fluorochrome tags, a

five-color panel was developed including BV510, BV785, FITC, PE,

and Alexa Fluor 700 as reporter labels using universal anti-IgG conju-

gated beads bearing artificial AF. Artificial AF spectra were generated

on compensation beads using a combination of fluorochromes, includ-

ing those that have spectral profiles overlapping the emission ranges

of the reporter labels used in the assay, to emulate how the artificial

AF would impact their resolution in a multicolor (MC) sample

(Figure S1A). To achieve this, 10 different mix cocktails with varied

low concentrations of BV480-, Alexa Fluor 532-, or Alexa Fluor

647-conjugated antibodies were prepared to separately stain 10 tubes

of beads (Table S1A). This allowed us to generate bead populations

with very close, but unique, autofluorescence spectral signatures

(Figure S1B). After staining, the beads were extensively washed and

pooled into an individual tube to be acquired as a single sample. This

resulted in a bead population with a continuum of AFs approximating

those observed in highly autofluorescent biological samples. From this

point onwards, this control will be referred to as unlabeled beads with

artificial AF. The unlabeled beads without artificial AF are defined as

being the same beads without BV480, Alexa Fluor 532, and Alexa

Fluor 647 staining. In this model, the fluorochromes used to emulate

AF highly overlap with some of the reporter labels incorporated to

model antigen (Ag) recognition (BV510, FITC, and Alexa Fluor

700, respectively) while their spectra should affect BV785 and PE res-

olution to a lesser extent. Half of the unlabeled beads with artificial

AF were kept untouched for use as an unstained population, while the

other half was distributed into five tubes and stained separately with

the reporter labels. These were then washed and pooled back

together alongside the unlabeled beads with artificial AF only, before

being acquired.

Following sample acquisition, four unmixing strategies were

implemented (Figure 1A):

• Strategy 1: Default unmixing in SpectroFlo® (without AF Extrac-

tion) using the ordinary least squared (OLS) algorithm: the most

negative particles (the unlabeled beads with no artificial AF) were

used as the unstained control. The five reporter labels were used

as single stained reference controls for spillover calculation.

• Strategy 2: Default unmixing in SpectroFlo® (with single AF Extrac-

tion) using the OLS algorithm: the unlabeled beads with artificial
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F IGURE 1 Legend on next page.
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AF were used as the unstained control for the AF extraction. The

five reporter labels were used as single stained reference controls

for spillover calculation. Unmixing in this manor would assign pho-

tons coming from the single AF spectrum to its own unique

parameter.

• Strategy 3: Unmixing with multiple AF as fluorochrome tags using

the OLS algorithm: the most negative particles (the unlabeled

beads with no artificial AF) were used as the unstained control. Dif-

ferent AF spectra were identified and isolated from the unlabeled

beads with artificial AF. These were then introduced into the

experiment alongside the five reporter labels as single stained ref-

erence controls for spillover calculation. Unmixing in this manor

would assign photons coming from each of the AF spectra to their

own unique parameters.

• Strategy 4: Experiment control using the OLS algorithm: the most

negative particle (the unlabeled beads with no artificial AF) were

used as the unstained control. The five reporter labels plus the

three fluorochromes used to mimic the AF were separately used as

single stained reference controls for spillover calculation. This

strategy demonstrates the optimum unmixing based on providing

the algorithm with the best possible, “pure”, spectra for each of

the fluorochrome constituents used to generate the artificial AF.

For strategy 3, it was necessary to first identify, characterize, and

extract all the observable spectra found within the unlabeled beads

with artificial AF. For this, we examined the signal emitted by our arti-

ficially derived autofluorescent particles in all 48 detectors of the sys-

tem. Here we compared all parameter permutations as bimodal plots,

to identify the combination that best separated all the differing AF

spectral signatures present within the sample. Each population was

independently gated and exported as a derived FCS file containing

the pure spectra for these populations. The gating strategy was set

with Boolean gates using the NOT operator to avoid capturing the

same bead population multiple times (Figure S1C). Through this pro-

cess, the whole bead population could be divided into 13 subpopula-

tions. The identification of 13 AF signatures in this process rather

than 10 (three more than the 10 artificial AF that were assigned to

the compensation beads) is likely to be attributed to the potential

duplication of some spectra due to the manual identification and

extraction of all the different populations. To refine and evaluate the

uniqueness of the 13 AF spectral signatures and to remove duplicates,

we utilized the QC Controls tool within the unmixing wizard of Spe-

ctroFlo® with a specific focus on the Similarity™ Index.

The Similarity™ Index tool within the SpectroFlo® software has

been developed by Cytek® Biosciences to determine the degree of

similarity, and the ability to mathematically distinguish one spectrum

from another, based on the spectral uniqueness of a given pair of sig-

natures. It ranges from 0 to 1 and quantifies how close two spectral

signatures are to each other. For instance, two spectral signatures

with no spectral overlap, such as BUV395 and APC, have a similarity

of 0, while fluorochromes that strongly overlap, such as BB515 and

FITC, have a similarity of 0.98, which is considered as a threshold;

above this, two spectral signatures cannot be separated by the

unmixing algorithm and therefore are considered not to be

compatible.

To incorporate these multiple AF into our unmixing assessment,

all AF spectral signatures must be introduced into the software as sin-

gle stained controls in a comparable way to exogenous fluorochromes.

Thus (as for any single stained control used in flow cytometry), using

AF as a fluorochrome tag requires an appropriate negative population

that matches the AF of the particle bearing the spectral signature of

the considered fluorophore. In our study, as we were working with

the AF itself, we needed to derive a negative control with extremely

low AF, as close as possible to that of the detector background noise;

for this, we used unlabeled beads without AF (Figure S1D).

Once the AF spectral signatures were reintroduced in the Spe-

ctroFlo® software as reference controls, the unmixing wizard provided

an easy workflow to access the similarity matrix containing the simi-

larity indices of each reference control paired two-by-two. This facili-

tates the identification of identical spectral signatures with a

Similarity™ Index (SI) above 0.98. The determination of impactful AF

spectra to be incorporated into the unmixing process for use in our

end analysis was performed as a three-step process:

1. All extracted spectra were ranked based on their equivalency in

spectral signature for each AF pairing based on the SI matrix

(Figure S1E). We then selected the AF with the lowest number of

equivalent spectral signatures. This was followed by selecting,

F IGURE 1 (A) Unmixing strategies used to resolve reporter labels. For all the strategies, single stained beads for the five reporter labels were
used as reference controls, and the multicolor sample (MC) is always the same: beads with artificial autofluorescence (AF) stained with five
reporter labels (BV510, BV785, FITC, PE, and Alexa Fluor 700). Strategy 1: unlabeled beads without artificial AF were used as the unstained
control. Unmixing was performed without AF extraction. Strategy 2: unlabeled beads with artificial AF were used as the unstained control.
Unmixing was performed with AF extraction. Strategy 3: unlabeled beads without artificial AF were used as the unstained control. Additionally,
distinct AF spectra manually isolated from the population of unlabeled beads with artificial AF were used as reference controls. Unmixing was

performed without AF extraction. Strategy 4: unlabeled beads without artificial AF were used as the unstained control. Single stained beads for
the three fluorochromes used to mimic AF (BV480, Alexa Fluor 532, and Alexa Fluor 647) were used as reference controls. Unmixing was
performed without AF extraction. As this strategy uses the pure spectra for each of the constituent dyes (reporter and artificial AF) it provides
more accurate and complete information to unmix the different spectra present in the multicolor tube allowing for optimal unmixing, it was used
as experimental control. (B) Normalized spectral signature overlays of the six artificial AFs used along with the single stained reference controls
for the label reporters to unmix as described for strategy 3. (C) Comparing the results for each unmixing strategy, strategy 3 is the most similar to
the experiment control (strategy 4).
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sequentially, the next AF with the next lowest number of equiva-

lent signatures and repeating this process until we vetted the

uniqueness of each AF (Figure S1F).

2. When two AF spectra had a SI above 0.98 (therefore are virtually

identical) and the same number of equivalent signatures, bright-

ness was then considered as an additional selection criterion. In

these circumstances we selected the AF with the highest median

fluorescent intensity (MFI) in its primary peak detector as those

AFs share the same primary detector. Of the AF spectra pool

selected in this and the previous step, we reintroduced these AF

spectra as fluorochrome tags into an experiment alongside the sin-

gle stained reference controls for the reporter labels. The unmixing

quality was then evaluated by comparing data resolution with the

experimental control (strategy 4).

3. As a supplementary step, through an incremental process, we

eliminated the dimmest AF spectra from the experiment and per-

formed a visual assessment of the unmixing quality by comparing

the reporter labels' resolution with the experimental control (strat-

egy 4). This process was then repeated until the AF spectra

selected stopped providing a comparable outcome in unmixing

quality and resolution to that of the experimental control.

It is important to note that the first two AF vetting steps reduced

the pool of spectra to be used as AF tags to 6: AF2, AF5, AF6, AF7,

AF8, and AF11 (Figure 1B). The selected AFs were then used as refer-

ence controls along with the single stained controls for the reporter

labels BV510, BV785, FITC, PE, and Alexa Fluor 700 to unmix the

data as described for strategy 3. Unmixing strategies 1, 2, and 3 were

then assessed by comparing reporter label resolution and unmixing

quality with the experimental control (strategy 4).

As expected, the default unmixing with no AF extraction (strategy

1) showed a substantial loss of resolution, especially in the BV510 and

Alexa Fluor 700 channels (Figure 1C, strategy 1, column 4), when

compared to the experiment controls (Figure 1C, unmixing strategy

4, column 4). The loss in resolution was most clearly visualized in the

Alexa Fluor 700 parameter as a complete merging of the two dimmest

populations with the artificial AF of the unstained population. This

correlates with our expectation that BV510 and Alexa Fluor

700 would be the reporter labels most affected by the artificial AF

generated from BV480 and Alexa Fluor 647 staining, respectively, due

to their highly overlapping emission spectra. On the other hand,

despite substantial overlap between the FITC reporter label and Alexa

Fluor 532 (composing the artificial AF), we observed only a minor det-

rimental impact on FITC resolution. This can be attributed to the dim-

ness of Alexa Fluor 532, which results in less photon contribution

from this AF into the FITC emission wavelength range. Treating the

whole artificial AF as if it was unique had a poor outcome as default

unmixing with a single AF extraction led to a strong distortion of the

data that generated super-negative MFI in the BV510 and FITC

reporter label parameters (Figure 1C, strategy 2). Unmixing with multi-

ple AF as fluorochrome tags (Figure 1C, strategy 3) was very similar to

the experiment control and exhibited few variations regarding the

position and resolution of each population. This occurred despite our

inability to isolate the 10-bead populations originally used to generate

the artificial AF due to the high similarity of some of the AF spectra in

the beads with artificial AF. Thus, it demonstrates that even when

dealing with the most extreme disparate spectra and brightness, this

approach can better resolve populations and achieve results with a

high degree of parity to those of the experimental control (Figure 1C,

strategy 3 vs. strategy 4).

These data show that unmixing using these six AF tags lead to a

resolution very close to that of the experimental control (strategy 4).

However, it did not allow us to determine if all six AFs had an equal

impact in strategy 3, or, if by removing more AFs we could further

improve the resolution. Therefore, in compliance with step 3, we

decided to reduce the number of AFs used as fluorochrome tags by

iteratively removing AFs one by one. This was implemented through

removing the AF with the lowest MFI in its peak channel and observ-

ing the impact on unmixing quality and resolution relative to the

experimental control. As shown in (Figure S1G), it was found that the

two dimmest spectra (AF7 and AF11) could be removed bringing the

resolution even closer to that of the experimental control (strategy 4)

through small improvements in the BV510 and FITC parameters.

Although we could continue this process by further reducing the AF

included to three AFs, it was observed that this did not have any det-

rimental or positive effects on data visualization. Reducing the AFs

beyond this point with the inclusion of only two AFs, resulted in an

unacceptable loss in data resolution and unmixing quality of the MC

sample. At present, we have not yet defined a threshold MFI value for

the selection of what AFs to include in strategy three from the vetting

process. We believe this threshold is multi-factorial, and consider-

ations require a broader range of controlled testing to establish all the

impactful factors. This means that currently we are using imprecise

criteria to remove unique but unnecessary AF whose presence could

increase the potential spread within the unmixed MC sample and

decrease resolution.

Overall, comparing the unmixing strategies, this model shows that

using multiple AFs as fluorochrome tags in a sample with a defined,

but highly varied AF, provides a robust account of the AF with better

antigen resolution than that observed with unmixing strategies 1 and

2. Notably, it suggests that effective unmixing of the complex

unstained bead AF spectra does not require the use of all of the AF

populations, but rather just those spectra whose exclusion exerts the

most negative impact on data resolution in the panel. This is deter-

mined based upon the degree of spectral dissimilarity to one another,

their brightness, and the distribution of this brightness between each

bead particle.

3.2 | Five-color panel to analyze macrophage
infiltration into injured skeletal muscle

We used skeletal muscle injury to explore the efficacy of the method-

ology of using multiple AFs as tags in complex biological samples.

Acutely injured muscle is of particular interest, as it is massively infil-

trated by inflammatory cells and demonstrates varied and high AF,
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when compared to other tissues (such as the myeloid cells from

steady state spleen), with most of the AF being emitted following

excitation by the violet and blue lasers (Figure S2A). The nature of the

injury and the regeneration of the tissue results in highly dynamic

changes in the AF spectra present over time. This is determined by

the differential in types and activation states of the cells present in

the tissue at a given time point. Based on the potential variation of AF

by sampling tissue at different time points post-injury, we chose a sin-

gle time point for all donor mice to minimize this variation. Skeletal

muscle at 3 days post-injury was chosen as it is an inflection point in

the progression of muscle regeneration. At this point, monocytes start

differentiating toward a macrophage phenotype while eosinophils and

neutrophils are still present, albeit at a lower frequency than during

the prior post-injury stages. This ensured that cells from each myeloid

subpopulation could be captured.

To evaluate the robustness and efficacy of the unmixing with

multiple AF as fluorochrome tags strategy in highly complex heter-

ogenous tissue with bright AF, we used a small five-color panel. This

approach maximally reduces any data spreading that could be attrib-

uted to overlap between spectrally close fluorochromes, thereby all-

owing the impact of complex AF to be more cleanly assessed. The

first three unmixing strategies used in the previous bead-based

model were compared in the murine injured skeletal muscle model

to assess their performance. Performance was determined by the

antigen- (Ag) specific marker label's resolution, unmixing quality,

and the frequency of immune subsets identified based on gating

from the FMO controls. Unlike with the bead-based model, we were

not able to set an experimental control listed as strategy 4 in the

bead-based model, as it is impossible to have single stain reference

controls for all the individual cellular compounds that compose a

cell's AF.

To appropriately unmix any unique AF spectrum present in the

MC tube, it was essential to identify the dimmest possible spectrum

present in the unstained sample. This spectrum would closely reflect

the background signal on all 48 fluorescent detectors of the acquisi-

tion system and would be defined as the unstained control. This

would ensure that as many photons as possible could be assigned

appropriately to the relevant AF defined as a fluorochrome tag and

not to the background detector noise. This background signal was

obtained by gating on the events having the lowest possible signal in

the detector V7 and B3 as those are the two detectors with the

highest AF signal. They were then extracted as a new FCS file to be

used as the unstained control (Figure S2B).

Three unmixing strategies were assessed for unmixing accuracy:

• Strategy 1: Default unmixing in SpectroFlo® (without AF Extrac-

tion) using the OLS algorithm: the lowest intensity spectrum in the

unstained disaggregated skeletal muscle sample that most closely

reflected the background detector signal noise for all 48 fluores-

cence detectors was used as the reference group unstained control

(Figure S2B). Single stained reference controls were all acquired

with UltraComp eBeads™ for the five Ag-specific marker labels and

used for spillover calculation.

• Strategy 2: Default unmixing in SpectroFlo® (with single AF Extrac-

tion) using the OLS algorithm: unstained, disaggregated skeletal

muscle was broadly gated based on scatter to be used as the refer-

ence group unstained control (Figure S2B). Single stained reference

controls were all acquired with UltraComp eBeads™ for the five

Ag-specific marker labels and used for spillover calculation.

Unmixing in this manor would assign photons coming from the sin-

gle AF spectrum based on the broad scatter gate to its own

parameter.

• Strategy 3: Unmixing with multiple AF as fluorochrome tags using

the OLS algorithm: the lowest intensity spectra in the unstained

disaggregated skeletal muscle sample that most closely reflected

the background detector signal noise for all 48 fluorescence detec-

tors was used as the reference group unstained control

(Figure S2B). Distinct AF spectra were identified and isolated from

the unstained sample then introduced into the experiment along-

side the single stained reference control for the five marker labels

and used for spillover calculation. Unmixing in this manor would

assign photons coming from each of the AF spectra to their own

parameters.

For strategy 3, it was necessary to first identify, characterize and

extract all the observable spectra found within the unstained sample.

As with the bead-based model this was carried out by assessing all

parameter permutations as bimodal plots and identifying the best

bimodal pairings to separate the distinct AF spectral signatures pre-

sent in the unstained sample. Each population was independently

gated, and then exported as an FCS file using a Boolean gating NOT

operator to minimize spectra duplications until all spectra present had

been captured (Figure S2C, step 1). This process was then followed by

a further “purification” step: each spectrum was imported back into a

new experiment to identify any potential contamination by another

spectra. These contaminations are reflected by a high degree of signal

intensity variation in some detectors of the system. Where two or

more populations were observed, these were then independently

gated on and exported as new AF spectra FCS files (Figure S2C, step

2). In this manor, we oversampled the spectra present in the unstained

sample but ensured that those taken forwards are as pure as possible

with the knowledge that any duplicated AF spectrum would be

removed in the vetting process. Following this, we then imported the

AF spectra FCS files into a new experiment and used the SI matrix to

qualify the different AFs as described previously (Figure S2D). This led

us to take forward five AFs (AF1, AF4, AF7, AF9, and AF11) with

unique spectra and a low degree of equivalency based on their

SI. Each signature corresponded to populations with different mor-

phological features, as visualized by plotting forward scatter (FSC)

against side scatter (SSC) (Figure 2A). Overlays of the normalized AF

spectra show the differences in AF between subpopulations

(Figure 2B). These five spectra were then reintroduced as fluoro-

chrome tags along with the single stained reference controls for the

marker labels included in the assay.

As in step 3 of the bead-based model, for the determination of

those AF spectra critical for optimal unmixing to be incorporated in
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unmixing strategy 3, we assessed the unmixing quality using the five

selected AFs listed above and then incrementally removed the AFs.

These were removed sequentially starting with the spectrum with the

dimmest signal on its primary peak detector and then moved to the

next dimmest spectrum until there was a loss in the unmixing quality

and reporter label resolution. Because we did not have an experimen-

tal control as a reference, it was necessary to assess the quality of the

unmixing by evaluating the mitigation of spread and the improved res-

olution, and by using our knowledge of the tissue biology. This third

and final selection step is the most complicated to apply as it relies on

a subjective manual assessment of the unmixing quality. Through this

process, we were able to reduce the number of AF spectra used as

tags in the unmixing from 5 to 4. This was achieved by removing

AF11, as it had the lowest MFI output in its peak detector, which

resulted in no detrimental effects on the unmixing quality and Ag

resolution (Figure S2E). This suggests that although the AF11 spec-

trum was unique, it was not impactful in this experiment. We were

able to further reduce the AF spectra included in the unmixing to

three AF tags with only minor, but potentially acceptable, reduction in

the data resolution by the removal of either AF9 or AF7 (dimmest AF

and next dimmest AF, respectively). Removing any further AF tags

from the unmixing resulted in an unacceptable loss in Ag resolution

and unmixing quality (Figure S2E). This indicated that, in this specific

context, step 3 for the determination of critical AF spectra to be incor-

porated into the unmixing process, identified only one spectrum

whose removal neither beneficially nor detrimentally affected data

resolution. Consequently, we decided to use all the five AF spectra to

compare strategy 3 with strategy 1 and 2.

This panel focused predominantly on macrophages, which we

broadly defined as CD45+, CD11b+, and F4/80+. Doublets and dead

F IGURE 2 (A) Spectral signatures of the distinct AFs extracted from unstained mouse skeletal muscle 3 days post-injury. FSC versus SSC dot
plot of the corresponding subpopulation is shown alongside each signature. (B) Normalized spectral signature overlays of the five AF used along
with the fluorochrome single stained reference controls to unmix as described for strategy 3. (C) Five-color panel: after gating out doublets and
DAPI+ dead cells, macrophages were defined as CD45+ CD11b+ F4/80+ MertK+. For each unmixing strategy, the MertK+ gate was set using the
FMO control and adjusted to account for false positive events due to high AF. (D) Quantification of macrophages based on their co-expression of
F4/80 and MertK for the three unmixing strategies. Experiment performed in triplicate with n = 6. Statistical significance: Mann–Whitney test
(*p < 0.05; **p < 0.005)
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cells positive for DAPI were excluded from subsequent analysis. Mac-

rophages were further characterized based on their expression of

MertK, a low-density antigen that is essential for macrophage phago-

cytic activity in both heart and injured skeletal muscles [26, 27]. To

detect MertK, PE-Dazzle 594, a bright fluorochrome with an emission

spectrum far enough away from the area of the maximal macrophage

AF emission, was selected and assigned to this antigen (Figure S2F).

Gating was adjusted based on a MertK FMO to avoid defining any

highly autofluorescent event as positive for MertK, thereby ensuring

antigen resolution (Figure 2C). Using this strategy, we found that

default unmixing without AF extraction (strategy 1) identified approxi-

mately one-quarter of the total CD45+ CD11b+ population as posi-

tive for MertK (�23%). Default unmixing with AF extraction (strategy

2) significantly increased the ability to assess low expression of MertK

by partially removing the AF: 52% of the CD45+CD11b+ population

was positive for MertK. Maximal MertK resolution was achieved by

unmixing the data with multiple AF as fluorochrome tags (strategy 3)

as 74% of the CD45+CD11b+ population was positive for MertK. To

confirm the reproducibility of this result, we replicated the antibody

panel and gating strategy in three replicate experiments with samples

from six mice. For each experiment, we independently decomposed

the combined AF of the unstained sample to unmix with the newly

defined AF tags for their relevant donor. The data consistently

showed a significant underestimation of macrophages positive for

MertK when using the default unmixing with or without AF extraction

(strategies 1 and 2) as compared to the method using multiple AF as

fluorochromes tags (Figure 2D).

Altogether, these results show that using multiple AFs as fluoro-

chrome tags can significantly improve the resolution of weakly

expressed antigens, such as MertK, on highly autofluorescent cells,

such as macrophages.

3.3 | Sixteen-color panel to analyze myeloid cell
infiltration into injured skeletal muscle

Following successful testing of this approach in a small panel on a bio-

logical tissue with complex AF heterogeneity, we applied it to a more

challenging panel in the same tissue. To enable some degree of com-

parability of data between the 5-color (5C) and 16-color (16C) panels,

F IGURE 2 (Continued)
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we used skeletal muscle at 3 days post-injury taken from the same

three mice for both panels. Consequently, it was possible to reuse the

same AFs (AF1, AF4, AF7, AF9, and AF11) for unmixing strategy 3 in

each panel. Because AF11 removal had no impact on data resolution

and that using only 3 AFs had a detrimental effect, we elected to

unmix the data with five AFs as previously described in the 5C panel

to ensure experimental continuity.

For panel optimization and experiment setup, we followed recom-

mendations previously published [25]. To study the myeloid compart-

ment more specifically, a combination of lineage-exclusion antibodies

was used to gate out the non-targeted cells. CD3, NK1.1, and CD19

were used to discriminate and remove T cells, NK cells, and B cells,

respectively. T cells and NK cells have both been shown to infiltrate

skeletal muscle after acute injury [13–15], while early work suggested

that B cells could also be important for tissue regeneration [12].

Within the myeloid compartment (defined as CD11b+ cells), we used

Ly6G to define neutrophils, and Siglec-F for eosinophils [10]. Due to

the inherent difficulties in distinguishing between dendritic cells

(DCs), macrophages, and monocytes within tissues (as they share

many common surface antigens), we followed a gating strategy that

has proven to be effective to discriminate those populations in several

tissues [28, 29]. Briefly, macrophages were defined by co-expression

of CD64 and MertK and DCs were defined by high expression of

CD11c and MHCII [30]. Once neutrophils, eosinophils, macrophages,

and DCs were removed by gating, cells that expressed low levels of

CD64 and F4/80 were classified as monocytes. The macrophage

populations were further characterized by the expression of CD163,

CD169, Ly6C, and CD115 or CX3CR1 (full gating strategy shown in

Figure 3).

Using a gating strategy previously established to define myeloid

subpopulations, the gates were set according to the FMOs. After gat-

ing out dead cells and CD3+, NK1.1+, and/or CD19+ lymphocytes

(Lin�) in the CD45+ gate, myeloid cells were gated based on their

expression of CD11b. Neutrophils and eosinophils were gated based

on their expression of Ly6G and Siglec-F, respectively. Plotting macro-

phage markers against Ly6G or Siglec-F to identify eosinophils and

neutrophils more appropriately was essential for strategies 1 and

2. Indeed, plotting SSC versus Ly6G or Siglec-F would systematically

lead to an underestimation of those populations. This was a conse-

quence of gate readjustments to minimize the number of highly auto-

fluorescent events falling into the eosinophil or neutrophil gate of the

FMO control (Figure 4A, strategies 1 and 2). This was observed to a

lesser extent with strategy 3, as high macrophage AF was more effi-

ciently eliminated by this method (Figure 4A, strategy 3). Therefore,

because macrophages have high AF in the area of the spectrum where

the fluorochromes assigned to Ly6G and Siglec-F emit, we incorpo-

rated a more suitable gating strategy for strategies 1 and 2 by sys-

tematically plotting CD64 against non-macrophage markers

(Figure 4B) to facilitate the removal of the highly autofluorescent

macrophages. Unexpectedly, we observed super-negative MFI

values for CD64high macrophages in the Spark Blue 550 channel,

where a unique AF was extracted. The same phenomenon occurred

for VioBright FITC, another dye emitting in the same area of the

spectrum (Figure 4B, strategy 2). These distortions could not be

corrected by applying additional compensation, indicating that they

were not a consequence of spillover calculation errors but rather

were due to an inappropriate management of AF in this area of the

spectrum.

We next plotted MertK against CD64 to allow for the discrimina-

tion of macrophages. Adjustment of the gating based on FMO

controls gave results comparable to those described in Figure 2C. We

identified approximately 35% of the cells as macrophages for strategy

1, 50% for strategy 2% and 70% of the cells for strategy

3 (Figure S3A). Note that such discrepancies in frequency between

the three strategies was achieved despite the use of PE-Cy7 to detect

MertK (PE-Cy7 was selected as it is a brighter fluorochrome than PE-

Dazzle 594 and it emits in an area of the spectrum where there is less

AF coming from the macrophages). As monocytes are mostly defined

by negative or very low expression of antigens common to several

subpopulations of myeloid cells, they are the most susceptible popula-

tion to contamination by macrophages due to inaccurate unmixing or

inappropriate gating strategies. Previous studies have shown that

Ly6Chigh, but not Ly6Clow, monocytes can extravasate from the blood

to the injured muscle during the first 3 days post-injury [16], and that

Ly6C� macrophages are present within the regenerating skeletal mus-

cle in the absence of circulating Ly6Clow monocytes [31]. Conse-

quently, most of monocytes within the injured skeletal muscle should

express high levels of Ly6C. We therefore evaluated Ly6C expression

on monocytes to assess the quality of the three unmixing strategies.

Our results for the unmixing strategy 3 show a small proportion of

monocytes with low level of Ly6C (Figure 4C, strategy 3); thus, these

are likely to be monocytes differentiating into macrophages that have

not yet upregulated MertK. The possibility that these cells might also

be perivascular Ly6Clow monocytes contaminating the sample could

not be discarded, as the animals were not perfused before harvesting.

However, the pattern of Ly6C expression was completely different

after default unmixing with or without AF extraction, with an almost

inverted distribution of Ly6Clow and Ly6Chigh monocyte for unmixing

without AF extraction (Figure 4C, strategies 1 and 2). This result

shows that AF strongly interferes with gating strategies that rely on

FMO controls, and that it compromises the analysis and phenotyping

of monocytes as macrophages expressing low level of MertK are con-

taminating this population.

We next compared the resolution of the three unmixing strate-

gies in the macrophage gate itself. Once again, the unmixing using

multiple AF as tags gave the best outcome in term of antigen resolu-

tion, allowing us to better visualize the exclusive expression of low-

density antigens such as CD115 and CD169 with MHCII (Figure 4D,

strategy 3). CD163+ macrophages were also more clearly identifi-

able as expressing low level of the chemokine receptor CX3CR1.

Altogether, these results show that unmixing with multiple AFs as

fluorochrome tags is a reasonable approach to improve resolution in

heterogeneous and highly autofluorescent cell samples, such as in

regenerating skeletal muscle. This allows clear identification, separa-

tion, and characterization of cell populations with different AF

characteristics.
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In this study we used a UMAP dimensionality reduction approach

to assess the impact of our three unmixing strategies. As shown in

Figure S3B, we see a high degree of comparability between the clus-

tering for all the gated phenotypes, regardless of the unmixing strat-

egy. Although each of the three unmixing strategies segregated into

five independent clusters, these clusters' densities and distributions

varied depending on the unmixing approach. Based on these UMAP

data, we concluded that the unmixing approach affected neither the

determination of the total number of identifiable cell clusters nor

introduced artifact populations into the sample. The UMAP of the

F IGURE 3 Recommended gating strategy for the delineation of key innate immune subpopulations from regenerating skeletal muscle 3 days
post-injury. Neutrophils were defined as CD45+ Lin� CD11b+ Ly6G+. Eosinophils were defined as CD45+ Lin� CD11b+ Ly6G� SiglecF�.
Macrophages were defined as CD45+ Lin� CD11b+ Ly6G� SiglecF� CD64high MertK+. DCs were defined as CD45+ Lin� CD11b+ Ly6G�

SiglecF� MertK� MHCIIhigh CD11chigh. Monocytes were classified as CD45+ Lin� CD11b+ Ly6G� SiglecF� CD64low MertK�. Data were unmixed
as described in strategy 3. Data are representative of three mice
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F IGURE 4 Legend on next page.
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cells using strategy three generated more discrete clustering of the

Ly6Clow monocytes, displaying less overlap of these cells with the

CD163� and CD163+ macrophage clusters. Strategies 1 and 2 were

not as effective at separating these phenotypes due to the photon

contributions of the AFs, intrinsic to the sample, resulting in a loss in

resolution in the marker labels. These data correspond to those

observed in our manual gating strategy and clearly show the impact

strategy three has in improving resolution in unbiased dimensionality

reduction clustering. These improvements emerged purely from the

fact that the unmixing method enhanced the resolution of the antigen

from the AF background.

Altogether, these data show that unmixing strategy three greatly

improves data resolution when compared with strategies 1 and 2.

In a comparable fashion to the 5C panel, we wanted to investi-

gate the assay tolerance to the removal of less impactful AFs in a

more complex panel. As with the smaller 5C panel, it was observed

that the removal of AF11 had no impact on data resolution

(Figure S3C). However, while we could reduce the number of AF

spectra to three with a minor, yet acceptable, reduction on the 5C

panel's data resolution, this was not possible for the 16C panel.

Indeed, regardless of which was the next AF to be removed after

AF11, an increase of background signal was observed in the channel

of fluorochromes emitting in high AF regions, such as BV650 and

Spark Blue 550.

This elevated sensitivity to the removal of certain AF tags is

believed to be down to the increased spectral complexity of the

expanded panel. Under these conditions there is a greater require-

ment for robust photon management through their correct assign-

ment, especially in those regions where the signatures of the AF

spectra have the highest variation (V10 for BV650 and B3 for Spark

Blue 550, see Figure S2B). Of note, because the same mice were

used for the 5C and the 16C panels, any discrepancies that might

be due to changes in AF between individuals can be discarded. It

can therefore be postulated that the AF tag selection for unmixing

alongside the reporter labels is determined by the fluorochromes

used in the assay. Increasing the panel size may increase the

requirement to use more AF tags in the unmixing for the best

experimental outcomes.

Overall, these data show that the impact of an AF spectra on data

resolution strongly depends on the fluorochrome complexity of the

panel. Increasing the number of fluorochromes for a given panel

requires better definition of the AF contributions resulting in a

requirement to include more AF spectra in the unmixing. This should

lead to a reduction in the misassignment of photons to the marker

labels and therefore reduce spread in these parameters.

4 | DISCUSSION

Our study describes an approach to modeling AF using a well-defined

and easily controlled particle in the form of compensation beads. This

model was implemented as a proof-of-concept approach to enable

strategies in the identification, vetting, and selection of AF from a

complex sample. This was a necessary step as it allowed for more

control of key variables to better define their impact, as this is not

possible with biological material. This model clearly demonstrated that

unmixing differential AFs on a bead standard using a multiple AF

extraction approach greatly improves the resolution of the unmixed

data when compared to default unmixing with, or without a single AF

extraction. Although our manual-based approach for identifying and

extracting AF spectra resulted in an oversampling of the AF spectral

signatures present in the sample, their appropriate vetting based on

the SI and MFI allowed us to discount all but the impactful spectra to

use for the unmixing. However, although our assessment involving

the reduction of AF based on the SI gave highly comparable results to

the experimental control in the bead-based model, this AF selection

process and criteria therein is still in its infancy. Consequently, with

our manual selection of AF, we cannot completely disregard that

another set of AFs than the one we selected would not give a compa-

rable result. In biological samples where it is not possible to generate

an experimental control with the pure spectral signatures for each of

the chemical components constituting the cells AF, the process of AF

spectra selection is more difficult. These questions would need further

work to be fully addressed. Regardless, we believe the first two steps

of our method allow for the isolation of the most important AFs of

the sample, independently of the targeted cells and the fluorochromes

included in the assay. Whether further down-sampling of the AF spec-

tra is required to improve resolution, this is likely to be experiment

dependent and will continue to require use of an iterative process of

manually removing the less critical AF in this specific context. It is

important to acknowledge that the impact of the AF tag removal (step

3 of the AF vetting method) on the unmixing and data resolution is

largely dependent of the reporter labels used in the assay as seen in

the 5-color and 16-color panels. Because this step relies on a visual

assessment of data quality that can be highly subjective, there is an

important need to work on establishing objective criteria that would

make that step more reliable and reproducible between researchers.

Similarly, although our proposed method is effective in removing non-

essential AFs and extracting only those AFs critical to the unmixing, it

is still limited in its application and ease of use. The need to manually

gate on fractions to purify populations and their AF spectra also lacks

objectivity and robust reproductivity. Therefore, there is a clear

F IGURE 4 Fluorescence minus one-based gating strategy analysis. For all populations, debris, dead cells, and doublets were excluded.
(A) Neutrophils were defined as CD45+ CD11b+ Lin� Ly6G+ and eosinophils as CD45+ CD11b+ Lin� Ly6G� Siglec-F+. (B) In contrast with
strategy 3, strategies 1 and 2 required plotting macrophage markers against neutrophil and eosinophil markers to avoid highly autofluorescent
macrophages being identified as Siglec-F or Ly6G positive. (C) Monocytes were defined as CD45+ CD11b+ Ly6G� Siglec-F� MertK� CD64low

F4/80+ CD11clow MHCIIlow and further subdivided as Ly6Clow and Ly6Chigh monocytes. (D) Macrophages were defined as CD45+ CD11b+ Lin�

Ly6G� Siglec-F� MertK+ CD64+ and additional macrophage phenotyping markers are shown
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requirement to use an unbiased separation of these spectra using

defined rules and distributions. This would be based on variables

including emission intensities to incorporate them into the unmixing

algorithm in an automated and tightly regulated fashion. Clustering

algorithms such as FlowSOM or SPADE could be useful in that regard

allowing for a more automated approach throughout.

