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Editorial on the Research Topic

Methods in molecular innate immunity: 2022
Advances in immunology are inherently linked to progress in implementing novel

methods as best illustrated by the development of the cre-lox technique that allows to

analyse the effect of single genes on lymphocyte development and function by the

generation of “conditional” knock-out mice (1). Development of novel as well as the

optimization of existing technologies and methods furthers constant progress in biomedical

research. The most recent game changer being the development of the bacterial immune

system CRISPR-Cas9 into a universal tool for gene and genome editing (2).

Here in this Research Topic on “Methods in Molecular Innate Immunity: 2022” we

provide a brief collection of state-of the art methods and protocols to enable in-depth studies

of innate immune responses in in vitro cell culture systems as well as in in vivo models.

The identification of innate lymphoid cells (ILCs) and the rapid progress made in this

field showed that ILCs exert essential roles in immune responses and tissue homeostasis (3).

Four detailed protocols deal with the characterization of ILCs, their genetic manipulation,

as well as the analysis of their metabolic states, respectively. Audouze-Chaud et al. provide

a novel CRISPR/Cas9 protocol for efficient genetic knockout in human group 2 innate

lymphoid cells (ILC2s) and discuss challenges and solutions. Sadeghalvad et al. present a

detailed protocol for cytometric analysis of ILCs and provide tips for its successful

implementation. Roy-Dorval et al. detail approaches for analysis of lipid uptake, storage,

and fatty acid oxidation by ILC2s, while Krisna et al. provide a comprehensive framework

for the immunometabolic analysis of primary murine ILC2s.

In vivo analysis of the distribution of immune cell subsets and their activation status

was boosted by the development of single cell sequencing techniques, primarily single-cell

RNA sequencing (4). Mindt et al. present a protocol to allow for spatial differentiation in

single-cell RNA sequencing by using barcoded antibodies.

Macrophages and neutrophils are the first line of the innate immune defence. While

macrophages emerged as key instruments to study innate immune responses due to their

easy differentiation in vitro and their robustness in cell culture (5), neutrophils are

extremely short-lived and isolation strategies for in vitro assays were only recently

developed (6). In addition to its central role in host defence upon microbial challenge,
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the immune system is increasingly recognized as an integral part of

fundamental physiological processes such as development,

reproduction and wound healing, which involves a very close

crosstalk with other body systems such as metabolism, the central

nervous system and the cardiovascular system is evident (7). One

prominent example being the discovery that TNFa is secreted from

adipose tissue in obese mice and drives insulin resistance,

highlighting that metabolic disorders are intimately linked to

dysregulated immune responses (8). In an original research

article, Iovino et al. present novel insights into the link of

macrophage activation by saturated fatty acids and IRE1 RNase

in metabolic reprogramming. Their work highlights a key role of

IRE1a in HIF-1a-mediated glycolysis in macrophages independent

of XBP1s.

Immune cell activation is tightly linked to changes in the

metabolic wiring and mitochondrial activity. The development of

devices to measure extracellular flux by redox potential changes in

small volumes generated the basis to study cellular metabolic

changes upon immune cell activation in great detail (9).

Grudzinska et al. provide a protocol that exemplifies how

extracellular flux (XF) analysis can be used to measure

metabolism and oxidate burst in activated neutrophils.

The core function of innate immunity is the quick and often cell

intrinsic reaction towards pathogen challenge (10). Zhi et al. detail

investigations of the cGAS-STING signaling pathway and its

modulation by traditional Chinese medicines. Furthermore,

detailed studies of host-pathogen interactions at a time-resolved

and molecular level are providing exiting new insights into the

function of innate immune responses. Using a GFP fluorophore

that is quenched when exposed to reactive oxygen species combined

with a stable secondary fluorescent marker Hinman et al. provide a

useful protocol to analyse killing of the human pathogen

Staphyococcus aureus and neutrophil function in murine

disease models.

We are living in an environment that is more and more polluted

with chemicals that can affect the innate immune response. Plastic-

and environment-derived bisphenol A (BPA) for example can

accumulate in the human body and acts as an endocrine-

disrupting compound. Dallio et al. analysed BPA levels in
Frontiers in Immunology 026
individuals and stimulated monocytes with BPA to assess

metabolic and cytokine profiling.

This brief Research Topic will be helpful for research

professional and trainees to implement novel methodologies to

further detail the wealth of functions of the innate immune system

upon microbial challenge and during inflammatory processes.
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Bi-fluorescent Staphylococcus
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Joshua T. Cohen1, Miles Mundy3, Joseph M. Bliss2,4,
Alexander R. Horswill5 and Craig T. Lefort1,2*
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RI, United States, 2Warren Alpert Medical School, Brown University, Providence, RI, United States,
3Graduate Program in Pathobiology, Brown University, Providence, RI, United States, 4Department of
Pediatrics, Women and Infants Hospital, Providence, RI, United States, 5Department of Immunology and
Microbiology, University of Colorado School of Medicine, Aurora, CO, United States
Techniques for studying the clearance of bacterial infections are critical for

advances in understanding disease states, immune cell effector functions, and

novel antimicrobial therapeutics. Intracellular killing of Staphylococcus aureus by

neutrophils can be monitored using a S. aureus strain stably expressing GFP, a

fluorophore that is quenched when exposed to the reactive oxygen species (ROS)

present in the phagolysosome. Here, we expand upon this method by developing a

bi-fluorescent S. aureus killing assay for use in vivo. Conjugating S. aureus with a

stable secondary fluorescent marker enables the separation of infected cell

samples into three populations: cells that have not engaged in phagocytosis,

cells that have engulfed and killed S. aureus, and cells that have viable internalized

S. aureus. We identified ATTO647N-NHS Ester as a favorable dye conjugate for

generating bi-fluorescent S. aureus due to its stability over time and invariant signal

within the neutrophil phagolysosome. To resolve the in vivo utility of ATTO647N/

GFP bi-fluorescent S. aureus, we evaluated neutrophil function in a murine model

of chronic granulomatous disease (CGD) known to have impaired clearance of S.

aureus infection. Analysis of bronchoalveolar lavage (BAL) from animals subjected

to pulmonary infection with bi-fluorescent S. aureus demonstrated differences in

neutrophil antimicrobial function consistent with the established phenotype

of CGD.

KEYWORDS

infection, Staphylococcus aureus, phagocytosis, reactive oxygen species, neutrophil,
flow cytometry
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Introduction

The inflammatory response to infection is a dynamic process with

tissue-specific variability: leukocytes are recruited to cross endothelial

barriers at different times, with specificity dependent on the cytokine

environment and cellular affinity for endothelial adhesion receptors

(1, 2). In response to the initial insult, resident cells such as

macrophages or natural killer cells recruit innate immune cells as

the first line of defense (3–5). In the acute phase, neutrophils are the

most abundant infiltrating leukocyte in response to bacterial

infections. This recruitment is self-amplified by neutrophil-derived

signals such as interleukin-8 (IL-8) and leukotriene B4 (LTB4) (3, 6).

Tight regulation over recruitment is crucial as neutrophil depletion is

often fatal while overactivation leads to enzymatic and oxidative

damage to the tissues involved (4, 7).

Neutrophils clear bacterial infections through numerous intra-

and extracellular effector functions, depending on the species of

bacteria. Staphylococcus aureus is one species of interest due to its

prevalence, ability to evade the immune system, and increasing

resistance to pharmaceutical anti-microbial agents. As of 2018,

methicillin-resistant S. aureus (MRSA) was the leading cause of

death resulting from an antibiotic-resistant pathogen (8).

Neutrophils predominantly kill S. aureus via internalization into a

phagolysosome (5). Within the phagolysosome, the nicotinamide

adenine dinucleotide phosphate (NADPH) oxidase complex

generates reactive oxygen species (ROS) via a series of reactions

referred to as the oxidative burst (7, 9). The proposed mechanisms of

bacterial killing by ROS include oxidative damage of the microbe

membrane, DNA, and other cellular components (7, 10, 11). In

addition, NADPH oxidase activity may modulate the potency of

proteolytic enzymes that are delivered to the phagosome and

contribute to microbicidal activities (10, 12).