Using our multiple AF tag strategy, we demonstrated improve-

ments in the correct assignment of AF photons to their particle of ori-

gin. The ability to characterize and incorporate AF into spillover

calculations is an approach unique to full spectrum cytometry and is

not readily achievable on conventional flow cytometers. For this to be

possible, it would require detectors dedicated to the measurement of

AF at set defined bandwidths and would be extremely limited in its

application. The high similarity of the spectral output of these AFs

with some fluorochromes (i.e., BV480, BV510 or FITC) makes it virtu-

ally impossible to separate these in conventional flow cytometry. This

can have important consequences as the proper removal of AF is

essential for data analysis and interpretation, especially when cell pop-

ulation definition relies on the negative expression of dim markers. In

those cases, accurate gating strategies based on FMOs are of high

importance and any interference from AF can compromise their out-

come leading to misinterpretation of the data. This is illustrated by the

artifact observed in Figure 4C where AF interference with the FMO

based gating strategy leads to a misincorporation of the MertKlow

events into the monocytes gate. As a result, the proportion of Ly6Clow

monocytes infiltrating the injured skeletal muscle is overestimated

and in disagreement with previous observations [16, 31].

To our knowledge, this is the first report using flow cytometry to

successfully use 16 fluorescence parameters in mouse skeletal muscle.

This lack of other reports highlights the strong limitations of conven-

tional cytometry when analyzing highly autofluorescent cell subpopu-

lations in a solid tissue. Although flow cytometry has been widely

used to study skeletal muscle, and especially in the context of inflam-

mation, it is still a very challenging tissue for flow cytometrists. Pitfalls

linked to the inherent AF of this tissue and sample preparation

compromising sample integrity [32, 33] is likely to explain the lack of

flow cytometry reports for high-dimensional analysis of cells populat-

ing skeletal muscle. Here we show that full spectrum cytometry,

through its ability to account for AF and improve low-density antigen

resolution, provides new opportunities for researchers in this field.

Our findings indicate that appropriate unmixing methodologies to

handle impactful AF spectra from complex samples are a critical com-

ponent to the precise detection of cell populations, frequency, and

antigen density. Accounting for these factors, there are clear implica-

tions for the improvement of detection of cell populations in highly

autofluorescent tissues, either in steady state or in the context of dis-

ease. Additionally, there are clear potential implications in subsequent

enrichment of cell fractions from complex autofluorescent tissues

through cell sorting applications for downstream genomic studies and

functional assays. Yield and purity improvements in cell sorting using

correct AF management strategies could greatly improve the outcome

of these downstream applications, which are often more costly and

time consuming than the cell sorting process itself.
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Abstract

High-dimensional immunoprofiling is essential for studying host response to immu-

notherapy, infection, and disease in murine model systems. However, the difficulty of

multiparameter panel design combined with a lack of existing murine tools has pre-

vented the comprehensive study of all major leukocyte phenotypes in a single assay.

Herein, we present a 40-color flow cytometry panel for deep immunophenotyping of

murine lymphoid tissues, including the spleen, blood, Peyer's patches, inguinal lymph

nodes, bone marrow, and thymus. This panel uses a robust set of surface markers

capable of differentiating leukocyte subsets without the use of intracellular staining,

thus allowing for the use of cells in downstream functional experiments or multiomic

analyses. Our panel classifies T cells, B cells, natural killer cells, innate lymphoid cells,

monocytes, macrophages, dendritic cells, basophils, neutrophils, eosinophils, progeni-

tors, and their functional subsets by using a series of co-stimulatory, checkpoint, acti-

vation, migration, and maturation markers. This tool has a multitude of systems

immunology applications ranging from serial monitoring of circulating blood signa-

tures to complex endpoint analysis, especially in pre-clinical settings where treat-

ments can modulate leukocyte abundance and/or function. Ultimately, this 40-color

panel resolves a diverse array of immune cells on the axes of time, tissue, and treat-

ment, filling the niche for a modern tool dedicated to murine immunophenotyping.

K E YWORD S

cell sorting, extracellular staining, full spectrum flow cytometry, innate and adaptive immunity,
murine immunophenotyping, pre-clinical research, primary and secondary lymphoid tissues,
systems immunology

1 | INTRODUCTION

There currently exists a great need to deeply profile murine leuko-

cytes on the axes of time, tissue, and treatment. For combinatorial

cancer immunotherapy, it is crucial to study immune networks to

understand how microenvironment remodeling influences survival

[1, 2]. Furthermore, synergistic immunotherapies may produce sys-

temic effects due to target or administration route, increasing the

value of multi-tissue analyses to fully decipher immune responses [3].

Beyond cancer research, temporal dynamic leukocyte tracking in

mouse models of infection [4–6], aging [7, 8], and human disease [9]

necessitates novel assays that maximize information from a single

sample. Additional applications in atlas construction [10–12] or high-

throughput screens [13, 14] also require modular tools that can fully

capture leukocyte composition on a tissue by tissue basis.

Full spectrum flow cytometry (FSFC) has matured as a key tech-

nology to help fulfill these needs. Advancements in fluorochrome

chemistry [15–18], spectral cytometer instrumentation [19, 20], auto-

fluorescence extraction [21–23], and panel complexity [24, 25] have

contributed to the maturation of FSFC while redefining traditional
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approaches for panel design [26] and computational analysis [27].

Despite this progress, FSFC mouse immunophenotyping panels have

been largely undeveloped, as evidenced by the majority of “Optimized

Multicolor Immunofluorescence Panels” (OMIPs) published for human

samples [28]. Additionally, many initiatives to document immune cell

marker expression are focused on human blood [29, 30], further

emphasizing the need for a panel that can be used to advance murine

systems immunology research.

To supplement the existing literature and fill this niche, we have

engineered a high-dimensional, 40-color spectral flow cytometry

panel that can deconvolve all major leukocyte populations in primary

and secondary lymphoid tissues (Table 1). We systematically selected

markers based on current mouse immunology reviews discussing lym-

phocytes [14, 31–33], myeloid cells [34–39], and granulocytes

[40–42] to construct a comprehensive panel while maintaining deep

profiling of functional subsets (Table 2). Furthermore, this panel was

designed to avoid intracellular staining such that populations could be

preserved for downstream functional experiments or multiomic ana-

lyses. In the main text, we discuss secondary lymphoid tissues as

essential sites in serial or endpoint studies. In the Supporting Informa-

tion, we provide technical details regarding panel construction and

optimization (Figures S1–S12) and briefly highlight lymphocyte devel-

opment in primary lymphoid tissues (Figure S13). Our lab has success-

fully used this panel to quantify leukocyte frequencies in the blood,

spleen, lymph nodes, and tumors of pancreatic cancer-burdened mice

pre- and post-immunotherapy. This application represents just one of

many use cases, and we hope by sharing this panel we can enable

additional pre-clinical research while informing future FSFC panel

design efforts in the cytometry field.

2 | RESULTS

To immunophenotype leukocytes in the spleen, we first used a pri-

mary 14-marker gating strategy to identify major lineages, including T

cells, B cells, natural killer (NK) cells, myeloid cells (dendritic cells,

monocytes, macrophages), and granulocytes (neutrophils, eosinophils,

basophils). Using the spleen as a reference, we applied this same strat-

egy to other secondary lymphoid tissues (Figure S14A–C). Briefly, we

used scatter signal and viability staining to remove debris, dead cells,

and cell aggregates. All leukocytes were then identified using hemato-

poietic marker, CD45 (Figure 1A). Within the CD45+ gate (Figure 1B),

CD45R (B220) and CD19 were first used to separate B-1 and B-2

cells. Afterwards, NK cells and T cells were separated using NK1.1

and CD3ε, respectively.

Next, we proceeded to identify myeloid cells and granulocytes.

First, F4/80 and Ly6G were used to separate macrophages and neu-

trophils, while CD11c and I-A/I-E (MHCII) staining identified classical

dendritic cells. Eosinophils and basophils were then gated using

markers Siglec-F and FcεR1α, respectively. Finally, CD11b and

CX3CR1 were used to distinguish monocytes. Remaining heteroge-

nous cells comprised of various rarer subsets, and additional gating to

identity these populations is shown in Figure S14D.

2.1 | Lymphocytes

2.1.1 | B cells

Unlike T cells and other myeloid cells that migrate directly to sites of

inflammation, B cells circulate centrally throughout secondary lym-

phoid tissues. Here, they are responsible for producing secretory anti-

bodies and defending the host via humoral immunity [43, 44]. Under

steady state in the spleen, four major populations of CD19+CD45R+

B-2 cells were identified using CD24 by CD38 biaxial gating [45–48]

(Figure 1C). Immature CD24hiCD38+ transitional B cells migrate from

the bone marrow to differentiate into mature follicular and marginal

zone B cells [46, 47]. Using IgD by CD62L biaxial gating on CD24hiC-

D38+IgM+I-A/I-E+ cells, transitional B cells can be further classified

into either early T1 cells or intermediate T2 cells that each have diver-

gent maturation fates upon the quality of B cell receptor (BCR) signal-

ing [46, 49, 50]. CD24+CD38hi marginal zone B cells, which mostly

express polyreactive BCRs and possess innate-like functions as first

line responders to pathogens [51], have the highest expression of

CD38, CD274 (PD-L1), and CD40 compared to other subsets [45,

48, 52]. In contrast, follicular B cells express monoreactive BCRs and

produce high-affinity antibodies several days after pathogen expo-

sure [51]. This population has a CD24+CD38+IgDhi phenotype in rela-

tion to other B cells and can be separated into two subsets on the

basis CD62L expression, likely representing populations with different

homing capacities [53]. Lastly, germinal center B cells have a CD38lo

phenotype [54] and are the main precursors for long-lived memory B

cells and plasma cells [55]. Because we collected data in 8-week-old

mice, we did not expect to see high levels of memory or plasma cells

given the absence of an immunization event. However, we incorpo-

rated co-stimulatory molecules CD80 (upregulated on memory

cells [56]) and CD86 to track activation and functional characteristics

of B cells [57, 58] (Figure S15A). To provide a benchmark for panel

utility, we highlight differences in B cell architecture across all second-

ary lymphoid tissues in Figure S15B.

2.1.2 | T cells

Similar to B cells, T cells are crucial for adaptive immunity and exhibit

remarkable diversity in function, phenotype, and distribution among

TABLE 1 Summary table for application of OMIP-095.

Summary table

Purpose Deep Immunophenotyping of all major leukocyte

populations in murine lymphoid tissues

Species Mouse (C57BL/6)

Cell Type Spleen, Blood, Bone Marrow, Thymus, Inguinal

Lymph Nodes, Peyer's Patches

Cross

References

OMIP-031, OMIP-032, OMIP-054, OMIP-057,

OMIP-059, OMIP-061, OMIP-076, OMIP-079,

OMIP-093
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secondary lymphoid tissues. Among T cells, there is a continuum of

populations that vary in antigen experience, activation status, migra-

tory, and functional capacity, all of which have vital roles in host

response to disease. We incorporated markers to provide a detailed T

cell demographic both in steady state and pathological conditions.

To begin, NK1.1 by TCRγδ biaxial gating was used to separate

unconventional NKT cells, γδT cells, and γδNKT cells (Figure 1D).

CD49b (clone DX5 on color BB700) can be used as a substitute in

non-C57BL/6 mouse strains. Afterwards, conventional T cells were

identified using CD4 and CD8, which enhance responses to antigens

presented by MHC class II and I complexes, respectively. Within the

CD4+ T cells, CD127loCD25hi gating identified a T regulatory cell

enriched (Treg-enriched) population (intracellular FOXP3 staining is

necessary for bonafide Treg identification). Tregs are responsible for

TABLE 2 Reagents used for
OMIP-095.

Specificity Fluorochrome Clone Purpose

Viability Live/Dead Blue - Cell viability

CD45 AF532 30-F11 Pan leukocytes

CD19 BUV737 1D3 Pan B cells

CD45R BV570 RA3-6B2 B cells and pDCs

IgM PE-D594 RMM-1 B cell subsets

IgD SNIR685 11-26c.2a B cell subsets

CD24 BUV496 M1/69 B cells, granulocytes, DC subsets

CD38 APC-Fire810 90 B and T cell subsets, macrophages

CD274 BUV395 MIH5 Checkpoint, memory B cells, myeloid subsets

CD11b BUV661 M1/70 Myeloid cells, granulocytes, and NK subsets

CD26 BUV805 H194-112 DCs, B cells, and T cells

CD3ε Real Yellow 586 145-2C11 Pan T Cells

CD4 NFB610-70S GK1.5 CD4 T cell and DC subsets

CD8α NFY690 53-6.7 CD8α T cells and DC subsets

CD25 BV421 PC61 T regulatory cells and T cell activation

TCRγδ APC GL3 Gamma delta T cells

CD62L BV650 MEL 14 Migration, monocyte, and lymphocyte subsets

CD44 BV510 IM7 Antigen experience, various leukocyte subsets

CD27 SB702 LG.7F9 Lymphocyte co-stimulatory molecule

CD279 BV480 J43 Checkpoint, exhuastion, and other T cell subsets

CD134 BV786 OX-86 T regulatory subsets and T cell activation

NK1.1 BB700 PK136 Natural killer and NKT cells

CD127 R718 A7R34 Various T cell subsets and ILCs

CD11c eF506 N418 DCs

I-A/I-E PerCP M5/114.15.2 B cells and various APC subsets

CD135 PE A2F10.1 Progenitors and DCs

CD117 BV750 2B8 Progenitors and DCs

CD103 PerCP-eF710 2E7 T cell and DC subsets

CD40 FITC HM40-3 B cells, APC co-stimulatory molecule

CD80 PE-Cy5 16-10A1 Lymphocyte subsets, APC co-stim molecule

CD86 PE-Cy7 GL-1 Lymphocyte subsets, APC co-stim molecule

Siglec-H BUV615 440c Plasmacytoid DCs

Ly6C BV605 AL-21 Monocytes and lymphocyte subsets, pDCs

CD115 BUV563 T38-320 Monocytes

CX3CR1 PE-Fire700 SA011F11 Migration and monocytes

F4/80 eF450 BM8 Macrophages, eosinophils, DCs, monocytes

FcεR1α APC-eF780 MAR-1 Pan Basophils

Ly6G PE-Fire810 1A8 Pan Neutrophils

Siglec-F eF660 1RNM44N Pan Eosinophils

CD326 Real Blue 780 G8.8 Epithelial cells and various leukocyte subsets
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F IGURE 1 Legend on next page.
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maintaining homeostasis and self-tolerance [59] but are capable of

suppressing anti-tumor immune responses in the context of can-

cer [60]. As such, we proceeded to assess the migratory capacity and

antigen experience of this regulatory enriched population using CD62L

and CD44. Adhesion molecule CD62L is a homing receptor that allows

cells to migrate from the peripheral blood into secondary lymphoid tis-

sues, and its shedding is often associated with activation upon antigen

encounter [61]. CD44 is another adhesion molecule and is highly upre-

gulated upon T cell activation, remaining present on effector and sub-

sequent memory subsets after stimulation [62]. Using this dichotomy,

we found two major Treg-enriched subsets, CD62LhiCD44lo conven-

tional Treg-like (cTreg-like), which are derived from the thymus and cir-

culate throughout secondary lymphoid tissues, and CD62LloCD44hi

effector Treg-like (eTreg-like), which are highly activated, proliferative,

and immunosuppressive [63, 64]. Indeed, eTreg-like cells express higher

levels of regulatory and effector molecules (Figure S16A) and are the

dominant Treg population in a variety of cancers [65].

After identifying Treg-like cells, we then applied the same CD44

by CD62L gating strategy to other CD4+ and CD8α+ T cells to iden-

tify effector memory (EM), central memory (CM), and naïve cells

(Figure 1D, Figure S16B,C). These subsets have distinct phenotypes

(Figure S17A,B), and we highlight select markers in the panel for

investigating T cell functionality in the tumor microenvironment.

Found on almost all T cells, co-stimulatory molecule CD27 promotes

survival, expansion, and memory formation upon binding with CD70

on antigen presenting cells [66]. However, cancers that overexpress

CD70 can dysregulate the CD70-CD27 signaling axis [67], causing

CD27 shedding, effector memory T cell exhaustion [68], increased

Treg frequencies [69], and overall immunosuppression. Alternatively,

expression of activation marker CD134 reveals extremely potent,

tumor-reactive T cells that can secrete cytokine and augment memory

generation [70, 71], representing an important subset that has been

clinically validated in cancer patients [72]. Other markers also have

unique functions in the context of cancer, as Ly6C has been associ-

ated with CD8CM homing to lymph nodes and protection against

tumor growth [73], while CD103 identifies tumor-infiltrating, resident

memory CD8α+ T cells [74].

2.1.3 | NK cells and other innate lymphoid cells

While natural killer (NK) cells serve as the third predominant lympho-

cyte alongside T and B cells, they are classified as innate lymphoid

cells (ILCs) and are heavily recruited during early disease response. NK

cells are often viewed as the innate counterpart to CD8α+ T cells due

to their similarities in cytokine secretion and cytotoxicity; however,

they do not express antigen receptors and cannot be clonally selected

upon activation [75]. Despite this, NK cells have the capacity to

directly target and kill tumor cells without antigen-education, and as

such, we selected surface markers to identify these mature effector

populations. Type 1 ILCs (ILC1s) were first removed using CD127 [76]

(Figure 1E). Afterwards, we employed a CD11b by CD27 bivariate

gating strategy [77] to capture four major NK populations with the

following sequential pathway of maturation: precursor

CD11b�CD27� double negative (DN) à proliferative CD11b�CD27+

à mature CD11b+CD27+ double positive (DP) à senescent

CD11b+CD27�. DP NK cells display high effector functions such as

in vitro tumor cell lysing and IFN-γ cytokine secretion upon IL-12/IL-

18 stimulation [78]. Conversely, terminal CD11b+CD27� cells typi-

cally have high regulation of activation, a low proliferation potential,

and a reduced capacity to produce cytokine [78, 79]; this is further

exemplified by Ly6C+ inert/resting NK cells, which are primarily found

in this population [80] (Figure S18A). This CD11b/CD27 immunophe-

notyping strategy has been successfully used in a mouse model of

breast cancer [81], as well as human hepatocellular [82] and non-

small-cell lung [83] carcinomas, where immature CD11b�CD27� NK

cells were found to be poorly cytotoxic and disease-promoting.

Finally, one last subset of NK cells called “pre-mature NK cells”
(pre-mNK, previously referred to as interferon-producing killer den-

dritic cells in early reports [84, 85]) can be identified upstream of

NK1.1/CD3ε gating. Within the CD45R+CD19� cells that were iden-

tified in the first set of lineage gates (Figure 1B), we found a popula-

tion of NK1.1+ cells that corresponded with pre-mNKs (Figure 1F).

These cells have been shown to be immediate precursors of

CD27+CD45R� NK cells, sharing close transcriptional homology [86].

Drawing similarities to human CD56bright NK cells, pre-mNKs have

F IGURE 1 40-Color FSFC characterizes murine secondary lymphoid tissue immune compartments. (A) Representative manual gating strategy
for obtaining a clean population of live, single, CD45+ splenic leukocytes from total events. Arrows represent subsequent gating from selected
populations. (B) Representative, lineage-based gating scheme for identifying all major leukocyte populations in the spleen. (B–E) Calls on these
subsets for further gating. (C) Gating into CD45R+CD19+ B-2 cells reveals diversity in follicular, transitional, marginal zone, and germinal center
subsets. (D) Gating into CD3ε+ T cells illustrates exceptional heterogeneity with unconventional T cells (γδT, γδNKT, NKT), CD4+ Treg-enriched
subsets, and CD4/CD8α effector memory (EM), central memory (CM), naïve, and double negative (DN) populations. (E) After removing type
1 innate lymphoid cells (ILC1s) using CD127 and CD44, NK cells can be divided into four major stages of maturation using CD27 by CD11b
biaxial gating. (F) Within the CD19�CD45R+ population, plasmacytoid dendritic cells (pDCs) and pre-mature natural killer cells (pre-mNKs) can be
identified using Siglec-H and NK1.1. (G) Classical DCs (cDCs) can be divided into cDC1 and cDC2 subsets using CD11b and CD8α. (H) Monocytes

can be divided into classical, intermediate, and non-classical subsets using Ly6C and CD62L. (I) Dimensionality reduction was achieved via
Uniform Manifold Approximation and Projection (UMAP). Details regarding generation can be found in the supplement text. Following UMAP
generation, the gating strategies used throughout (B–G) for the spleen were applied to all other tissues (Figure S14), and combined populations
were overlaid onto the global UMAP. (J) A population abundance heatmap was generated using all secondary lymphoid tissues. Numbers
represent a certain subset (1–35) as a percentage of cleaned CD45+ cells for a given tissue (column). Coloring is applied to each row and is used
to show which tissue contains the highest frequency of a given cell subset. (K) Pseudocolor maps for each secondary lymphoid tissue extracted
from the global UMAP in (I). [Color figure can be viewed at wileyonlinelibrary.com]
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antigen presentation potential and high cytotoxic functionality, repre-

senting a hybrid cell type that has been shown to have important

implications in tumor response mechanisms [87–89].

2.2 | Myeloid cells (mononuclear phagocyte
system)

2.2.1 | Dendritic cells

Dendritic cells (DCs) are professional antigen presenting cells that play

vital roles in successful cancer immunotherapy [36], damage/

pathogen associated molecular pattern recognition [90], and immune

tolerance [91, 92]. Unlike humans, C57BL/6 mice contain few to no

mature DCs in the periphery at steady state, but a small reservoir of

mature CD11c+I-A/I-E+ classical DCs (cDCs) occupy the spleen and

are responsible for sensing tissue and blood antigens [93]. Because

cDCs are heterogeneous, CD8α and CD11b were used to identify

CD8α+ cDC1s and CD11b+ cDC2s (Figure 1G), each representing

functionally distinct subsets that preferentially present antigen to

CD8 or CD4 T cells respectively [93, 94]. Additionally, we incorpo-

rated co-stimulatory and maturation molecules CD40, CD80, and

CD86, which reflect activation status (Figure S19A). Phenotypically

mature cDCs express high levels of these molecules [95]; however,

within the tumor microenvironment, infiltrating cDCs often have dys-

functional antigen presentation and can exhibit tumor tolerogeni-

city [96], down-regulating expression of CD40/80/86 in the process.

These dysregulated, “semi-mature” cDCs have been found in the

tumor, spleen, and lymph nodes of pancreatic tumor-burdened mice

[97–100] and blood of humans [100, 101], emphasizing the impor-

tance of measuring these molecules. For further refinement, we

included essential markers CD135 (FLT3) and CD26 to differentiate

cDCs from inflammatory monocyte-derived DCs (moDCs), which have

poor migratory and antigen presentation potential [102]. Lastly, αE

integrin CD103 was incorporated to phenotype migratory DCs in vari-

ous cancer models, which have been described as key players in

potentiating anti-tumor immunity [2, 103, 104].

Plasmacytoid dendritic cells (pDCs) can be readily immunopheno-

typed due to their expression of Siglec-H on CD45R+CD19� cells

(Figure 1B). CD4 expression further divides pDCs into CD4� imma-

ture and CD4+ mature subsets, the latter of which are potent pro-

ducers of type 1 interferons upon viral stimulation [105, 106]

(Figure 1F). We overlay splenic cDC1s, cDC2s, and pDCs in

Figure S19B to highlight differences in expression across 14 markers.

2.2.2 | Monocytes

Monocytes are formed in the bone marrow from unipotent common

monocyte progenitors and egress into the periphery as mature

Ly6ChiCD62L+ classical “inflammatory” monocytes [37–39]. Once in

circulation, classical monocytes can either seed organs by differentiat-

ing into monocyte-derived cells or repopulate secondary lymphoid

tissue monocyte reseviors [107]. Alternatively, they can remain in the

peripheral blood by transitioning into Ly6Cint/+CD62L� intermediate

monocytes and finally Ly6C�CD62L� non-classical “patrolling” mono-

cytes (Figure 1H) that scavenge and monitor the vasculature while

maintaining endothelial integrity [38, 39]. To further aid in phenotyp-

ing these cells, we included CD115, which is differentially expressed

as a function of tissue and monocyte subset (Figure S19C) and is not

found on macrophages or DCs. In the setting of cancer immunother-

apy, certain drugs such as agonist CD40 can mobilize inflammatory

monocytes directly to the tumor microenvironment and reshape their

differentiation potential toward antifibrotic, monocyte-derived macro-

phage phenotypes [108–110]. Consequently, markers such as I-A/I-E,

F4/80, CD11c, CD11b, and CD274 can be used with Ly6C to sepa-

rate inflammatory monocytes from their differentiating counterparts

in “monocyte waterfall” plots [99, 111, 112].

2.2.3 | Macrophages

Macrophages (Mφ) are critical regulators of blood homeostasis and

innate immune activation, serving as sentinels for blood-borne patho-

gens [113] and tissue-damage signals [114]. These cells are highly

plastic and functionally diverse, but often assume pro-tumor, wound

healing roles in the context of cancer. In our experience, F4/80 is a

powerful surface molecule for separating Mφs from monocytes, as

tissue-resident Mφs constitutively express high levels of this marker

(Figure S19D). We also found that red pulp Mφ strongly express

CD80 and CD86, as well as activation marker CD38, inhibitory recep-

tor ligand CD274, and I-A/I-E (Figure S19E). In solid cancers, tumor-

associated Mφ (TAM) polarization is crucial for tumor response and

often studied using the “classically activated, pro-inflammatory M1”
and “alternatively activated, anti-inflammatory, wound-healing M2”
paradigm [115, 116] (although this definition has now been revised

to reflect a spectrum of fluid states [117, 118]). As an alternative

to iNOS (“M1”) and Arginase-1 (“M2”) intracellular staining,

upregulation of CD38, CD40, CD80, CD86, and I-A/I-E expression

intensity has been associated with an anti-tumor “M1-like” pheno-

type, while CD206 (used in panel variations) and CD274 are used to

identify “M2-like” TAMs [119–121]. It was essential to incorporate

these markers to increase the pre-clinical applications of our panel,

as CD38+ macrophage density has been associated with improved

prognosis after surgery in human hepatocellular carcinoma [122]

while CD274 mRNA expression was positively correlated with

“M2” TAM polarization and poorer outcomes in glioblastoma

patients [123].

2.3 | Granulocytes

2.3.1 | Basophils, neutrophils, and eosinophils

In secondary lymphoid tissues, the simple 14-marker gating strategy

described previously can completely resolve basophils, neutrophils,
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and eosinophils with only FcεR1α, Ly6G, and Siglec-F, respectively

(Figure 1B, Figure S20A). Due to their inflammatory roles as first-

responding innate immune cells in cancer, we did not dedicate a set of

functional markers to these cells but refer the reader to several excel-

lent publications that discuss these granulocytes in detail: baso-

phils [124], neutrophils [125, 126], eosinophils [127, 128].

2.4 | Computational pipeline

2.4.1 | OMIQ workflow

After analyzing our dataset with traditional gating methods, we then

implemented computational strategies to visualize population distribu-

tions throughout all secondary lymphoid tissues. Using OMIQ

(https://www.omiq.ai/), we first uploaded an equal number of cleaned

CD45+ leukocytes across all secondary lymphoid tissues and trans-

formed each fluorescent parameter using arcsinh scaling, adjusting

each cofactor to compress negative populations unimodally around

0. We then utilized uniform manifold approximation and projec-

tion [129] (UMAP) to project 39 parameters (Live/Dead Blue was

excluded) into two-dimensional space (Figure S21A). Afterwards,

gates applied to the spleen were copied to all other lymphoid tissues

and mapped onto the global structure in a single, colored plot

(Figure 1I). To compare leukocyte frequencies across all secondary

lymphoid tissues, we constructed an abundance heatmap and colored

each row according to frequency to quantify compositional heteroge-

neity (Figure 1J). Afterwards, we extracted each tissue from the global

UMAP in Figure 1I and plotted them as pseudocolor dot plots

(Figure 1K) to visualize population distributions (thymus and bone

marrow are included in Figure S22A,B).

3 | CONCLUSION

In conclusion, we present a full spectrum, 40-color immunophenotyp-

ing panel for robust exploration of all major leukocyte populations

across primary and secondary lymphoid tissues. While we have per-

sonally focused on cancer research, a panel of such complexity is not

limited to a single application and will be extremely valuable for study-

ing global immune response in a wide variety of mouse model sys-

tems. Additionally, we have shown that a simplified panel of �14

colors/markers (Figure 1A,B, and potentially less if SSC-A is fully uti-

lized for granulocytes) is sufficient to identify the most major subsets

within secondary lymphoid tissues. Such a strategy can easily be

adapted to traditional cytometry settings or used as a backbone in

more specialized spectral panels to dump unwanted immune cells,

allowing researchers to account for a great deal of immune cell

complexity with relatively few fluorochromes. In total, the depth and

resolution achieved with this panel marks an important milestone

within the FSFC murine immunophenotyping literature and will aid

both pre-clinical research and panel development in the years

to come.

3.1 | Similarity to published OMIPs

Our panel shares similarity to OMIPs �031, �032, �076, and � 079

with the use of CD3ε, CD4, CD8α, CD44, and CD62L to phenotype T

cell subsets in the spleen [130–133]. OMIP-054 uses CyTOF in an

immunocompetent mouse model of glioblastoma, but shares some

similarities in the broad immunophenotyping efforts, spleen and bone

marrow tissues studied, and marker choice [134]. OMIPs �057,

�059, and � 061 explore γδT cell development in the thymus, pro-

genitor composition in the bone marrow, and antigen presenting cell

frequency in virally infected lymph nodes respectively; thus, they

share small overlaps in the populations and tissues explored in this

work [135–137]. Lastly, OMIP-93 shares similarity in complexity and

panel purpose [138].
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SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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Technological advancements in fluorescence flow cytometry and an ever-
expanding understanding of the complexity of the immune system have led
to the development of large flow cytometry panels reaching up to 43 colors at
the single-cell level. However, as panel size and complexity increase, so too
does the detail involved in designing and optimizing successful high-quality
panels fit for downstream high-dimensional data analysis. In contrast to con-
ventional flow cytometers, full-spectrum flow cytometers measure the entire
emission spectrum of each fluorophore across all lasers. This allows for fluo-
rophores with very similar emission maxima but unique overall spectral finger-
prints to be used in conjunction, enabling relatively straightforward design of
larger panels. Although a protocol for best practices in full-spectrum flow cy-
tometry panel design has been published, there is still a knowledge gap in going
from the theoretically designed panel to the necessary steps required for panel
optimization. Here, we aim to guide users through the theory of optimizing
a high-dimensional full-spectrum flow cytometry panel for immunophenotyp-
ing using comprehensive step-by-step protocols. These protocols can also be
used to troubleshoot panels when issues arise. A practical application of this
approach is exemplified with a 24-color panel designed for identification of
conventional T-cell subsets in human peripheral blood. © 2021 Malaghan In-
stitute of Medical Research, Cytek Biosciences. Current Protocols published
by Wiley Periodicals LLC.

Basic Protocol 1: Preparation and evaluation of optimal spectral reference con-
trols
Support Protocol 1: Antibody titration
Support Protocol 2: Changing instrument settings
Basic Protocol 2: Unmixing evaluation of fully stained sample
Basic Protocol 3: Evaluation of marker resolution
Support Protocol 3:Managing heterogeneous autofluorescence
Basic Protocol 4: Assessment of data quality using expert gating and dimen-
sionality reduction algorithms
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INTRODUCTION

Technological advancements in fluorescence flow cytometry and an ever-expanding un-
derstanding of the complexity of the immune system have led to the development of
large panels reaching 40 fluorophores in the Optimized Multicolor Immunofluorescence
Panel (OMIP; Park, Lannigan, & Jaimes, 2020) and 43 colors in a technical note (Sahir,
Mateo, Steinhoff, & Siveen, 2020). In contrast to conventional flow cytometry, which pri-
marily measures the peak emission of each fluorophore in a target detector, full-spectrum
flow cytometry uses a larger number of detectors with narrow band-pass filters. This al-
lows the entire emission spectrum for every fluorophore to be captured across all laser
lines, creating a detailed signature of each fluorophore. This makes it possible to distin-
guish fluorophores with very similar emission maxima but unique overall spectral fin-
gerprints, increasing the flexibility in fluorophore selection. This feature, coupled with
an instrument designed to maximize the detection of emitted light and highly efficient
avalanche photodiodes, provides improved detection efficiencies that translate to bet-
ter detection limits and higher signal resolution (Feher et al., 2016). While these fea-
tures, unique to full-spectrum flow cytometry, provide the high-quality signals and low
noise needed for successful high-dimensional panels, many of the same panel design
considerations from conventional flow cytometry still apply. Common characteristics,
together with those specific to full-spectrum flow cytometry, have been previously de-
scribed (Ferrer-Font, Pellefigues, et al., 2020; Park et al., 2020). Now that hardware lim-
itations hindering the use of highly overlapping dyes have been overcome, the main lim-
itations for successful large panel design are the spillover-spreading error inherent to the
use of fluorescence and the number of fluorophores available with unique spectral signa-
tures. Many companies have recently begun developing spectrally distinct fluorophores,
thus advancing the number of markers available to be analyzed in a single experiment.

Increasing the number of markers in a panel consequently increases the probability of
compromising the resolution of the markers and populations of interest. The theoretical
approach to panel design aims to avoid issues would that prevent resolution of every
marker in the panel; however, in practice it is challenging to perfectly predict the impact
of co-expression, variations in marker expression levels, and the performance of each
specific reagent. Furthermore, it is difficult to anticipate the accuracy of reference controls
for optimal unmixing results. For example, certain fluorophores emit slightly different
spectra when bound to compensation beads or in the presence of different buffers.

One obstacle that has always impacted panel design and performance is the unique aut-
ofluorescence (AF) signatures of different sample and cell types. Cellular AF levels can
vary depending on the type and metabolic state of cells (Mayeno, Hamann, & Gleich,
1992; Roederer, 2016; Shi et al., 2017) as well as sample preparation and staining pro-
cedures. This translates into different AF brightness levels and distinct spectral signa-
tures in the samples being analyzed. Full-spectrum flow cytometry can resolve cellular
AF signatures and ensure that they are not attributed to any of the fluorophores used.
This can improve the signal-to-noise ratio and resolution of markers attached to fluo-
rophores that emit closest to AF maxima (Ferrer-Font, Pellefigues, et al., 2020) in highlyFerrer-Font et al.
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autofluorescent tissues such as brain, lung, skin, intestine, and tumor (Schmutz, Valente,
Cumano, & Novault, 2016). It is therefore highly recommended to characterize the AF
spectrum of an unstained sample from the tissue or cell type of interest prior to panel
design. This will provide useful information during fluorophore selection, ensuring that
fluorophores are not allocated to areas of the spectrum where AF dominates.

STRATEGIC PLANNING

Once a high-dimensional full-spectrum flow cytometry panel has been optimally de-
signed (Ferrer-Font, Pellefigues, et al., 2020), the step-by-step protocols presented here
provide a series of practical steps for full and successful optimization. As outlined in
Figure 1, the main procedures include evaluation of spectral reference controls (SRCs;
see Basic Protocol 1), evaluation of unmixing of the fully stained (FS) sample (see Ba-
sic Protocol 2), evaluation of marker resolution (see Basic Protocol 3), and assessment
of data quality (see Basic Protocol 4). Before any of these methods are performed, it is
essential to titrate the antibodies used as well as any viability dye used. This is described
in Support Protocol 1. An additional protocol describes changes that can be made to the
instrument settings (see Support Protocol 2). Methods for evaluating and mitigating aut-
ofluorescence are included in Basic Protocol 3 and Support Protocol 3. Together, these
protocols can also be used when troubleshooting a panel to identify sources of problems
and provide insights into fixing them.

A 24-color panel optimization for identification of conventional T-cell subsets in human
peripheral blood is provided to illustrate these procedures. The protocols were developed
using the five-laser (5L) Cytek Aurora (Cytek Biosciences), but should be adaptable to
any spectral flow cytometer. The protocols were designed for new full-spectrum flow
cytometry users. Once familiarity and experience with specific tissue types is achieved,
it is possible to modify the steps and order of the protocols to reduce the overall time

Figure 1 Overview of protocols for successful optimization of a high-dimensional spectral flow
cytometry panel.
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spent evaluating the panel. If a modified approach is taken, it is recommended that all the
overall goals of the protocols (as outlined in Fig. 1) still be carried out.

BASIC
PROTOCOL 1

PREPARATION AND EVALUATION OF OPTIMAL SPECTRAL REFERENCE
CONTROLS

This protocol is divided in two sections. The first is for preparation of SRCs and en-
sures generation of the high-quality controls required for accurate unmixing. The steps
describe the staining of polystyrene compensation beads and cryopreserved PBMCs with
surface-labeling antibodies. They can be adapted for other tissues or staining procedures
such as intracellular staining. It is important to mention that the preparation procedure
will also guide users to prepare a fully stained (FS) sample and fluorescence minus one
(FMO) controls as the protocols are very similar; these will be used later for evaluating
the unmixing of the FS sample (see Basic Protocol 2). If preferred, FS and FMO samples
can be stained separately, but treatment of samples should be kept identical. Importantly,
to successfully complete this protocol, SS and FS cells should also be treated the same
(antibody concentration, incubation time/temperature, fixed/unfixed, etc.).

The second section of the protocol is for evaluation. This aims first to check the quality
of the acquired SRCs and then to evaluate whether there are any spectral mismatches
between beads and cells for each fluorophore, which is accomplished by assessing how
well the beads unmix the cells using N × N plots for all markers. Unmixing accuracy
must be assessed on the actual sample (cells) to be used in the assay. In some cases beads
will be acceptable as SRCs and in other cases it may be necessary to use cells. When
this protocol is completed, the optimum SRCs (cells or beads) will be determined for
future unmixing. If desired, well-characterized and high-quality controls can be stored
for future use.

Materials

Cryopreserved PBMCs
Phosphate-buffered saline (PBS; Gibco, cat. no. 14190-250)
Fetal bovine serum (FBS; Gibco, cat. no. 10091-148)
Polystyrene compensation beads (e.g., UltraComp eBeads, Life Technologies, cat.

no. 01-222-42)
FACS staining buffer: PBS with 2% bovine serum albumin (BSA; MP

Biochemicals, CAS no. 9048-46-8) and 0.2% sodium azide (Sigma-Aldrich, cat.
no. S8032)

Zombie NIR Fixable Viability Kit (BioLegend, cat. no. 423106)
Human TruStain FcX (Fc Receptor Blocking Solution; BioLegend, cat. no.

422301)
Antibodies (see Table 1 for list; see Support Protocol 1 for titration)
Brilliant Stain Buffer Plus (BD Biosciences, cat. no. 566385)

37°C water bath (e.g., Julabo Ecotemp TW12)
Hemocytometer (e.g., Hawksley Counting Chamber) and coverslips
96-well U-bottom plate (In Vitro Technologies, cat. no. 353077)
Filters with 0.65-μm or smaller pore size (optional)
Spectral cytometer (e.g., Cytek Aurora)
5-ml polypropylene round-bottom flow tubes (In Vitro Technologies, cat. no.

352008)
Cytek SpectroFlo software
Data analysis software for analyzing FCS files (e.g., FlowJo or FCS Express)

Prepare and acquire samples
1. Thaw PBMCs quickly in a 37°C water bath and add to 5 ml PBS with 2% FBS.Ferrer-Font et al.
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Table 1 Antibodies Used in Example Spectral Flow Cytometry Panel

Fluorophore Marker Supplier Clone
Catalog
number

Concentration
(mg/ml)

BUV395 HLA-DR BD Biosciences G46-6 564040 1

BUV496 CD3 BD Biosciences UCHT1 612940 1

BUV563 CD27 BD Biosciences M-T271 741336 1

BUV737 CD45RA BD Biosciences HI100 612846 1.25

BV421 CD28 BioLegend CD28.2 302930 2

Pacific
Blue

CRTH2
(CD294)

BioLegend BM16 350130 8

BV480 CD127 BD Biosciences HIL-7R-M21 566101 2

BV510 TCRgd BioLegend B1 331220 15

BV570 CD4 BioLegend RPA-T4 300534 1

BV605 CCR4
(CD194)

BioLegend L291H4 359418 0.6

BV650 CCR6
(CD196)

BD Biosciences 11A9 563922 1

BV785 CD45RO BioLegend UCHL1 304234 1

BB515 CD25 BD Biosciences 2A3 564467 8.3

AF488 CCR10 R&D Systems 314305
RDSFAB3478G
0100

0.13

AF532 CD8 Thermo Fisher
Scientific

RPA-T8 58-0088-42 0.25

PerCP-
Cy5.5

CCR7 BioLegend G043H7 353220 4

PE Hu CD1d
tetramer

NIH Tetramer
Core Facility

PBS-57 loaded 0.81

PE-CF594 PLZF BD Biosciences R17-809 565738 0.63

PE-Cy7 CTLA4 eBioscience
(TFS)

14D3 25-1529-42 0.2

APC Hu MR1
tetramer

NIH Tetramer
Core Facility

5-OP-RU
loaded

0.18

AF647 FoxP3 BioLegend 259D 320214 0.6

APC-Cy7 CXCR3
(CD183)

Biolegend 49801.111 353722 0.13

BV711 CD19 BD Biosciences SJ25C1 563036 0.25

As the thawing procedure can be critical, we recommend user-specific optimizations to
ensure high sample viability (>80%) (Disis, dela Rosa, Goodell, & Ling-Yu, 2006).

CAUTION: Steps 1-2 should be performed in a biosafety hood.

2. Centrifuge 5 min at 500 × g, room temperature, and carefully flick off the super-
natant.

3. Resuspend cells in PBS with 2% FBS and count viable cells on a hemocytometer.

4. Centrifuge as before and carefully flick off the supernatant.
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5. Resuspend cells in PBS with 2% FBS to a concentration of 5 × 106 viable cells/ml.

6. Distribute 100 μl suspension per well of a 96-well U-bottom plate, allocating one
well per fluorophore in the panel and one well for an unstained sample.

A FS sample and appropriate FMO controls can be added but are not required for
assessing the SRCs at this point. They will be used for assessing unmixing in Basic
Protocol 2.

The number of cells required will differ by tissue type; for PBMCs, ∼5 × 105 cells is
sufficient.

7. Add one drop of vortexed compensation beads plus 150 μl FACs staining buffer to
a second set of wells, allocating one well per fluorophore in the panel except the
viability dye.

Figure 2A shows a typical plate layout. At this stage, the plate should contain unstained
and FS sample wells (fully stained beads are not needed) plus two wells per fluorophore in
the panel: one with cells and the other with compensation beads (except for the live/dead
reagent, which is typically only used on cells). FMO controls should also be included for
fluorophores where marker expression is very low or where the positive population is dim
and gate placement would be subjective.

8. Centrifuge plate 5 min at 500 × g, 4°C, and flick off the supernatant.

It is recommended to centrifuge samples at 4°C to maintain high viability, but room tem-
perature is acceptable if a refrigerated centrifuge is not available.

9. Prepare viability stain in PBS according to the titration result (see Support Protocol
1) and add 100μl to the live/dead cell control and FS sample, if included. Resuspend
remaining wells with 100 μl PBS. Incubate for 15-30 min at room temperature,
protected from light.

10. Centrifuge as above and flick off the supernatant.

11. Block Fc receptors of the cell samples using 100 μl of 1:40 Fc block in FACS stain-
ing buffer. Add an equal volume of FACS staining buffer to the beads. Incubate for
10 min at 4°C.

Fc block should not be used on compensation beads, as all antibody binding sites will
become occupied.

12. Centrifuge as above and flick off the supernatant.

13. Remove aggregates from antibody stocks by centrifuging 5 min at 16,000-18,000 ×
g, 4°C (Aass et al., 2011; Ayers et al., 2011; van der Vlist, Nolte-’t Hoen, Stoorvogel,
Arkesteijn, & Wauben, 2012) and/or by filtering using a pore size of 0.1-0.65 μm
(Inglis et al., 2015).

14. Prepare SS, FS, and FMO control antibody mixes by diluting stocks in FACS stain-
ing buffer according to titration results (see Support Protocol 1). Be sure to pipette
from the top of the liquid to avoid centrifuged aggregates.

Prepare enough volume of each antibody mix that two samples can be stained from the
same mix. This will reduce differences due to antibody preparation when comparing bead
versus cell SRCs. Allow for pipetting errors by making excess antibody mix (e.g., n+ 1).
Additionally, when more than one Brilliant polymer dye is used at the same time (FS and
FMOs), Brilliant Stain Buffer Plus (or equivalent) should be added per manufacturer’s
instructions to decrease interaction between the dyes. Do not add Brilliant Stain Buffer
Plus to compensation beads, as it is known to alter the spectral profile of some beads
(Ferrer-Font, Pellefigues, et al., 2020).
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Figure 2 Evaluation of SRCs and selection of optimal control type. (A) Example plate plan.
Shaded wells contain cells and unshaded wells contain compensation beads. (B) Expert gating of
cells of interest and doublet exclusion plots. A well-optimized ASF can be visualized in the second
pseudoplot. (C) BUV395 bead SRC gating of positive and negative populations and spectral signa-
tures of gated events showing clear positive and negative signals. (D) SS cells unmixed with either
BV711 CD19-stained compensation beads (top) or cells (bottom). Unmixing of BV711 CD19 is in-
correct against certain parameters (e.g., Pacific Blue CRTH2) but not others (e.g., BUV496 CD3)
when beads are used. This error is corrected through unmixing with cells with no negative impact
to the plot with previously correct unmixing. Red line indicates equal median fluorescence intensity
(MdFI) between positive and negative populations. (E) Comparison of brightness achieved using
SS cells versus beads and the FS sample for BUV395 HLA-DR. Black line shows the maximum
fluorescence of positive stained cells. In this example, cells should be used for unmixing as they
are brighter than the beads. (F) Comparison of brightness achieved using SS cells versus beads
as compared to the FS sample for PE-CF594 PLZF. In this example, beads are brighter than cells
and should be used for unmixing. Black line shows the maximum fluorescence of positive stained
beads is brighter than the FS sample. (G) Final decision of optimal SRCs (cells or beads) used for
unmixing the panel.
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15. Stain all cells and beads with 100 μl of the appropriate antibody mix and incubate
in the dark using the incubation time and temperature that will be used in the final
assay.

16. Centrifuge as above and flick off the supernatant.

17. Wash twice with 200 μl FACS staining buffer, centrifuging again after each wash.

At this stage, cells may be fixed (e.g., 1% paraformaldehyde) if required for biosafety or
sample longevity. If cells are fixed, beads must also be fixed to ensure equal treatment of
fluorophores and to mimic any change to the spectral signature caused by fixation. The
fixative must be removed by washing twice with FACS staining buffer before acquisition.

18. Resuspend in 200 μl FACS staining buffer.

19. Acquire on a Cytek Aurora, taking care to meet the following acquisition criteria:

a. Cytek assay settings are used as a starting point for instrument setup.
b. The scatter profiles of cells and beads are on scale and the FSC area scaling factor

(ASF) is optimized (see example in Fig. 2B).
c. All fluorescence signals are on scale (<4 × 106). This can be assessed in the

full-spectrum plot or in individual plots for every detector.
d. All tubes are recorded with the same fluorescence gain settings for each detector.
e. Sufficient events are recorded to find a clear positive signal.

A minimum of 300 events is needed for each positive and negative population. A good
starting point is 5000 total events for beads and 30,000-50,000 total events for cell con-
trols, although it may be necessary to record >50,000 cells to get at least 300 positive
events of similar fluorescence intensity for rare markers.

Evaluate results (see Video 1)
20. In the SpectroFlo software, check the raw reference control data and verify that the

acquisition criteria in the previous steps have been met:

a. The scatter profiles of the cells and beads are on-scale, clean, and easily gated,
and the FSC ASF has been optimized (Fig. 2B).

b. Cytek assay settings or a close alteration (also see Critical Parameters discussion
of Complex Samples and see Support Protocol 2) have been used, and all tubes
have been recorded with the same settings.

Video 1 Evaluation of optimal spectral reference controls (Basic Protocol 1).
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21. Ensure that the unstained sample has no contamination from other fluorophores.

Unstained cells often have AF signal in the detectors off the UV and violet lasers, which
should not be mistaken for contamination.

22. In the SpectroFlo software, step through the Unmixing Wizard and select beads for
all SRCs except for unstained and viability controls.

23. Accurately place positive and negative gates for unmixing.

When setting scatter gates on bead SRCs, it is common to see singlet and doublet popu-
lations. Set the scatter gate on the smaller-sized (lower FSC) or more abundant singlet
population. Beads should show little variability in staining level when prepared as de-
scribed above, and thus the positive gate may include the complete positive bead popu-
lation. If multiple peaks are seen, verify that they are not contaminating fluorophores or
sample carryover, and optimize the staining procedure where needed to achieve homoge-
nous staining intensity across all positive beads.

24. Perform quality control (QC) of all spectral signatures by verifying the following
criteria:

a. The peak channel matches that defined in Cytek’s Full Spectrum Viewer (spec-
trum.cytekbio.com).

b. The spectral signature appears as expected based on Cytek’s Full Spectrum
Viewer, published Cytek fluorophore guidelines, or historical data.

c. Each channel contains a tight population of events.
d. All fluorescent signals are on-scale (<4 × 106). This can be assessed in the full-

spectrum plot or in individual plots for every detector.
e. Sufficient events have been recorded to find a clear positive signal.

25. Iterating through each fluorophore, place the positive gate over the negative popula-
tion to verify that there is no fluorophore contamination (Fig. 2C).

26. Under the QC Controls tab, check Similarity Indices to ensure all spectral signatures
are unique (i.e., all values within the matrix are ≤0.98).

27. Select the Live Unmix button to generate unmixed FCS files.

28. Create N × N plots on an unmixed worksheet (e.g., using software such as FlowJo
or FCS Express).

a. Create as many pseudocolor or dot plots as there are fluorophores in the panel.
b. Ensure all x axes are set to the same fluorophore.
c. Set each y axis to a different fluorophore in the panel.
d. Change the x and y axes frommanual scaling to autoscaling in the plot properties.
e. Save this workspace as a template for use in later protocol steps.

29. Select the first SS cell sample.

30. Select all N×N plots. Then, in the Plot Properties window, change the x-axis option
to the fluorophore matching the selected sample so all plots change simultaneously.

31. Evaluate the unmixing accuracy of the marker on the x axis by visually inspecting
whether the positive and negative populations are well aligned horizontally along
the x axis. If unmixing errors are seen in the N × N matrix plots (Fig. 2D, top),
make a note of which control was being viewed.

32. Repeat steps 29-31 until the unmixing of all fluorophores has been evaluated.

33. Note which fluorophores require cells to be used for the SRC (i.e., those with iden-
tified unmixing errors in step 31). All other controls can remain as beads.
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The most likely explanation for bead SRCs not unmixing the cell SRCs correctly is that the
signature of the fluorophore on the beads did not match that of the cells. This phenomenon
is known to happen but cannot be easily predicted. Another possible cause is that the bead
SRC is dimmer than the cell SRC (Fig. 2E,F). If all recommendations for treatment of SS
cells have been followed (i.e., identical treatment to FS cells, use of the same number of
cells), then the cell SRC should have identical brightness to the FS cells and thus be an
appropriate control.

34. Go through the Unmixing Wizard a second time using the controls identified in step
33 as the optimal controls. Unmix again using live unmixing.

35. Follow steps 23-26 for the modified controls to ensure the best unmixing outcome
is achieved.

When setting gates using cells as SRCs, the scatter gate should be placed only on the cells
expressing the marker of interest for each control. In cases where there is no negative
staining in this population, a universal negative may be used as a surrogate. To ensure
the observed negative signal is due to AF rather than contamination, compare it to the
matching unstained tube.

36. Repeat steps 29-32 to evaluate the new unmixing for the fluorophores that did not
unmix optimally before (Fig. 2D, bottom) and note which fluorophores require cells
or beads to be used for the SRC (Fig. 2G).

Even with high-quality reference controls, unmixing errors may arise if incorrect gates
are used in the Unmixing Wizard or if the spectral signatures have mismatches (see trou-
bleshooting Tables 2-5 for more potential issues and how to fix them).

SUPPORT
PROTOCOL 1

ANTIBODY TITRATION

Antibody titration is the crucial first step in developing high-dimensional flow cytometry
panels. Using the incorrect antibody concentration can increase spread, decrease resolu-
tion, increase aggregation of reagents, and give rise to nonspecific binding (Stewart &
Stewart, 1997), all of which result in poor panel performance and/or inaccurate results.
Ideally, titrations should be carried out in the tissue that will be used in the assay. This
is not always feasible, however, if the tissue in question is rare or difficult to work with,
or the cells of interest are found at low frequencies within the tissue. In such cases, it is
suggested to first add a lineage marker to the mix to help identify the cells that express
the rarer marker or to use a surrogate tissue in which the marker is more abundant and
simpler to process. Results from this type of titration should always be validated using
the tissue of interest.

It is important that readout functional markers are titrated under the maximally activated
conditions that will be used in the assay. Staining conditions should also be identical be-
tween titration and experiment to prevent spectral pattern mismatches and poor unmixing
results.

This protocol describes the preparation of cryopreserved peripheral blood mononuclear
cells (PBMCs) for titration of extracellular antibodies. It can be easily adapted and used
as a general guideline for antibody titration using other tissues or staining procedures.

Materials

Cryopreserved PBMCs
Phosphate-buffered saline (PBS; Gibco, cat. no. 14190-250)
Fetal bovine serum (FBS; Gibco, cat. no. 10091-148)
Zombie NIR Fixable Viability Kit (BioLegend, cat. no. 423106)
Human TruStain FcX (Fc Receptor Blocking Solution; BioLegend, cat. no.
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Polystyrene compensation beads (e.g., UltraComp eBeads, Life Technologies, cat.
no. 01-222-42)

Antibodies (see Table 1)
FACS staining buffer: PBS with 2% bovine serum albumin (BSA; MP

Biochemicals, CAS no. 9048-46-8) and 0.2% sodium azide (Sigma-Aldrich, cat.
no. S8032)

37°C water bath (e.g., Julabo Ecotemp TW12)
Hemocytometer (e.g., Hawksley Counting Chamber) and coverslips
96-well U-bottom plate (In Vitro Technologies, cat. no. 353077)
Filters with 0.65-μm or smaller pore size (optional)
Spectral cytometer (e.g., Cytek Aurora)
5-ml polypropylene round-bottom flow tubes (In Vitro Technologies, cat. no.

352008)
Data analysis software for analyzing FCS files (e.g., FlowJo or FCS Express)

Prepare and acquire samples
1. Thaw PBMCs quickly in a 37°C water bath and add to 5 ml PBS with 2% FBS.

CAUTION: Steps 1-2 should be performed in a biosafety hood.

2. Centrifuge 5 min at 500 × g, room temperature, and carefully flick off the super-
natant.

3. Resuspend cells in PBS with 2% FBS and count on a hemocytometer.

4. Centrifuge as before and carefully flick off the supernatant.

5. Resuspend cells in PBS with 2% FBS to a concentration of 5 × 106 cells/ml.

6. Distribute 100 μl suspension per well of a 96-well U-bottom plate, allocating six
wells to each antibody being titrated. Include additional wells for unstained and
live/dead controls (see example plate plan in Fig. 3A).

The number of titer points is based on the range of concentrations being tested. The
number of cells required will differ by tissue type; for PBMCs,∼5× 105 cells is sufficient.

7. Centrifuge plate 5 min at 500 × g, 4°C, and flick off the supernatant.

8. Stain titration samples and live/dead controls with a viability dye that will not cause
significant spillover into the fluorophore being titrated.

Viability dyes should also be titrated for use in high-dimensional spectral cytometry pan-
els. When titrating a viability dye, skip steps 8-12 for that sample only (adding PBS in-
stead if other samples are being processed simultaneously). If the viability dye has not
yet been titrated, follow manufacturer guidelines for concentration and incubation pro-
cedures.

9. Centrifuge as above and flick off the supernatant.

10. Block Fc receptors by applying 100 μl of a 1:40 dilution of Human TruStain FcX
and incubating 10 min at 4°C.

11. Add one drop of vortexed compensation beads per well for the appropriate single
stain (SS) controls.

12. Centrifuge as above and flick off the supernatant.

13. Remove aggregates from antibody stocks by centrifuging the vials 5 min at 16,000-
18,000 × g, 4°C, or by filtering using a pore size of 0.65 μm or smaller.
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Figure 3 Antibody titration.Example titration of 1:2 serial dilutions for a range of marker subtypes,
showing both concatenated flow cytometry data files and the calculated SI. The final dilution se-
lected for the panel is indicated by black boxes. (A) Example plate layout. (B) T-cell co-receptor
CD4 conjugated to BV570. (C) Transcription factor PLZF conjugated to PE-CF594. (D) Activation
marker CTLA-4 conjugated to PE-Cy7 on cells with and without PHA stimulation (5 μg/ml, 2 days).

14. Create a dilution series for each antibody being titrated by diluting stock solutions
in FACS staining buffer. Be sure to pipette from the top of the liquid to avoid the
spun-down aggregates.

A suggested dilution series is 1:50, 1:100, 1:200, 1:400, 1:800, 1:1600. This series is
broad enough to ensure the likelihood of finding the optimal titer for a range of antibodies.
For ease of preparation, concentrations are listed here only in terms of their dilution from
stock; actual concentrations (in mg/ml) should be calculated once a titer is selected.
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15. Add 100 μl of each antibody dilution to the corresponding sample in the plate. Add
FACS staining buffer to unstained and live/dead controls. For compensation beads,
use 100 μl of the 1:100 dilution.

The dilution used for compensation beads should not fall off-scale when using Cytek
assay settings, but should be brighter than the samples. A 1:100 dilution is a good starting
point, but a lower dilution can be used if some antibodies are too bright.

16. Incubate using the time and temperature that will be used in the final assay.

17. Centrifuge as above and flick off the supernatant.

18. Wash twice with 200 μl FACS staining buffer.

If fixation will be used for the final samples, titrations should also be determined using
fixed samples. For additional details, see Basic Protocol 1, step 17.

19. Resuspend in 200 μl FACS staining buffer and acquire on a Cytek Aurora using
Cytek assay settings.

Analyze data
20. Open titration samples in a data analysis software used for analyzing FCS files.

21. Generate median fluorescence intensity (MdFI) values for the positive and negative
populations for each concentration.

22. Generate standard deviation (SD) values for the negative population for each con-
centration.

23. Calculate the stain index (SI) using the equation SI = (MdnFIpos – MdnFIneg) / (2
× SDneg).

The stain index is a very useful metric of resolution, with a higher value indicating greater
resolution. If a lower concentration of antibody produces a reduced positive population
MdnFI compared to a higher concentration with no change to the negative population, its
stain index is going to decrease, as the separation between the positive and negative pop-
ulations will be reduced (see example in Fig. 3B). If a higher concentration of antibody
gives rise to a similar positive population MdnFI compared to a lower concentration, but
has a larger SD of the negative population, its stain index is going to be decreased, as
spreading of the negative population reduces the resolution from the positive (see exam-
ple in Fig. 3C).

24. Select the concentration that gives rise to the best stain index without giving rise to
a positive shift of the negative population.

Such a shift is best visualized by concatenating all FCS files and displaying them on a
single plot (as shown in in Fig. 3B-D).

SUPPORT
PROTOCOL 2

CHANGING INSTRUMENT SETTINGS

In some cases an adjustment of fluorescent gain settings away from the optimized set-
tings cannot be avoided, for instance, if a bright reporter protein (e.g., eGFP) is off-scale.
Such adjustments must be carried out carefully to minimize impact on all spectral sig-
natures within the panel. Adjustments can be made detector by detector or to a whole
detector array at one time, where all detectors of a given laser line are changed simultane-
ously. Reduction of thewhole array is the recommended approach, asmanual alteration of
single detectors is prone to distortion of spectral signatures, where the ratio of brightness
from detector to detector is not maintained. Regardless, reducing whole detector arrays
can lead to peak emissions of spectral signatures being shifted to an incorrect detector
(potentially on a different laser line). Therefore, all changes must be checked to ensure
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that signatures remain as expected based on Cytek’s Full Spectrum Viewer, published
fluorophore guidelines, or historical data.

1. Observe which fluorescent channel(s) has an off-scale signal.

2. Use trial and error to determine the gain setting that is appropriate to bring the emis-
sion peak on-scale (i.e., <4 × 106 on the Aurora).

Remember that gain and fluorescence have a linear relationship, so that a 50% reduction
in gain will give rise to a 50% reduction in fluorescence signal.

3. Reduce secondary detector arrays with off-scale signals by the same percentage as
the reduction made in step 2.

4. Use Cytek’s Full Spectrum Viewer, published fluorophore guidelines, or historical
data to check that the altered spectral signature retains the correct overall pattern and
that the primary emission peak has not been reduced below any secondary emission
peaks.

If the overall pattern is correct, no further steps are required. Record all samples at these
adjusted settings. If the overall pattern is not correct, continue to step 5.

5. If adjustments to other laser lines are required, continue reducing the respective de-
tector arrays by the same percentage as in step 2.

6. Repeat steps 4 and 5 until the spectral signature appears as expected or all arrays have
been reduced by the same percentage.

7. Record all samples at the adjusted settings.

BASIC
PROTOCOL 2

UNMIXING EVALUATION OF FULLY STAINED SAMPLE

Before any analysis can be undertaken, the FS sample must be checked to ensure that
clean data can be obtained through removal of artefacts such as doublets, dead cells, and
aggregates. It is also necessary to verify that there is positive staining for all markers in the
panel, taking into consideration the biology of eachmarker. Once this has been asserted, it
must be determined whether the SRCs selected (either beads or cells) successfully unmix
the SS cells in Basic Protocol 1 can also be used to successfully unmix the FS sample
(Video 2).

Video 2 Unmixing evaluation of fully stained sample (Basic Protocol 2).
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Materials

Cytek SpectroFlo software
FCS files generated in Basic Protocol 1
N × N worksheet template

1. In the SpectroFlo software, work through the UnmixingWizard and select the SRCs
chosen from Basic Protocol 1.

2. In the unmixed workspace, gate on time to remove any events collected during an
unstable flow period by plotting time vs. scatter (e.g., FSC-A or FSC-H; Fig. 4A).

3. Gate out doublets by sequentially plotting FSC-H vs. FSC-A and SSC-H vs. SSC-A,
and include only the events found in the diagonal population (Fig. 4A).

If working with whole blood or PBMC samples where incomplete RBC lysis was achieved,
unlysed erythrocytes need to be excluded. One method is the blue/violet SSC gating
method described by Petriz, Bradford, & Ward (2018).

4. Exclude aggregates through inspection of N × N plots for incorrectly unmixed
super-bright events and gate these out of all further analyses (Fig. 4B).

5. Gate out dead cells by including only viability dye negative events (Fig. 4A).

Viability dyes also need to be titrated (see Support Protocol 1).

6. Gate on cells of interest using FSC-A vs. SSC-A, including only the events required
for analysis (Fig. 4A).

If working with a sample that contains multiple cell types (such as PBMCs), include only
the cells that will be involved in downstream analysis. For example, when analyzing a
panel that contains only lymphocyte markers, gate out monocytes (validating that T cells
are not excluded).

7. Create as many pseudocolor or dot plots as there are fluorophores in the panel. Set
the y axis to SSC-A and each x axis to a different fluorophore (Fig. 4C).

8. Verify that a positive signal can be found for all markers (Fig. 4C).

For rare or dim markers, FMOs can assist in determining the gating boundaries (Fig.
4D). If no clear signal is observed, take note of that reagent and check the titer and
staining protocol. For additional troubleshooting, see Table 3.

9. Open the N × N worksheet template created previously and evaluate how well un-
mixing was performed for each marker. Inspect the FS sample by assessing whether
super-negative events are present (example in Fig. 4E), which can be an indication
of unmixing issues.

10. Select all plots making up the matrix. In the Plot Properties window, change the x
axis option to the next fluorophore down the list so that all plots change simultane-
ously.

11. Repeat steps 9-10 until all fluorophores have been checked.

12. If there are no major unmixing errors (i.e., the positive and negative populations of
each marker in the N × N plots are well aligned), continue to evaluation of marker
resolution (see Basic Protocol 3).

13. If there are unmixing issues, even once the unmixing has been performed correctly
and optimally, it is possible to make small adjustments (<3%) to the compensation
matrix (found in the Tube Properties window).
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Figure 4 Inspection of the FS sample. (A) Gating strategy to gate out inconsistent flow rate events
(time gate), doublets, and dead cells and include only cells of interest (lymphocytes). (B) Example
of aggregates and how to gate them out. (C) Dot plots of SSC-A vs. each marker in the panel.
(D) Dot plots of SSC-A vs. rare/dim markers in the panel, overlaid with FMO controls to show
true positive events. (E) N × N matrix used to evaluate marker positivity from core panel iteration
unmixed using beads (left) or cells (right).

Adjustments to the spillover matrix should be fully justified and the integrity of the data
must not be impacted (made with clear knowledge of the biology, such as expression
and pattern characteristics). Under-unmixing and over-unmixing issues can be manually
adjusted (Ashhurst, Smith, & King, 2017). It is unlikely that there would be a need for
more than a 2% to 3% correction. If greater correction is needed, the unmixing accuracy
needs to be re-evaluated.

If the samples are something other than PBMCs and significant unmixing issues are still
present, more information on how to proceed can be found in the Commentary (see Crit-
ical Parameters, Complex Samples).
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BASIC
PROTOCOL 3

EVALUATION OF MARKER RESOLUTION

Once the best possible unmixing has been achieved using Basic Protocols 1 and 2, the
resolution of each marker in the FS sample must be compared to the SS cell controls.
Assessing the spread of the negative population and/or shifts in the positive signal will
provide an indication of whether there is any loss of resolution of markers in the panel
when fully stained. This assessment is best achieved by overlaying each marker in the SS
cell sample onto the FS sample. If any reduction in resolution is seen, the impact of this
can be further investigated to identify if it will impact the ability to identify populations
of interest using an established gating strategy. Ideally, the same number of cells from
the same tissue type should be stained and acquired for all samples. In practice, however,
this is not often feasible, and downsampling can be used to achieve identical cell numbers
across samples during analysis. In theory, the only difference between the SS and FS cells
should be the number of antibodies in the tube (Video 3). Additionally, AF extraction
should be tested to determine if marker resolution can be improved (Video 4).

Video 3 Evaluation of marker resolution (Basic Protocol 3).

Video 4 Deciding on an approach for mitigating autofluorescence (Basic Protocol 3) and Support
Protocol 3.
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Materials

Data analysis software (e.g., FlowJo or FCS Express)
Cytek SpectroFlo software
FCS files generated in Basic Protocol 2
N × N worksheet template

Evaluate marker resolution (Video 3)
1. Open the unmixed FS and SS cell samples in a data analysis software package for

analyzing FCS files (e.g., FlowJo or FCS Express).

2. Follow steps 2-6 of Basic Protocol 2.

3. Create a histogram for each fluorophore in the panel (Fig. 5A). If the positive pop-
ulation is rare, use a dot plot for visualization purposes instead of a histogram
(Fig. 5B).

4. Overlay the same number of FS and SS cell sample events onto a histogram or dot
plot (Fig. 5A,B).

Figure 5 Evaluation of marker resolution. (A) A histogram overlay of BV570 CD4 SS cells vs. FS
sample (left) provides an example with no additional spread in the negative population, whereas
a histogram overlay of AF532 CD8 (right) depicts spreading of the negative population in the FS
sample (red) compared to SS cells (blue). (B) Histogram and dot plot overlays of Pacific Blue
CRTH2. (C) Dot plot of BUV496 CD3 vs.BV510 TCRγ δ before (left) and after (right) implementation
of sequential staining (Park et al., 2020).
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Figure 6 Spillover spreading matrix for 24 unique-signature fluorophores used in combination on a panel used
to illustrate the protocol. Spread is contributed by fluorophores listed in the rows, impacting the fluorophores listed
in the columns. Spillover values are color-coded as follows: white, <3; shades of pink, 3–9; red, >9 (for example,
BV480 spreads strongly into BUV496).

To ensure that each sample contains equal events, downsample the cells of interest popu-
lation from all samples to the same number of events based on the sample with the fewest
cells of interest. In FlowJo, for example, select the population of interest, then go to the
Workspace tab and select Plugins and then DownSample. Specify the number of events
to be downsampled such that all samples can meet the criteria.

5. Determine whether any spreading of the negative population has occurred in the FS
sample (Fig. 5A, right).

6. Determine whether such spreading has impacted the resolution of positive and neg-
ative populations, either visually or by calculating stain index (SI; see Support Pro-
tocol 1, step 22).

7. Create a spillover spreading matrix (SSM) to assess which fluorophores are likely
to be introducing spread to the fluorophore of interest (in Fig. 6, find the SSM for
the panel used to illustrate the protocol).

In FlowJo, for example, using the SS cells SRCs, navigate through the Compensation
Wizard defining positive and negative populations for each fluorophore. The SSM will
be automatically generated alongside the compensation matrix and can be displayed or
exported from the SSM button.

If the spread of the negative population results in significant loss of resolution such that
separation of positive and negative populations becomes difficult, and the marker is

Ferrer-Font et al.

Current Protocols

Improving Immunophenotyping Resolution by Overcoming Autofluorescence with Full Spectrum Flow Cytometry Improving Immunophenotyping Resolution by Overcoming Autofluorescence with Full Spectrum Flow Cytometry 53

BACK TO CONTENTS



Figure 7 Determination of AF signature type. AF signatures of (A) unstained PBMCs, (B) unstained JAWS cells
(immortalized immature dendritic cell line), and (C) unstained skin cells. The latter shows a highly heterogeneous
signature that can be split into three unique spectral signatures.

co-expressed in the same cell type as the marker causing the spread, the panel design
should be reconsidered and a different fluorophore may be needed to improve resolution.

8. Determine whether any loss in fluorescence intensity of given marker(s) has oc-
curred in the FS when compared to the SS (Fig. 5C).

Any reduction in positive signal should be investigated. An explanation is offered in Jal-
bert, Shikuma, Ndhlovu, & Barbour (2013) and Park et al. (2020), where sequential
staining of chemokine receptors was required to achieve positive signal in the FS sam-
ple comparable to that of the SS cell controls. Sequential staining can also be applied to
non-chemokine receptors (Fig. 5C).

Choose approach for mitigating AF (Video 4)

Two scenarios should be considered regarding AF: homogeneous AF, where the whole
unstained sample has a single low spectral signature (Fig. 7A) or single bright spectral
signature (Fig. 7B), or heterogeneous AF, where there are multiple AF signatures (Fig.
7C). For PBMCs, where the unstained sample has a relatively low homogeneous AF sig-
nature, the Simple AF Protocol can be followed to assess whether AF extraction improves
marker resolution. AF extraction is particularly helpful in resolving low-expressed mark-
ers by lowering the background of the negative population with minimal effect on the
positive signal. If samples have heterogeneous or homogeneous but very bright AF, it is
likely that AF extraction must be used to obtain unmixing that looks correct in Basic
Protocols 1 and 2. In this case, the decision to use AF extraction will be based on
unmixing quality instead of improvement of marker resolution. The AF protocol for
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heterogeneous AF is explained in detail in Critical Parameters (underWorkingwith Com-
plex Samples) and in Support Protocol 3.