Numerous pathologies affect the neutrophil-dependent clearance

of bacteria. An impaired neutrophilic response may be the result of

depleted cell counts (neutropenia), the inability to recruit cells to

inflamed tissue sites, or loss of effector functions (13). Neutrophil

dysfunction can be caused by a primary immunodeficiency or can

occur secondary to a disease state, such as sepsis or cancer (5, 9, 14).

There are sufficient experimental methods for quantifying neutrophil

counts to evaluate defects in production or tissue-specific

recruitment, including the characterization of surface markers by

flow cytometry or morphology by cytospin. However, methods for

evaluating microbe killing on a single cell level in vivo are relatively

limited. Current methods depend on comparing pathogen clearance

through plating tissue homogenates and counting colony forming

units (CFU) ex vivo. This method is limited as it is non-specific, only

providing insight into overall host defense discrepancies without

identifying the specific effector cell(s) responsible for observed

differences. In vitro experiments may implicate cellular function

more specifically but exclude the influence of host extracellular

factors and proteins that aid in the clearance of S. aureus (15).

Alternatives based on live in vivo imaging require advanced

technology which is expensive, time-consuming, and limited by the

target tissue location (16). Therefore, we sought to develop a

fluorescence-based assay to quantify in vivo neutrophil

antimicrobial function on a single cell level.
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Previous work by Schwartz, et al. has demonstrated in vitro that

the fluorescent signal from a GFP-producing S. aureus is quenched in

a ROS-dependent manner over time (17, 18). This loss offluorescence

is correlated with intracellular S. aureus viability. The mechanism of

GFP bleaching is attributed to the HOCl in the phagosome, likely via

chlorination of the tyrosine 66 residue in GFP (19). For a single point

in time, the GFP signal alone is insufficient to distinguish cells that

have not undergone phagocytosis of S. aureus from cells that have

bleached the GFP fluorescent signal in conjunction with eradicating

internalized S. aureus. Therefore, we screened for a secondary

fluorescent dye capable of maintaining a robust fluorescent signal

over time, independent of ROS production, phagolysosome activity,

or S. aureus viability. We generated bi-fluorescent S. aureus by

conjugating a far-red fluorescent dye to a GFP-producing USA300

S. aureus. In our study, we extensively characterize neutrophil

intracellular killing of bi-fluorescent S. aureus to demonstrate the

fidelity and utility of the assay for evaluating neutrophil antimicrobial

function or dysfunction in vivo.
Materials and methods

Staphylococcus aureus culture and staining

Glycerol stocks of the superfolded GFP-producing USA300 strain

of S. aureus were provided by Alexander Horswill and have been

described (18). Liquid cultures were grown in tryptic soy broth (TSB,

Sigma-Aldrich, St. Louis, MO) from the glycerol stock by incubating

at 37C, shaking at 250 rpm, overnight. Before experimentation,

overnight cultures were diluted and allowed to grow to the

exponential phase. For staining, cultures were washed 2x in

phosphate-buffered saline, pH=7.4 (PBS, Gibco, Dun Laoghaire, Co

Dublin, Ireland), and brought to a concentration of 4x108 CFU/mL. S.

aureus was stained for 30 minutes in the dark at a final concentration

of 0.5ug/mL of ATTO647N-NHS ester (Sigma-Aldrich). To pellet,

cultures were centrifuged for 5 minutes at 3000 RPM. After staining,

S. aureus was washed 2x in assay buffer (Hank’s balanced salt

solution/10% fetal bovine serum/20 mM HEPES). Before use in

vitro, S. aureus was opsonized by incubating at 37C and shaking for

5-10 minutes in assay buffer.

Growth curves were generated by bringing bi-fluorescent or GFP

S. aureus to OD600 = 0.1 in TSB. OD was measured using SmartSpec

3000 (Bio-Rad, Hercules, CA). Cultures were grown for four and a

half hours, with a sample drawn every 30 minutes for the first 2 hours

and then at 3 hours and 4.5 hours. At each time point, the OD600 was

measured and the fluorescence of the S. aureus particles was measured

using a MACSQuant Analyzer 10 flow cytometer (Miltenyi).
HoxB8 conditionally immortalized
progenitor derivation, culture,
and differentiation

HoxB8 conditionally immortalized neutrophil progenitors were

generated as previously described (20–22). Briefly, C57BL/6 mouse

bone marrow was isolated, cultured, and transduced with a
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tamoxifen-inducible Hoxb8 transgene. All cells were grown in Opti-

Mem media supplemented with GlutaMax (Gibco), 30uM beta-

mercaptoethanol (Sigma-Aldrich), 10% fetal bovine serum (Gemini

Bio-Products, West Sacramento, CA), 1x penicillin/streptomycin

(Gibco), 1x non-essential amino acids (Gibco) at a density of ~106

cells/mL. The progenitor cell culture was supplemented with stem cell

factor (SCF) and 100nM Z-4-hydroxytamoxifen (Tocris Bioscience,

Bristol, UK) to induce Hoxb8 expression. SCF was derived from the

supernatant of CHO cells that secrete recombinant murine SCF (a gift

from Patrice Dubreuil, Centre de Recherche en Cancérologie de

Marseille). For differentiation, cells were washed 3x in PBS to

remove Z-4-hydroxytamoxifen induction. Cells were pelleted by

centrifugation at 400xg for 3 minutes. The differentiation culture

was supplemented with SCF and 20 ng/mL G-CSF (BioLegend) for 2-

3 days, and then just G-CSF until use on days 5-7.
In vitro killing assay

Differentiated Hoxb8 progenitor-derived neutrophils were

suspended in assay buffer at a density of 1x107 cells/mL. Samples

treated with diphenyleneiodonium (DPI; Selleck Chemicals, Houston,

TX) or cytochalasin D (Sigma-Aldrich) were incubated at 37°C for 20

minutes before infection. For each sample, one million cells were

inoculated with 25µL of OD=0.5 S. aureus for an MOI of 20:1 for 15

minutes. Cells were then washed with warm lysostaphin 200ng/mL

followed by assay buffer 1x. Cells were suspended in a final volume of

100µL of assay buffer. For killing assays, this was considered time

zero. For experiments determining fluorescent intensity over time,

every 20 minutes 10µL of the sample was plated in 200µL of cold PBS/

1% FBS and kept on ice until analysis by the MACSQuant.
Dead S. aureus phagocytosis assay

Bi-fluorescent S. aureus was heat-inactivated at 60C for 30

minutes. To evaluate the phagocytosis of dead S. aureus, cells were

inoculated and washed using the same protocol as the live S. aureus

killing assay. Cells were analyzed at time zero (after lysostaphin wash)

to evaluate the internalization of the heat-killed S. aureus.
Animal care and breeding

All studies were performed under the approval of the Lifespan

Animal Welfare Committee (Protocol number 5017-19, Office of

Laboratory Animal Welfare Assurance #A3922-01). These studies

follow Public Health Service guidelines for animal care and use. The

CGD mouse model was acquired from Jackson Laboratories (Bar

Harbor, ME), strain B6.129S-Cybbtm1Din/J for in-house breeding.

This strain was originally developed by knocking out the Cybb gene

(gp91phox) to recapitulate the CGD phenotype. Female mice

heterozygous for the knocked out Cybb gene (x-linked) were bred

with wild-type males to yield hemizygous wild-type (WT) or

knockout male progeny used in this study. Animals were housed in

sterile caging until infection at 6-10 weeks old and provided access to

water and standard chow ad libitum.
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S. aureus pulmonary infection

S. aureus was stained as previously described and brought to an

OD600 = 0.5 or 2x108 CFU/mL. One mL of S. aureus was pelleted

and suspended in 100µL of normal saline for a working solution.