Extract AF
9. Open SpectroFlo and proceed to the Unmixing Wizard.

10. Test the following options for unmixing:

a. Unmix without AF extraction first. Select live unmixing.
b. Repeat steps of the Unmixing Wizard with AF extraction, placing the scatter gate

on the population of interest only. Select Unmix, Save & Open to generate a sep-
arate set of FCS files from step 10a.

11. If there are other cells of interest in the sample that have a brighter spectral signature,
try to unmix with the scatter gate on this population in step 10b.

12. Determine the best unmixing outcome comparing the N × N plots by evaluating
changes in resolution for the dyes that overlap with the range of emission of AF
(e.g., BUV496, BV510, Pac Orange, BV570, FITC, PE).

SUPPORT
PROTOCOL 3

MANAGING HETEREOGENEOUS AUTOFLUORESCENCE (VIDEO 5)

The following protocol is divided into three sections: Discover, Distinguish and Desig-
nate.

Discover
1. Observe N × N plot permutations of raw channel data.

a. On the Aurora, draw as many pseudocolor or dot plots as channels.
b. Leave the x axis unchanged.
c. Set each y axis to the different channels, so each plot shows a different raw com-

bination.

An example of a SpectroFlo N × N raw template is shown in Figure 8.

2. Find a combination that separates the greatest number of populations from one an-
other.

Video 5 Heterogeneous autofluorescence (Support Protocol 3).
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Figure 8 Example of an N × N raw worksheet.

Potential shortcut: Observe spectral plot showing ALL events and find one channel where
there is obvious heterogeneity and one channel with similarity. This will immediately pull
apart a minimum of two populations. Hint: Mid-range UV channels are most likely to
show heterogeneity. If eosinophils are expected, YG1 will assist with isolating eosinophils
from other populations.

Distinguish
3. Choose the plot with highest degree of separation.Ferrer-Font et al.

Current Protocols

Improving Immunophenotyping Resolution by Overcoming Autofluorescence with Full Spectrum Flow Cytometry Improving Immunophenotyping Resolution by Overcoming Autofluorescence with Full Spectrum Flow Cytometry 56

BACK TO CONTENTS



Figure 9 Aurora 5L detector array configuration.

4. Place gates around all unique populations and observe the scatter properties and
spectral signatures on adjacent spectral plots and select only the populations that
have unique spectral characteristics.

5. Find the peak fluorescent channel for each unique population and then display said
population on a histogram using this channel.

6. Gate the brightest 300-500 cells only, in order to derive the brightest AF SS control.

7. Right-click on the gate and export events as a new FCS file.

8. Repeat for all unique populations, producing an FCS file for each.

9. Export an AF dim population (dimmest AF spectral signature found in the sample)
to be used as the negative control for the previously exported populations.

Designate
10. Designate these new AF signatures as fluorescence tags in the SpectroFlo Library.

a. Create a new AF group.

This will facilitate filtering and exporting these fluorophores for offline analysis, as well
as identification when designing experiments.

b. Assign the AF tag a name, choose the excitation laser, and assign an emission
wavelength (use the optical configuration in Figure 9 to determine wavelength
based on peak emission channel).

11. Open the experiment of interest and add the new AF tag(s) as if it were a fluorophore
in the experiment.

12. In the reference controls tab, add an additional negative for the AF tags that will be
the AF dim.
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13. Import the populations exported during the Distinguish steps as SRCs for the corre-
sponding tags, and import the AF dim population as an additional negative for the
AF SRCs.

14. Use the Unmixing Wizard QC tools to assess AF signature similarity.

In our experience, a similarity of 0.96 or less indicates that the AF signatures are gener-
ally considered to be unique.

15. Unmix the experiment and evaluate the unmixed N × N matrix.

If unmixing errors are still present, refer to the troubleshooting guide in Table 3.

BASIC
PROTOCOL 4

ASSESS DATA QUALITY USING EXPERT GATING AND DIMENSIONALITY
REDUCTION ALGORITHMS

Informed gating is a useful way to check panel quality. It is necessary to check that all
populations of interest can be identified and to investigate how well they can be resolved
(Fig. 10A, Video 6). The biology of the sample should be considered to ensure that pop-
ulations seen in the sample are as expected and that markers are expressed on all the
expected cell types. This protocol indicates whether the panel is ready for use on exper-
imental samples. Additionally, dimensionality reduction algorithms can be useful tools
for investigating panel quality, as they simplify the data for visualization while also ex-
posing artefacts that may be missed through expert gating. Using t-distributed stochastic
neighbor embedding (t-SNE; van der Maaten & Hinton, 2008; Fig. 10B), markers that
are usually co-expressed should be checked to see they are found in similar regions of
the t-SNE plot (Brummelman et al., 2019).

Materials

Data analysis software (e.g., FlowJo, FCS Express, or any other software that
allows gating of data)

FCS files generated in Basic Protocol 3

Perform expert gating
1. Open the unmixed FS sample in data analysis software used for analyzing FCS files.

2. Follow steps 2-6 of Basic Protocol 2 to gate on live single cells of interest.

3. Gate the rest of the markers based on panel design, prior knowledge, and published
literature.

4. Check the gating strategy for unexpected marker combinations or cell populations
(Fig. 10A).

For example, when analyzing PBMCs, a CD3+CD19+ double-positive population is not
expected. If one is found, the source of this staining must be investigated and corrected
before the panel is ready for use.

5. Evaluate whether all populations of interest have clear positive signals that can be
easily resolved from the negative.

6. Ensure readout markers (used for experimental readout) can be quantified in each of
the cell types of interest.

Apply dimensionality reduction algorithm (t-SNE)
7. Using the cleaned data from step 2, run a t-SNE at the default settings (iterations:

1000; perplexity: 30) utilizing all fluorescence parameters. Exclude non-informative
parameters such as those used in the data cleaning steps (e.g., viability and phenotypic
markers for identifying cells of interest).
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Figure 10 Gating of the FS sample. (A) Gating strategy of the panel, including lineage, memory,
and activation readouts. (B) t-SNE as a quality control tool. t-SNE analysis was performedwith 1000
iterations and perplexity of 30 and displayed in 2D plots using the resultant t-SNE 1 and t-SNE
2 dimensions according to the per cell expression of 20 proteins. Expression levels of HLA-DR,
CD27, CD28, CD45RA, CRTH2, CD127, TCRγ δ, CD4, CCR4, CCR6, CD45RO, CD25, CCR10,
CD8, CCR7, PLZF, CTLA-4, MR1tet, FoxP3, and CXCR3 are displayed. t-SNE scales are shown
in each graph and visualized using a rainbow heat scale.

8. Assess marker co-localization one by one in viSNE plots by coloring the t-SNE based
on the expression of each marker (Fig. 10B).

viSNE is a visualization tool for high-dimensional single-cell data based on t-SNE.
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Video 6 Assessment of data quality using expert gating and dimensionality reduction algorithms
(Basic Protocol 4).

9. As in step 4, check for the appearance of unexpected marker combinations on specific
cell types.

See Figure 11 for a simple checklist to help ensure that all steps have been followed to
obtain a high-quality and reliable immunophenotyping panel.

COMMENTARY
Background Information

The first step of building a successful large
multicolor panel is good theoretical panel
design. Full-spectrum flow cytometry panel
design has been previously described (Ferrer-
Font, Pellefigues, et al., 2020; Park et al.,
2020). In summary, in the context of success-
ful theoretical panel design, it is very impor-
tant to have a clear experimental question and
to know the biology of the markers that are in-
cluded in the assay, including their expression
and co-expression patterns. It is important to
understand the instrument configuration (i.e.,
number of lasers on board) to know what the
spectral signatures for each fluorophore will
look like with the given configuration, as fluo-
rophore brightness will vary depending on the
excitation wavelength available. This informa-
tion, coupled with the amount of spread (both
given and received) of each fluorophore in the
panel (detailed in Nguyen, Perfetto, Mahnke,
Chattopadhyay, & Roederer, 2013), allows
fluorophores to be optimally assigned to the
different markers of the immunophenotyping
panel.

After the panel has been theoretically
designed, performance of QC steps is strongly
recommended. This process is necessary to
theoretically validate the panel before pro-
ceeding to a full experiment in order to reduce

preventable issues as much as possible. It
is advised to review the panel on a marker-
by-marker and population-by-population
basis, making sure that fluorophores inducing
considerable amounts of spread (which could
impair marker resolution) are allocated to non-
co-expressed markers, and that dim markers
receive a minimal amount of spread, while
fluorophore brightness and antigen expression
levels are well matched (high-expressing
antigens with dim fluorophores and low-
expressing antigens with bright fluorophores).
To address potential issues, markers that are
available with multiple fluorophores can be
substituted to see if spillover spread can be
minimized. Additionally, fluorophores that
create (but do not receive) the most spillover
can be designated to dump or viability chan-
nels. It is strongly recommended to complete
panel optimization before working with an
actual biological experiment, as it is a wise
investment in terms of time, effort, and cost,
without jeopardizing precious experimental
samples.

Critical Parameters
Multiple factors influence the success

of this protocol. The importance of good
sample preparation—addressing sample
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Figure 11 Panel optimization check list. To ensure the rigor and reproducibility of data acquired
by spectral cytometry, the following steps are recommended for optimization and validation of each
new panel.

complexity issues and the use of high-quality
controls—must be emphasized.

Working with complex samples
When working with more complex sam-

ples than PBMCs (e.g., skin, tumor, fat tissue),
the steps for panel optimization are the same,
but there are some extra considerations.
Quality of single-cell suspension. An

important consideration that is sometimes
underestimated is the quality of the single-cell
suspension that will be used to run the im-
munophenotyping panel. As different immune
cell subsets have varying susceptibility to cell
death, the single-cell suspension should
have a viability of 80% or more to ensure
proportional representation of the original
sample (Costantini et al., 2003). Cell death
can occur for different reasons, including how
the sample has been treated before staining.
Cryopreservation and harsh digestion pro-
tocols can affect sample quality and these

procedures also need to be optimized. Indeed,
when working with digested tissue, epitopes
for the markers of interest should be verified
to ensure the digestion protocol has not neg-
atively impacted them. For example, if the
same epitopes of interest exist in the spleen,
one should compare marker staining and
epitope preservation between digested and
undigested spleen (Ferrer-Font, Mehta, et al.,
2020).
Assessing instrument setup. Wherever

possible, the instrument settings for fluores-
cence detector gains should remain unaltered
from the Cytek Assay Settings (CAS). When
using fluorescently labeled antibodies, this
is achieved by carefully pairing expression
levels to fluorophore brightness during panel
design, and then by antibody titration to ensure
fluorescence signals remain on-scale at the op-
timized settings. In certain applications where
fluorescence intensity is not tunable, such as
fluorescent reporter protein expression within Ferrer-Font et al.
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the cells of interest, the instrument settings
may need to be adjusted to accommodate off-
scale fluorescence signal. Any such change
will impact not only the spectral signature be-
ing accommodated, but also other signatures
with emission in the same area. Reducing
fluorescence gains may lead to increased
similarity between spectral signatures, which
can give rise to more spillover spreading error
and thus negatively impact marker resolution
(Ferrer-Font, Pellefigues, et al., 2020). See
Support Protocol 2 for steps required to alter
fluorescence gain settings to accommodate
off-scale signals. If using something other
than the Cytek Aurora, it will be necessary to
optimize the settings based on manufacturer’s
recommendations.
Autofluorescence. Samples with heteroge-

neous (Fig. 7C) or very bright homogeneous
AF signatures (Fig. 7B) can make unmixing
challenging. To improve the accuracy of the
unmixing and to improve marker resolution
in the case of heterogeneous AF samples,
multiple AF reference controls can be created
for each of the different AF signatures present
in the sample (as if they were individual
fluorophores included in the panel). The steps
required for this process are divided in three
sections called Discover, Distinguish and
Designate. The goal is to Discover unique
spectral signatures within the unstained
control through use of a raw N × N plots;
Distinguish these unique signatures into sep-
arate SRCs by exporting each population as a
new FCS file which can then be reimported;
and Designate each signature as unique fluo-
rophores within the software to be unmixed
as if they were part of the original panel. Care
must be taken to ensure only clearly unique
signatures (with similarity index <0.98) with
at least 300 events of similar fluorescence in-
tensity are distinguished to ensure high quality
SRCs are generated (for a detailed protocol,
see Support Protocol 3 and Video 4). For very
bright homogeneous AF, the steps outlined in
Basic Protocol 3 and Video 4 can be followed
to improve unmixing and markers resolution
outcomes.

Controls
The quality of controls will directly trans-

late to the quality of unmixing and the data
obtained. It is therefore worth investing the
time to optimize them. It is of utmost impor-
tance to include all necessary controls from the
beginning of a project. A complete overview
about controls can be found in Maecker &
Trotter (2006). Below is a summary of the

categories of controls that should be con-
sidered when optimizing a flow cytometry
panel.
Unstained controls. The unstained control

is meant for AF assessment and should have
a clean signature with no contamination from
other fluorophores and match the tissue or
sample type being analyzed. If, for example,
different tissue types are used in an exper-
iment, multiple unstained sample controls
must be used for each tissue type. Similarly,
if samples are being treated differently (e.g.,
fixed/fresh or stimulated/unstimulated), an
unstained control should be included for each
condition. It is not advised to mix samples
from different conditions and collect only one
unstained control, as it may not be possible
to have enough events to generate clear AF
signatures.
Spectral reference controls. Appropriate

single-stained SRC samples are required for
optimal unmixing of the fully stained sample.
The purpose is to provide a signature of each
fluorophore to be used by the unmixing algo-
rithm. Briefly, SRCs should have positive and
negative populations that are clearly separated
or a universal negative; positive populations
should be brighter than the fully stained
sample; the negative and positive populations
should have identical AF characteristics;
sufficient events for both populations should
be collected; and the fluorescence spectrum
of the positive control needs to be identical to
the one in the fully stained sample. To fulfill
these best practices, cells and beads should be
compared and the best option should be used.
Special considerations for viability staining
are important, as live and dead cells have
different AF signatures, which means the pos-
itive and negative controls will not have the
same AF signature. To overcome this issue, it
is possible to kill all cells in the viability SRC
(e.g., heat-killing at 55°-70°C for 5-10 min),
stain only half of them, and mix these with
the unstained cells. In this case, all the cells
will be dead and the AF will be the same for
the positive and negative controls.
SS cell controls. SS cell controls are used

not only as reference controls but also to assess
the performance of each marker compared to
the FS tube. SS cells are gold-standard for
each antibody performance and are used to
quantify the spread of the negative population
and/or shifts in the positive signal and thus
any subsequent loss of resolution of markers
in the panel.
Gating controls. A fluorescence minus one

(FMO) control is a sample stained with all
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fluorophores used in the experiment except
one. Analyzing the FMO control for each
fluorophore in the panel is not required for
panel optimization, but FMOs can be used as
a guide to set the boundary between positive
and negative events if it is ambiguous. FMOs
also aid in the assessment of spread between
positive and negative events and are an impor-
tant tool for assessing panel performance. A
good alternative for large 20+ color spectral
panels is the use of fluorescence minus multi-
ple (FMM) controls, as recently described by
Jensen & Wnek (2020).

Core versus FS panel
When optimizing a high-dimensional im-

munophenotyping panel, it is recommended
to first complete Basic Protocols 1-4 with a
core panel. A core panel is limited to only the
essential lineage markers required to identify
the cell types of interest. This will reduce
confounding factors when attempting to un-
derstand the source of errors. Once a core
panel has been optimized, additional markers
can be added (including readout functional
markers, intracellular markers, etc.) and opti-
mized with the knowledge that issues are not
originating from the core panel.

Fixation/permeabilization buffers
Intracellular staining procedures also re-

quire special consideration. It is important to
source the fixation/permeabilization reagent
that is most appropriate for the markers being
detected (e.g., transcription factors, cytokines,
or intracellular proteins) while also consid-
ering their relative locations (cytosolic or
nuclear). The type of fixation buffer can influ-
ence the staining of both intracellular and sur-
face markers. The type of fixative can have an
impact in many aspects of staining: damaging
the epitopes, altering the fluor stability and re-
sulting in a different optimal titer, altering the
background fluorescence without altering the
positive signal (leading to reduced resolution
between positive and negative populations),
and altering the fluorescence spectral signa-
tures (causing spectral signature mismatches
between FS samples and SRCs, resulting in
unmixing issues). It is recommended that
antibodies be titrated using the same fixa-
tion/permeabilization buffer conditions used
for the final staining of FS samples and SRCs.

Troubleshooting
The term troubleshooting is used when

one or more issues are found in the panel

and the source of these issues needs to be
identified and steps included to rectify them.
In this regard, the exact steps provided for
validating the panel can also be applied for
troubleshooting. By following these clear
steps, the user will gain a better understanding
of the quality of the panel and identify issues
prior to acquiring experimental samples.

In general, 80%-90% of unmixing issues
that arise can be traced to suboptimal con-
trols. Therefore, it is important to use controls
that are well characterized, high quality, and
appropriate for the experiment (i.e., matched
to the conditions of the experimental sample).
This is particularly vital if they are going to
be reused.

The checklist provided in Figure 11 aims
to help users follow clear steps to optimize
and troubleshoot their panels. By following
these steps, users should be able to discover
issues if they exist and have a pathway and
alternatives to address and resolve them.
Additional troubleshooting for general issues
that may arise during panel optimization can
be found in Tables 2-5.

Understanding Results
The example panel optimized using this

protocol and presented here aims to identify
conventional T cell subsets in peripheral
blood of healthy participants. The partici-
pants were infected with low-dose human
hookworm as part of a longitudinal study. It
is well established that during early parasitic
infection there is an increase in T-helper
Type 2 immune responses (Th2) in the T
cell compartments due to the primary role
these cells play in host responses to parasites
(McSorley & Loukas, 2010). However, the
wider effects on the human immune system of
long-term chronic parasitic infection with the
gut-residing hookworm Necator americanus
(Na) have not been investigated. Therefore,
a panel was designed and optimized to look
at the following conventional and unconven-
tional T cell subsets of interest: CD4+ T cells
(Th1, Th2, Th17, Th9, Th22, and Tregs),
CD8+ T cells (Tc1 and Tc2), and innate-like
T cells (γδ T, mucosal associate invariant T
[MAIT], and natural killer T [NKT] cells).
This panel can assess the frequency of these
cell subsets as well as their memory and ac-
tivation phenotypes, using both expert gating
and high-dimensional data analysis.

Some characteristics of the fluorophore
selection for a certain panel including the
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Table 2 Troubleshooting for Preparation and Evaluation of Optimal SRCs (Basic Protocol 1)

Problem Cause Potential solution

Spectral signature of
SRC does not match
expected signature for
fluorophore

Contamination of control
with another fluorescent
antibody

Preferably prepare new SRC; alternatively, in
SpectroFlo software using the raw SRC, exclude
the contaminating signature, export the clean file,
and import this FCS file as the correct SRC

Carryover from previous
SRCs on the cytometer

Preferably prepare a new SRC; alternatively, in the
SpectroFlo software using the raw SRC, exclude
the contaminating signature, export the clean file
and import this FCS file as the correct SRC

Tandem dye degradation Find the cause of degradation (issue with fixative,
how long samples are stored in fixative,
temperature of incubation, light exposure during
protocol, etc.) and make necessary corrections
(modifying staining procedure or buy a new vial)

Brilliant Stain Buffer added
to bead controls

Remake bead SRCs without addition of Brilliant
Stain Buffer

Wrong tube was recorded
(signature matches different
fluorophore)

Read the correct control or import the correct SRC
FCS file

More than one spectral
signature is visible

Autofluorescence signature If positive and negative populations have the same
secondary signature(s), this may be
autofluorescence. See Basic Protocol 3 or Support
Protocol 3 to decide on an approach for mitigating
AF.

Contamination of control
with another fluorescent
antibody

If there are multiple positive populations and
gating on each one produces a distinct signature,
then it is likely that there are two fluorophores in
the SRC. Prepare a new SRC or exclude the
signature of the contamination and import this
FCS file as the correct SRC, if possible

Fluorescent signal in
the negative population
of the SRC

Nonspecific binding of
antibody to negative beads

Revisit antibody titer to make sure the optimal
titration is used; alternatively, use the universal
negative feature in the software

Inadequate sample
preparation/wash procedure

Wash SRC controls well in the presence of excess
wash solution such as FACS Staining Buffer (see
Basic Protocol 1)

Carryover of samples from
previous SRC

Look at time vs. fluorescent signal, export a
cleaned FCS file removing the contaminating
signal, and import this FCS file as the correct SRC

Unmixing errors in
SRCs

Gates were not set correctly
in the Unmixing Wizard

Ensure that the P1 gate is set on the population
with the highest expression of the marker. Place
the positive histogram gate on the brightest signal
(this may be different than gating on all positive
signals). Better results can be obtained with tighter
gates that do not include a side variety of cell sizes
and/or fluorescence intensities.

Contamination of control
with another fluorescent
antibody

Preferably prepare a new SRC; alternatively, in
SpectroFlo software using the raw SRC, exclude
the contaminating signature, export the clean file,
and import this FCS file as the correct SRC

(Continued)
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Table 2 Troubleshooting for Preparation and Evaluation of Optimal SRCs (Basic Protocol 1), continued

Problem Cause Potential solution

No positive signal can
be detected

Gates were not set correctly
in the Unmixing Wizard

Move P1 gate to population that expresses marker
and/or move histogram to peak detector

Not enough events were
recorded

The unmixing algorithm requires a minimum of
300 positive events; record more total events

Antibody was not added to
SRC

Prepare new SRC

Table 3 Troubleshooting for Unmixing Evaluation of Fully Stained Sample (Basic Protocol 2)

Problem Potential cause Potential solution

Unmixing Wizard
unmixes SRCs cells
correctly, but unmixing
errors are present in FS
cells

SRCs are dimmer than fully stained
sample

Use brighter SRCs; ensure staining protocol is
exactly the same for SRCs and FS cells (antibody
concentration, incubation time/temperature, use of
fixative, stimulation of cells, etc.). Note that the
optimal antibody concentration for compensation
beads is often different than for cells. Pipetting
error can easily occur when pipetting small
volumes (<1-2 μl) for SRCs compared to using a
master mix for FS samples. In this case, it is
recommended to dilute antibodies to avoid
pipetting small volumes. Other common mistakes
include not using fix/perm buffer on compensation
beads or using a tissue for SRCs that has lower
marker expression than FS sample.

Beads were used for all the SRCs and
there may be a mismatch in the
emission spectra between beads and
cells

Use SRC stained cells instead.

Polymer dyes (more than 2) are
included in the panel without using
Brilliant Stain Buffer or Super Bright
Stain Buffer

Use Brilliant Stain Buffer when more than one
polymer dye is added in the same tube following
manufacturer recommendations.

AF signature in FS sample is complex
and different to the controls

Use AF extraction and see information regarding
complex AF samples. Ensure the unstained control
used for AF extraction is treated the same as the
FS stained sample. AF signature may change with
treatment (fixation, stimulation, timepoint, etc.).
With human samples there may be
patient-to-patient variability in AF signatures, so if
using AF extraction for complex AF samples, an
unstained control for each patient may be required.
Also ensure that enough events are recorded in the
unstained control to assess AF.

Wrong tube was recorded (signature
matches different fluorophore)

Read the correct control or import the correct SRC
FCS file

Some FS samples
unmixed correctly
while others have
unmixing errors

Biological variation; marker level of
expression greatly changes across
donors or across experimental
conditions.

Try using beads as SRCs. If they are not optimal,
use donor with the highest level of expression as
control.
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Table 4 Troubleshooting for Evaluation of Marker Resolution (Basic Protocol 3)

Problem Potential cause Potential solution

Low signal in certain
markers (in FS and SS
samples)

Marker expression too low or
non-existent

Check that the marker is expected to be
expressed on the particular cells or animal
model of interest. Compare to Technical
Data Sheet (TDS) or published literature.

Experimental design (i.e.,
timepoint or stimulation)
does not elicit certain markers

Stimulate cells with a positive control (e.g.,
PMC-ionomycin) to ensure cells are capable
of expressing the markers of interest.

Epitope is damaged by
digestion procedure

Test different clone or modify digestion
conditions

Epitope is damaged by
staining procedure

Test different clone or modify staining
conditions

Fluorophores chosen were
too dim

Choose a brighter fluorophore for the
specific marker and optimize concentration
used

Tandem dyes have degraded
or decoupled

Find cause of degradation (issue with
fixative, how long samples are stored in
fixative, temperature of incubation, light
exposure during protocol, etc.) and replace
tandem dye with a new vial

FS sample stained less
(lower MFI) than SS
sample for a given
marker

Binding site blocked by other
reagents in the panel or
different Ab/receptor binding
kinetics

Test sequential staining, perform
experiments to identify antibodies that are
interfering with each other or try different
clones

Saturation is not achieved at
optimal titer for SRCs

Increase titer to reach saturation

Pipetting error when pipetting
antibody cocktails

Repeat experiment to double-check

Antibody/antibodies were
trapped in the column when
filtering the antibody cocktail

Optimize centrifuge spinning time and speed

Unstained, SS, and FS
cells have high AF
background

Cells of interest are highly
autofluorescent

Extract autofluorescence

Suboptimal
separation/resolution
between negative and
positive populations

Antibody concentration is too
low or too high

Optimize antibody concentration based on
antibody titration results

Spread Check SSM and use FMOs to confirm
source of spread

Unbound antibodies were not
adequately washed from
samples

Add additional centrifugation and FACS
Staining Buffer wash step

Viability dye concentration is
too high and live cells are
stained with dye

If live cells are stained with viability dye, the
spreading error from the viability dye must
be accounted for and this may cause
problems with marker resolution. Ideally,
viability dye should be titrated so that live
cells do not stain with viability dye.
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Table 5 Troubleshooting for Assessment of Data Quality (Basic Protocol 4)

Problem Potential cause Potential solution

Appearance of
unexpected
biological
patterns

Inadequate cleaning
gates

Make sure you are using time gates,
excluding doublets, dead cells, and
antibody aggregates, and gating on
cells of interest

Viability dye
concentration is too
high and live cells are
stained with dye

Titrate viability dye to make sure
the optimal concentration is used

Lack of viability dye in
panel and dead cells
nonspecifically bind to
antibodies

Titrate and add viability dye to FS
samples

Lack of addition of
Brilliant Stain Buffer

Use Brilliant Stain Buffer when
more than one polymer dye is
added in the same tube following
manufacturer recommendations

similarity and complexity indices of the panel
(Fig. 12A) and the spectral signatures of fluo-
rophores used (Fig. 12B) have been included.
Although some fluorophores have a high
similarity index, they have been allocated to
different cell types and therefore the impact of
the expected spreading error should be min-
imal (Fig. 12). A panel distribution table has
also been included (Fig. 12C) to show the peak
emission wavelengths for the fluorophores
and markers assigned to the panel.

After following all the steps of Basic
Protocols 1-4 for our panel shown here, and
resolving any issues that arose (such as one
tandem degradation or implementing the
sequential staining for some of the markers),
high-quality full-spectrum flow cytometry
data as defined by clear resolution of all
expected populations was achieved. The
optimized staining protocol for this panel
is detailed in the Supplementary Material.
Sequential staining was applied, following
the order given in the protocol, for markers
that showed a reduction in positive signal in
the FS compared to the SS control, starting
at the marker with the greatest reduction and
working toward the one with the least re-
duction. This approach provided satisfactory
results and did not require the testing of other
combinations. To reduce staining procedure
time, further optimization would be required
to determine whether some markers could be
added at the same time instead of using all of
them sequentially.

A clean and clear positive population can
be detected for all markers in the panel, with
no signal resolution loss when all antibodies
are combined. In some cases, such as for the
activation markers, the use of FMOs is neces-
sary to assist in evaluating gates to determine
positive staining with confidence. All popula-
tions of interest could be found using expert
gating, and the populations resemble the
expected expression patterns and frequencies.
Additionally, high-dimensional data analysis
algorithms were successfully used without the
appearance of artefacts, confirming the high
quality of the data.

Time Considerations
The time needed for designing, optimiz-

ing, and analyzing a high-dimensional flow
cytometry panel can be highly variable and
can depend on the assay complexity, number
of markers, wait-time required for reagents
(geographically dependent), sample access
and frequency of sample delivery (particularly
for patient samples), duration of the disease
model being investigated, and more. As an
example, it took five months to optimize
the digestion, design, and optimization of
a 23-color spectral flow cytometry panel in
gut tissue (Ferret-Font, Mehta, et al., 2020),
whereas one month may be sufficient for a
PBMC panel where digestion does not need
optimization. It is therefore advisable to de-
velop certain core panels that can be applied
to several experimental questions and models.

Ferrer-Font et al.
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Figure 12 Theoretical panel design. (A) Similarity and complexity indices of fluorophores used
in the final panel design. (B) Cytek Full Spectrum Viewer readout showing the fluorescence signa-
tures of all fluorophores used in the panel, using the 5L Aurora configuration. (C) Panel distribution
table showing peak emission wavelengths for markers and fluorophores in the panel.
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Full-spectrum flow cytometry is now routinely used in many laboratories in-
ternationally, and the demand for this technology is rapidly increasing. With
capacity to use larger and more complex staining panels, standardized proto-
cols are required for optimal panel design and analysis. Importantly, for ex vivo
analysis, tissue preparation methods also need to be optimized to ensure sam-
ples are truly representative of tissues in situ. This is particularly relevant given
the recent interest in adaptive immune cells that form residency in specific or-
gans. Here we provide optimized protocols for tissue processing and pheno-
typing of memory T cells and natural killer T (NKT) cell subsets from liver,
lung, spleen, and lymph node using full-spectrum flow cytometry. We provide
a 21-color antibody panel for identification of different memory subsets, in-
cluding tissue-resident memory T (TRM) cells, which are increasingly regarded
as important effectors in adaptive immunity. We show that processing proce-
dures can affect outcomes, with liver TRM cells particularly sensitive to heat,
such that accurate evaluation requires fast processing at defined temperatures.
© 2022 Wiley Periodicals LLC.

Basic Protocol 1: Processing mouse liver for flow cytometric analysis of mem-
ory T and NKT cell subsets
Basic Protocol 2: Processing mouse spleen for flow cytometric analysis of
memory T and NKT cell subsets
Basic Protocol 3: Processing mouse lungs for flow cytometric analysis of
memory T and NKT cell subsets
Basic Protocol 4: Processing mouse lymph nodes for flow cytometric analysis
of memory T and NKT cell subsets
Basic Protocol 5: Staining and flow cytometric analysis of samples for memory
T and NKT cell subsets
Support Protocol: Obtaining cell counts from flow cytometry data

Keywords: full-spectrum flow cytometry � high-dimensional flow cytometry
panel � memory T cell populations � NKT cells � tissue processing � tissue-
resident memory T cells

Current Protocols e482, Volume 2
Published in Wiley Online Library (wileyonlinelibrary.com).
doi: 10.1002/cpz1.482
© 2022 Wiley Periodicals LLC.
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INTRODUCTION

Spectral flow cytometers have facilitated the routine use of large (>20) multicolor flow
cytometry panels, enabling phenotypic analysis of multiple cell subsets in a single sam-
ple (Hally, Ferrer-Font, Pilkington, & Larsen, 2022; Park, Lannigan, & Jaimes, 2020).
Confident data interpretation of spectral flow cytometry experiments is dependent on ac-
curately designed flow cytometry panels and optimal cell sample preparation. Analysis
of tissues that are poorly digested or exposed to processing conditions that preferentially
remove certain cell types may have a large impact on the experimental readout. Ensur-
ing a sample is truly representative of the source tissue from which it was collected may
require trialing various isolation techniques. Indeed, the method of isolation is likely to
differ between tissues due to their inherent structural differences or depending on the cell
types to be analyzed. Regardless of the method, optimal cell count, viability, and a consis-
tent representation of cell types of interest must be achieved. Only through the combina-
tion of optimized processing methods and optimized spectral flow cytometry panels can
researchers confidently generate quality data that can be assessed in high-dimensional
analysis platforms such as FlowJo, FCS express, and OMIQ.

Mature lymphocytes recirculate between secondary lymphoid organs and gain the capac-
ity to migrate into nonlymphoid tissues after they have been activated. In recent years, a
diverse family of noncirculating lymphocytes have also been identified, including tissue-
resident memory T (TRM) cells, unconventional T cells such as invariant natural killer
T (NKT) cells, intraepithelial lymphocytes, γδ T cells, and an assorted family of innate
lymphocytes (Rosato, Beura, &Masopust, 2017; Steinbach, Vincenti, & Merkler, 2018).
Depending on their location, these resident cells can contribute significantly to initiation
and maintenance of adaptive immune responses and facilitate enhanced secondary re-
sponses to antigenic challenge. Recently, we described a vaccine design featuring major
histocompatibility complex (MHC)-binding peptide epitopes conjugated to an NKT cell
agonist (via a cleavable linker) that specifically induces accumulation of CD8+ TRM cells
in the liver, presumably reflecting a unique supportive microenvironment established by
activation of liver NKT cells (Holz et al., 2020). This type of immune response is of sig-
nificant interest, as the presence of antigen-specific liver TRM cells has been correlated
with effective prophylaxis in animal models of infection, and in humans the presence of
liver TRM cells has been correlated with resolution of chronic infection and liver cancer
(Cheng et al., 2021; Fernandez-Ruiz et al., 2016; Holz et al., 2020; Lim et al., 2019; Pallett
et al., 2017). To analyze immune responses to vaccines of this kind in mice, we routinely
use a five-laser full-spectrum flow cytometer, the Cytek Aurora, as the 64 detectors pro-
vide maximum panel design flexibility. Based on previously published guidelines (see
Current Protocols articles: Ferrer-Font et al., 2020, 2021), we designed and optimized
a 21-color full-spectrum T cell immunophenotyping panel that included the analysis of
NKT cells and specifically had the capability to assign different T cell phenotypes, includ-
ing TRM cells. An important first step was to ensure that the sample processing methods
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had no effect on T cell viability and expected marker expression patterns, as alterations
could influence the conclusions made from the generated data.

The protocols provided here describe optimized sample preparation methods to maintain
integrity of memory T cell subsets and NKT cells in liver, spleen, lungs, and lymph
node and an optimized full-spectrum flow cytometry panel for their phenotypic analysis.
We provide the necessary staining order and controls for optimal panel use and data
generation. Importantly, we illustrate the sensitivity of some cells, notably liver TRM

cells, to different sample preparation techniques.

NOTE: All protocols involving live animals must first be approved by an Institutional
Animal Care and Use Committee (IACUC) or must follow local guidelines for the care
and use of live animals.

BASIC
PROTOCOL 1

PROCESSING MOUSE LIVER FOR FLOW CYTOMETRIC ANALYSIS OF
MEMORY T AND NKT CELL SUBSETS

This protocol describes how to process livers to obtain optimal single-cell suspensions for
analysis of memory T cells andNKT cells (Fig. 1). Using our vaccine design, we typically
investigate the immune response 28 to 35 days postvaccination, when T cell memory is
established and accumulation of liver TRM cells is evident; however, this protocol could
be readily used in other treatment regimens or disease conditions.