The inoculum was further diluted to provide a bolus of 6x107CFU

or 8x107CFU in 40µL. Animals were anesthetized with vaporized

isoflurane (Braintree Scientific, Braintree, MA) before oropharyngeal

inhalation of the inoculum.
In vivo killing assay

Twelve hours post pulmonary infection, mice were euthanized by

Fatalplus (Vortech Pharmaceuticals, Dearborn, MI) and cervical

dislocation. Bronchoalveolar lavage (BAL) was collected by pushing

and withdrawing 1mL cold 1% FBS/PBS into the lungs via an

angiocatheter (performed 3x) and then passed through a 70-micron

filter (Falcon, Corning, NY). Cells were pelleted and resuspended in

2mL lysostaphin and then washed twice in 1% FBS/PBS. To

determine total cell counts, the pellet was brought to 1mL before

analysis. Cells were stained with PE anti-Ly6G (BioLegend) in 1%

FBS/PBS for 30 minutes. Before analysis by flow cytometry, samples

were washed 3x in 1%FBS/PBS. Samples were analyzed on a

MACSQuant and data were analyzed with FlowJo software to

determine fluorescent intensities, population percentages, and

total counts.
Colony forming units assays

BAL samples were stained with PE anti-Ly6G (BioLegend) and

sorted into three populations: Ly6G+ATTO647N+GFP+,

Ly6G+ATTO647N+GFP-, and Ly6G+ATTO647N-GFP-. Cell sorting

was performed using a FACSAria (BD). In vitro assay samples

omitted the PE anti-Ly6G stain and were sorted based on

ATTO647N and GFP expression. Samples were pelleted and

resuspended in 1mL of pH=11 H2O. Cells were lysed by incubating

and vortexing for ~5 minutes (23). Lysates were serially diluted at 1:10

and plated, 3x10µL drops per dilution onto TSB agar plates. Plates

were incubated at 37C overnight. Colonies were counted and the total

CFU burden of the sorted cells was determined. CFU burden was

normalized to the total events sorted in each population.
Imaging

For imaging analysis of cell suspensions, cells were spun at 1500

RPM onto a superfrost plus glass slide (Fisher Scientific, Pittsburgh,

PA) after phagocytosis and killing in vitro. Ex vivo analysis of lung

tissue was performed through frozen sectioning of infected animals.

WT animals were infected and euthanized twelve hours post-

infection. The lungs were carefully removed avoiding puncture and

inflated through the trachea with 0.8mL of a 2:1 mixture of optimal

cutting temperature compound (OCT):PBS. The trachea was tied

with a suture and the lungs were immediately frozen in liquid

nitrogen. Once frozen, the tissue was then embedded in a mold
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with OCT (Sakura Finetek, Torrance, CA) on dry ice. Samples were

sliced in a cryostat microtome at a thickness of 5-7 µm and adhered to

superfrost plus glass slides. Prior to imaging, slides were fixed in cold

acetone for 2 minutes and allowed to dry at room temperature.

For both types of imaging experiments, coverslips were applied

with antifade mounting medium with DAPI (Vectashield, Newark,

CA) and immediately imaged. Slides were imaged using a Nikon

Eclipse 80i, with light provided by an X-Cite 120 lamp (Excelitas

Technologies). Images were captured with a Retiga EXi Fast 1394

camera (QImaging, Burnaby, BC, Canada). Post-imaging analyses to

merge images, analyze colocalization, and include scale bars were

done using ImageJ.

In order to measure the colocalization of the GFP and

ATTO647N fluorescence in the lung tissue, 11 images from distinct

sections of lung tissue were analyzed (20x magnification). Images

were collected by sectioning lungs from 3 separate animals. First, the

background signal was subtracted from the GFP and ATTO647N

images. The two images were compared with the “colocalization

threshold” and “colocalization test” functions. Since we do not

expect a relationship between the fluorescent intensity of the

ATTO647N and GFP signal but do expect spatial correlation, we

report Mander’s Coefficient for the GFP and ATTO647N channels

relative to one another. The colocalization test was run with Costes

approximation and 25 iterations of randomized pixels.
Human neutrophil infections

Human cord blood was collected following approval of the Care

New England Women & Infants Hospital IRB, Project number 04-

0061. To isolate white blood cells, 4mL of cord blood was lysed with

red blood cell lysis buffer (BioLegend) in the dark for 20 minutes.

Cells were then washed 2x in assay buffer. Cells were suspended in

1.20mL of assay buffer and 100µLwas used per sample. Samples were

inoculated with 15µL of bi-fluorescent S. aureus prepared as described

above. Cells were incubated for 15 minutes at 37C, washed with warm

lysostaphin, and brought to a final volume of 100uL. At the given time

points (0, 30, 60, and 120 minutes) 10µL of the sample was plated into

200µL of cold PBS/FBS for analysis using a MACSQuant

flow cytometer.
Statistical analysis

Graphical depictions of the data represent group means and

standard deviations (SD) generated using Prism 9 (GraphPad). The

SD represents biological replicates across all figures except Figure 3C,

in which the SD is representative of technical replicates calculating the

CFU from one sample lysate for the distinct samples represented by

each point on the plot. Where indicated, statistical analysis was

conducted to compare groups. First, significance was calculated by

the Prism 9 ordinary one-way ANOVA test. A p-value threshold of

0.05 indicated a significant difference when comparing the four

groups (WT low, WT high, CGD low, CGD high) to one another

using Tukey’s multiple comparisons tests. When there was no

significant difference between the low and high dose for the same

genotype but there was a significant difference between genotypes for
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each dose, this was represented graphically by grouping the genotypes

under one line and indicating the asterisk for the highest multiple

comparisons p-value determined by Tukey’s test. Asterisks indicate

significance as follows: “ns” (not significant) for p>0.05, * for p<0.05,

** for p<0.01, *** p<0.001, and **** for p<0.0001.
Results

ATTO647N-NHS Ester fluorescently labels
S. aureus

We found that staining superfolded GFP-producing S. aureus

(18) with a low concentration of ATTO647N-NHS Ester generated a

pure population of ATTO647N+GFP+ bi-fluorescent particles

(Figure 1A). The stain did not affect S. aureus viability as the

growth rate in culture was comparable to the unstained GFP-

fluorescing S. aureus (Figure 1B). We predicted that with bacterial

cell division, the ATTO647N mean fluorescent intensity (MFI) would

decrease due to the dilution of the intracellular concentration of the

dye. To determine the change in fluorescent intensity with

proliferation, bi-fluorescent and GFP-fluorescent S. aureus cultures

were grown from an initial optical density (OD) of 0.1. As expected, S.

aureus stably expressing GFP maintained a detectable signal with

culture growth, as particles remained nearly 100% GFP+ compared to

a non-fluorescing, unstained S. aureus control (Figure 1C). The GFP

MFI also remained robust with culture growth and was comparable

between the bi-fluorescent and GFP-fluorescent groups (Figure 1D).

The ATTO647N MFI began to decrease with growth in culture as the

OD increased (Figure 1D). However, with the bacterial proliferation,

the ATTO647N signal remained high enough to differentiate between

stained and unstained S. aureus until an OD of 1.0 when the

population begins to overlap with the unstained control

(Figure 1E). Overall, the ATTO647N signal of conjugated S. aureus

remains detectable after a substantial level of bacterial replication,

without affecting S. aureus growth, making it an optimal candidate as

a secondary marker for the assessment of bacterial killing

by leukocytes.
ATTO647N-NHS ester fluorescence is
resistant to intraphagosomal bleaching

Conditional ectopic expression of transcription factor Hoxb8 in

murine bone marrow stem cells produces a progenitor cell line capable

of exponential expansion while Hoxb8 is induced or neutrophil

differentiation through Hoxb8 withdrawal (22). Differentiation of

Hoxb8 progenitors derived from a wild-type (WT) C57BL/6 mouse

into mature neutrophils (HB8 neutrophils) was confirmed through

characterization of surface markers. Differentiation of progenitors into

neutrophils was confirmed by increased Ly6G expression and loss of

cKit expression by HB8 neutrophils (Supplemental Figures 1A, B).

HB8 neutrophils produce ROS and have microbial killing capacity in

vitro (20), making them a useful screening tool for the effects of

phagocytosis and intracellular killing of the bi-fluorescent S. aureus.

For preliminary experiments, the bi-fluorescent S. aureus was

phagocytosed by HB8 neutrophils in vitro, treated with lysostaphin
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to remove residual extracellular S. aureus (24), and changes in

fluorescence were monitored over time as intracellular killing

occurred (Figure 2A). Treating cells with cytochalasin D before

inoculation to prevent phagocytosis by disrupting the actin

cytoskeleton blocked neutrophils from acquiring the GFP and the

ATTO647N signal, confirming that the detected fluorescence is

predominantly acquired by internalizing S. aureus (Supplemental

Figures 2A, B).