Materials

Mouse of interest
Liver harvest buffer (see recipe)
Roswell Parks Memorial Institute (RPMI) medium (e.g., Gibco, cat. no. 11875093)
35% Percoll buffer (see recipe)
Red blood cell (RBC) lysis buffer (e.g., Qiagen, cat. no. 158106)
Fluorescence-activated cell sorting (FACS) buffer (see recipe)

24-well plate (e.g., NUNC, cat. no. NUN142475)
70-μm cell strainer (e.g., Falcon, cat. no. BDAA352350)
50-ml centrifuge tube (e.g., Falcon, cat. no. 352070)
1-ml syringe (e.g., BD, cat. no. 302100)
Centrifuge with plate adaptor (e.g., Megafuge 40R)
96-well U-bottom plate (e.g., NUNC, cat. no. NUN163320)

Additional reagents and equipment for mouse euthanasia (see Current Protocols
article: Donovan & Brown, 2006)

1. Harvest mouse liver following cervical dislocation or CO2 asphyxiation.

Remove gall bladder and other connective tissue from the liver.

Figure 1 Optimized workflow for liver processing. FACS, fluorescence-activated cell sorting;
RBC, red blood cell.
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2. Immediately place in 1 ml cold liver harvest buffer in a 24-well plate sitting on ice.

3. Dissociate liver through a 70-μm strainer into a 50-ml tube using the end of a 1-ml
syringe plunger and flushing through with RPMI medium periodically until a total
suspension of 30 ml is reached.

Ensure the livers and processed samples stay on ice during this process.

4. Pellet cells by centrifuging 5 min at 572 × g, 4°C.

5. Gently aspirate supernatant, being careful as the pellet can be loose. Once aspirated,
gently shake tube to dissociate the pellet.

6. Resuspend each tube in 30 ml of 35% Percoll buffer. Invert tubes a few times (do
not vortex) to ensure there is no cell pellet, and centrifuge 20 min at 500 × g, room
temperature, without deceleration brake.

7. Aspirate liver parenchymal cell layer (top) and discard supernatant, leaving only the
RBC/white blood cell (WBC) pellet in the tube.

8. Add 5 ml RBC lysis buffer, and leave for 10 min at 21°C to 23°C.

Gently agitate the tubes during this time. This time interval is dependent on the lysis
solution used; some solutions, such as ammonium-chloride-potassium buffer, may only
require 5 min.

9. Centrifuge tubes 4 min at 572 × g, 4°C.

10. Resuspend cells in 1 ml FACS buffer.

11. Transfer 200 μl of each sample to a 96-well plate (i.e., staining one-fifth of liver).

The experimenter may pause at this point for a break (1 to 2 hr). Store plate at 4°C during
this period.

12. Stain samples according to Basic Protocol 5.

BASIC
PROTOCOL 2

PROCESSING MOUSE SPLEEN FOR FLOW CYTOMETRIC ANALYSIS OF
MEMORY T AND NKT CELL SUBSETS

This protocol describes how to process spleens to obtain optimal single-cell suspensions
for analysis of memory T cell and NKT cell subsets (Fig. 2). Using our vaccine design,
we typically investigate the immune response 28 to 35 days postvaccination, when T cell
memory is established and accumulation of TRM cells is evident; however, this protocol
could be readily used in other treatment regimens or disease conditions.

See Basic Protocol 1 for a list of materials.

Figure 2 Optimized workflow for spleen processing. FACS, fluorescence-activated cell sorting;
RBC, red blood cell.
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1. Harvest mouse spleens following cervical dislocation or CO2 asphyxiation, being sure
to remove any connective tissue.

2. Immediately place in 1 ml cold RPMI medium in a 24-well plate sitting on ice.

3. Dissociate spleen through a 70-μm strainer into a 50-ml tube using 20 ml RPMI
medium and the plunger end of 1-ml syringe. Transfer each dissociated sample to ice
while processing remaining spleens.

4. Pellet cells by centrifuging 4 min at 572 × g, 4°C.

5. Decant supernatant and resuspend pellet in 2 ml RBC lysis buffer.

6. Gently agitate tubes for 1 min at room temperature before pelleting WBCs by cen-
trifuging 4 min at 572 × g, 4°C.

7. Decant supernatant and resuspend pellet in 1 ml FACS buffer. Transfer 50 μl of each
sample to a 96-well plate (i.e., staining one-twentieth of spleen).

The experimenter may pause at this point for a break (1 to 2 hr). Store plate at 4°C during
this period.

8. Stain samples according to Basic Protocol 5.

BASIC
PROTOCOL 3

PROCESSING MOUSE LUNGS FOR FLOW CYTOMETRIC ANALYSIS OF
MEMORY T AND NKT CELL SUBSETS

This protocol describes how to process lungs to obtain optimal single-cell suspensions
for analysis of memory T cells and NKT cells (Fig. 3). Using our vaccine design, we
typically investigate the immune response 28 to 35 days postvaccination, when T cell
memory is established and accumulation of TRM cells is evident; however, this protocol
could be readily used in other treatment regimens or disease conditions.

Materials

Lung digest buffer (see recipe)
Mouse of interest

Figure 3 Optimized workflow for processing lungs. FACS, fluorescence-activated cell sorting;
RBC, red blood cell.
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RPMI medium (e.g., Gibco, cat. no. 11875093)
0.5 M EDTA (e.g., Invitrogen, cat. no. AM9260G)
RBC lysis buffer (e.g., Qiagen, cat. no. 158106)
FACS buffer (see recipe)

24-well plate (e.g., NUNC, cat. no. NUN142475)
Dissection scissors or scalpel, to cut lung tissue
37°C, 5% CO2 incubator
3-ml syringe (e.g., BD, cat. no. 302113)
70-μm cell strainer (e.g., Falcon, cat. no. BDAA352350)
50-ml centrifuge tube (e.g., Falcon, cat. no. 352070)
Centrifuge with plate adaptor (e.g., Megafuge 40R)
96-well U-bottom plate (e.g., NUNC, cat. no. NUN163320)

Additional reagents and equipment for mouse euthanasia (see Current Protocols
article: Donovan & Brown, 2006)

1. Prepare lung digest buffer fresh before harvest.

2. Harvest lungs following CO2 asphyxiation of the mouse, being sure to remove any
connective tissue.

Do not perform cervical dislocation.

3. Immediately place in 1 ml cold RPMI medium in a 24-well plate sitting on ice.

4. Remove RPMI medium, and cut lung into very small pieces.

5. Add 1 ml lung digestion buffer, and incubate for 45 min at 37°C.

6. Add 50 μl of 0.5 M EDTA into each well, and incubate for a further 5 min at 37°C.

7. Use a 3-ml syringe to vigorously syringe lung sample up and down in the well to
break up lung tissue. Repeat this ten times.

When filling the syringe, have the tip right at the base of the well to use friction to disso-
ciate the lung tissue. When expelling, lift the syringe only just above the base to use the
force of the sample against the base to dissociate.

8. Use syringe to transfer sample through a 70-μm strainer into a 50-ml centrifuge
tube. Wash well with 1 ml RPMI medium, and run through strainer. Use the end of a
syringe to dissociate lungs through the strainer, periodically adding RPMI medium
until a cell suspension of 20 ml is reached.

9. Pellet cells by centrifuging 4 min at 572 × g, 4°C.

10. Decant supernatant and resuspend pellet in 2 ml RBC lysis buffer.

11. Agitate tubes for 10 min at 21°C to 23°C before pelleting WBCs by centrifuging
4 min at 572 × g, 4°C.

12. Decant supernatant and resuspend pellet in 1 ml FACS buffer. Transfer 100 μl cells
to a 96-well plate.

The experimenter may pause at this point for a break (1 to 2 hr). Store plate at 4°C during
this period.

13. Stain samples according to Basic Protocol 5.

Farrand et al.
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BASIC
PROTOCOL 4

PROCESSING MOUSE LYMPH NODES FOR FLOW CYTOMETRIC
ANALYSIS OF MEMORY T AND NKT CELL SUBSETS

This protocol describes how to process lymph nodes to obtain optimal single-cell suspen-
sions for analysis of memory T cells and NKT cells (Fig. 4). Using our vaccine design,
we typically investigate the immune response 28 to 35 days postvaccination, when T cell
memory is established and accumulation of TRM cells is evident; however, this protocol
could be readily used in other treatment regimens or disease conditions.

Materials

Mouse of interest
RPMI medium (e.g., Gibco, cat. no. 11875093)
RBC lysis buffer (e.g., Qiagen, cat no. 158106)
FACS buffer (see recipe)

24-well plate (e.g., Nunc, cat. no. NUN142475)
Thick gauze
1-ml syringe (e.g., BD, cat. no. 302100)
1.7-ml microcentrifuge tube (e.g., Axygen, cat. no. MCT175C)
Microcentrifuge (e.g., Eppendorf centrifuge 5424R with rotor FA-45-24-11)
96-well U-bottom plate (e.g., Nunc, cat. no. NUN163320)

Additional reagents and equipment for mouse euthanasia (see Current Protocols
article: Donovan & Brown, 2006)

1. Harvest lymph nodes following cervical dislocation or CO2 asphyxiation of the
mouse, being sure to remove any connective tissue.

Do not perform cervical dislocation if harvesting cervical or mediastinal lymph nodes.

2. Immediately place in 1 ml cold RPMI medium in a 24-well plate sitting on ice.

3. Place a small piece of thick gauze (∼0.5 × 0.5 cm) into each well, and dissociate
lymph nodes through the gauze using the plunger end of a 1-ml syringe. Transfer cell
suspension to a 1.7-ml microcentrifuge tube.

4. Pellet cells in a microcentrifuge 4 min at 1503 × g, 4°C.

5. Aspirate supernatant and resuspend pellet in 500 μl RBC lysis buffer.

6. Agitate tubes for 1 min at 21°C to 23°C before pelletingWBCs by centrifuging 4 min
at 1503 × g, 4°C.

7. Aspirate supernatant and resuspend pellet in 200 μl FACS buffer before transferring
all 200 μl to a 96-well plate for staining.

The experimenter may pause at this point for a break (∼1 to 2 hr). Store plate at 4°C
during this period.

Figure 4 Optimized workflow for lymph node processing. FACS, fluorescence-activated cell sort-
ing; RBC, red blood cell.
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8. Stain samples according to Basic Protocol 5.

BASIC
PROTOCOL 5

STAINING AND FLOW CYTOMETRIC ANALYSIS OF SAMPLES FOR
MEMORY T AND NKT CELL SUBSETS

This protocol describes optimized staining conditions and the full-spectrum flow cytom-
etry panel for assessment of memory T cells and NKT cells. Information for sample
acquisition and evaluation is also provided.

Materials

Cells of interest (see Basic Protocols 1 to 4)
Anti-mouse Fc receptor block, clone 2.4G2 (generated from ATCC hybridoma cell

line HB-197 or purchased from commercial sources; e.g., BD Biosciences, cat.
no. 553142)

Dulbecco’s phosphate-buffered saline (PBS; e.g., Gibco, cat. no. 70011-044)
Zombie NIR Fixable Viability Kit (e.g., BioLegend, cat. no. 423106)
Anti-mouse CD62L antibody, Alexa Fluor 700 (e.g., BioLegend, cat. no. 104426)
Antibodies (see Table 1 for list; see Fig. 5 for titration example)
FACS buffer (see recipe)
BD Horizon Brilliant Stain Buffer Plus (BSBP; e.g., BD Biosciences, cat. no.

566385)
4% (w/v) paraformaldehyde (e.g., Sigma-Aldrich, cat. no. HT5012-60)

Centrifuge with plate adaptor
Microcentrifuge
Aluminum foil
Thin gauze, 70 μm (e.g., Sefar Filter Specialists, cat. no. 03-70/41-115)
5-ml round-bottom polystyrene flow tubes (e.g., In Vitro Technologies, cat. no.

352008)
Spectral cytometer (e.g., Cytek Aurora 5 L)
Cytek SpectroFlo software v2.2
Data analysis software for analyzing flow cytometry standard (FCS) files (e.g.,

FlowJo, FCS express, or OMIQ)

Staining
1. Incubate cells with 100 μl Fc receptor block in PBS (1:100 Fc receptor block:PBS)

for 10 min at 4°C. Following incubation, centrifuge plate 2 min at 800 × g, 4°C.
Discard supernatant by quickly flicking plate upside down into a waste reservoir.

Make sufficient Fc receptor block in PBS so it can be dispensed using a multichannel
pipette: for example, 35 samples × 2 organ types + 4 fluorescence minus one (FMO)
controls + 4 spare = 78 wells × 100 μl = 7800 μl. To prepare 1:100 Fc receptor block
in PBS, combine 78 μl 2.4G2 supernatant with 7722 μl PBS.

2. Resuspend cells in 100 μl PBS containing Zombie NIR (1:1000) and anti-CD62L
(1:300), and incubate for 15 min at 21°C to 23°C in the dark.

Make sufficient PBS containing Zombie NIR and anti-CD62L so it can be dispensed using
a multichannel pipette: for example, 35 samples × 2 organ types + 4 FMO controls +
4 spare = 78 wells × 100 μ l = 7800 μl. To prepare 1:1000 Zombie NIR and 1:300
anti-CD62L in PBS, first combine 7.8 μl Zombie NIR in 7792.2 μl PBS. Then remove
160 μl for anti-CD62L FMO control, and add 25.5 μl anti-CD62L.

This staining must be performed in PBS as the proteins in fetal bovine serum (a compo-
nent of FACS buffer) will affect Zombie NIR binding. Be sure to have a well that receives
the Zombie NIR stain only, without the anti-CD62L; this will be used as a single-stain
reference control during cytometer setup.

Farrand et al.
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Table 1 Full-Spectrum Flow Cytometry Panel

Channel Antigen Fluorophore Clone Supplier, RRID Concentration
(μg/ml)

UV2 CD8 BUV395 53-6.7 BD Horizon, AB_2732919 0.22

V1 PBS-57-loaded
CD1d tetramer

BV421 – Emory Core facility 1:300 dilution

V3 CD19 eFluor 450 1D3 eBioscience, AB_2734905 0.4

V7 CD44 BV510 IM7 BioLegend, AB_2650923 0.33

V10 CD25 BV605 PC61 BioLegend, AB_2563059 0.67

V11 NK1.1 BV650 PK136 BioLegend, AB_2563159 0.67

V13 CXCR6 BV711 SA05101 BioLegend, AB_2721558 0.67

V15 CX3CR1 BV785 SA011F11 BioLegend, AB_2565938 0.17

B2 TCRβ FITC H57-597 BioLegend, AB_313429 2.5

B3 CD4 Alexa Fluor 532 RM4-5 Invitrogen, AB_11218891 0.22

B9 CD49a BB700 Ha3118 BD OptiBuild,
AB_2861198

0.33

B10 PD-1 PerCP-eFluor710 RMP1-30 eBioscience,
AB_11151142

2

YG1 OVA257-264-
loaded H-2Kb

pentamer

PE Batch:VP/8132-07 ProImmune See Basic
Protocol 5

YG3 CD103 PE-Dazzle594 2E7 BioLegend, AB_2566492 2

YG5 CD69 PE-Cy5 H1.2F3, lot:
B270768

BioLegend, AB_313112 0.67

YG9 CD101 PE-Cy7 Moushi101, lot:
2191974

Invitrogen, AB_2573378 0.33

R1 KLRG1 APC 2F1/KLRG1, lot:
B246931

BioLegend, AB_10641560 0.33

R2 CD64 Alexa Fluor 647 X54-5/7.1, lot:
B278887

BioLegend, AB_2566561 1.67

R4 CD62L Alexa Fluor 700 MEL-14, lot:
B244199

BioLegend, AB_493719 1.67

R6 Live cells Zombie NIR Lot: B352465 BioLegend

R7 CD45.2 APC-Fire750 104, lot: B247809 BioLegend, AB_2629723 0.67

3. During incubation, centrifuge antibody tubes (see Table 1) 1 min at 1503 × g, 4°C,
in a microcentrifuge to remove aggregates. Centrifuge OVA257-264-loaded H-2Kb

pentamer tube 3 min at 14,000 × g, 4°C.

4. When live–dead staining is finished, add 100 μl FACS buffer to each well, and cen-
trifuge plate 2 min at 800 × g, 4°C. Flick off supernatant following centrifugation.

5. Repeat wash step in 200 μl FACS buffer.

6. Add 10 μl OVA257-264-loaded H-2Kb pentamer mix (follow organ specifications in
Table 2) to each well, and incubate for 10 min at 21°C to 23°C in the dark.

7. During incubation, prepare antibody mix following the concentrations in Table 1.
Add BD Horizon BSBP to the antibody mix at 1:4 BSBP:antibody mix. Farrand et al.
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Figure 5 Antibody and multimer example titrations. Flow cytometry standard (FCS) files were
concatenated to allow visual display of all concentrations on a single plot. Using this display allows
easier interrogation of the negative population spread. The staining index (SI) shown above each
concentration is calculated using the equation SI = (MdnFIpos –MdnFIneg) / (2 × SDneg), where
MdnFI indicates median fluorescence intensity and SD, standard deviation. (A) Titration of anti-
CD69 on liver T cells. The ideal concentration is 667 ng/ml as this retains the same SI as the
higher concentration of 2000 ng/ml and demonstrates minimal spread of the negative and strong
resolution of the positive population. (B) Titration of OVA257-264-loaded H-2Kb pentamer on liver
lymphocytes. The volume added per sample is shown, with the SI value shown above each plot.
This plot indicates the ideal volume is between 2 and 5μl of the OVA257-264-loaded H-2Kb pentamer;
at a volume of 5 μl, the negative population spreads into the positive, but a drop in SI is seen with
a volume of 2 μl. It was recommended that further analysis including 3 and 4 μl volumes was
performed.

Table 2 Volumes of OVA257-264-Loaded H-2Kb Pentamer for Staining Various Organs

Organ Volume pentamer
per sample (μl)

Volume FACS
per sample (μl)

Total volume per
sample (μl)

Liver 3 7 10

Spleen 1 9 10

Lungs 1 9 10

Lymph nodes 1 9 10

It is important to include BSBP in panels with more than one Brilliant polymer dye (in-
cluding FMO controls) to decrease interaction between Brilliant fluorescent polymer
dyes, as these may cause staining artefacts that affect data interpretation. However, it
is always important to check your panel with and without BSBP to ensure it is not affect-
ing population resolution in the gating strategy.

8. Following incubation with the OVA257-264-loaded H-2Kb pentamer mix, add 190 μl
FACS buffer to each well. Centrifuge 2min at 800× g, 4°C, and discard supernatant.
Repeat FACS buffer wash step once more.

9. Resuspend in 100 μl antibody/BSBP mix, and incubate for 20 min at 4°C.

10. Centrifuge plate 2 min at 800× g, 4°C, and repeat FACS buffer wash step two times.

11. Fix samples in 100 μl of 1% (w/v) paraformaldehyde for 30 min at 21°C to 23°C in
the dark.

Cells can be left fresh if analyzing within ∼2 hr and should be stored in the dark at 4°C
until analysis.

Farrand et al.

Current Protocols

Improving Immunophenotyping Resolution by Overcoming Autofluorescence with Full Spectrum Flow Cytometry Improving Immunophenotyping Resolution by Overcoming Autofluorescence with Full Spectrum Flow Cytometry 80

BACK TO CONTENTS



12. Add 100 μl FACS buffer to each well, and centrifuge plate 2 min at 800 × g, 4°C.

13. Resuspend each well in 200 μl FACS buffer, keeping covered in aluminum foil be-
fore analyzing on the flow cytometer.

In our experience, fully stained fixed samples can be left covered in the fridge for up to
2 days before flow cytometric analysis without affecting results. This should be confirmed
with your own samples.

Sample acquisition
14. Filter samples before acquisition using thin gauze placed over a 5-ml polystyrene

flow tube.

In replacement of gauze, a 70-μm filter could be used to filter the samples.

15. Acquire spectral reference controls (SRCs) on a Cytek Aurora, using the “Cytek
Assay Settings” for the instrument. Adjust scatter profiles to ensure cells and beads
are on scale and the forward scatter area (FSC-A) scaling factor is optimal. Adjust
threshold to remove debris and any remaining RBCs.

For more information on SRCs, see Critical Parameters, Controls Required.

16. Perform spectral unmixing using the unmixing Wizard.

Detailed information is provided in a Current Protocols article by Ferrer-Font et al.
(2021). Briefly, it is important to note the following points: (1) Ensure that the un-
stained cells have no contamination from other fluorophores. They may, however, show
autofluorescence (AF) in the detectors of the UV and violet lasers. (2) Ensure the cor-
rect control, either beads or single-stained cells, is selected for each fluorophore. (3)
Depending on your approach to AF, either ensure you have included AF tags in your
reference group, or select “use autofluorescence extraction” within the unmixing wiz-
ard. More details are provided in Critical Parameters, Dealing with Autofluorescence.
(4) Validate that the spectral signature acquired matches the expected signature, with
the marker peaking in the correct channel (defined in Cytek’s Full Spectrum viewer:
https:// spectrum.cytekbio.com).

17. Select the Live Unmix button to generate unmixed FCS files.

18. Create a pairwise (NxN) worksheet to visualize how accurately the SRCs have been
unmixed.

19. Once satisfied with unmixing, create a new unmixed worksheet, and generate a gat-
ing strategy to reflect that provided in Figure 6.

20. Record 500,000 live events for each sample (i.e., fully stained samples, FMOs, etc.).

Absolute live cell counts can be achieved using the methods provided in the Support
Protocol. If using Calibrite APC counting beads, these should be added to the samples
after filtration and just before acquisition.

Results evaluation

The manual gating strategy shown in Figure 6, conducted on liver cells, allows identifica-
tion of various T cell and NKT cell populations (PBS-57-CD1d-loaded tetramer+, T cell
receptor [TCR] β+). While not the focus of this panel, the included markers also facilitate
analysis of B cells (CD19+), monocytes (CD64+), andNK cells (NK1.1+TCRβ–). T cells
can be further differentiated into CD8+ versus CD4+ cells and antigen-specific T cells
identified using MHC/peptide multimers; in this example, H-2Kb pentamers loaded with
amino acids 257–264 from chicken ovalbumin (OVA257-264) were used to detect CD8+
T cells specific for OVA257-264 peptide, an epitope encoded in the vaccine used. Antigen-
experienced cells can be gated based on high CD44 expression (Budd et al., 1987). Broad
categorization into different memory populations can be achieved using the markers Farrand et al.
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Figure 6 Spectral flow cytometry gating strategy for phenotyping memory T cell subsets and nat-
ural killer T (NKT) cells. Example provided is gated on a liver sample 28 days after administration
of a glycolipid vaccine specific to the model antigen ovalbumin (OVA). Antibodies used are listed
in Table 1. After gating on singlets, cells of interest (COI) and live cells were identified based on
CD45.2 expression. To focus on T cell subsets, B cells (CD19+) and monocytes (CD64+) were first
excluded. Then NKT cells were identified using the PBS-57-loaded CD1d tetramer (“tetramer”) and
expression of T cell receptor (TCR) β, which were further defined as CD4+ NKT cells or CD4– NKT
cells. For visualization purposes, staining for NKT cells is shown on an unstimulated sample, as ac-
tivated NKT cells display downregulation of surface receptors (affecting both TCRβ and CD1d/PBS-
57 tetramer binding) resulting in a shift of the NKT cell population toward the negative. To assess
conventional T cells, TCRβ+ tetramer– cells were gated, NK1.1+ cells excluded, and CD8+ T cells
and CD4+ T cells identified. Antigen-specific CD8+ T cells responding to the vaccine were defined
as OVA257-264-loaded H-2Kb pentamer (“pent”)+CD44+ cells. The three major memory T cell pop-
ulations were then gated based on CD62L and CD69 expression, with effector memory T cells

(legend continues on next page)Farrand et al.
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(TEM) defined as CD62L–CD69– cells, central memory T cells (TCM) as CD62L+CD69– cells, and
tissue-resident memory T (TRM) cells as CD62L–CD69+ cells. The phenotype of pentamer–CD44+

cells was similarly assessed. CD4+ T cells were identified as tetramer– TCRβ+ NK1.1–CD4+ cells,
with the memory CD4+ T cell populations defined from CD44+ cells using CD62L and CD69. The
phenotype of all memory T cell populations was refined by analyzing the expression of CXCR6,
CD49a, CD101, CD103, CX3CR1, and KLRG1, with examples of marker expression on TEM and
TRM cells in the liver shown.Expression differences in PD-1, CD69, NK1.1, CD25, and KLRG1 were
used to assess the activation status of NKT cells, with examples shown from mice injected with
vehicle versus vaccine. FSC, forward scatter; FSC-A, FSC area; FSC-H, FSC height; SSC, side
scatter; SSC-A, SSC area; SSC-H, SSC height.

CD62L and CD69, with effector memory T cells (TEM) defined as CD62L–CD69– cells,
central memory T cells as CD62L+CD69– cells, and TRM cells as CD62L–CD69+ cells.

Classification of cells as TEM and TRM cells can be examined further by assessing the
mean fluorescence expression of the following markers: CD101, KLRG1, CX3CR1,
CXCR6, CD49a, and CD103 (Ghilas, Valencia-Hernandez, Enders, Heath, & Fernandez-
Ruiz, 2020; Holz et al., 2020). As shown in the histograms in Figure 6, liver TRM

cells show higher expression of CD49a, CXCR6, and CD101 compared with TEM

cells, whereas liver TEM cells have higher expression of KLRG1 and CX3CR1 (Fig.
6). Note, although liver TRM do not express high CD103, this is a common TRM

marker in other organs such as the lungs and skin. The absolute number of each
T cell memory population can be determined using the live cell counts (Support
Protocol).

Type I NKT cells, which express stereotyped TCRs that recognize the prototypic
NKT cell agonist α-galactosylceramide (α-GalCer) presented on CD1d, can be de-
tected with CD1d tetramers loaded with α-GalCer (or similar derivative, such as PBS-
57 used here). NKT cell populations in mice can be split further into CD4+ NKT
cells and CD8–CD4– NKT cells (double negative; Fig. 5). The activation status of
NKT cells can be assessed using PD-1, CD69, NK1.1, CD25, and KLRG1 (Fig. 6),
with NK1.1+ populations reduced after activation and expression of each of the other
markers increased (although following initial activation CD69 eventually returns to
a level below baseline; Chang et al., 2008; Van Kaer, Parekh, & Wu, 2015; Wilson
et al., 2003). In the example shown in Figure 6, minimal change in CD25 expression
was observed, which reflected the time of assessment after administration of a vac-
cine, which contained a modified derivative of the α-GalCer structure as an NKT cell
agonist.

SUPPORT
PROTOCOL

OBTAINING CELL COUNTS FROM FLOW CYTOMETRY DATA

Cell counts can be achieved through manual cell counting using a hemocytometer and
trypan blue. Alternatively, volume data recorded through the Cytek Aurora cytometers
can facilitate calculating the number of live cells, or counting beads can be included in
the sample during acquisition.

Using FlowJo export both the volume data (labeled as the keyword $VOL) and the num-
ber of events in the live cell gate to a spreadsheet. Then use the following calculation to
determine the number of live cells per organ:

Live cells = volume cells resuspened in plate

actual volume recorded
× (live cell count) × (fraction of organ analyzed).

For example, given 200 μl cells resuspended, 70 μl actual volume, with 500,000 events
and one-fifth of the fraction analyzed, the calculation is 200 μl / 70 μl × 500,000 × 5 =
7.1 million live cells. Farrand et al.
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If you are analyzing samples on a cytometer that does not measure volume, counting
beads such as Calibrate APC counting beads can be used instead. Create a stock mixture
of the counting beads by adding 100μl vortexed beads to 5ml PBS. Calculate the number
of beads per 25 μl using a hemocytometer, and note this number for later calculations.
During sample acquisition on the cytometer, ensure the APC channel is open, and add
25 μl beads to each sample (which is resuspended in 200 μl FACS buffer). Following
acquisition, open the data on your preferred analysis platform, such as FlowJo. Exclude
doubles and gate the beads as the positive events in the APC channel with a small FSC-A
profile. Also gate the number of live events using the live–dead marker included in your
panel (e.g., gating the events negative for Zombie NIR live–dead). Export the event count
in each of these two gates to a spreadsheet, and use the following calculation, which is
based on a ratio of bead events recorded on the cytometer to the number of beads initially
added to the sample tube multiplied by the number of live events:

Cell count = bead number added to sample

bead event count
× (live event count).

REAGENTS AND SOLUTIONS

FACS buffer

1 L PBS (e.g., Gibco, cat. no. 70011-044)
1% (v/v) fetal bovine serum (e.g., Gibco, cat. no. 10091-148)
2 mM EDTA (e.g., Ambion, cat. no. AM9260G)
2 mM sodium azide (e.g., Sigma-Aldrich, cat. no. S8032)
Store at 4°C for up to 3 months

Liver harvest buffer

Per liver:
1 ml RPMI medium (e.g., Gibco, cat. no. 11875093)
5% fetal bovine serum
200 U/ml heparin (e.g., STEMCELL Technologies, cat. no. NC0668440)
Store at 4°C for up to 2 weeks

Lung digest buffer

Per lung set:
1 ml RPMI medium (e.g., Gibco, cat. no. 11875093)
0.1 mg/ml Liberase TL (e.g., Roche, cat. no. 5401020001)
0.2 mg/ml DNase I (e.g., Roche, cat. no. 10104159001)
Prepare fresh before use

Percoll buffer, 35%

Per liver:
1.9 ml of 10× PBS (e.g., Gibco, cat. no. 70011-044)
10.5 ml Percoll (e.g., Sigma-Aldrich, cat. no. 17-0891-01)
17.6 ml Hank’s balanced salt solution, no phenol red, Ca2+, or Mg2+ (e.g., Gibco,

cat. no. 14025092)
200 U/ml heparin (e.g., STEMCELL Technologies, cat. no. NC0668440)
Store at 4°C for up to 1 month

Allow solution to reach room temperature immediately before use.

COMMENTARY
Background Information

The information presented in this article
is for analysis of memory T and NKT cell
subsets in naive and stimulated mouse sam-

ples.We provide optimized isolation protocols
for the assessment of these cell types in four
different organs: liver, lungs, spleen, and
lymph node. These differ in the recommended
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isolation techniques, with the liver protocol
providing an example of density gradient iso-
lation in comparison to the lung protocol,
which provides an example of enzymatic di-
gestion. Through highlighting areas where re-
searchers should assess possible effects on
their cells of interest, these protocols can also
be used as templates for the optimization of
isolation methods for other organ types or dif-
ferent immune cell populations.

To accompany these isolation protocols, we
designed a multicolor spectral flow cytometry
panel to assess memory T and NKT cell sub-
sets ex vivo. This was optimized alongside the
isolation protocols as it was crucial to consider
how the viability and phenotype of the cells of
interest were affected by the specific process-
ing methods. This panel presented with many
coexpressed markers, which required special
consideration when assigning fluorophores to
reduce spectral overlap. The resulting panel
includes the necessary markers, CD69 and
CD62L, to assign cells to three main sub-
sets of memory T cells. Further classifica-
tion of these memory T cell populations and
possible identification of treatment-induced
subpopulations can be achieved by assessing
the expression of CXCR6, CD101, CX3CR1,
CD49a, KLRG1, and CD103. These are a
few of the most common memory T cell
markers, and others—including but not lim-
ited to Ly6C, CXCR3, and CCR7—could be
substituted or developed into the panel de-
pending on the required experimental read-
out. Subsequently, an alternative approach to
detecting the expansion of antigen-specific T
cells with fluorescent MHC multimers could
be to use expression levels of the integrin
molecule CD11a. Upon antigen encounter
CD8+ T cells have been shown to permanently
change their expression of CD11a and CD8α
to CD11ahighCD8αintermediate, allowing track-
ing of antigen-specific T cells without multi-
mers (Rai, Pham, Harty, & Badovinac, 2009;
Schmidt, Butler, Badovinac, & Harty, 2010).

Critical Parameters and
Troubleshooting

The success of this protocol is influenced
by multiple key factors. Good sample prepa-
ration is paramount to generating informative
data. We have provided optimized preparation
protocols for liver, spleen, lungs, and lymph
node in Basic Protocols 1 through 4. There
are additional factors that must be taken into
account when processing, acquiring, and ana-
lyzing your samples. These factors have been
extensively covered in a Current Protocols ar-

ticle by Ferrer-Font et al. (2021); however, we
summarize the key factors for these protocols
below.

Processing temperatures
Both TRM and NKT cells express high lev-

els of the extracellular ATP (eATP) recep-
tor P2RX7 in mice (Borges da Silva, Wang,
Qian, Hogquist, & Jameson, 2019). In the
presence of high eATP or NAD-mediated ri-
bosylation by the enzyme ARTC2.2, an induc-
tion of P2RX7 pore formation occurs, and cell
death ensues (Borges da Silva et al., 2019). As
ribosylation of P2RX7 can occur during man-
ual processing of livers, TRM cells are at poten-
tial risk of death. Importantly, pore formation
is temperature sensitive, occurring at tempera-
tures above 24°C. Therefore, while many pro-
tocols perform RBC lysis at 37°C, we found
this had a profound effect on the ability to
clearly define TRM cells, resulting in a 20% re-
duction in the proportion of cells assigned as
TRM cells when compared with RBC lysis at
21°C to 23°C (room temperature; Fig. 7A). In-
deed, when we assessed cell viability in these
samples, additional dead cell populations were
visible in the samples incubated at 37°C (Fig.
7B). As a result, we encourage RBC lysis to
be performed at 21°C to 23°C.

It has also been shown that CD62L is sus-
ceptible to P2RX7-induced activity, with re-
ceptor signaling inducing shedding of CD62L
from the cell surface (Mahnke et al., 2017;
Scheuplein et al., 2009). While processing
on ice and lysing at room temperature will
also aid in preventing shedding of CD62L,
we added an additional change to the pro-
tocol where we stained cells for CD62L
earlier during the live–dead stain, as sequen-
tial staining was found to improve resolu-
tion. If this panel was to be used for sorting
memory T cells and/or for further incubation
of these cells ex vivo (which would require
temperatures above 24°C), we would rec-
ommend researchers follow the advice noted
in the publication by Rissiek et al. (2018)
and use in vivo administration of aARTC2.2-
blocking nanobody, s+16a, 30 min prior to or-
gan harvesting to prevent ADP-ribosylation of
P2RX7 during the assay.

Antibody titrations
Each new batch of antibody should be

titrated on the tissue of interest. An ideal titra-
tion shows low spread of the negative pop-
ulation but retains separation of the positive
and negative populations as indicated by the
maintenance of a high staining index (SI). An
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min at min at

Figure 7 Red blood cell (RBC) lysis temperature affects identification of tissue-resident memory T
(TRM) cells. The ability to clearly separate CD69+ T cells from the negative population, an essential
step in defining TRM cells (gating strategy provided in Fig. 6), was assessed after RBC lysis was
performed at 37°C or room temperature (21°C to 23°C). (A) CD69 PE-Cy7 expression of gated
CD8+ T cells from liver. (B) Zombie NIR staining on liver samples. Shown is the frequency of live
singlets (Zombie NIR negative).

example titration is provided for CD69 stain-
ing in the liver (Fig. 5A), where a 667 ng/ml
concentration is found to be optimal as this
maintains a high SI, indicating clear separa-
tion of the positive and negative populations
with minimal spread of the background, thus
providing clear resolution of the positive pop-
ulation.

Fluorescent MHC (or MHC-like) multi-
mers, used to identify antigen-specific cells,
must also be titrated on the tissue types of
interest. In our protocol, H-2Kb pentamers
loaded with the peptide encoding amino acids
257–264 of chicken ovalbumin (OVA257-264)
were used to identify vaccine-induced CD8+

T cells, and PBS-57-loaded CD1d tetramers
were used to identify type I NKT cells. We ob-
served that different concentrations of the H-
2Kb-OVA257-264 pentamer were needed for dif-
ferent organs. A titration series on liver sam-
ples is shown in Figure 5B, where an optimal
concentration appeared to lie between 2 and
5 μl of the pentamer, as there was a slight
drop in the SI when 2 μl was used; how-
ever, spread of the negative population up-
ward could be observed with 5 μl. Further
analysis confirmed 3 μl was sufficient (data
not shown). Multimers specific to other epi-
topes of interest could be substituted into

this panel if they use the fluorophores PE or
BV421.