At the initial time point following phagocytosis, the HB8

neutrophils with engulfed S. aureus acquired the bi-fluorescent

properties, as measured by flow cytometry (Figure 2B). The

percentage of ATTO647N+ events was stable over time despite

changes in the percentage of GFP+ events (Figure 2C). As expected,

the percentage of GFP+ events and GFP MFI decreased over time in

HB8 neutrophils, suggesting successful intracellular S. aureus killing
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(Figure 2D). Importantly, these metrics remained the same over time

in the ATTO647N channel (Figure 2D). HB8 neutrophils treated with

diphenyleneiodonium (DPI), to inhibit the generation of ROS, exhibit

a robust GFP signal that is maintained over time (Figures 2B–D). The

bleaching of the GFP signal, but not the ATTO647N signal, suggests

that the latter fluorophore is resistant to quenching by neutrophils

and remains stable in the conditions of the active phagosome.

Taken together, these results suggest that ATTO647N fluorescence

identifies the population of cells that have undergone phagocytosis of S.

aureus and GFP fluorescence indicates which of those cells contain

viable S. aureus. Therefore, we can group cells that have encountered

the bi-fluorescent S. aureus into three categories: ATTO647N+GFP+

cells which have viable intracellular S. aureus, ATTO647N+GFP- cells

which have non-viable intracellular S. aureus, and ATTO647N-GFP-

cells which have not phagocytosed S. aureus.
A B

D
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C

FIGURE 1

Characterization of cultured bi-fluorescent S. aureus. (A) Staining GFP-S. aureus with 200ng/mL ATTO647N-NHS Ester generates a pure population of
bi-fluorescent S. aureus detectable by flow cytometry. (B) The growth curve of S. aureus with or without secondary ATTO647N-NHS Ester stain was
indistinguishable. (C) The percent of particles gated as GFP+ or ATTO647N+ relative to unstained control demonstrates a loss of detection of the
ATTO647N signal with bacterial replication. (D) Geometric mean fluorescent intensity (MFI) of GFP or ATTO647N signal relative to the signal at the start
of growth in culture demonstrates robust GFP MFI and loss of ATTO647N signal with bacterial replication (n=3, performed across three independent
experiments). (E) Representative shifts in the ATTO647N fluorescent intensity towards the unstained control with increasing OD, with overlap visualized
at OD=1.0.
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Fluorescent properties of neutrophils reflect
intracellular S. aureus viability

To validate that the ATTO647N and GFP fluorescence associated

with neutrophils represent the expected intracellular S. aureus

viability, we exposed neutrophils to bi-fluorescent S. aureus and
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then sorted cells within the three quadrants described above. After

allowing 120 minutes for intracellular killing of ingested S. aureus,

both untreated and DPI-treated HB8 neutrophils were sorted, lysed,

and plated on solid media to quantify the number of viable S. aureus.

Cells were lysed using deionized water with a pH of 11 to release all

viable intracellular bacteria and ensure that S. aureus colonies were
A

B
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E

C

FIGURE 2

In vitro killing assay of bi-fluorescent S. aureus. (A) Schematic of in vitro screening process of bi-fluorescent S. aureus. (B) Immediately following
phagocytosis, HB8 neutrophils are either ATTO647N-GFP- or ATTO647N+GFP+. After 100 minutes, an ATTO647N+GFP- population forms in the
untreated group but not the DPI-treated group. (C) The percent of total ATTO647N+ HB8 neutrophils remains constant over time with no significant
difference between untreated and DPI groups, or between the initial time point and subsequent time points within each group. Meanwhile, the percent
of ATTO+GFP- cells increases over time within each group (statistical significance indicated by #) and these changes are significantly greater in the
untreated cells relative to the DPI treated cells at each time point (statistical significance indicated by *) (D) Quantification of GFP MFI within the
ATTO647N+ events shows a dramatic loss of fluorescence over time in the untreated cells compared to the DPI treated cells and compared to the initial
time point (the statistical significance between each time point relative to the initial time point is indicated by #; statistical significance between the
untreated and DPI group is indicated by *). Meanwhile, the ATTO647N MFI remains consistent in both groups (n=9, performed across three independent
experiments). (E) Bacterial burden from sorted cell lysates from both DPI treated and untreated cells, normalized to the total number of sorted events
(n=9, performed across two independent experiments). “ns” (not significant) for p>0.05, * for p<0.05, ** for p<0.01, *** p<0.001, and **** for p<0.0001.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1089111
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Hinman et al. 10.3389/fimmu.2023.1089111
not under-represented due to impaired dispersal on the agar plate

(23). The number of S. aureus colony forming units (CFUs) was

normalized to the number of events (HB8 neutrophils) that were

sorted from the bulk population. Both the ATTO647N+GFP- and

ATTO647N-GFP- sorted cell populations yielded negligible CFU

(Figure 2E). Meanwhile, the sorted ATTO647N+GFP+ cells

contained significantly more CFUs confirming the presence of

viable intracellular S. aureus (Figure 2E). These data also validate

that the quenching of GFP is a reliable marker for neutrophils that

have completed intracellular killing of S. aureus.

Next, we investigated whether the GFP MFI was related to

intracellular S. aureus viability. Microscopic imaging of HB8

neutrophils after 120 minutes of intracellular killing in suspension

provides insight into the variability of neutrophil phagocytosis and

killing (Figures 3A, B). Within the bulk population, there are HB8

neutrophils that have phagocytosed different quantities of S. aureus

particles, as indicated by the broad range of ATTO647N fluorescent

intensity by flow cytometry (Figure 2B) and visualized

microscopically (Figures 3A, B). Accordingly, in the untreated HB8
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neutrophil population some cells have both viable (GFP+) and non-

viable (GFP-) particles internalized and potentially within the same

phagolysosome (Figure 3B). Meanwhile, based on GFP fluorescence,

nearly all S. aureus is near completely viable DPI-treated cells

(Figure 3B). These images, in conjunction with the findings of

Schwartz, et al., establish a positive relationship between GFP

fluorescence and S. aureus cocci within neutrophils suggesting that

GFP MFI may provide insight into the intracellular S. aureus burden

of individual cells or bulk populations. We expect that cells or

populations with a higher MFI have a greater bacterial burden

despite some degree of variability in the fluorescent intensity of the

original S. aureus population (Figure 1A).

To generate cell populations with various MFIs, we inoculated

HB8 neutrophils with an increasing multiplicity of infection and

sorted the ATTO647N+GFP+ population of neutrophils 120 minutes

after allowing the intracellular killing to occur. As expected, we found

that the cell populations with higher GFP MFI had a greater

intracellular bacterial burden (Figure 3C). We also wanted to

determine whether the GFP MFI of DPI-treated neutrophils was
A

B

C

FIGURE 3

GFP fluorescent intensity correlates with the number of viable internalized S. aureus cocci. (A) Imaging of HB8 neutrophils after 2 hours of killing in vitro
(40x). (B) GFP/ATTO647N merged images for untreated and DPI treated HB8 neutrophils (40x). (C) Correlation between GFP MFI and viable intracellular
bacterial burden (CFU representative of plating lysate in triplicate).
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proportionately representing viable intracellular bacterial burden, a

key question given that GFP quenching is ROS-dependent (17). We

found the correlation between GFP MFI and CFUs from the DPI-

treated sample was comparable to that of the control, supporting the

notion that GFP MFI is a robust parameter for quantifying

intracellular bacterial burden (Figure 3C).
Application of bi-fluorescent S. aureus to
demonstrate neutrophil dysfunction

Chronic granulomatous disease (CGD) is marked by neutrophil

dysfunction due to a loss of function of the NADPH oxidase

responsible for superoxide production in the phagolysosome. Since

S. aureus killing is dependent on NADPH oxidase activity, hosts with

CGD are disproportionately susceptible to S. aureus infections (7).

Loss-of-function mutations in the x-linked CYBB gene encoding the

gp91phox subunit are the most common cause of CGD. The widely

used murine CGD model harbors knockout of the Cybb gene leading

to loss of ROS production by neutrophils. CGD mice recapitulate the

human disease well, including the impaired clearance of S. aureus

infections (25). Therefore, we used this disease model to assess the in

vivo use of the bi-fluorescent S. aureus to quantify neutrophil

killing capacity.

We harvested samples from wild-type (WT) and CGD mice

twelve hours after pulmonary infection with a low (6x107 CFU) or

high (8x107 CFU) inoculum of bi-fluorescent S. aureus. Since the
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ATTO647N signal dilutes with significant bacterial replication, we

recognize that bi-fluorescent S. aureus is primarily applicable to

analyzing the acute response to infection. Bronchoalveolar lavages

(BAL) were collected and stained with anti-Ly6G to identify the

neutrophils via flow cytometry (Figure 4A). Very few Ly6G- events

were GFP+ or ATTO647N+ indicating that neutrophils were the

predominant cell type responsible for phagocytosis of S. aureus in

the airspaces at this time point (Supplemental Figure 3).

After gating for Ly6G+ events to identify neutrophils within the

BAL, we were able to assess their S. aureus killing capacity based on

the GFP and ATTO647N fluorescence associated with neutrophils

(Figure 4A). Since the percent of neutrophils that engage in

phagocytosis varies between experiments, we calculated a killing

index defined as the percent of neutrophils that had completed

killing relative to the percentage of neutrophils engaged in

phagocytosis (ATTO+GFP-/ATTO+GFP+/-). Based on this metric,

populations with a ratio closer to 1 represent greater success in

killing S. aureus relative to populations closer to 0. We observed

that the killing index of CGD neutrophils was significantly lower than

that of the WT controls (Figure 4B).

The fraction of BAL neutrophils within each ATTO647N/GFP

quadrant also behaved as expected based on genotype. The percentage

of neutrophils containing viable S. aureus (ATTO647N+GFP+) was

greater for the CGD animals than for the WT animals (Figure 4C).

Since CGD leads to increased recruitment of neutrophils to the BAL

(6, 25), we also compared the total number of neutrophils within each

gate. Again, the CGD host trended towards a higher total neutrophil
A
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FIGURE 4

BAL from WT and CGD animals infected with bi-fluorescent S. aureus. (A) Gating on Ly6G+ events within the BAL enables the separation of neutrophils
based on GFP and ATTO647N fluorescence. (B) The ratio of ATTO647N+GFP- cells to all ATTO647N+ cells represents the neutrophils that have
completely killed the S. aureus compared to those which have undergone phagocytosis: the killing index. (C) Percent of neutrophils that are
ATTO647N+GFP+ indicated the intracellular burden of viable S. aureus. (D) Percent of neutrophils that are ATTO647N+GFP- indicates the population of
cells that have completed killing (n=8-11 animals per group, from 7 independent experiments). * for p<0.05 and **** for p<0.0001.
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count compared to WT mice (Supplemental Figure 4). This

demonstrates a larger intracellular burden of viable S. aureus in

CGD BAL neutrophils, accompanied by a diminished population of

ATTO647N+GFP- neutrophils that had completed killing S. aureus

(Figure 4D). We speculate that the small population of

ATTO647N+GFP- cells in the CGD animals may represent the

phagocytosis of dead S. aureus or the successful employment of

non-oxidative mechanisms to kill S. aureus. In vitro, we observed

that both WT and CGD neutrophils readily ingest heat-killed S.

aureus and acquire ATTO647N fluorescence (Supplemental
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Figure 5). It is also possible that non-oxidative killing mechanisms

are effective in cells with a low level of S. aureus phagocytosis, as the

ATTO647N+GFP- neutrophil population in CGD mice has a

significantly lower ATTO647N mean fluorescent intensity

compared to the same population from WT mice (Figure 5A).

Having shown that the GFP MFI of neutrophils that have taken

up S. aureus corresponds to the viable intracellular burden of S.

aureus, we performed further analyses of BAL neutrophils from WT

and CGD mice that were infected with bi-fluorescent S. aureus. We

observed a similar relationship in vivo as was established in vitro,
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FIGURE 5

Analysis of BAL neutrophil subpopulation fluorescent intensities. (A) WT neutrophils have increased ATTO647N MFI for neutrophils that have completed
killing, indicating clearance of larger bacterial burdens on a per-cell basis. (B) The neutrophil ATTO647N MFI was comparable between groups implying
similar levels of phagocytosis. (C) The GFP MFI for all ATTO647N+ events demonstrate an increased bacterial burden in phagocytosing CGD neutrophils
relative to WT neutrophils. (D) GFP MFI of the ATTO647M+GFP+ population demonstrates the same trend of increased intensity in CGD animals. (E) The
relative ATTO647N MFI was calculated by dividing the ATTO647N MFI of ATTO647N+GFP+ events by ATTO647N+GFP- events (n=8-11 animals per
group, from 7 independent experiments). “ns” (not significant) for p>0.05, ** for p<0.01.
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suggesting that BAL neutrophils with a greater GFP MFI contain a

greater S. aureus bacterial burden (Figure 3C; Supplemental Figure 6).

Comparing the ATTO647N MFI for all ATTO647N+ events, we

observed no differences across groups (Figure 5B), implying that

the degree of phagocytosis is comparable between the WT and CGD

neutrophils. We first looked at the GFP MFI of all neutrophils

involved in phagocytosis to understand the overall population

activity. The CGD ATTO647N+ neutrophils had a significantly

higher GFP MFI compared to the analogous population of

neutrophils in WT animals, further supporting the conclusion that

the population of neutrophils with viable intracellular S. aureus is

greater in the CGD animals (Figure 5C). Next, we analyzed the GFP

MFI of only the cells with viable intracellular S. aureus

(ATTO647N+GFP+) and again observed a greater GFP MFI for

CGD neutrophils relative to WT (Figure 5D). We recognize that

the analysis of ATTO647N+GFP+ may be biased if the GFP MFI of

cells with a lower intracellular burden are more efficient at killing

(and transitioning to the GFP- population), which may lead to a

higher GFP signal in the remaining population of cells. However, MFI

information from ATTO647N+GFP+ neutrophils is valuable to

understanding the state of cells which are unable to complete ROS-

dependent intracellular killing of S. aureus. In BAL neutrophils from

WT mice, we also observe that the ATTO647N MFI is higher in the

ATTO647N+GFP+ population than in the ATTO647N+GFP-

population (Figure 5E), supporting the observations of others that

neutrophils with increased intracellular S. aureus burden have

decreased intracellular killing (17).
Bi-fluorescent S. aureus allows localization
within the airspace in vivo

Analyses to probe the localization of cells laden with S. aureus

within the context of the surrounding tissue environment provide

insight into the dynamics of the host response. To visualize bi-

fluorescent S. aureus in vivo, we imaged frozen sections from WT

mice twelve hours post-infection. Merging DAPI, ATTO647N, and

GFP images enabled the identification and localization of viable and

nonviable S. aureus (Figures 6A–D). We again often observed viable

cocci with larger clumps or clusters compared to the non-viable

ones (Figure 6D).

Visualization of infected lung tissue by microscopy emphasizes

the presence of cocci throughout, as opposed to analysis of killing on a

single-cell level by flow cytometry. Images were analyzed to determine

the degree of colocalization of the GFP and ATTO647N fluorescent

signal. Mander’s coefficient was calculated to quantify spatial overlap

for GFP and ATTO647N. We expected that Mander’s coefficient for

the GFP channel would be equivalent to one, since anywhere GFP-

expressing viable S. aureus is detected, the ATTO647N fluorescent

signal should also be present. As anticipated, the average Mander’s

coefficient for the GFP channel was 0.92 +/- 0.08 (Figure 6E). The

Mander’s coefficient in the ATTO647N channel ranged from 0.44 to

0.86 (Figure 6E). This value roughly represents the proportion of

cocci that are still viable, marked by the overlapping GFP signal. This

proportion is higher compared to the proportion of cells with viable

internalized S. aureus measured by the killing index or GFP

fluorescence intensity measured by flow cytometry (Figures 4, 5).
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However, the Mander’s coefficient is representative of all cocci, both

intracellular and extracellularly located, while the flow cytometry

analysis only measures intracellular killing. This difference also

highlights the differences in looking at S. aureus killing on a per-

cell basis versus a per-cocci basis and further supports the notion that

cells heavily loaded with cocci may have impaired killing. Finally,

differences in the killing index and Mander’s coefficient may represent

differences in the killing capacity of cells found in the BAL as opposed

to whole tissue.
Bi-fluorescent S. aureus is killed by
human leukocytes

Animal models of infection have obvious benefits for studying

disease in vivo. However, findings in the murine host do not always

translate to human pathophysiology. To investigate whether the assay

we have extensively characterized using murine neutrophils translates

to human cells, we conducted a screen of the bi-fluorescent S. aureus

in human leukocytes. Cells were obtained from freshly drawn

umbilical cord blood samples that were subjected to red blood cell

lysis and then inoculated with bi-fluorescent S. aureus to characterize

changes in fluorescence over time.