Controls required
Unstained controls: An individual un-

stained control is required for each tissue type.
SRCs: Unmixing accuracy on full-

spectrum flow cytometers is highly dependent
on the quality of the reference controls and
their ability to accurately represent the spectra
of fluorophores present in the fully stained
samples. It is well known that fluorescent
antibodies can bind beads and cells differently
and produce slightly different spectral signa-
tures. To determine which reference control
should be used, both beads and cells must
be tested in parallel using the same staining
conditions as those used on the fully stained
samples (i.e., fixative). Upon acquiring these
controls, the unmixing accuracy of beads is
often tested first by evaluating the unmixing
results of single-stained cells. We identified
that for some markers/fluorophores, the bead
reference control led to unmixing errors;
these were CD44, CD25, NK1.1, CXCR6,
CX3CR1, PD-1, CD49a, CD69, CD101,
and CD64. An example of this is shown in
an NxN plot for PD-1 PerCp-eF710, where
unmixing with beads or cells is compared
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Figure 8 Unmixing accuracy for PD-1 PerCP-eFluor710 when the staining reference control of
beads is compared with cells. Boxes with the red border highlight issues in unmixing that are
corrected by switching from beads (A) to single-stained cells (B) for the spectral reference control
(SRC). (C) Overlaid emission spectra for PD-1 PerCP-eFluor710 SRC on beads and cells. Subtle
differences can be seen, which explains the unmixing errors when beads are used as the SRC.

(Fig. 8A,B). Unmixing errors (highlighted in
the red squares) were observed when beads
were used as the SRC (Fig. 8A). These issues
presented either as an upward bend from the
horizontal x-axis (as seen for CD8 versus
PD-1) or a downward bend (dramatically
highlighted in CD62L versus PD-1; Fig.
8A). These errors were corrected when the
SRC was switched to single-stained cells for
PD-1 PerCp-eF710 (Fig. 8B). Investigation
as to why the unmixing differed between
the two SRC types revealed differences in
the emission spectra of the two (Fig. 8C),
with the cells emitting at greater intensity
at some points and with lower intensity and
slightly different spectral patterns in the red
channels, particularly in R4. This likely led
to the unmixing error observed for PD-1
PerCP-eFluor710 in the red channels and why
significant unmixing issues were seen against
CD62L Alexa Fluor 700 (a fluorophore that
peaks in R4).
Gating controls: FMO controls were in-

cluded to assist in gating populations where
low expression or cell frequency was antici-

pated. The absence of the fluorophore of in-
terest in these samples aids gate placement
by indicating where expression of the nega-
tive sits and allowing the positive gate to be
placed above this. FMO controls were used to
assist gating positive cells for PBS-57-loaded
CD1d tetramer BV421, OVA257-264-loaded H-
2Kb pentamer PE, and CD62L Alexa Fluor
700 (Fig. 9).

Sample quality check
A single-cell suspension should aim to have

a viability of 70% or more to ensure propor-
tional representation of the original sample. It
is crucial that a dead-cell marker is included
in the protocol, as dying cells have increased
AF and can display increased nonspecific an-
tibody binding, which can result in false pos-
itives and reduced resolution. Assessment of
sample viability is shown for each of the four
organ types (Fig. 10). The liver, spleen, and
lymph node samples have viabilities of over
77%. The lung sample shows more debris and
lower viability than the other samples, likely
because of the enzymatic digestion required to Farrand et al.

Current Protocols

Improving Immunophenotyping Resolution by Overcoming Autofluorescence with Full Spectrum Flow Cytometry Improving Immunophenotyping Resolution by Overcoming Autofluorescence with Full Spectrum Flow Cytometry 87

BACK TO CONTENTS



Figure 9 Fluorescence minus one (FMO) controls included in panel to aid gating accuracy and
identification of populations. FMO samples were stained with all antibodies except the antibody
noted on the x-axis. Staining for this marker was then compared with that observed in the fully
stained sample. FSC-A, forward scatter area.

Figure 10 Sample quality assessment for liver, spleen, lungs, and lymph node. The percentage
of total live cells following exclusion of doublets is shown for each organ. FSC-A, forward scatter
area.

isolate the cells of interest from the lungs. We
found a higher concentration of enzymes to re-
move the debris resulted in greater cell death,
but a lower concentration resulted in a lower
lymphocyte yield. Optimal enzyme concentra-
tions should be confirmed by the researcher,
especially if using new stocks.

Dealing with autofluorescence
This spectral flow cytometry panel is pri-

marily focused on phenotyping T cells in the
liver. Unmixing the data without the selec-
tion of AF extraction identified significant AF-
derived artefacts and unmixing issues, partic-
ularly in BV605 as indicated with the red ar-
rows in Figure 11A, highlighting the events
appearing on the diagonal in most plots. Se-
lection of AF extraction failed to remove all
AF-derived artefacts and unmixing issues, al-
beit with some improvements in resolution for
markers such as CD44 BV510 and CD49a
BB700 (Fig. 11B). Further investigation of the
unstained liver samples revealed two unique
AF signatures, one that peaked in UV7 and an-
other that peaked in V7 (Fig. 11C). We created
AF tags for these signatures using the guide-
lines provided in a Current Protocols article
by Ferrer-Font et al. (2021). Spectral unmix-
ing with the inclusion of a UV7 tag and V7

signature extraction sufficiently removed the
artefacts induced by AF (Fig. 11D).

Note that different organs of interest may
have different AF signatures. It is important
that unmixing is performed using unstained
samples specific to the organ of interest. This
can be performed using the SpectroFlo soft-
ware by right clicking each group during setup
and selecting “add unstained control.” For
both the lung and spleen, we also observed
unique AF signatures in the UV7 andV7 chan-
nels, and these tags were also included.

Resolution assessment
A comparison of single-stained samples to

fully stained samples enables the resolution
of each marker in the panel to be assessed
(Fig. 12A,B). Importantly, we observed that
for most markers the fully stained sample and
single-stained samples showed the same res-
olution, in that the histograms sit near per-
fectly on top of one another (i.e., TCRβ FITC,
CD45.2 APC-AF750; Fig. 12B). For others,
such as CD49 BB700 or CD44 BV510, the
negative population in the fully stained sam-
ple is wider, indicating spread into that chan-
nel and a lower SI. However, as this did
not affect the ability to resolve the positive
and negative populations, no changes were
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Figure 11 The use of specific autofluorescence (AF) tags and AF extraction removes artefacts
in the sample that are induced by AF. (A) Sample unmixed without the selection of AF extraction
in the unmixing wizard and without any AF tags added. (B) Sample unmixed with the selection
of AF extraction in the unmixing wizard but without any AF tags added. AF extraction is therefore
performed using the signature in the total unstained sample. (C) Unique AF signatures identified in
the total unstained liver sample. We have commonly seen unstained lymphocytes fluoresce in the
UV7 channel and showminimal fluorescence in the R5 channel.Therefore, following gating for cells
of interest, UV7+ and UV7– cells were selected and the signature assessed. In the top panel the
UV7+ cells show a unique signature that peaks in UV7. In the bottom panel the UV7– cells display
a signature that peaks in V7. These were signatures captured into AF tags that were added to the
reference group. (D) Spectral unmixing with the inclusion of a UV7 tag and V7 signature extraction;
this sufficiently removed the artefacts induced by AF. FSC-A, forward scatter area; SSC-A, side
scatter area.
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Figure 12 Marker resolution. Comparison of single-stain controls (also stained for viability and
T cell receptor [TCR] β) for each fluorophore to the expression on fully stained sample. (A) Gating
strategy for single, viable cells of interest. (B) Histogram overlays of single-stained and fully stained
samples for the indicated markers. For CD45.2, TCRβ, and CD64, samples were first gated on live
singlets. For all other markers, samples were first gated for live TCRβ+ cells. (C) Scatterplots for
the indicated markers with single and fully stained samples overlaid. Samples were first gated for
live TCRβ+ cells. FSC-A, forward scatter area; SSC-A, side scatter area.

necessary. Alternatively, for markers with
very low expression levels or frequencies—
such as CD101, CD25, CXCR6, and PD-1—
histograms do not provide sufficient detail
to investigate changes in resolution. In these

instances, scatterplots are more appropriate
for determining resolution (Fig. 12C). Here
the overlaid samples showed that the signal
resolution was retained in the fully stained
sample.
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Table 3 Breakdown of Marker Expression, Density, and Fluorophore Choice

Antigen
Antigen
density Location Purpose Cells expressing marker Fluorophores available

Fluorophore
chosen

Fluorophore
brightness

Dead cells – Intracellular Remove
dead cells

Viability Zombie NIR, live–dead
fixable blue

Zombie NIR Moderate

TCRβ High Cell surface Lineage T cells FITC, APC, PE FITC Moderate

CD19 Medium/high Cell surface Lineage B cells BV605, eF450, PerCP,
PerCP-Cy5.5, FITC,
AF488, PE-Cy5, Alexa
Fluor 647

eF450 Moderate

CD45.2 High Cell surface Lineage Lymphocytes APC-Fire750, FITC, PE,
PE-Cy5, PE-Cy5.5

APC-Fire750 Moderate

NK1.1 Medium/high Cell surface Dump NK, TCRβ+ cells
a

BV650, PerCp-Cy5.5,
FITC

BV650 Moderate

CD64 Medium Cell surface Dump Monocytes Alexa Fluor 647, FITC Alexa Fluor
647

Bright

CD8 Medium Cell surface Cells of
interest

T cells BV421, Alexa Fluor 700,
BUV395, PerCP, FITC,
AF488, PE

BUV395 Dim

OVA257-264-
loaded H-2Kb

pentamer

Low Cell surface T cells of
interest

T cells PE PE Bright

CD44 Medium Cell surface T cells of
interest

Activated TCRβ+ cells,
CD19+ B cells, CD44+
NK1.1+ cells

PE-Cy5.5, BV605,
BV750, BUV737, BV711,
PerCP-Cy5.5, APC

BUV737 Moderate
bright

KLRG1 Low Cell surface Define TEM OVA+ CD44+ CD8+
KLRG1+ CX3CR1+
CD69– CD62L–TCRβ+ T
cells, NK1.1+ cells

APC APC Bright

CD69 Medium Cell surface Define
TRM

OVA+ CD44+ CD8+
TCRβ+ CD69+ CD103+
CD49a+ CD101+
CXCR6+ T cells, CD19+
B cells, NK1.1+ cells

BB700, PECF594,
PE-Cy5, PerCP-Cy5.5,
Alexa Fluor 488, FITC,
PE-Cy7, Alexa Fluor 647

PE-Cy5 Bright

CD62L Low/medium Cell surface Define
TCM

OVA+ CD44+ CD8+
TCRβ+ CD69– T cells

APC, Alexa Fluor 700,
PE-Cy5, PE-Cy7, PE,
FITC, Alexa Fluor 488,
PerCP-Cy5.5 PacBlue,
Alexa Fluor 647

Alexa Fluor
700

Dim moderate

CXCR6 Low Cell surface Define
TRM

OVA+ CD44+ CD8+
TCRβ+ CD69+ CD103+
CD49a+ CD101+
CXCR6+ T cells, NK1.1+
cells, some CD19+ cells

APC, BV711;
commercially available on
PE, APC, BV421,
PE-Dazzle594, PE-Cy7,
Alexa Fluor 647,
PerCP-Cy5.5, APC-Cy7

BV711 Moderate
bright

CX3CR1 Low Cell surface Define TEM OVA+ CD44+ CD8+
KLRG1+ CX3CR1+
TCRβ+ T cells

BV421, PE-Dazzle594 BV421 Bright

CD101 Low Cell surface Define
TRM

OVA+ CD44+ CD8+
TCRβ+ CD69+ CD103+
CD49a+ CD101+
CXCR6+ T cells

Commercially available:
Alexa Fluor 700, PE-Cy7,
PeVio770, APC, Alexa
Fluor 594, Alexa Fluor
647

PE-Cy7 Bright

CD103 Low Cell surface Define
TRM

OVA+ CD44+ CD8+
TCRβ+ CD69+ CD103+
CD49a+ CD101+
CXCR6+ T cells

BV510, APC, BUV395,
Alexa Fluor 488;
commercially available:
BV605, PE-Dazzle594,
APC-Cy7, Alexa Fluor
700, FITC, BV421, Alexa
Fluor 647, PacBlue,
PE-Cy7

PE-Dazzle594 Bright

CD49a Low Cell surface Define
TRM

OVA+ CD44+ CD8+
TCRβ+ CD69+ CD103+
CD49a+ CD101+
CXCR6+ T cells

Commercially available:
PE-Cy7, PE,
APC-Fire750,
PerCp-Cy5.5, APC,
BUV661, BUV737,
BUV615, BB700

BB700 Bright

(Continued)
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Table 3 Breakdown of Marker Expression, Density, and Fluorophore Choice, continued

Antigen
Antigen
density Location Purpose Cells expressing marker Fluorophores available

Fluorophore
chosen

Fluorophore
brightness

PD-1 Medium Cell surface T cell
activation

NKT, CD8+, CD4+ T
cells

PerCP-eFluor710,
PE-Cy7, BUV615

PerCP-
eFluor710

Moderate
bright

PBS-57-loaded
CD1d tetramer

Medium Cell surface NKT cells TCRB+, NK1.1+, PD-1+,
CD25+, CD4+, KLRG1+,
CD69+ cells

BV421, PE BV421 Bright

CD25 Low Cell surface Define
NKT cells

TCRβ+, NK1.1+, PD-1+,
PBS-57-loaded CD1d
tetramer+, CD4+,
KLRG1+, CD69+ cells

FITC, PE, PE-CF594,
APC, BV605

BV605 Moderate

CD4 Medium Cell surface CD4+ T
cells and
NKT cells

CD4+ NKT, CD4+ T cells Alexa Fluor 532, BV711,
BV605, BV421, eF450,
FITC, PerCP-Cy5.5, PE,
APC, Alexa Fluor 700,
APC-Alexa Fluor 750

Alexa Fluor
532

Moderate

NK, natural killer; NKT, natural killer T; OVA, ovalbumin; TCM, central memory T cells; TCR, T cell receptor; TEM, effector memory T cells; TRM,
tissue-resident memory T cells.
a
Includes NKT cells that are NK1.1+.

Dump channels
The staining panel described here has been

optimized for a five-laser Cytek Aurora sys-
tem but could be adjusted for use on machines
with fewer lasers by incorporating somemark-
ers onto the same fluorophore. For instance,
CD19+ cells and CD64+ cells may not be
of interest and could be merged into the
same dump channel. When combining mark-
ers onto the same fluorophore for use as a
dump channel, it is recommended to select
fluorophores with identical spectral signatures
and to avoid the use of tandem dyes (i.e., PE-
Cy5, BV785, BUV615) as individual differ-
ences in donor/acceptor ratios may result in
different spectral signatures (see Current Pro-
tocols article: Ferrer-Font et al., 2020). How-
ever, tandem dyes are well suited for use in
a streptavidin-biotin setup, where markers are
first detected with biotin and then stained with
the same secondary tandem dye conjugated to
streptavidin.

Understanding Results
The staining panel presented here was de-

signed to identify memory T cell subsets in
the liver, spleen, lungs, and lymph node af-
ter vaccination. We have previously shown
that glycolipid-peptide vaccines comprising
MHC-binding epitopes conjugated to a mod-
ified version of the prototypic NKT cell ago-
nist α-GalCer induce strong T cell responses
and notably accumulation of TRM cells in the
liver (Holz et al., 2020). The experiment pre-
sented here shows analysis 30 days after a
single dose with a glycolipid vaccine target-
ing the model antigen OVA. The induction of
antigen-induced T cells could be detected us-

ing H-2Kb pentamers loaded with OVA257-264

peptide, a defined H-2Kb-binding epitope in
the OVA protein. Various memory markers
were used to define different memory T cell
populations. Because vaccine efficacy is re-
lated to NKT cell function (particularly the
TRM cell response), the panel also includes a
CD1d tetramer loaded with the α-GalCer ana-
logue PBS-57 to detect NKT cells, along with
a variety of markers to assess their activation
status.

When designing this panel, we compiled
a table containing information about which
markers were coexpressed (gathered from the
gating strategy shown in Figure 6 and pub-
lished literature), the density of each marker,
which fluorophores were already available in
our laboratory, and which markers would need
to be purchased (Table 3). Taking all three cat-
egories into account, a panel of 21 markers
with 21 different fluorophores was designed.
The similarity and complexity indices of the
panel were determined using the Cytek Spec-
tral viewer tool (Fig. 13A), as well as the spec-
tral signatures of the fluorophores chosen (Fig.
13B). As can be seen, some fluorophores had
high similarity but were allocated to different
cell types, therefore minimizing the impact of
spreading error.

Following optimization of the panel and
organ processing conditions, quality control
analysis of fully stained samples could be per-
formed. The panel was first examined using
the manual gating strategy shown in Figure 6.
Dimensionality reduction algorithms can be
useful tools for investigating panel quality, as
they simplify the data for visualization while
also exposing artefacts that may be missedFarrand et al.
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Figure 13 A series of evaluations were conducted to identify the best combination of 21 fluo-
rophores that would provide unique spectral signatures, adequate signal intensities, and minimal
spread into neighboring channels. (A) Spectral signature of 21 fluorophores visualized using the
Cytek Spectrum viewer. All signatures were normalized to peak channels for direct comparison.
(B) Results of the Similarity Index Matric (SIM), which measures how similar two spectra are to
one another. The value “1” indicates virtually no difference between two fluorophores, whereas a
value of “0” indicates the two fluorophores are completely unique. Displayed is the numerical value
for each pair of fluorophores included in the panel. At the bottom of the matrix is the complexity
index, a metric to evaluate the complexity of the entire combination of fluorophores.

through expert gating. Using Uniform Mani-
fold Approximation and Projection (UMAP),
markers that are usually coexpressed should
be checked to see if they can be found in simi-
lar regions of the UMAP plot (Fig. 14A; Becht
et al., 2018). For visualization purposes, the
UMAP data presented here were performed

on a concatenated file containing one unstim-
ulated sample and one stimulated sample,
as we anticipated some populations would
be present in one sample and not the other
(Fig. 14A). To understand the impact of the
different conditions, overlaying the expert
gated populations on UMAP can be useful Farrand et al.
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Figure 14 Overview of the 21-marker, 21-fluorophore panel for functional phenotyping of mem-
ory T cells and natural killer T (NKT) cells on mouse liver using the dimensionality reduction algo-
rithm UniformManifold Approximation and Projection (UMAP).Samples were cleaned by excluding
variable flow rate during acquisition, doublets, debris, antibody aggregates, and dead cells. Follow-
ing cleaning, CD45.2+ TCRβ+ cells were gated and CD64– and CD19– cells excluded. (A) UMAP
analysis was performed using the OMIQ analysis platform with the settings of nearest neighbors at
20 and minimum distance at 0.4 using the Euclidean distance function and displayed as 2D plots
using the resultant UMAP 1 and UMAP 2 dimensions according to the per-cell expression of 15 pro-
teins. Expression levels are shown for CD8, PBS-57-loaded CD1d tetramer, CD44, CD25, CXCR6,
CD4, CD49a, PD-1, OVA257-264-loaded H-2Kb pentamer, CD103, CD69, CD101, CX3CR1, KLRG1,
and CD62L. UMAP scales are visualized using a rainbow heat scale (arcsinh). One unstimulated
and one stimulated sample have been concatenated for visualization purposes. (B) Expert gating
overlaid on UMAP dimensions 1 and 2.Vehicle sample and stimulated sample are compared.NKT,
natural killer T; TCM, central memory T; TCR, T cell receptor; TEM, effector memory T cells; TRM,
tissue-resident memory T.

(Fig. 14B). A shift of the NKT cell population
was observed within the stimulated sam-
ple owing to the downregulation of surface
receptors on activated NKT cells (affect-
ing both TCRβ and CD1d/PBS-57 tetramer
binding) after activation. An increase in the
H-2Kb/OVA257-264 pentamer+ CD8+ T cell
population was apparent in the stimulated
sample in comparison to the unstimulated
sample, as would be expected for a vaccine-
induced immune response. Interestingly, there
was also a difference in the pentamer-negative
TEM and TRM cell populations between these
samples, suggesting effects of the vaccine

on other CD8+ T cells. Interrogation of the
data in this manner allows for the detection
of unique changes induced by treatment that
would not have otherwise been detected using
the expert gating strategy alone, and it is im-
portant to assess if the information obtained
makes biological sense, otherwise further
exploration/optimization of the panel will be
required.

Time Considerations
Week 1: Vaccinate mice with desired ther-

apy.
Weeks 1 to 5: Titrate new antibody stocks.
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Week 5: Harvest organs of interest and
assess response. Harvesting, processing, and
staining will take most of the day and will
require more than two people if harvesting
multiple tissue types from >20 mice. Flow
cytometric analysis will take ∼6 hr and
analysis and interpretation another ∼3 hr
(subject to change depending on the number
of organ types and mice).

Note that this does not include the time to
design and optimize the full-spectrum flow cy-
tometry panel, which can take anywhere be-
tween 2 and 4 weeks.
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Microglia are the innate myeloid cells of the central nervous system (CNS)
parenchyma, functionally implicated in almost every defined neuroinflamma-
tory and neurodegenerative disorder. Current understanding of disease patho-
genesis for many neuropathologies is limited and/or lacks reliable diagnostic
markers, vaccines, and treatments. With the increasing aging of society and rise
in neurogenerative diseases, improving our understanding of their pathogene-
sis is essential. Analysis of microglia from murine disease models provides
an investigative tool to unravel disease processes. In many neuropathologies,
bone-marrow-derived monocytes are recruited to the CNS, adopting a pheno-
type similar to that of microglia. This significantly confounds the accurate iden-
tification of cell-type-specific functions and downstream therapeutic targeting.
The increased capacity to analyze more phenotypic markers using spectral-
cytometry-based technologies allows improved separation of microglia from
monocyte-derived cells. Full-spectrum profiling enables enhanced marker res-
olution, time-efficient analysis of >40 fluorescence parameters, and extraction
of cellular autofluorescence parameters. Coupling this system with additional
cytometric technologies, including cell sorting and high-parameter imaging,
can improve the understanding of microglial phenotypes in disease. To this end,
we provide detailed, step-by-step protocols for the analysis of murine brain tis-
sue by high-parameter ex vivo cytometric analysis using the Aurora spectral
cytometer (Cytek), including best practices for unmixing and autofluorescence
extraction, cell sorting for single-cell RNA analysis, and imaging mass cytom-
etry. Together, this provides a toolkit for researchers to comprehensively inves-
tigate microglial disease processes at protein, RNA, and spatial levels for the
identification of therapeutic targets in neuropathology. © 2024 The Authors.
Current Protocols published by Wiley Periodicals LLC.

Basic Protocol 1: Processing the mouse brain into a single-cell suspension for
microglia isolation
Basic Protocol 2: Staining single-cell mouse brain suspensions for microglial
phenotyping by spectral cytometry
Basic Protocol 3: Flow cytometric sorting of mouse microglia for ex vivo
analysis

Current Protocols e985, Volume 4
Published in Wiley Online Library (wileyonlinelibrary.com).
doi: 10.1002/cpz1.985
© 2024 The Authors. Current Protocols published by Wiley Periodicals
LLC. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.
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Basic Protocol 4: Processing the mouse brain for imaging mass cytometry for
spatial microglia analysis

Keywords: autofluorescence � cell sorting � CNS pathology � cytometry
� microglia � myeloid � neuroinflammation � single-cell � spectral
cytometry

How to cite this article:
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N. J. (2024). High-dimensional methods of single-cell microglial
profiling to enhance understanding of neuropathological disease.

Current Protocols, 4, e985. doi: 10.1002/cpz1.985

INTRODUCTION

Diseases affecting the central nervous system (CNS) are collectively the leading cause of
disability and second leading cause of death worldwide (Bassetti et al., 2022; Feigin et al.,
2020). Often prominent in the pathogenesis of CNS disease are microglia, a remarkable
innate myeloid immune cell population that tiles the entire CNS parenchyma, projecting
cytoplasmic extensions that constantly survey the microenvironment (Nimmerjahn et al.,
2005). Upon perturbation, these cells may proliferate, increase the cross-sectional area of
their somata, retract cytoplasmic processes, and express a range of cytokines and signal-
ing molecules. Microglia have been implicated in protective and pathological processes
contributing to neuroinflammatory, neurodegenerative, and mental health disorders (Mc-
Quade & Blurton-Jones, 2019). As such, they represent an important potential target
for immunotherapeutics in CNS disease. Historically, elucidating the specific roles of
microglia in pathology has been extremely challenging due to the limited research tools
available to identify and target these cells behind the blood-brain barrier (Spiteri, Wishart
et al., 2022). In some diseases, identifying microglia becomes further challenged by the
infiltration of phenotypically similar myeloid cells from the bone marrow (Getts et al.,
2008, 2012; Greter et al., 2015; Lewis et al., 2014; Werner et al., 2020). This has sig-
nificantly impeded understanding of disease pathogenesis in many neuropathologies and
hampered the development of reliable diagnostic markers, vaccines, and treatments.

In recent years, a surge in the development of new experimental tools has enabled more
accurate microglia identification and targeting. These include microglia-specific identi-
fication markers such as P2RY12 and TMEM119 (Bennett et al., 2016; Butovsky et al.,
2014) and the CSF1R inhibitor and microglia-depletion drug PLX5622 (Spangenberg
et al., 2019). Although these represent significant advances in the field, subsequent work
has shown that microglia-specific markers are often downregulated during inflamma-
tion, while PLX5622 can also target other cells in the periphery (Depaula-Silva et al.,
2019; Greter et al., 2015; Lei et al., 2020; Lewis et al., 2014; Spiteri & King, 2023;
Spiteri, Ni et al., 2022; Spiteri et al., 2021; Spiteri, Wishart et al., 2023; Spiteri et al.,
2020; Vankriekelsvenne et al., 2022). Moreover, isolated and cultured microglia undergo
considerable change from their in vivo state (Bennett et al., 2018; Bohlen et al., 2017;
Gosselin et al., 2017), significantly limiting the translatability of in vitro studies. Thus,
examination of microglia from untreated and undepleted brain under minimal experi-
mental intervention is crucial to determine their precise role(s) during the pathogenesis
of disease. The prompt ex vivo analysis of surface and intracellular protein expression
and proliferative status using bromodeoxyuridine (BrdU) or Ki-67, as well as morphol-
ogy and RNA profile, at various timepoints can together inform detailed understanding
of microglial processes.
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Figure 1 Overview of experimental procedures, analysis outputs, and strategic planning.Created
with BioRender.com.

Advances in spectral cytometry, imaging mass cytometry, and single-cell RNA (scRNA)
technology have substantially increased the number of parameters that can be analyzed
in a single sample. Pairing these with computational analysis approaches allow better
discrimination between microglia and other myeloid subsets. This is important to accu-
rately identify their relative contributions to disease pathogenesis. Although the use of
single-cell technologies has increased in neuroscience research, consensus on the best
cytometric approach for multiple modalities with validated panels remains scant (Sharp
et al., 2023). Thus, we detail here single-cell methods of microglia phenotyping to pro-
vide a toolkit for researchers to use to examine these cells in molecular detail for the
identification of therapeutic targets in murine models of neuropathology (Fig. 1). Specif-
ically, Basic Protocol 1 describes methods to process whole brain tissue into single-cell
suspensions. Basic Protocol 2 details surface and intracellular staining steps to pheno-
type microglia by spectral cytometry using the Aurora. Basic Protocol 3 describes steps
to stain and sort microglia for ex vivo analysis such as single-cell sequencing. Basic Pro-
tocol 4 describes brain-processing methods to obtain high-quality histological images.

NOTE: All protocols involving animals must be reviewed and approved by the appropri-
ate Animal Care and Use Committee and must follow regulations for the care and use of
laboratory animals.
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BASIC
PROTOCOL 1

PROCESSING THE MOUSE BRAIN INTO A SINGLE-CELL SUSPENSION
FOR MICROGLIA ISOLATION

Preparing a single-cell suspension is a critical step for single-cell analysis of whole tis-
sues, including for conventional and spectral flow cytometry, cytometry by time of flight
(CyTOF), cell sorting, and scRNA analysis. Poor-quality tissue processing impacts cell
viability, staining resolution, and the ease of counting, filtering, and running samples on
instruments. Conducting the protocol below should yield high-quality data with 85%-
90% viability of brain cells.

Various protocols have served as a starting point for the optimized methods described
here (Ashhurst et al., 2019; Bohlen et al., 2019; Garcia et al., 2014; Getts et al., 2008;
Manglani et al., 2018; Niewold et al., 2020). In this protocol, mice are injected 3 hr
before sacrifice with BrdU, an analog of thymidine that is incorporated into DNA during
synthesis. Using a fluorochrome-conjugated antibody to label BrdU, it can be determined
whether microglia (or other cells) are proliferating in situ. Euthanasia procedures should
minimize brain anoxia prior to tissue dissociation. The carefully removed brain is cut up
into pieces of 0.3-cm diameter or less. Individual cells are dissociated from the whole
brain using the GentleMACS (Miltenyi Biotec) dissociator in a cocktail of DNase I and
collagenase type IV, and leukocytes are enriched on a Percoll density gradient (Fig. 2).
This protocol should be performed efficiently without interruption to enhance yield and
viability.

A disadvantage of this enzymatic method is the potential to cleave cell surface mark-
ers. From our work, we have shown reductions only in TMEM119 and CD44 expression
when using DNase I and collagenase IV (Spiteri et al., 2021).We recommend performing
parallel experiments without digestive enzymes to ensure that all surfacemarkers of inter-
est are present. Experiments without enzymes will still yield high-quality data; however,
reduced viability and increased debris, should be expected. Digestion with DNase I and
collagenase IV, however, is strongly recommended for microglia isolation as it produces
high live cell yields (∼5 × 105 cells from the healthy homeostatic brain). Nevertheless,
it should be noted that alternative commercial methods are also available, including the
neural tissue dissociation kit from Miltenyi Biotec (Garcia et al., 2014). Additionally, if
a GentleMACS dissociator is not available, enzyme-digested brain tissue can be gently
mashed through a strainer using a pestle (Manglani et al., 2018).

Materials

10 mg/ml (2×) BrdU stock solution (see recipe; 1 mg per 18-g mouse)
Mice
Isoflurane or equivalent for mouse euthanasia, depending on permitted animal

ethics protocols
Ice-cold PBS (∼25 ml per sample; see recipe)
70% (v/v) ethanol
10× DNase/collagenase digestion mixture (see recipe; 0.5 ml per sample)

Figure 2 Schematic of brain-processing procedures required to generate a single-cell suspen-
sion as described in Basic Protocol 2. Created with BioRender.com.
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Staining buffer (see recipe; ∼12 ml per sample)
26% (v/v) Percoll solution (see recipe; 7 ml per sample)
73% (v/v) Percoll solution (see recipe; 3 ml per sample)
Trypan blue (Thermo Fischer Scientific, cat. no. 15250061)

Laminar-flow hood (or, if working with PC2 agents, BSC Class II cabinet or
equivalent)

Dissection tools: forceps, scissors, and scalpels
10-ml syringe
21-G needle (1 per mouse)
Petri dishes (1 per experimental group)
C tubes (Miltenyi Biotec, cat. no. 130-093-237)
GentleMACS Octo Dissociator with Heaters (Miltenyi Biotec, cat. no.

130-096-427)
50-ml Falcon tube lids (1 per sample)
15-ml tubes (2 per sample)
Centrifuge
Glass pipets
Serological pipets: 1 × 5 ml for each brain, 1 × 25 ml to dispense 26% Percoll,

and 1 × 5 ml to dispense 73% Percoll
1-ml and 10-μl micropipets
50-μl multichannel micropipets
96-well round-bottom cell-culture-treated plate (Sigma Aldrich, cat. no. CLS3799)
Hemocytometer
Cell counter
Light microscope

NOTE: If you are not assessing cell proliferation, start from step 4.

1. Defrost 10 mg/ml BrdU stock solution at room temperature and dilute with sterile
PBS to make a 5 mg/ml solution.

2. Inject mice intraperitoneally with 55.6 mg/kg BrdU (1 mg per 18-g mouse; 200 μl
of a 5 mg/ml solution).

Record the time when you inject each animal, so you can euthanize each exactly 3 hr later.
This is important, as increasing the incubation time may increase BrdU incorporation.
However, a 5- to 10-min delay should not be detrimental.

The interval between injections in subsequent animals depends on the time it will take
to harvest organs from each animal later. When collecting extra organs or performing
additional procedures, increase the interval time.

3. After 3 hr, anesthetize animals in the order in which you injected them with BrdU.

4. Surgically expose the heart and perfuse mice via the left ventricle with 10 ml ice-
cold PBS, using a 21-G needle and a 10-ml syringe, snipping the inferior vena cava
to enable complete flushing of the brain vasculature (see Current Protocols, Miller
et al., 2010).

5. Decapitate mice with large surgical scissors.

6. Cut the skin sagittally from the base of the neck to the eyes using finer scissors.

7. Peel back the skin laterally to expose the skull.

8. Use finer scissors to gently cut through the midline of the skull from the foramen
magnum to the eyes.

9. Make an incision in the nasal process. Spiteri et al.

Current Protocols

Improving Immunophenotyping Resolution by Overcoming Autofluorescence with Full Spectrum Flow Cytometry Improving Immunophenotyping Resolution by Overcoming Autofluorescence with Full Spectrum Flow Cytometry 101

BACK TO CONTENTS



10. Using forceps gently pull each side of the skull laterally to expose the brain.

11. Pry the brain out with forceps onto a petri dish containing ∼500 μl PBS.

Clean petri dish with 70% ethanol and Kimwipe between samples, and use a new petri
dish for each experimental group.

12. Cut the brain into pieces of 2- to 3-mm diameter or less using a scalpel.

The smaller the pieces of brain, the better the tissue digestion.

13. Transfer brain pieces into a C tube containing 4.5 ml ice-cold PBS.

14. Place C tube on ice.

15. Collect a spleen and/or bone marrow from one animal for extra cell staining controls
for Basic Protocol 2.

This step is required for Basic Protocol 2 and can be skipped if processed brain cells
are not used for cytometry analysis. Spleen and bone marrow collection and processing
procedures can be found in Look et al. (2023).

16. Add 0.5 ml of 10× collagenase/DNase mixture into C tubes once all brains have
been collected.

Defrost a 10× stock on ice before you begin euthanizing mice.

17. Load C tubes and heaters onto GentleMACS dissociator.

Tip the tube upside down and back several times vigorously to ensure all tissue pieces
are in the digestion mixture. If tissue is stuck on the side or top of the tube, it will not get
digested.

18. Select brain-processing program and run (i.e., 30 min at 37°C, as per Supporting
Information 1).

19. Top up with staining buffer and seal with 50-ml Falcon tube lid.

20. Place tubes on ice until ready to process.

21. Spin tubes 10 min at 500 × g, 4°C.

22. Carefully pour out supernatant.

23. Resuspend brain samples in 7 ml of 26% Percoll solution using a 5-ml serological
pipet and transfer to a 15-ml tube.

24. Place a glass pipet in the center of the tube and pipet 3ml of 73%Percoll solution into
the glass pipet using a 5-ml serological pipet. This should create a sharply defined
26%/73% Percoll fluid interface.

If the 73% Percoll does not pass through the glass pipet, gently and slowly lift the pipet
by ∼0.5 mm.