The use of the ATTO647N-Ester conjugation of S. aureus to

identify cells that have undergone S. aureus phagocytosis translates

well to human cells, as we observed that leukocytes maintained a

robust ATTO647N MFI over time (Figure 7A). Again, the GFP

fluorescence intensity decreased over time, suggesting intracellular

killing of S. aureus within the untreated group. These findings were

confirmed via microscopic imaging of cells two hours after allowing

phagocytosis and intracellular killing to occur in suspension. Many

cells contain particles with ATTO647N fluorescence (red) in the

absence of GFP (Figure 7B). The areas which did have viable S.

aureus, determined by co-localized ATTO647N and GFP (yellow),

were predominantly present in cells that had likely had multiple

phagolysosomes based on their distribution. The DPI-treated samples

largely showed viable S. aureus within cells (Figure 7D). Interestingly,

the GFP MFI decreased more than expected—though not to the

degree of the untreated cells—in the DPI-treated cells (Figures 7A, E).

This apparent decrease in GFP fluorescence intensity was also

accompanied by a slight decrease in percent GFP+ events within the

ATTO647N+ population (Figure 7C). Taken together, these data

indicate that bi-fluorescent S. aureus reports its internalization and

eradication by human leukocytes.
Discussion

The rapid and voluminous response of neutrophils to S. aureus

infection is critical to halt its progression from its initial site. During

the acute stages of the innate immune response, there is a complex

orchestration of cellular host defense as the inflammatory

environment develops. Early events can quickly shift the microbial

burden towards containment and eradication, or, in cases of

inadequate immunity, towards the expansion and dissemination of

infection. Understanding the innate immune response to S. aureus as

it occurs at tissue sites requires innovative techniques for measuring
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cell function against microbes. In this study, we have further

developed a method to detect and quantify the intracellular

eradication of S. aureus and demonstrate its utility in vivo and at

the resolution of individual cells.

The use of bi-fluorescent S. aureus to quantify its intracellular

killing in vivo provides convenient insight into the mechanism and

dynamics of neutrophil phagocytosis and microbicidal activity of the

phagosome. Single-cell analysis of killing activity provides a valuable

tool for better understanding the role of cellular subpopulations in

bacterial clearance in vivo. The relevant applications of this adapted

technique include neutrophil heterogeneity studies in pathological

and non-pathological states (26–31). Despite a growing

understanding of the existence of different subpopulations of

neutrophils, much remains unknown as to the relation between

characterized differences and influence on function. Tsuda et al.

previously identified three subsets of neutrophils in the context of

susceptibility to S. aureus infection. Despite variable surface markers

and cytokine production profiles, subsets were described to have

similar in vitroMRSA killing capabilities (29). However, when subject
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to the in vivo environment these neutrophil subsets may respond

differently to the cytokines they produce or their ability to crosstalk

with other immune cells, modulating their bactericidal activity.

Characterization of the neutrophil subpopulation which readily

engulfs and kills S. aureus—as identified by the ATTO+GFP-

population in the assay we characterize here—may provide insight

for developing therapies that support or augment innate

immune function.

In the study that first characterized GFP-expressing S. aureus as a

tool for quantifying its intracellular viability, Schwartz et al. described

amplified resistance of S. aureus to eradication as the number of cocci

within the neutrophil increased in vitro (17). While validating the use of

this assay, we observed a similar trend in vivo as neutrophils with viable

intracellular S. aureus were predominantly those that had engulfed a

greater number of S. aureus. The relatively large population of

neutrophils that have not undergone phagocytosis but are present in

the BAL provokes questions as to why some cells engulf more S. aureus

than they can efficiently kill while others do not internalize any. In studies

of competitive phagocytosis, others have described phagocytosis as a
A

B

D E

C

FIGURE 6

Imaging of airways post-infection with bi-fluorescent S. aureus. (A) Frozen lung sections were prepared from WT mice (n=3) 12 hours post-infection with
bi-fluorescent S. aureus to visualize the infection in the tissue. Unmerged DAPI, GFP, and ATTO647N images show localization of airway cells, viable S.
aureus, and total S aureus, respectively (20x). Merged images at (B) 10x (C) 20x and (D) 100x visualize both killed (red, open arrowhead) and viable
(yellow, arrowhead) S. aureus within the tissue. (E) Colocalization analysis of GFP and ATTO647N images (n=11) show high overlap of the GFP signal with
the ATTO647N signal (Mander’s Coefficient ~1) and incomplete overlap of the ATTO647N signal with the GFP signal (Mander’s Coefficient <1).
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“nonrandom” event, with a subset of neutrophils more likely to undergo

phagocytosis (32). There is even apparent variability within a single

neutrophil, as the production of HOCl within the multiple

phagolysosomes of the same cell can occur with widely disparate lag

time after formation (26). S. aureus has also evolved to evade or

neutralize host defenses. For example, the production of superoxide

dismutase by S. aureus converts the free radicals in the phagolysosome to

water and oxygen (15). Therefore, targeting neutrophils to improve their

killing capacity through modulating their degree of phagocytosis or

intracellular ROS production may improve clearance of infection.

We anticipate that in extending the capability of a S. aureus killing

assay with single-cell resolution will also enable further pursuit of

questions that remain in understanding the mechanisms by which

neutrophils eradicate microbes intracellularly. There has been debate as

to the precise role of the biochemical pathways and products of the

NADPH oxidase in the phagosome. Specifically, there are questions

about whether ROS are responsible for direct toxicity towards microbes

or confer their antimicrobial capacity predominantly by buffering the

phagolysosome for optimal non-oxidative killing activity (e.g., by serine

proteases) (10, 12). Our results correlating intracellular CFU and GFP

MFI are consistent with the idea that HOCl production, as reported by

GFP bleaching, is tightly correlated with the killing of internalized S.

aureus. However, further investigation to delineate the necessity of

proteolytic enzymes is warranted and having a means to quantify both

S. aureus burden and viability will provide additional insight to solve

questions that remain.
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Within this study, we included a low and high dose of S. aureus,

distinguished as being non-lethal and lethal doses, respectively, in

CGD mice. The activity of the neutrophils that are recruited to the

infected airspaces of the lung was independent of dose, as there were

no statistical differences in the fraction of neutrophils that had

completed S. aureus killing or the neutrophil GFP MFI between

mice of the same genotype receiving the different initial bolus of S.

aureus. This indicates that the activity of neutrophils was dependent

on genotype, but not necessarily on potential differences in the

environment during the acute response to low versus the high

burden of infection. As pathologic resistance to conventional

antimicrobial agents steadily increases, methods such as this bi-

fluorescent killing assay to study the in vivo dynamics of cell-

mediated antimicrobial activity will be of the utmost importance to

enhance the pursuit of innovative therapeutic development.

Relatedly, it is important to understand how the use of biological

or pharmaceutical interventions to treat infection occurs in

conjunction with the host’s immune response. For example,

antibiotics that interfere with the effector functions of immune cells

may in turn have detrimental effects despite potent antimicrobial

activity in vitro (33, 34). Conversely, treatments can have a synergistic

effect or support the immune system’s intrinsic response leading to

better outcomes than expected based on in vitro results (35–37).

Therefore, when testing and developing treatments, in vivo models of

infection should be prioritized. This is particularly relevant for

therapies targeting in vivo evasion tactics of S. aureus, which
A B

D E

C

FIGURE 7

Use of bi-fluorescent S. aureus to model infection in human neutrophils. (A) Human leukocytes inoculated with bi-fluorescent S. aureus maintain the
ATTO647N fluorescent signal while quenching the GFP fluorescent intensity over time based on intensity and percent GFP+ cells, statistical differences
between groups indicated with a * and differences within each group relative to the initial time point indicated with a # (n=8, performed across three
independent experiments). (B) Imaging (60x) performed two hours after human cells were infected in vitro demonstrates cells with few cocci broadly kill
the internalized S. aureus and fluoresce as ATTO647N+ (red). (C) Cells that have viable S. aureus internalized ATTO647N+GFP+ (yellow, arrowheads) often
have internalized larger clumps of S. aureus. (D) DPI treated human cells largely have viable (yellow) internalized S. aureus regardless of cocci internalized.
(E) Some DPI treated cells still quench the GFP fluorescent signal (red, arrowhead). “ns” (not significant) for p>0.05, * for p<0.05 and **** for p<0.0001.
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employs numerous mechanisms to downregulate inflammation,

avoid internalization, neutralize anti-microbial factors, and induce

neutrophil cytolysis (15, 38). Multiple factors produced by S. aureus

within the phagolysosome neutralize the antimicrobial components

generated by the neutrophil. Anti-virulence therapies are gaining

traction but also need to be understood in the context of the host

response (39, 40). Consequently, methods to understand and quantify

changes in immune-mediated microbial clearance are vital for

developing and testing these much-needed new approaches to

antimicrobial therapy.
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Real-time assessment of
neutrophil metabolism and
oxidative burst using
extracellular flux analysis
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Neutrophil responses are critical during inflammatory and infective events, and

neutrophil dysregulation has been associated with poor patient outcomes.

Immunometabolism is a rapidly growing field that has provided insights into

cellular functions in health and disease. Neutrophils are highly glycolytic when

activated, with inhibition of glycolysis associated with functional deficits. There is

currently very limited data available assessing metabolism in neutrophils.

Extracellular flux (XF) analysis assesses real time oxygen consumption and the

rate of proton efflux in cells. This technology allows for the automated addition

of inhibitors and stimulants to visualise the effect on metabolism. We describe

optimised protocols for an XFe96 XF Analyser to (i) probe glycolysis in neutrophils

under basal and stimulated conditions, (ii) probe phorbol 12-myristate 13-acetate

induced oxidative burst, and (iii) highlight challenges of using XF technology to

examine mitochondrial function in neutrophils. We provide an overview of how

to analyze XF data and identify pitfalls of probing neutrophil metabolism with XF

analysis. In summary we describe robust methods for assessing glycolysis and

oxidative burst in human neutrophils and discuss the challenges around using

this technique to assess mitochondrial respiration. XF technology is a powerful

platform with a user-friendly interface and data analysis templates, however we

suggest caution when assessing neutrophil mitochondrial respiration.

KEYWORDS

neutrophils, extracellular flux analysis, immunometabolism, glycolysis, oxidative burst
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Introduction

Neutrophils are vital in the host response to infection and

inflammation. Neutrophil dysfunction is described at the extremes

of age, in overwhelming infection, in chronic diseases and is

associated with poor outcomes for patients (1, 2). In sepsis and

other disease states there is broad dysfunction with all neutrophil

functions reduced (3, 4). Ineffective neutrophil responses are harmful

during the acute response where dysfunction may drive increased

mortality and morbidity (5, 6). Then in the resolution phase

persistent neutrophilic responses potentiates tissue damage as seen

in acute respiratory distress syndrome (ARDS) (7) and unopposed

neutrophil action in alpha-1 anti-trypsin deficiency (8). In patients

with ARDS or sepsis, studies of neutrophil extracellular traps (NETs)

demonstrate that there is an optimal level of ex-vivo function with

poor outcomes for those with the highest or lowest levels of NETosis

(6, 9). While alterations to a single cell function suggests involvement

of a single molecular pathway, broad cellular dysfunction implicates a

central driver such as altered metabolism. Immunometabolism is

defined as the role of cellular metabolism in the regulation of immune

cell function (10).

Murine work by Sadiku and colleagues has demonstrated that

regulation of neutrophil function is linked to metabolism (11).

Neutrophils are highly glycolytic (12) and inhibition of glycolysis

using 2-deoxyglucose (2-DG) significantly reduces migration,

phagocytosis, NETosis and oxidative burst. Neutrophils possess a

functional network of mitochondria; however, mitochondrial

oxidative phosphorylation does not appear to be required for

adenosine triphosphate (ATP) synthesis to meet the energetic

demand of neutrophils (13–15). The bulk of ATP is synthesised by

glycolysis (16, 17). Sadiku et al. demonstrated that neutrophils from

patients with chronic obstructive pulmonary disease had lower

baseline ATP levels and exhibited reduced glycolysis in response to

a pathogen compared to age matched controls (18). Moreover, the

glycolytic capacity of neutrophils can be impacted by treatment with

lipopolysaccharide (LPS) (19). Developing methods to understand

neutrophil metabolism may provide insights into mechanisms

underpinning disease and could offer a new therapeutic paradigm,

improving outcomes for patients with acute and chronic disease.

Extracellular Flux (XF) analysis assesses real-time measurement

of oxygen consumption rate (OCR) and proton efflux rate (PER) of

cells. XF technology allows automated addition of different stimuli

or inhibitors with flexibility over timing to visualise the effect of

stimulation and inhibitory factors on cellular metabolism. XF

technology requires low cell numbers relative to other forms of

respirometry and allows for simultaneous measurement of PER and

OCR as indicators for glycolysis and mitochondrial function,

respectively. The streamlined workflow combined with user-

friendly interface and analysis templates have seen a worldwide

boom in the use of these instruments for probing cellular

metabolism. In this manuscript we describe optimised protocols

for using an XFe96 XF Analyser to probe (i) glycolysis in

neutrophils under basal and stimulated conditions and (ii)

phorbol 12-myristate 130-acetate (PMA)-induced oxidative burst.

We highlight limitations of using XF technology to examine

mitochondrial function in neutrophils. Finally, we provide an
Frontiers in Immunology 0222
overview of how to analyze XF data and identify pitfalls of

probing neutrophil metabolism with XF analysis.
Materials, equipment and methods

Study subjects

11 otherwise healthy volunteers aged 22-49 years old were

recruited from staff members in the Queen Elizabeth Hospital

Birmingham. Written informed consent was given by all

participants in accordance with the University of Birmingham

Research Ethics Committee (ERN 12-1185R2).
Isolation of blood neutrophils

Neutrophils are notoriously challenging cells to work with due to

their short lifespan and propensity for activation. The upmost care

must be taken during cell isolation and assays should be commenced

immediately following isolation to reduce risk of apoptosis.

Peripheral blood neutrophils were isolated from lithium-

heparin anticoagulated (BD Bioscience, New Jersey, USA) whole

venous blood as previously described (20). Briefly, whole blood was

mixed 6:1 with 2% dextran (Merck Life Sciences, UK) (w/v in 0.154

M saline) for 30 minutes to allow erythrocyte sedimentation. Percoll

(GE Healthcare, New York, USA) was made using 9:1 v/v Percoll to

sterile saline (1.54 M) which was further diluted to 56% and 80% v/v

solutions in 0.154 M saline. The buffy coat was layered on Percoll

discontinuous gradients and centrifuged at 470 x g for 20 minutes

with no brake or acceleration. Neutrophils were removed and

washed in phosphate-buffered saline (Merck Life Sciences, UK)

(PBS) (250 x g, 10 minutes, full brake and acceleration) before being

resuspended at 4 x 106/mL in phenol red and sodium bicarbonate

free, filter sterilized Roswell Park Memorial Institute-1640 (RPMI)

(Merck Life Sciences, UK, R8755), supplemented with 2mM L-

glutamine, 1mM sodium pyruvate, 25mM glucose and 5mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Merck

Life Sciences, UK), pH 7.4, which will be referred to as XF media.