25. Carefully place the tubes in the centrifuge, without disturbing the Percoll interface.

26. Spin tubes for 25 min at 1825 × g, room temperature, no brake.

27. Remove upper fat layer using a pipet tip attached to a vacuum aspirator or 1-ml
micropipet.

28. Collect leukocytes from the interface layer between the 26% top (pink) and 73%
bottom (clear) layers using a glass pipet or a 1-ml pipet until there are no cells left
(∼3 ml).

29. Transfer collected leukocytes to a 15-ml tube containing 5 ml staining buffer.Spiteri et al.
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Table 1 Expected Cell Counts and Dilutions Factors for Counting

Brain sample
Expected cell
count

Staining buffer volume to
predilute sample

Total dilution
factor

Homeostatic (full brain) 3.5-7.5 × 105 0 μl 2

Moderate chronic
neuroinflammationa

1 × 106 0 μl 2

Severe acute
neuroinflammationb

4.5 × 106 40 μl 10

a
Cerebral interferonopathymodelled in transgenicmicewith CNS-targeted chronic production of IFN-α (GFAP-IFN;West et al., 2022) or demyelination
modeled in mice treated with cuprizone (Song et al., 2021).
b
West Nile virus encephalitis (Spiteri, Ni et al., 2022; Spiteri et al., 2021; Spiteri, Wishart et al., 2023; Spiteri, Van Vreden et al., 2023; Wishart et al.,
2022).

30. Spin tubes 5 min at 500 × g, 4°C.

31. Discard supernatant and resuspend cells in 200 μl staining buffer.

32. Transfer samples into a 96-well plate, or leave in tubes if preferred. Remeasure each
sample volume while transferring samples from tubes to wells or resuspending cells
in tubes.

It is important to remeasure to ensure accurate cell counts, as volumes can vary between
samples.

33. Transfer 10 μl of each sample into another tube or plate for counting (leave in
fridge).

Counts can be performed during the next incubation period, i.e., the viability and blocking
steps (see Basic Protocol 2, step 3).

Ideally cell counts should be performed within an hour.

34. Pre-dilute counting samples in staining buffer according to Table 1. Add 10μl trypan
blue to 10 μl of pre-diluted sample and load on hemocytometer for counting.

Only add trypan blue when you begin cell counts. This is to minimize cell death induced
by trypan blue toxicity.

BASIC
PROTOCOL 2

STAINING SINGLE-CELL MOUSE BRAIN SUSPENSIONS FOR
MICROGLIAL PHENOTYPING BY SPECTRAL CYTOMETRY

Depending on the extent of CNS perturbation, microglia upregulate nominal activation
markers and produce an array of cytokines and signaling molecules that can dampen
or exacerbate pathology. Identifying microglial phenotypes can inform functional
processes. However, this must be coupled with additional techniques such as in vivo
imaging, scRNA analysis, and proteomics to identify their precise contribution to disease
processes.

Here we provide a framework for detailed microglial phenotyping involving surface,
intracellular, and intranuclear staining and acquisition on a spectral cytometer (5-laser
Cytek Aurora). These include myeloid cell markers (CD45, CD11b, F4/80), antigen-
presenting and co-stimulation markers (CD86, MHC-II), migration and phagocytosis-
related markers (CD11c, CD64, CD68, CD206), the ‘inflammatory macrophage’ marker
Ly6C, markers highly expressed on microglia (P2RY12, CX3CR1), and markers to iden-
tify and quantify neutrophils (Ly6G), NK cells (NK1.1), and T cells (CD3ε, CD4, CD8α).
To measure proliferation and nitric oxide production, we use BrdU and DAF-FM diac-
etate, respectively. Production of nitric oxide can enhance CNS pathology and can be
targeted therapeutically (Getts et al., 2012). To measure other functional markers, such as Spiteri et al.
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intracellular cytokines, monensin and/or brefeldin A should be added to staining buffers
as well as all reagents until cell fixation, including PBS used for perfusion and brain
processing reagents, to enhance staining.

During neuroinflammation, monocytes from the bone marrow are recruited to the brain,
adopting a similar phenotype to responding microglia. To demonstrate this, we use a
mouse model of severe and acute neuroinflammation as seen in West Nile virus (WNV)
encephalitis. In this model, there is a 10-fold increase in the number of cells isolated
from the brain, with the majority being monocyte-derived cells. To distinguish microglia
from infiltrating myeloid cells in the inflamed brain, we used the differential profiles of
P2RY12 and CD45. The gating strategy is shown in Figure 3 and can be applied to other
inflammatory mouse models as well as the homeostatic brain (Supporting Information 2).
Although multiple RNA studies, including our own, have shown that microglia down-
regulate the expression of the nominal homeostatic microglia-specific markers P2ry12
and Tmem119 during neurodegeneration and neuroinflammation (Jordão et al., 2019;
Keren-Shaul et al., 2017; Krasemann et al., 2017; Spiteri, Wishart et al., 2023; Wishart
et al., 2022), on a protein level, microglia do not downregulate P2RY12 expression in
WNE (Spiteri et al., 2021) or alpha-herpesvirus CNS infection (Fekete et al., 2018). As
TMEM119 expression is downregulated by microglia in certain inflammatory diseases,
such as WNE, P2RY12 enables the separation of microglia from infiltrating myeloid
populations when used in combination with CD45. This strategy has been validated with
adoptive transfers, monoclonal antibody blocking, and injection of dye to track infiltrat-
ing myeloid populations, which could be distinguished frommicroglia that were depleted
with PLX5622 (Spiteri et al., 2021).

All reagents, including those for the controls (see Table 2), should be titrated and tested
on the specific tissue in advance of experiments, taking into consideration that increasing
the panel size can impact staining resolution and gating accuracy. For panel expansion, a
significant portion of the spectrum between 400 and 730 nm is available for UV-excitable
dyes, and there are a number of vacant positions from other laser modules. As brain cells
are highly autofluorescent in the UV and violet channels, autofluorescence extraction
can substantially improve staining resolution in these channels (Supporting Information
3 and 4). Extracting multiple autofluorescent populations from each unstained control
per experimental group will further reduce unmixing errors (Supporting Information 3
and 4). Thus, we recommend spectrally unmixing multiple autofluorescence populations
from group-specific unstained controls in Spectroflo Software (Fig. 4). Additionally, as
only a limited number of cells can be isolated from the healthy brain, we recommend
collecting one alternative tissue (spleen or bone marrow) to use for single-color refer-
ence controls (see Table 2). More detailed information about flow cytometry staining,
acquisition, autofluorescence, staining indices, and spectral cytometry analysis has been
extensively published elsewhere (Ashhurst et al., 2019, 2021; Brummelman et al., 2019;
Ferrer-Font et al., 2021, 2023; Fox et al., 2020; Kharraz et al., 2022; Maciorowski et al.,
2017; Mahnke & Roederer, 2007; Niewold et al., 2020; Nolan & Condello, 2013).

Materials

Single-cell mouse brain samples and staining controls prepared in Basic Protocol 1
(see Table 2 for staining controls)

PBS
Viability/Fc blocking solution (see Table 3) or PBS with Fc block
DAF-FM solution (see Table 3)
Staining buffer (see recipe)
Surface antigen stain mixture (see Table 3)
UltraComp eBeads Compensation Beads (Thermo Fisher Scientific, cat. no.

01-2222-42), if using these as single-color reference controls
Spiteri et al.
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Figure 3 Gating strategy used to identify immune cell populations in the inflamed brain for anal-
ysis and cell sorting. (A) Quality control gates, including time, single cells, non-debris, and live cell
gates, were applied before analyzing cells. (B) Identification of neutrophils, microglia, NK cells, T
cells, classic dendritic cells (cDC), and infiltrating myeloid cell subsets in the WNV-infected brain.
(C) Dot plots showing BrdU (measure of proliferation) and DAF-FM (measure of nitric oxide pro-
duction) staining in T cells and neutrophils isolated from an infected brain. Staining is shown for
populations with the highest expression of these markers, with gating based on a fluorescence
minus one (FMO) sample. Single-cell brain suspensions from a WNV-infected animal at 7 days
post infection were analyzed on the 5-laser Cytek Aurora.

BD CytofixTM Fixation Buffer (BD Biosciences, cat. no. 554655) or 4% (w/v)
paraformaldehyde (PFA) in PBS (see recipe)

BD Cytofix/CytopermTM Fixation and Permeabilization Solution (BD Biosciences,
cat. no. 554722)

BD Perm/WashTM Buffer (BD Biosciences, cat. no. 554723)
Spiteri et al.
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Table 2 Recommended Staining Controls for Cytometry Experiments

Control Purpose

Unstained control
from each
treatment group

Autofluorescence properties of cells can change with treatment. Thus, it is important to pool
cells only from the same treatment group (e.g., with two groups, healthy vs. disease, pool only
healthy with healthy samples and disease with disease samples; this also applies to cells from
wild-type vs. knockout, treated vs. untreated, etc.).

If all mice have been injected with a dye/fluorochrome, cells from a non-injected animal will
need to be obtained.

Viability control Any mixture of cells will be sufficient as long as they are unstained.

If a sufficient number of brain cells is not available, consider taking spleen or bone marrow cells.
Cells can be heat-shocked for 3 min at 60°C to obtain dead cells: divide the heat-shocked tube of
cells in half and stain half with viability dye, while keeping the rest as a matched, unstained cell
control. However, if using a tissue digest, you should obtain enough dead cells to begin with.

Fluorescence
minus one (FMO)

Pool cells only from the same treatment group.

If you are performing the protocols for the first time, make FMO controls for each treatment
group because staining patterns may differ across groups, with potentially more or less
background in the channel of interest, making it difficult to distinguish background from
positive signal.

This is vital for uncharacterized proteins and/or proteins with a tertiary staining pattern, i.e., a
smear with no clear positive and negative population, but is also important for other markers to
help identify unexpected antibody interactions that can occur in a multicolor cocktail.

Positive controls In the healthy brain, BrdU and DAF-FM will be very weakly detected. Therefore, we
recommend processing a bone marrow or spleen to provide a positive single-color control for
BrdU and DAF-FM staining. These can also serve as reference controls. However, brain
samples from inflammatory conditions should be used for reference controls if they show a
higher staining intensity for DAF-FM and BrdU compared to the spleen or bone marrow.

Reference
controls or
single-color
controls

Use cell or bead controls, depending on which gives the best unmixing outcome. As only limited
cells can be isolated from the brain, consider taking spleens for reference controls where cells
provide the best unmixing outcome. See Table 3 for recommendations. However, this must be
tested on user samples, as antigen expression will change with disease and treatment conditions.

The following points are important for reference controls: (i) They must have the negative and
positive populations well separated, while being as bright as, or brighter than, any staining
observed in any samples; (ii) the negative and positive particles must have identical
autofluorescence characteristics; (iii) the fluorescence spectrum of the reference control must be
unique and identical to that of the multicolor sample (some fluorochromes may exhibit spectral
shifting when bound to bead controls); and (iv) there must be sufficient events. Control
optimization is discussed in detail elsewhere (Ferrer-Font et al., 2021).

BD CytopermTM Permeabilization Buffer Plus (BD Biosciences, cat. no. 561651)
3 mg/ml (3×) DNase stock solution (see recipe)

Laminar-flow hood (BSC Class II or equivalent), if working with PC2 agents
Centrifuge
10- and 200-μl pipets
50- and 200-μl multichannel pipets
Aluminum foil
5- or 1.2-ml polypropylene tubes
Falcon® Tube with Cell Strainer Cap (Corning, cat. no. 352235) or equivalent

35 μm nylon mesh
5-laser Cytek® Aurora (or equivalent)
SpectroFlo® Software (or equivalent)Spiteri et al.
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Figure 4 Extraction of multiple autofluorescent (AF) populations in the mock-infected and in-
flamed brain. (A) Overview of optimal spectral unmixing procedure in SpectroFlo®. (B-E) Identifi-
cation of autofluorescent (AF) populations and their unique spectral signatures (B,D) and similarity
indexes (C, E) in unstained cells (single-cells and non-debris gate) from mock- (B, C) and WNV-
infected brain samples (D, E). Gate P4 in the mock-infected brain was not used for AF extraction
as it has a similarity index of 0.99 and a lower MFI than P2. See Unmixing in Critical parameters
for more information.

Preparation of controls (beginning after step 34 of Basic Protocol 1)
1. Take an aliquot of each brain sample prepared in Basic Protocol 1 and set aside for

brain cell controls, including unstained brain cells, single-color reference controls,
and fluorescence minus one (FMO) staining controls.

Brain samples from different animals can be mixed to produce cell controls; however, if
samples from individual experimental groups have unique autofluorescence signatures
and staining patterns, we recommend having separate unstained and FMO controls for

Spiteri et al.
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each of these groups (see Table 2 for more information). A minimum of 2 × 105 cells
should be used per control. Ideally, more cells should be used, but typically only ∼5 ×
105 cells will be isolated from a healthy brain. In inflammatory conditions, we recommend
using a minimum of 1 million cells.

Spleen and/or bone marrow cells (1 million cells is sufficient per control) can be used for
single-stained reference controls if the fluorescence spectrum and intensity are identical
and equal to or brighter than the one in the multicolor brain sample, respectively. Spleen
or bone marrow cells cannot not be used as a substitute for unstained brain cells or FMOs
(see Table 2 for more information).

2. Distribute, label, and spin all samples and staining controls in tubes or a plate
(whichever is preferred) for 5 min at 500 × g, 4°C.

Viability staining and blocking
3. Resuspend samples in 50μl of viability/Fc blocking solution (see Table 3 for recipe)

or 50 μl of PBS with Fc block (for single-color or unstained controls).

4. Incubate for 30 min at 4°C.

5. Top up with 150 μl PBS and spin 5 min at 500 × g, 4°C.

DAF-FM staining for nitric oxide production
6. Resuspend cells in 50 μl of DAF-FM DA solution (see Table 3 for recipe; for fully

stained samples and single-color DAF-FM control) or PBS (for unstained and via-
bility controls and DAF-FM FMO).

7. Incubate for 30 min at 4°C.

8. Top up with 150 μl PBS.

9. Spin 5 min at 500 × g, 4°C.

10. Resuspend cells in 250 μl PBS.

11. Incubate for 15 min at 4°C.

12. Spin 5 min at 500 × g, 4°C.

13. Vortex compensation beads and aliquot into tubes or plate for single-color reference
controls.

Use cells instead of beads if the fluorescence intensity of a bead control is dimmer than
multicolor cell samples, or for fluorochromes that exhibit spectral shifting when bound
to bead controls. Spectral shifting will result in unmixing errors in multicolor samples.

Surface staining
14. Flick off supernatant and resuspend samples in 50 μl surface antigen stain mixture

(see Table 3 for recipe; for fully stained samples), staining buffer (for unstained
controls and single-color controls), and FMO mixtures (for FMO controls).

15. Incubate for 30 min at 4°C.

16. Top wells up with 150 μl staining buffer and spin 5 min at 500 × g, 4°C.

17. Wash twice with 250 μl staining buffer.

Fixation
18. Fix cells in 50 μl of either BD CytofixTM Fixation Buffer or 4% PFA in PBS for

30 min at room temperature.

The fixation incubation time and temperature depend on your facility requirements and
whether you are working with infectious agents.

Additionally, some reagents are not fixable, so check this beforehand (all reagents listed
in Table 3 are fixable).Spiteri et al.
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Table 3 Preparation of Reagents Used for Flow Cytometry Staining

Viability/Fc block solution

Reagent Marker Clone Company Cat. no.
Mfr. conc.
(mg/ml) Dilution

Reference
control
type

Fc block N/A 93 BioLegend 101302 0.5 100 N/A

Zombie
UVTM a

Viability N/A BioLegend 423108 N/A 500 Spleen

Defrost viability dye immediately before use and add to Fc block/PBS solution. Vortex, spin, and add 50 μl of solution
per sample.

DAF-FM staining solution

Reagent Marker Clone Company Cat. no.
Mfr. conc.
(mM)

Final conc.
(μM)

Reference
control

DAF-FM
stock

DAF-FM N/A Sigma Aldrich D2321 5 0.5 Spleen

Defrost DAF-FM DMSO stock (see recipe) immediately before use and dissolve in PBS. Vortex, spin, and add 50 μl of
solution per sample.

Surface antigen stain mixture

Fluorophore Marker Clone Company Cat. no.
Mfr. conc.
(mg/ml) Dilution

Reference
control

BUV395 CD11b M1/70 BD Bioscience 563553 0.2 400 WNV-infected
brainb

BUV737 CD11c HL3 BD Bioscience 612796 0.2 100 Spleen

BUV805 CD8α 53-6.7 BD Bioscience 612898 0.2 300 Spleen

BV421 CX3CR1 SA011F11 BioLegend 149023 0.2 300 Mock-infected
brain

BV510 MHC-II M5/114.15.2 BioLegend 107635 0.1 300 Spleen

BV570 CD4 RM4-5 BioLegend 100542 0.2 300 Beads

BV605 Ly6C HK1.4 BioLegend 128036 0.05 400 WNV-infected
brainb

BV650 Ly6G 1A8 BioLegend 127641 0.2 200 Beads

BV711 F4/80 BM8 BioLegend 123147 0.2 200 Beads

PE P2RY12 S16007D BioLegend 848004 0.2 300 Beads

PE/CF594 CD3ε 145-2C11 BD Bioscience 562286 0.2 200 Beads

PE/Cy5 NK1.1 PK136 BioLegend 108716 0.2 300 Beads

PE/Cy7 CD64 X54-5/7.1 BioLegend 139314 0.2 500 Beads

AF700 CD45 30-F11 BioLegend 103128 0.5 300 Spleen

APC/Cy7 CD86 GL-1 BioLegend 105030 0.2 100 Beads

Centrifuge antibodies for 5 min at 10,000 × g, 4°C (to sediment aggregates), before combining the required antibodies
as a mixture in BD HorizonTM Brilliant Stain Buffer Plus (10 μl per sample). Top the remaining volume up with
staining buffer (see recipe). Add 50 μl of solution per sample.

(Continued)
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Table 3 Preparation of Reagents Used for Flow Cytometry Staining, continued

Intranuclear and intracellular staining mixture

Reagent Marker Clone Company Cat. no.
Mfr. conc.
(mg/ml) Dilution

Reference
control

BV785 CD206 C068C2 BioLegend 141729 0.2 200 Beads

PerCP/
Cy5.5

CD68 FA-11 BioLegend 137010 0.2 300 Spleen

APC BrdU N/A BD Bioscience 51-23619L 0.2 100 Spleen

Centrifuge antibodies for 5 min at 10,000 × g, 4°C (to sediment aggregates), before combining the required antibodies
as a mixture in 1× BD Perm/WashTM Buffer.

a
Zombie UV Fixable Viability Kit (reconstitute as per manufacturer instructions and store at −30°C).

b
Spleen cells can be used instead of WNV brain cells. The reference type will be user specific and depend on the specific experimental model being
used, as single-color reference controls must be as bright or brighter than the fluorescence intensity observed in multicolor brain sample.

We recommend fixing cells in BD CytofixTM Fixation Buffer or 4% PFA prior to perme-
abilization with BD Cytofix/CytopermTM buffer because this increases the staining index
of DAF-FM.

19. Top up with 150 μl staining buffer.

20. Spin 3 min at 800 × g, 4°C.

21. Resuspend cells in 200 μl staining buffer.

Store overnight.

Next day: Fixation and permeabilization for BrdU detection and intracellular
staining
22. Spin 5 min at 800 × g, 4°C.

23. Resuspend cells in 50 μl of BD Cytofix/CytopermTM buffer.

24. Incubate for 20 min at room temperature in the dark.

25. Top up with 150 μl of 1× BD Perm/WashTM buffer.

26. Spin 3 min at 800 × g, 4°C.

If you are staining for intracellular markers but not assessing cell proliferation (i.e.,
staining for the intracellular markers CD68 and CD206 but not for BrdU) perform steps
22-26, wash cells twice in 1× BD Perm/WashTM buffer, and then proceed to steps 40-48
(i.e., skip steps 27-39).

Permeabilization for BrdU detection
27. Resuspend cells in 100 μl of BD CytopermTM Permeabilization Buffer Plus.

28. Cover samples with aluminum foil and incubate for 10 min on ice.

29. Top up with 150 μl of 1× BD Perm/WashTM buffer.

30. Spin 3 min at 800 × g, 4°C.

Re-fixation
31. Resuspend cells in 50 μl of BD Cytofix/CytopermTM buffer.

32. Incubate for 5 min at room temperature in the dark.

33. Top up with 150 μl of 1× BD Perm/WashTM buffer.

34. Spin 3 min at 800 × g, room temperature.Spiteri et al.
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DNase digestion
35. Defrost 3 mg/ml DNase stock solution at room temperature and add PBS to make a

1 mg/ml solution.

Defrost DNase during step 34.

36. Resuspend all samples in 100 μl DNase solution.

37. Incubate for 1 hr at 37°C.

38. Top up with 150 μl of 1× BD Perm/WashTM buffer.

39. Spin 3 min 800 × g, room temperature.

Intracellular staining
40. Resuspend cells in 50 μl of intracellular antibody mixture (as per Table 3).

41. Incubate for 45 min at room temperature in the dark.

42. Top up with 150 μl of 1× BD Perm/WashTM buffer.

43. Spin 3 min at 800 × g, room temperature.

44. Resuspend samples in 250 μl of 1× BD Perm/WashTM buffer.

45. Spin 3 min at 800 × g, room temperature.

46. Resuspend samples in 250 μl of 1× BD Perm/WashTM buffer.

47. Spin 3 min at 800 × g, room temperature.

48. Resuspend samples in 150 μl of staining buffer.

Analysis of samples on the spectral cytometer

NOTE: This protocol was developed on a 5-laser Cytek® Aurora; as such, this portion
of the method is explicitly described for this instrument and software. If using a different
analyzer, use the manufacturer-recommended process for setting up the experiment and
optimizing the instrument settings; the controls required will remain the same.

49. Set up experiment in SpectroFlo® by adding fluorescent tags, samples, groups, and
marker names in the “Edit experiment” portal. Use CytekAssaySettings for fluo-
rescence detector gains (this does not require alteration if recommended antibody
concentrations are used) and optimize FSC and SSC settings as required.

50. Add group-specific unstained reference controls for each treatment group in Spec-
troflo under the “Groups” in the “Edit experiment” portal. Right click the group
folder and select “Unstained control.” This is to ensure that you are unmixing with
matched autofluorescence properties.

51. Add 50 μl staining buffer to a sample from each treatment group and run at a low
flow rate to examine signal intensity to ensure that everything is on scale.

The addition of staining buffer is to cover the boost volume and minimize cell loss.

52. Record reference controls, and all unstained cell controls.

53. Spectrally unmix by extracting multiple autofluorescent populations from each
group-specific unstained controls (see Fig. 4). Right click the group-specific un-
stained control and follow prompts in SpectroFlo® to identify the unique autofluo-
rescent populations.

Brain cells are autofluorescent in the UV and violet channels. Autofluorescence extraction
with multiple populations substantially improves staining resolution in these channels Spiteri et al.
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as well as reducing unmixing error (Supporting Information 3 and 4). We recommend
comparing NxN plots with and without autofluorescence extraction to determine if this
improves unmixing for your sample type. See Unmixing in Critical parameters for more
information.

In this assay, we identified three unique autofluorescent populations using channels V1
and UV16 in the mock-infected and infected brain (Fig. 4). Additional populations were
not spectrally unique and had a lower mean fluorescence intensity (MFI) than their spec-
trally equivalent population, and thus were not used to extract autofluorescence.

54. Create an unmixed workspace for each experimental group.

As both experimental groups have different unique tags, these were unmixed separately
(Supporting Information 5).

55. Record fully stained samples in the appropriate unmixed workspace.

Unmixing can also be performed after sample acquisition.

BASIC
PROTOCOL 3

FLOW CYTOMETRIC SORTING OF MOUSE MICROGLIA FOR EX VIVO
ANALYSIS

Isolating microglia is required for downstream assays requiring a pure population, in-
cluding bulk RNA and scRNA analysis, proteomics, lipidomics, and functional assays.
In this protocol, brain leukocytes are enriched using Basic Protocol 1, i.e., stained with
surface markers, and sorted on the 7-laser BD InfluxTM cell sorter. It is imperative to
work efficiently and continuously (without interruption) to enhance yield and viability
of cells. The viability of microglia also substantially decreases after cell sorting; thus,
samples must be kept on ice in FBS. Due to the limited number of microglia that can
be sorted from a brain, we recommend pooling samples before staining (see Critical Pa-
rameters and Troubleshooting for further recommendations). From a single mouse brain,
expect to sort ∼8 × 104 according to instrument sort count. However, after spinning and
counting cells with trypan blue, this usually equates to ∼2.5 × 104 viable cells.

Othermicroglial isolation processes, includingmagnetic separation and immunopanning,
have also been described (Bohlen et al., 2019). Although these may be effective for the
healthy brain, we do not recommend them for the inflamed brain, as microglia and infil-
trating myeloid cells have overlapping expression of many proteins. Thus, it is important
to assess the differential expression profiles via flow cytometry to accurately gate each
population (see Fig. 3 for gating strategy).

We recommend sorting cells directly into the reagents required for the next steps to avoid
cell loss from centrifuging and resuspending cells. For instance, for RNA extraction and
lipidomics, we recommend sorting cells directly into TRIzolTM ormethanol, respectively.
We do not recommend culturing microglia after cell sorting, particularly from adult mice.
As well as downregulating genes that inform their in vivo state, too few viable cells will
remain after culturing. Previously published protocols recommend using juvenile rats for
culturing sorted microglia (Bohlen et al., 2019).

If performing scRNA cell capture after sorting, we recommend barcoding microglia and
monocyte populations with separate sample tags to ensure that these populations can
be accurately identified during analysis. This is because microglia can downregulate
microglia-specific genes that clearly distinguish them from non-resident myeloid cells
during inflammation, significantly confounding cell type identification (Spiteri, Wishart
et al., 2023). Although other scRNA cell capture systems are available, we recommend
using the BD RhapsodyTM system and provide modifications to manufacturer protocols
prior to cell capture to deal with the low cell numbers obtained from mouse brains.

Spiteri et al.
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Table 4 Antibodies Used for Cell Sorting

Surface antigen stain

Fluorophore Marker Clone Company Cat. no.
Mfr. conc.
(mg/ml) Dilution

BUV395 CD11b M1/70 BD Bioscience 563553 0.2 400

BV421 CX3CR1 SA011F11 BioLegend 149023 0.2 300

BV605 Ly6C HK1.4 BioLegend 128036 0.05 400

BV650 Ly6G 1A8 BioLegend 127641 0.2 200

PE P2RY12 S16007D BioLegend 848004 0.2 300

PE/Cy5 CD3ε 145-2C11 BioLegend 100310 0.2 200

NK1.1 PK136 BioLegend 108716 0.2 300

PE/Cy7 CD64 X54-5/7.1 BioLegend 139314 0.2 500

AF700 CD45 30-F11 BioLegend 103128 0.5 300

Centrifuge antibodies for 5 min at 10,000 × g, 4°C (to sediment aggregates), before combining the required antibodies
as a mixture in BD HorizonTM Brilliant Stain Buffer Plus (10 μl per sample). Top the remaining volume up with
staining buffer (see recipe). Add 50 μl of solution per sample.

Materials

Viability/Fc blocking solution (see Table 3)
PBS (see recipe)
Fc block
UltraComp eBeads Compensation Beads (Thermo Fisher Scientific, cat. no.

01-2222-42), if using these as single-color reference controls
Staining buffer (see recipe)
Surface antigen stain mixture (see Table 4)
Fetal bovine serum (FBS), 4°C
BD Mouse Immune Single-Cell Multiplexing Kit (BD Bioscience, cat. no. 633793)
Trypan blue
Calcein AM (Thermo Fisher Scientific, cat. no. C1430)
Draq7TM (BD Bioscience, cat. no. 564904)
BD RhapsodyTM Cartridge Reagent Kit (BD Bioscience, cat. no. 633731)

Falcon® Tube with Cell Strainer Cap (Corning, cat. no. 352235) or equivalent
35-μm nylon mesh

5-ml sort tubes: Round-bottom polypropylene tubes (Corning cat. no. 352063)
7-laser BD InfluxTM cell sorter (or equivalent)
INCYTOTM disposable hemocytometer (INCYTO, cat. no. DHC-N01-5)
BD RhapsodyTM Cartridge Kit (BD Bioscience, cat. no. 633733)
BD RhapsodyTM Scanner

Isolation of microglia
1. Perform steps 4-31 of Basic Protocol 1.

You do not need to remeasure the volume in which your cells are resuspended or count
your cells at this stage.

If you are pooling brain samples to reduce processing time, we recommend adding two
brains to a single C tube in 9 ml PBS and 1 ml of 10× collagenase/DNase.

2. Take an aliquot of each sample for staining controls (i.e., unstained brain cells and
FMO controls; see Table 2).
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Viability staining and blocking
3. Resuspend samples in 50μl of viability/Fc blocking solution (see Table 3 for recipe)

or 50 μl of Fc block in PBS (dilution 1/100; for single-color or unstained controls).

If you are pooling samples and have >4 million cells, we recommend staining in 100 μl
of viability/Fc block solution.

4. Incubate 30 min at 4°C.

5. Top up with 150 μl PBS.

6. Spin 5 min at 500 × g, 4°C.

7. If using compensation beads as single-color reference controls, vortex beads and
distribute the relevant aliquots into tubes or plate.

Surface staining
8. Flick off supernatant and resuspend samples in 50 μl surface antigen stain mixture

(for fully stained samples), staining buffer (for unstained controls and single color
controls), or FMO mixtures (for FMO controls).

If you are pooling samples and have >4 million cells we recommend staining in 100 μl
of surface antigen stain mixture.

9. Incubate for 30 min at 4°C.

10. Top wells up with 150 μl staining buffer.

11. Spin 5 min at 500 × g, 4°C.

12. Resuspend cells in 250 μl staining buffer.

13. Spin 5 min at 500 × g, 4°C.

14. Resuspend cells in 250 μl staining buffer.

15. Filter samples into a 5-ml sort tube through nylon mesh or Falcon® Tube with Cell
Strainer Cap.

16. Add 250 μl staining buffer to well plate or tube and transfer remaining cells into
5-ml sort tubes through nylon mesh or strainer cap.

The final surface stain wash is performed in sort tubes to ensure that cells are sufficiently
removed from staining plate or tube and that sorted cells are resuspended in an accurate
volume (i.e., as opposed to losing sample when filtering cells in the final step).

17. Spin sort tubes 5 min at 500 × g, 4°C.

18. Resuspend cells in 250 μl staining buffer.

As the number of cells is well below the recommended concentrations for any sort nozzle
size, we recommend putting the cells in 250 μl if expecting <2 × 106 cells or 500 μl if
expecting >2 × 106 and <5 × 106 cells. Although this volume may take longer to sort
due to low cell concentrations, it will reduce cell loss.

To sort as many cells as possible, as well as be as quick as possible, we do not recommend
counting your cells before sorting, as the concentration will always be well below the
recommended range.

19. Set up cell sorter instrument, record compensation controls, compensate, and set up
gating strategy.

We recommend adding a final clean-up gate to ensure 100% exclusion of any NK1.1+,
CD3e+, and Ly6G+ cells from your microglia gate. If you are doing this for the first time,
include FMO controls for these markers to ensure accurate gating. Sort cells from the
final clean-up gate.
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20. Collect sorted cells in 500 μl 4°C 100% FBS.

If you are performing RNA extraction or lipidomics on the sorted cells, you can sort them
directly into Trizol or methanol, respectively. Use the sort count as a relative cell number
for downstream analysis, as re-counting cells after sorting for an accurate cell count
will cause cell loss and death with the time and washing steps required. To determine
sort efficiency, sort some of one sample into FBS to be re-recorded by the sorter.

21. Place samples on ice.

Single-cell barcoding with single-cell multiplexing kit

If performing scRNA-seq analysis using the BD RhapsodyTM System:Note that the man-
ufacturer’s protocol for single-cell multiplexing and stainingwith viability dyes (steps be-
fore cell capture) has been altered to solve the problem of the low cell numbers obtained
from brain samples. Please refer to manufacturer documents for further details (Single
Cell Labelling with the BDTM Single-Cell Multiplexing Kit and Single Cell Capture and
cDNA Synthesis with the BD RhapsodyTM Single-Cell Analysis System).

22. Briefly spin sample tag tubes from BD Mouse Immune Single-Cell Multiplexing
Kit.

23. Resuspend sample tags in 180 μl staining buffer.

24. Top up tubes containing sorted cells with 1 ml PBS to dilute FBS, and spin tubes
5 min at 500 × g, 4°C.

25. Aspirate supernatant carefully with a pipet or a vacuum on low.

Leave dead volume to avoid pellet disturbance.

26. Resuspend cells in 0.5 volume of sample tag buffer (∼90 μl) and transfer cells to a
96-well plate. Add the rest of the sample tag buffer (∼90 μl) to wash and transfer
the remaining cells out of the tube and into the well plate.

Working in plate and flicking the supernatant helps retain cells and reduce cell loss.

Alternatively, you can sort directly into a plate if the sort volume is <250 μl.

Sample tag staining can also be performed with membrane staining prior to sorting—
this will substantially reduce cell loss that occurs from the additional washes required
for sequential staining. However, if two or more cell subsets from the same mouse are
being sorted and barcoded uniquely, barcoding must be performed after cell sorting.

27. Incubate at room temperature for 20 min.

28. Top up with 150 μl staining buffer.

We recommend using staining buffer that contains protein. The addition of FBS helps
with cell retention. Do not use PBS alone as you will lose more cells.

29. Spin samples 5 min at 500 × g, 4°C.

30. Top up with 250 μl staining buffer.

31. Spin samples 5 min at 500 × g, 4°C.

32. Resuspend cells in 110 μl staining buffer.

33. Take 10 μl from each sample and perform a trypan blue count.

If you do not need to pool samples in a particular ratio, there is no need to count cells at
this stage.

34. Pool cells into a single tube in the desired ratio with an excess of the required cells.
Spiteri et al.
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Staining cells with viability markers
35. Add Calcein AM (final concentration 10 μM) and Draq7 (final concentration

1.5 μM) to pooled cells and mix with a micropipet.

36. Incubate in the dark for 5 min at 37°C.

37. Filter samples with nylon mesh or Falcon® Tube with Cell Strainer Cap.

38. Count cells using the Rhapsody scanner by pipetting 10 μl of sample into an IN-
CYTO disposable hemocytometer.

39. Dilute or concentrate pooled cells for cartridge loading.

Pooling cells in the volume required for cartridge loading will prevent the need to spin
and reconcentrate cells, minimizing cell loss.

40. Proceed with manufacturer’s instructions for cell capture. Details of sample process-
ing for sequencing can be found in Spiteri, Wishart et al. (2023).

BASIC
PROTOCOL 4

PROCESSING THE MOUSE BRAIN FOR IMAGING MASS CYTOMETRY
FOR SPATIAL MICROGLIA ANALYSIS

The protocols described above involve dissociating the mouse brain into single-cell
suspensions, disrupting the tissue microenvironment, and selecting mostly for leuko-
cytes. After CNS perturbation, microglia undergo morphological alterations, including
the adoption of a hypertrophied cell soma and shortened and thickened cytoplasmic pro-
jections. In addition, these cells can migrate and interact with other cells. Analysis of
cell-type-specific interactions, co-localization of markers, and morphological changes,
as well as regional analysis from tissue sections, can provide information on additional
functional processes that cannot be determined from a single-cell suspension. Thus, be-
low we describe methods to analyze the brain histologically.

The quality of a histological image in a tissue section is dependent on the preservation
of cellular morphology, whereas the quality of immunohistochemical labeling depends
on the retained or retrievable antigenicity of a tissue section. Satisfactory preservation of
cellular morphology can be achieved by fixing tissues in formalin and embedding them in
paraffin wax. However, this can significantly challenge the ability to visualize >40 epi-
topes simultaneously at imaging mass cytometry because this requires antigen-retrieval
methods to be optimal for all markers (Ijsselsteijn et al., 2019). Thus, here we suggest
freezing tissue to avoid the need for antigen-retrieval processes. We have performed a
series of experiments to optimize preparation and fixation conditions on cryosections
obtained from frozen mouse brains. The conditions included:

1. The use of PBS versus 2% versus 4% PFA perfused transcardially prior to tissue
harvest.

2. The use of cryoprotection (10%, 20%, or 30% sucrose in PBS).
3. The use of a post-fixative (methanol, acetone, or 4% PFA) after cryosectioning.
4. Post-fixation of tissue inmethanol/acetone/4%PFA immediately after cutting sections

and/or after storing slides in the freezer before staining.

Overall, we found that 2% or 4% PFA perfusion with cryopreservation and section fixa-
tion with methanol results in the best morphology and antigenicity compared to all other
conditions, although high-quality images can also be obtained without PFA perfusion
or overnight fixation but with cryopreservation. The use of cryoprotection substantially
increased the tissue quality, reducing the occurrence of holes or a “Swiss cheese” ap-
pearance in the brain tissue, as well as preserving the integrity of the cell nuclei. Thus, in
instances where other assays need to be performed on the same animal, PFA perfusion
can be omitted.
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Figure 5 Schematic summarizing imaging mass cytometry protocol for acquisition of high-
dimensional brain sections as described in Basic Protocol 4. Images were acquired from a WNV-
infected mouse brain at 5 days post infection.

In this protocol, tissue sections are stained with fluorochrome-conjugated antibodies and
subsequently labeled with metal-conjugated antibodies (Fig. 5). As such, sections can
initially be imaged on a fluorescence microscope to identify regions of interest, before
assessment by imaging mass cytometry. The panel of metal-conjugated antibodies de-
scribed below is simple and intended to be expanded for inclusion of user-specific mark-
ers (Table 5).

Materials

Mice
PBS, ice cold
4% (w/v) PFA in PBS (see recipe), ice cold
10%, 20%, and 30% (w/v) sucrose solutions (see recipe), ice cold
Liquid nitrogen
Hexane (Sigma Aldrich, cat. no. 270504-2L)
O.C.T. compound (Tissue-Tek, cat. no. IA018) Spiteri et al.
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Table 5 Reagents Used for Immunohistochemistry and Imaging Mass Cytometry

Primary fluorescent antibody mixture

Fluorophore Marker Clone Company Cat. no.
Mfr. conc.
(mg/ml) Dilution

PE CD11b M1/70 BioLegend 101208 0.2 200

FITCa NS1a N/A N/A N/A N/A 100

Centrifuge antibodies for 5 min at 10,000 × g, 4°C (to sediment aggregates), before preparing aliquots of these in
blocking buffer (see recipe). Add 150 μl of solution per tissue section.

Metal-conjugated antibody mixtureb

Metal Target Clone Company Cat. no.
Mfr. conc.
(mg/ml)

Amount per
test (μl)

144Nd FITC FIT-22 BioLegend 408302 0.5 0.5

150Nd MHC-II M5/114.15.2 BD Bioscience 556999 0.5 0.5

153Eu MAP2 SMI 52 BioLegend 801801 1 2

147Sm CD45 30-F11 BD Bioscience 553076 0.5 0.5

161Dy IBA-1 EPR16588 Abcam AB178846 1.27 2

164Dy Ly6A/E D7 BioLegend 108102 0.5 0.5

166Er NeuN 1B7 BioLegend 834501 1 2

167Er GFAP 2E1.E9 BioLegend 644702 0.5 1

172Yb CD86 GL1 BD Bioscience 553689 0.5 1

175Lu Anti-PE PE001 BioLegend 408102 0.5 1.3

176Yb Ly6C HK1.4 BioLegend 128002 0.5 0.5

Centrifuge antibodies for 5 min at 10,000 × g, 4°C (to sediment aggregates), before combining the required antibodies
in blocking buffer (see recipe). Add 150 μl of solution per sample.

a
Primary antibodies will be user specific. In this instance, NS1 was used to detect WNV in infected mice.

b
Sydney Cytometry core facility conjugated antibodies to metal tags and titrated these as part of the Ramaciotti reagent bank service.

Methanol, prechilled to −30°C
Tris-buffered saline (TBS) solution (see recipe)
TBS/0.05% Tween-20 (TBST) solution (see recipe)
Blocking buffer: TBST (see recipe) with 10% fetal bovine serum (FBS)
Primary staining solution (see Table 5)
Secondary staining solution (see Table 5)
ProLong Gold Antifade Mountant with DAPI (Thermo Fisher Scientific, cat. no.

P36931)

Forceps and dissection tools
5-ml tubes (1 per brain, for collection)
50-ml Falcon tube (3 per brain for each sucrose gradient)
Personal protective equipment for procedures
Liquid nitrogen canister
Cryomolds (mold with a well dimension of 25 × 25 × 5 mm for 2 brain sagittal

sections and 17 × 17 × 5 mm for 1 sagittal section; Hurst Scientific, cat. no.
31052525 and 31051717)

Aluminum foil
Dry ice
Cryostat
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Cryostat blades
Positively charged microscope slides
Slide rack
Hydrophobic pen (Sigma Aldrich, cat. no. Z377821-1EA)
Microscope (Olympus BX-51 microscope or equivalent)
Dark box
Cell-IDTM Iridium DNA intercalator (Standard BioTools, cat. no. 201192A)
Hyperion imaging system (Standard BioTools)

Isolating and fixing tissue
1. Anesthetize mice and then transcardially perfuse each mouse with 10 ml ice-cold

PBS.

2. Perfuse mice with ice-cold 4% PFA in PBS.

Defrost 4% PFA solution (on ice) prior to euthanasia.

Step 2 can be omitted in instances where half the brain is used for another assay incom-
patible with fixation.

3. Isolate brain as described in Basic Protocol 1 (steps 5-10).

Be extra careful to prevent disruption of the integrity of the brain.

4. Cut the brain sagittally in the median plane, and place both halves in ice-cold 4%
PFA in a 5-ml tube. Leave at 4°C overnight.

Next day: Cryopreservation
5. Remove any excess 4%PFA by dabbing the brain tissue on a paper towel and transfer

it into 15 ml ice-cold 10% sucrose solution.

6. Allow the tissue to sink to the bottom of the tube before transferring it into 15-ml
ice-cold 20% sucrose solution.

7. Repeat step 6, but transfer the brain into 15 ml ice-cold 30% sucrose solution.

The time taken to infiltrate the brain in a graded series of sucrose solutions at 4°C is as
follows: 10% for 5-10 min, 20% for 4 hr, and 30% overnight.

Next day: Snap-freezing tissue
8. Fill the metal canister with liquid nitrogen.

9. Half fill a plastic beaker with hexane and place in liquid nitrogen. Allow time for
hexane to equilibrate to liquid nitrogen temperature (∼4 min).

10. Spread O.C.T. medium in a cryomold.

Avoid air bubbles in the medium.

11. Blot tissue on a paper towel to remove excess liquid before placing it in the center
of the cryomold containing O.C.T.

Gently press down on the tissue, with each medial sagittal cut surface facing down and
the lateral convex surface of the brain hemisphere facing up. Ensure the tissue is placed
evenly at the bottom of the cryomold so the sections can be cut on the same plane.

12. Using forceps at room temperature, grasp the cryomold and plunge it into the hexane.
Once the block is completely white, remove it.

13. Remove the frozen tissue block from the cryomold, wrap the tissue in foil, and place
on dry ice.
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14. Store tissue in a −80°C freezer. The tissue should not lose quality for at least
6 months at this temperature.

Sectioning
15. Attach the tissue block to the cryostat chuck by adding a small amount of O.C.T. to

the chuck and placing the tissue on top.

16. Place tissue block under theweights on cryobar and allow it to equilibrate to chamber
temperature (−30°C; 15 min).

17. Attach the chuck to the cutting head and blade to the blade holder.

18. Section brains in cryostat at 8-10 μm (−16°C tissue head, −30°C cryobar), placing
sections on the positively charged slides.

19. Allow the sections to air-dry for 30 min at room temperature.

20. Store sections on the slides in the −80°C freezer or proceed with step 21.

Staining for immunohistochemistry
21. Place the slides containing the tissue sections in cold methanol for 10 min in –30°C

freezer.

22. Rinse tissue slides in TBST three times for 3 min per wash.

23. Wipe any excess liquid from slide and around tissue section.

24. Circle the tissue section on the slide with a hydrophobic marker.

25. Add 150 μl blocking buffer within the hydrophobic circle to cover the enclosed
section and let it sit for 30 min at room temperature.

26. Shake off excess solution.

27. Add 150 μl of primary fluorescent antibody mixture and let sit for 1 hr at room
temperature (Table 5).

This step can be done overnight at 4°C.

28. Rinse in TBST three times for 3 min per wash.

Stop at step 28 for IMC staining.

29. Coverslip the section using DAPI antifade mounting medium.

30. Check the slide under microscope—for best images, take micrographs on the day of
staining.

31. Store slides in the refrigerator in a dark box.

Staining for IMC
32. Proceed from step 28 if you are using fluorescently conjugated antibodies to define

regions of interest for IMC acquisition.

33. Check slides under fluorescence microscope to ensure staining is visible.

Do this quickly to prevent photobleaching.

34. Add 150 μl of secondary metal-tagged antibody mixture (Table 5) and let sit for
1 hr at room temperature.

This step can also be done overnight at 4°C.

35. Rinse in TBST three times for 3 min per each wash.
Spiteri et al.
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36. Add 150 μl of iridium DNA intercalator (1/2000) in TBST and let sit for 30 min at
room temperature.

37. Gently dip tissue slides in Milli-Q water. Repeat.

Do this step carefully to prevent tissue section from falling off the slide.

38. Examine slides under a fluorescence microscope to determine regions of interest.

39. Air dry slide for 20 min at room temperature.

40. Image on the Hyperion or store in a sealed container at −20°C or room temperature
for up to a month.

REAGENTS AND SOLUTIONS

BrdU stock solution, 2× (10 mg/ml)

Dissolve 250 mg 5-bromo-2�-deoxyuridine (BrdU) powder (Sigma Aldrich, cat. no.
B5002-250MG) in 25 ml phosphate-buffered saline (PBS). Filter sterilize and pre-
pare 0.5-ml aliquots in 1.5-ml tubes. Store up to 12 months at −80°C.

DNase and collagenase stock, 10×
Dissolve in 50 ml PBS:
0.05 g DNase I (Sigma Aldrich, cat. no. DN25)
0.5 g collagenase, type IV, from Clostridium histolyticum (Sigma Aldrich, cat. no.

C5138)
Filter sterilize and prepare 5-ml aliquots in 5-ml tubes
Store up to 12 months at −30°C

The 10× stock can be refrozen after being thawed a maximum of two times.

DNase stock solution, 3× (3 mg/ml)

Dissolve 75 g DNase I powder (Sigma Aldrich, cat. no. DN25; 684.69 U/mg) in
25 ml PBS. Prepare 0.5-ml aliquots in 1.5-ml tubes. Store up to 12 months at−80°C.

DAF-FM DA stock solution

5 mM DAF-FM DA solution in DMSO (Sigma Aldrich, cat. no. D2321). Prepare
aliquots. Prepare 5-μl aliquots in 0.2-ml tubes. Store up to 12 months at −30°C.

See Table 3 for preparation of DAF-FM working solution.

Paraformaldehyde (PFA) in PBS, 4% (w/v; phosphate-buffered paraformaldehyde)

Weigh out 8 g paraformaldehyde (Sigma Aldrich, cat. no. P6148) in a fume hood.
Using a hotplate with integrated magnetic stirrer, combine paraformaldehyde and
100mlMilli-Qwater with a stirring bar and heat to 60°C. Add small pellets of sodium
hydroxide (NaOH; Sigma Aldrich, cat. no. 221465), allowing each to dissolve before
adding another, until solution clears. Alternatively, using a pipet, add 1 N NaOH
dropwise until the solution clears. Cool the mixture and then combine with 100 ml
2× PBS, pH 7.4. Return the pH to 6.9 if necessary, using HCl added dropwise with
a pipet. Store up to 2 weeks at 4°C or up to 12 months at −30°C.

Percoll solution, 26%

78.9 ml Percoll (Cytiva, cat. no. 17-0891-01)
30 ml 1.5 M NaCl (Sigma Aldrich, cat. no. 746398)
191.1 ml DMEM (Lonza Australia Pty Ltd, cat. no. 12-604F)
Keep sterile
Store up to 12 months at 4°C

Makes 300 ml, sufficient for 42 brains.

To prepare 1.5 M NaCl, dissolve 87.66 g NaCl in 1 L of Milli-Q water, filter, and keep sterile. Spiteri et al.
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Percoll solution, 73%

73.1 ml Percoll (Cytiva, cat. no. 17-0891-01)
10 ml 1.5 M NaCl
16.9 ml Milli-Q water
Keep sterile
Store up to 12 months at 4°C

Makes 100 ml, sufficient for 33 brains.

To prepare 1.5 M NaCl, dissolve 87.66 g NaCl in 1 L of Milli-Q water, filter, and keep sterile.

Phosphate-buffered saline solution (PBS)

Combine 48 g Dulbecco’s Phosphate Buffered-Saline (Sigma Aldrich, cat. no.
D5652) with 5 liters Milli-Q water, mix a magnetic stirrer, and filter sterilize.
Store up to 12 months at room temperature in 1-liter bottles.

Staining buffer

100 ml EDTA (ChemSupply, cat. no. EL026-2.5l-P)
50 ml fetal bovine serum
850 ml PBS

Sucrose solutions, 10%/20%/30%

10, 20, or 30 g sucrose (Sigma Aldrich, cat. no. S0389)
100 ml PBS

TBST (1× TBS with 0.05% Tween 20)

100 ml 10× TBS (see recipe)
900 ml Milli-Q water
500 μl Tween 20 (Sigma Aldrich, cat. no. P1379)

Tris-buffered saline (TBS), 10×
13.9 g Trizma® Base (Sigma Aldrich, cat. no. T1503)
60.6 g Trizma® hydrochloride (Sigma Aldrich, cat. no. T3253)
60.6 g NaCl
Make up to 1 L with Milli-Q water

Store up to 12 months at 4°C, and dilute to 1× on the day of staining.

COMMENTARY

Background Information
To elucidate the functions of cells in a dis-

ease setting, it is important to examine them
usingmultiple modalities. This is because pro-
tein and RNA expression do not always corre-
late, and analysis of morphological data alone
does not necessarily reveal precise cellular
functions. We hope that the protocols detailed
here will serve as a starting point for future ex-
periments to enhance the understanding of mi-
croglial biology in disease.

The phenotypic convergence of microglia
and monocyte-derived cells in CNS disease
(Getts et al., 2008) has historically impeded
the ability to accurately discriminate these
populations for functional analysis. Advances
in cytometry and computational analysis

platforms have better elucidated the identities
of these cell types (Ashhurst et al., 2021).
This has enabled the development of more
accurate gating strategies to phenotype and
sort microglia and infiltrating myeloid cells
(Spiteri, Wishart et al., 2023).

Advances in cell culture protocols that
maintain microglial survival, viability, and
in vivo status post isolation will provide
powerful tools to address more mechanistic
questions. Until then, other techniques not
described here, including intravital imaging,
spatial molecular imaging to transcriptionally
profile cells in situ, and the use of transgenic
mice or tissue culture, should also be explored
to investigate specific aspects of microglia in
disease.Spiteri et al.
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Critical Parameters

Basic Protocol 1

Tissue processing preparation
To work as quickly as possible to prevent

tissue degradation, all processing reagents
and tubes should be prepared in advance of
experiments. This includes preparing the 10×
digestion cocktail, Percoll solutions, staining
buffer, and PBS. Reagents should be prepared
in separate aliquots in bottles/tubes to keep
remaining stocks sterile. For every brain,
label one C tube and two 15-ml tubes. The
day before the experiment, pipet 4.5 ml of
PBS into the C tubes and 5 ml of staining
buffer into one 15-ml tube. Store these in the
refrigerator at 4°C. Leave the other 15-ml
tube at room temperature. On the morning of
animal euthanasia, remove Percoll solutions
from the refrigerator and set one centrifuge
to 23°C and another to 4°C. Percoll gradient
centrifugation is best performed at room
temperature. The 10× enzyme digestion stock
should also be thawed and left on ice until use.

Tissue processing
Excepting the Percoll separation centrifu-

gation at room temperature, ensure that tissue
and cells are kept on ice during all other pro-
cessing steps.

Cell counts
It is important to remeasure the volume of

staining buffer in which the brain cells are re-
suspended to get an accurate cell count. Resid-
ual volume can affect the final volume and
confound cell counts, which are critical for
data interpretation.

Basic Protocol 2

Titrating antibodies and optimizing reference
controls

Antibodies should be titrated on the exact
tissue of interest (including treatment or infec-
tion) before the experiment. The cell types in-
filtrating the brain and their expression profiles
will determine the concentration of antibodies
required as well as the type of reference con-
trol to use (i.e., cells or beads). The age and
lot of an antibody may also impact antibody
titrations. Although the dilution factors pro-
vided here can be used as a starting point, we
recommend re-titrating your antibodies on the
exact tissue you intend to analyze to achieve
saturation labeling, as this enables more accu-
rate quantitative evaluation of antigen expres-
sion. Best practices for antibody titration can
be found in a number of publications (Brum-

melman et al., 2019; Ferrer-Font et al., 2021;
Maciorowski et al., 2017; Mahnke & Roed-
erer, 2007). As well as titrating antibodies, it
is important to determine the type of reference
controls to use (i.e., cells or beads) to get the
best unmixing result. If you are working on the
homeostatic brain and have very limited num-
bers of cells, consider processing extra brain
tissue, collecting alternative tissue(s), or stor-
ing good-quality reference controls in refer-
ence libraries in the SpectroFlo® Software for
use in unmixing future experiments.

Staining mixtures
Prepare staining solutions the day before.

For viability/Fc block mixture, prepare PBS
and Fc block the day before and add viability
dye immediately before staining. To minimize
antibody aggregates in premade cocktails, on
the day of staining, spin the cocktail staining
solution for 5 min at 10,000 rcf and be sure to
retrieve the solution from the supernatant care-
fully, avoiding the bottom of the vial where ag-
gregates could have pelleted.

Staining controls
Accurate assessment of cytometry data re-

quires high-quality controls. Each time a new
panel is to be implemented, it is vital to op-
timize the controls under the specific exper-
imental conditions to be used. If you have
not profiled cells from each experimental con-
dition (i.e., untreated vs. treated, disease vs.
healthy), we recommend recording unstained
and FMO controls for each. Autofluorescence
properties can change between experimental
conditions, and thus it is important to record
an unstained control for each using a group-
specific unstained reference control tube. We
also recommend using group-specific staining
controls such as FMOs, as the staining back-
ground can also differ between experimental
groups, making it difficult to interpret positive
signals for proteins expressed at low levels. If
you find no differences between experimental
groups in your initial validation experiment,
then a single representative of these cells can
be used for future experiments.

Unmixing and autofluorescence extraction
Your unmixing results will depend on the

quality of reference controls. We recommend
control optimization to achieve the best un-
mixing outcome. Ferrer-Font et al. (2021) con-
tains extensive details and user-friendly videos
on troubleshooting and optimizing unmixing.
In brief, cleanliness, accuracy of fluorochrome
reference spectra, and correct gating in the
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unmixing wizard are all critical for optimal
unmixing. To evaluate unmixing accuracy, al-
ways visualize NxN plots on cleaned data us-
ing the gating sequence: time> singlet> non-
debris > viable (dead cells will show com-
pensation errors) > leukocytes, and look to
ensure orthogonal staining and confirm that
no hyper-negative events can be observed in
your data (hyper-negative events are the result
of over-unmixing from one fluorophore into
other fluorophore[s]). If any unmixing errors
are found, they must be resolved before you
proceed with data analysis pipelines.

Unmixing with autofluorescence extraction
substantially improves staining resolution in
channels where brain cells are highly autoflu-
orescent. This includes a significant portion
of the UV and violet channels (Supporting
Information 3 and 4). Although unmixing
with group-specific unstained controls will
improve population resolution, the best un-
mixing result with minimal unmixing errors
(hyper-negatives, odd-shaped negatives, and
compressed populations) can be achieved by
extracting the multiple autofluorescent pop-
ulations from each group-specific unstained
control and saving a separate unmixed file
for each experimental group (Fig. 4). It is
important to note that autofluorescent tags
from each brain sample (mock-infected vs.
infected) are unique and cannot be used to
unmix the non-corresponding sample type
(Supporting Information 5). Lastly, although
multiple autofluorescence extraction will
substantially increase the complexity index
of the panel (Supporting Information 5), it
will nonetheless improve staining resolution
and reduce unmixing errors (Supporting In-
formation 3 and 4). As both mock-infected
and infected brains were unmixed with the
same number of autofluorescent tags, samples
can be exported directly into the desired
flow cytometry analysis program for down-
stream data analysis, including comparison
of median fluorescence intensities and dimen-
sionality reduction. If a different number of
tags are used for each experimental group,
you will need to use a parameter-removal
tool after multi-autofluorescence unmixing
to ensure files have the same numbers of
parameters.

Basic Protocol 3
There are two critical parameters that

should be considered prior to sorting cells
from the brain: (1) microglia will begin to die
as a result of the stresses experienced during

sorting and (2) there will be a limited number
of cells that can be sorted from a brain.

As such, we recommend pooling brain
samples before staining to ensure that you
have enough viable sorted cells for down-
stream assays. Tissue processing, staining, and
downstream sorting processes must also be
performed quickly and efficiently to maximize
acquisition of data from viable cells. In our ex-
perience, using a U-bottom 96-well plate and
flicking off the supernatant from the cell pel-
let (i.e., quickly tipping the plate upside down)
in the washing and staining steps before and
after the sort is the best procedure for reduc-
ing cell loss. You can also sort cells directly
into a plate for labeling to avoid the extra cen-
trifugation step required to transfer cells from
a tube to a plate. If this is not possible be-
cause of the sample volume, use a polypropy-
lene tube (5 ml or 1.2 ml) and aspirate the
supernatant, ensuring that you leave sufficient
residual volume to prevent pellet disturbance.
Removing unnecessary steps, including tube
changes, is critical to reducing cell loss af-
ter sorting. Lastly, we recommend using FBS
or BSA in staining buffers before and after
the sort. This will improve cell retention and
viability.

Basic Protocol 4
Relative to the other protocols, Basic Pro-

tocol 4 has fewer critical parameters, as the tis-
sue is fixed and sections from the same block
can be recut to optimize staining controls. Fol-
lowing the above protocols should allow ro-
bust results. Always include isotype and un-
stained controls for accurate interpretation of
positive signals.

Troubleshooting
See Table 6 for a list of common problems

with the protocols, their causes, and potential
solutions.

Understanding Results

Expected tissue processing cell counts and
viability

Processing healthy murine brains us-
ing the protocol detailed here will provide
∼500,000 cells with ∼95% viability (as de-
termined by trypan blue count immediately
after processing). However, the viability will
decrease during the staining process. You
will typically identify 75%-90% live cells
in the analyzed sample as determined with a
viability dye. Moreover, cell counts may vary
depending on the disease model used.
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Table 6 Troubleshooting Guide for Processing Brain Tissue for Cytometric Analysis and Cell sorting

Problem Possible cause Solution

No clear Percoll
interface

The Percoll interface
has been disturbed

Collect liquid near the Percoll interface, and a clearer delineation
between the two layers will eventually become visible.

Alternatively, if you gently tilt the tube from side to side, you will see
where the interface has formed.

Collect the entire 26% Percoll layer.

73% Percoll does
not pass through
glass pipet

Percoll is stuck in
the glass pipet

Gently lift up glass pipet slightly, by ∼0.5 mm; or, without lifting the
pipet, move the pipet around the tube.

Not enough viable
sorted cells

Cells were lost
during staining and
washing steps

Use a U-bottom 96-well plate and a flicking technique to wash and stain.

Ensure that you are using staining buffer with FBS or BSA.

After processing brain samples, pool the cells into a single well before
staining. The more cells in a well, the fewer cells will be lost during
staining.

Alternatively, to save processing time, process two brains together in a
single C tube on the GentleMACS in 9 ml PBS and 1 ml
collagenase/DNase mixture. Process all samples in the same way.

Minimize time between sorting, staining, and downstream processes.
Work as quickly as possible and keep all samples on ice.

Not enough brain
cells to generate
staining controls

Not enough brain
cells were processed

Use cells isolated from the bone marrow or spleen as single-color
compensation/reference controls if they are as bright as, or brighter
than, staining observed in multicolor brain samples.

For unstained controls, FMOs, and isotype controls, you will need to
process extra brain tissue.

Collagenase/DNase
perturbs expression
of specific proteins
of interest

Enzymes cleave
surface proteins

We advise testing your full panel on enzyme-digested and non-digested
tissue before your experiment. We have previously shown that
TMEM119 and CD44 detection is reduced with this enzyme cocktail;
however, the use of enzymatic dispersion gave us better viability, cell
numbers, and staining.

Alternatively, other brain processing kits are available from Miltenyi
Biotec, including the Neural Tissue Dissociation kit.

Unmixing/
compensation
error

Inappropriate
reference controls
were used

Use reference controls (i.e., beads or cells) that provide antigen
expression that is brighter than or equal to that of fully stained
samples.Use cells for fluorochromes that exhibit spectral shifting when
bound to bead controls.Reference controls must have:
(i) negative and positive populations well separated, with the positive

cells as bright as or brighter than any staining observed in the
samples,

(ii) negative and positive particles with identical autofluorescence
characteristics,

(iii) a unique fluorescence spectrum that is identical to the one in the
multicolor sample, and

(iv) sufficient events.
Unmixing accuracy should be checked on cleaned data using the
following gating sequence: time > singlet > non-debris > viable (dead
cells will show compensation errors) > leukocytes.

Poor resolution
between
populations

Antibodies have not
been adequately
titrated

All reagents should be titrated and tested on the specific tissue in
advance of experiments.
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Interpreting spectral cytometry results

Compensation
Data should be unmixed in SpectroFlo®,

checked for unmixing error in NxN plots on
cleaned data, and exported for analysis in
the preferred cytometry program. Firstly, as
shown in Figure 3, all samples are cleaned
up using a time, singlet cell, and non-debris
gate. The non-debris gate is then used to exam-
ine the compensation matrix. The live leuko-
cyte gate can also be used to inspect the
compensation matrix, as dead cells will show
errors. The values in the compensation ma-
trix should all be at zero. If you used appro-
priate reference controls, the unmixing pro-
cess should be sufficient. However, you may
observe compensation errors. Increase matrix
numbers when data are under-compensated
and reduce numbers when data are over-
compensated (see more details at Brummel-
man et al., 2019; Maciorowski et al., 2017;
Mahnke & Roederer, 2007), ensuring that you
do not introduce biological error by incorrect
spillover correction.

Gating
Once data have been compensated, return

to samples and gate data down to populations
of interest. Identification of microglia in the
homeostatic brain is straight forward: these are
“CD45loCD11b+P2RY12+CX3CR1hiF4/80
+CD64+CD68+.” They can be identified
in multiple ways as they have marker pro-
files that definitively distinguish them from
other myeloid cells in the brain (CD206+

border-associated macrophages) and lym-
phocytes (Supporting Information 2). If you
are working on an acute and severe inflam-
matory model, the gating strategy shown in
Figure 3 may work for you. However, in neu-
rogenerative conditions, infiltrating myeloid
cells may differentiate further with more time
spent in the brain, whereas microglia may
upregulate so-called “activation markers”
(Spiteri, Wishart et al., 2022). We recommend
running dimensionality reduction on your
data using t-distributed stochastic neighbor
embedding (tSNE; van der Maaten & Hinton,
2008) or uniform manifold approximation
and projection (UMAP; Mcinnes et al., 2018)
visualization and overlaying final gated pop-
ulations over these to determine if these gates
are defined by a cluster. Usually in moderately
inflamed conditions, microglia and monocyte-
derived cells can be clearly distinguished.
Gating strategy accuracy can be validated
by (i) using a transgenic animal expressing
fluorescent molecules under microglia- and/or

monocyte-specific genes (Chen et al., 2020;
Kim et al., 2021), (ii) blocking myeloid cell
infiltration into the brain, (iii) performing an
adoptive transfer of sorted cells, or (iv) inject-
ing a cell tracker dye into the bloodstream to
track recently infiltrating cells (Spiteri et al.,
2021). To gate BrdU, DAF-FM, or other ter-
tiary proteins of interest, always base this on
the FMO for the specific experimental group
and gate down to the specific population of
interest.

Analysis
There are many great tools to analyze

cytometric data, enabling population identifi-
cation and/or statistics and/or dimensionality
reduction in a single package. Firstly, we rec-
ommend gating your populations of interest
and tabulating cell numbers, cell proportions,
and median fluorescence intensity. Secondly,
for visualization purposes, we recommend
running dimensionality reduction and overlay-
ing gated populations onto these to ensure that
they align with your expert gating approach.
You can also start with dimensionality reduc-
tion and run analysis on the FlowSOM clusters
identified; however, we would strongly rec-
ommend validating these with expert gating to
ensure you are not assessing artefacts. Other
visualization approaches include, but are not
limited to, heatmaps, bar graphs, bubble plots,
and pie charts. High-dimensional analysis can
be performed in Rwith packages such as Spec-
tre (Ashhurst et al., 2021) or Seurat (Reyes
et al., 2023) or using browser-based platforms
such as the OMIC software from Dotmat-
ics (www.omiq.ai, www.dotmatics.com) and
Cytobank (Kotecha et al., 2010).

Cell sorting
One can expect to sort ∼80,000 cells from

a single brain of a C57BL/6 mouse, according
to instrument sort count. Due to potential
inaccuracies with sorting machines and cell
loss following centrifuging and counting cells,
this is generally reduced by approximately
two-thirds (i.e., down to ∼25,000 cells). If
more cells are required, we recommend pool-
ing samples, as well as having a spare sample
to determine the sort accuracy. These sorted
cells will need to be recorded to determine
the percentage of cells that fall into your se-
lected gate. If you are performing lipidomics,
metabolomics, or qPCR, we recommend
collecting cells directly into the medium
required for cell storage or processing to pre-
vent further cell loss from cell centrifugation.
For scRNA-seq, cell sorting accuracy can
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be determined by analyzing scRNA-seq data
computationally.

Imaging
When imaging brain sections, examine

isotype and unstained control samples first to
determine whether you are visualizing true
staining on fully-stained slides. Decide on
the regions of interest and image accordingly.
Merging of fluorescence images can be done
with a number of programs, including Im-
ageJ or FIJI (Rueden et al., 2017; Schindelin
et al., 2012). For high-parameter analysis with
multiple markers, particularly if using the Hy-
perion, cells need to be segmented. This can be
done using Elastic (Berg et al., 2019) or Cell
Profiler (Stirling et al., 2021). For a detailed re-
view of these processes see (Milosevic, 2023).

Time Considerations

Basic Protocol 1
Preparation of tissue processing reagents

and tubes can take some time; thus, it is rec-
ommended that reagents, labeled tubes, and
antibody-staining cocktails are prepared in
advance of experiments. The time required
to process brain tissue following dissection
will be a minimum of 1.5 hr; however, this
will increase with increasing sample numbers
and user inexperience. For a sample-number-
extrapolated calculation, timing from an ex-
perienced technician is as follows: For each
brain, it will take 30 min for tissue dissocia-
tion on the GentleMACS (max of 8 brains can
be processed at a time), 2min for Percoll layer-
ing,∼50 min for centrifugation without brake,
1 min to isolate brains cells per tube, and
15 min for additional spins throughout pro-
tocol. Cell counts will take ∼3 min per sam-
ple, including mixing with trypan blue, load-
ing, and cleaning hemocytometers.

Basic Protocol 2
Surface staining for spectral cytometry or

cell sorting will take a minimum of 2 hr; how-
ever, this will also depend on the number of
samples you are staining. If you are perform-
ing intracellular and/or intranuclear staining,
that can be done the following day and will
take an additional 1 and 3 hr, respectively. Ob-
viously, intracellular and/or intranuclear stain-
ing are not compatible with live cell sorting.

To set up your experiment in SpectroFlo®

Software, run your reference controls, and un-
mixwill take∼45-60min. From here, depend-
ing on the number of cells you are recording
and the volume in which they are resuspended,
it will take anywhere from 30 s to a few min-

utes to record a single sample. We recommend
setting up your experiment file in SpectroFlo®

Software or Cytek® Cloud in advance to en-
able prompt sample acquisition.

Basic Protocol 4
In general, we recommend scheduling

at least 1.5 hr to set up your sorter, record
compensation controls, compensate, and draw
your gating strategy. However, increasing the
number of fluorochromes and complexity of
the gating strategy will add substantially more
time. Actual sorting of each sample will take
<5 min.

Basic Protocol 5
This protocol is the longest, spanning at

least 3 days. On the first day, you will dissect
the tissue and leave it overnight in PFA. On
the second day, you will submerge the tissue
in different concentrations of sucrose: 10% for
10 min, 20% for a few hours, and then 30%
brain overnight. The next day (day 3), you
will freeze the tissue in liquid nitrogen. You
can cryosection the tissue on the same day or
store it at −80°C. The efficiency of cryosec-
tioning depends on the user’s experience level
and the number of sections required, with a
minimum of 30 min per block for ∼5-10 sec-
tions. Staining will take ∼3.5 hr (for fixation,
blocking, primary and/or secondary staining,
and washing), and the time for imaging de-
pends on the number of regions of interest and
the fluorochromes.
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Supporting Information
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The Supporting Information consists of the fol-
lowing five parts.

Supporting Information 1 Brain process-
ing program for GentleMacs dissociation.

Supporting Information 2 Gating strategy
used to identify immune cell populations
in the homeostatic brain for analysis and
cell sorting. (A) and (B) Quality control
gates, including time, single cells, non-
debris, and live cell gates, were applied
before analyzing cell subsets. (B) Identifi-
cation of neutrophils, microglia, NK cells,
T cells, classic dendritic cells (cDC), and
border-associated macrophages (BAMs) in
the homeostatic brain. Single-cell brain
suspensions from a healthy animal were
analyzed on the 5-laser Cytek Aurora.

Supporting Information 3 Spectral unmixing
with multiple autofluorescence extraction
substantially improves staining resolution
and reduces unmixing error in infected
brain samples. (A)-(C) Dot plots show-
ing data spectrally unmixed without aut-
ofluorescence (AF) extraction (A), with AF
extraction using group-specific unstained
controls (B), and with multiple AF ex-
traction (C). Arrows show unmixing error.

Supporting Information 4 Spectral unmix-
ing with multiple autofluorescence extrac-
tion substantially improves staining resolu-
tion and reduces unmixing error in healthy
brain samples. (A)-(C) Dot plots show-
ing data spectrally unmixed without aut-

ofluorescence (AF) extraction (A), with AF
extraction using group-specific unstained
controls (B), and with multiple AF ex-
traction (C). Arrows show unmixing error.

Supporting Information 5 Similarity index for
a 19- to 20-color brain panel with and with-
out multiple autofluorescence extraction.
(A) Normalized median florescence inten-
sity (MFI) for three distinct autofluorescent
(AF) tags in the mock-infected and infected
brain. (B)-(E) Similarity and complexity in-
dexes with and without multiple AF ex-
traction and intranuclear staining with
BrdU.
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