Neutrophil purity was >99% for all assays, except where neutrophil

purity is detailed in the Figure legend.
Extracellular flux assays

All assays were carried out using XFe96 V3 PS Cell Culture

microplates (Agilent Technologies, California, USA) coated with

22.4 µg/mL Corning® Cell-Tak™ (Corning Inc., New York, USA)

solution and stored overnight at 4°C. On the day of the assay pre-

coated microplates were bought to room temperature and seeded

with 2 x 105 cells/well (glycolysis and mitochondrial respiration) or

5 x 104 cells/well (oxidative burst) in 50µL XFmedia. Wells A1, A12,

H1 and H12 contained only 50 µL/well XF media to account for

background correction wells. The XFe96 microplate was centrifuged

at 200 x g for 1 minute with maximum acceleration but no brake at

room temperature before incubation in a non-CO2, 37°C incubator
frontiersin.org
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for 25-30 minutes. Wells were observed under a light microscope to

ensure cell adherence before gently adding 130 µL/well pre-warmed

XF media, after addition of media the plate was incubated for a

further 15 minutes in a non-CO2, 37°C incubator. 25 µL of each

inhibitor/stimulant was added to injection ports A-C of the sensor

cartridge (Agilent Technologies, California, USA) as follows, with

stated concentrations referring to final well concentrations:

Glycolysis- port A: 160 nM PMA (Merck Life Sciences, UK), port

B: 2 µg/ml oligomycin (21) (Merck Life Sciences, UK), port C: 50

mM 2-DG (22) (Merck Life Sciences, UK). Mitochondrial respi

ration - port A: 2 µg/ml oligomycin, port B: 3 µM BAM-15 (21)

(Bio-techne, Minneapolis, USA) and port C: 2 µM rotenone/

antimycin A (21) (Merck Life Sciences, UK). Oxidative burst -

port A: XF media, port B: 2 µM rotenone/antimycin A and port C:

160 nM PMA. Or port A: 2 µM rotenone/antimycin A, port B:

10ng/ml tumour necrosis factor a (TNFa) (Merck Life Sciences,

UK) or XF media, port C: compound of interest. N-Formyl

methionyl-leucyl-phenylalanine (fMLP) (Merck Life Sciences,

UK). Heat killed Streptococcus pneumoniae (SP) and non-typeable

Haemophillus influenzae (NTHI) were donated by Dr Kylie

Belchamber (23). Mitochondrial damage associated molecular

patterns (mtDAMPS) were donated by Dr Jon Hazeldine (24). All

compounds were prepared in XF media.
Data analysis

OCR and extracellular acidification rate (ECAR data) were exported

from WAVE to GraphPad Prism and Microsoft Excel for downstream

analysis. Seahorse analytics (https://seahorseanalytics.agilent.com) was

used to convert ECAR to PER using the buffer factor 2.8 as calculated by

the manufacturer’s protocol (https://www.agilent.com/cs/library/

usermanuals/public/usermanual-xf-buffer-factor-protocol-cell-analysis-

S7888-10010en-agilent.pdf) for RPMI supplemented with 25 mM

glucose. Glycolytic parameters were calculated as follows: Basal

glycolysis - PER value prior to the first injection, PMA-induced

glycolysis - maximum PER reached over the course of the assay, and

glycolytic response to PMA – PMA-induced glycolysis minus basal

glycolysis. Area under the curve analysis was performed on GraphPad

Prism to generate oxidative burst parameters. Mitochondrial respiration

parameters were calculated by importing OCR data into pre-formatted

analysis templates in Microsoft Excel to calculate basal respiration,

ATP-linked respiration, proton leak respiration, maximal respiration,

and non-mitochondrial respiration. Mean and standard error of the

mean (SEM) are presented for data. Paired t-test was performed for data

4A-B. Linear regression analysis was performed in GraphPad Prism for

mitochondrial data in 8 A-D.
Representative results

Achieving a confluent monolater of
neutrophils in XFe96 microwell plates

To establish optimal cell seeding concentrations, 1 x 104 to 5 x

105 neutrophils per well were seeded into Cell-Tak™ coated XFe96
Frontiers in Immunology 0323
microwell cell culture plates. Cell confluence was assessed by eye

using an inverted optical light microscope. The manufacturer

recommends cell confluence between 50-90% while avoiding cell

clusters. Figure 1 demonstrates 50-90% confluence for 5 x 104 and

2 x 105 neutrophils/well with a clear monolayer and no clustering of

cells. Higher seeding densities resulted in cell clusters and disrupted

the assessment of metabolism. Thus, a range of cell densities

between 5 x 104 and 2 x 105 cells/well were examined for each XF

assay to identify optimal cell densities.
Oxidative burst

Oxygen consumption rate (OCR) measured by XF technology

can be used to quantify oxidative burst response in mononuclear

cells such as neutrophils. We highlight this in the representative

oxidative burst trace in Figure 2 using an acute injection of PMA to

activate neutrophils seeded in XFe96 microplates. Consistent with

an oxidative burst, PMA leads to a typical transient bell-shaped

increase in oxygen consumption. Importantly, when rotenone plus

antimycin A is added before PMA, mitochondrial complexes I and

III are inhibited and the subsequent PMA-induced increase in OCR

is independent of mitochondrial oxygen consumption. To quantify

the oxidative burst, we assessed a) time to maximal oxygen uptake,

b) maximum oxygen consumption as demonstrated by the arrow

and c) total oxygen consumption after PMA injection (shaded area

under the curve, Figure 2A). These metrics give a reliable

quantitative comparison of oxidative burst between groups where

both speed and magnitude of oxidative burst may be impacted.

Cell density and PMA titration
Given that both cell density and/or PMA concentration will

affect the metrics used to quantify an oxidative burst using XF

technology, we explored to what extent these factors effect

neutrophil oxidative burst by assessing neutrophil cell density and

PMA concentration. Initially, between 0.5 x 104 and 5 x 105

neutrophils/well were seeded onto XFe96 cell culture microplates

as described in methods. Baseline OCR was measured over a period

of 4 measurement cycles (2 min 30 sec mix, 30 sec wait, 3 min

measure) prior to sequential injections of 2 µM rotenone plus

antimycin A and 160 nM PMA to establish oxidative burst test

parameters (Figure 2A). To quantify the oxidative burst time to

maximumOCR (Figure 2) were calculated after injection of 160 nM

PMA. Neutrophils seeded at 5 x 104/well showed the greatest OCR

of 102.12 pmol O2/min/well, while OCR decreased in cell densities

greater than 5 x 104/well (Figure 2C). Combining assessment of

OCR from oxidative burst activity (Figure 2) with confluence

assessments (Figure 1), we show that neutrophils seeded between

0.5 x 104 and 5 x 104 per well are optimal for assessment of

oxidative burst.

To establish the optimal dose of PMA required to induce an

oxidative burst in 5 x 104/well neutrophils, a dose response of PMA

was performed including 640, 320, 160, 80, 40, 20, 10, 5 and 2.5 nM.

PMA concentrations below 160 nM yielded inconsistent peaks of

oxygen consumption (dotted line, Figure 3A). Both maximum OCR

(Figures 3B, C) over the course of the assay were consistently
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increased from baseline at PMA concentrations above 160 nM.

Based on our data in Figure 3, and in agreement with published

literature (25, 26) we recommend using 160 nM PMA for assessing

oxidative bursts from 5 x 104/well neutrophils when using the

XFe96 analyser. Additionally, 160 nM PMA allows for detection of

both increases and decreases between groups, whereas higher

concentrations result in the maximal oxidative burst response for

5 x 104 neutrophils/well, so increases caused by disease states or

pharmacological treatments would not be detected.

Assessment of oxidative burst induced by
physiological stimuli

Using neutrophils seeded at 5x105 cells/well we explored the

effect of physiological stimuli confirmed to generate reactive oxygen

species by other methods (27–30). Experimental procedure was as

described in methods, except injection strategy was A:2 µM

rotenone plus antimycin A, B:10ng/ml TNFa or XF media, C:

fMLP, LPS, heat killed bacteria or mtDAMPS at a range of

concentrations. Unprimed neutrophils did not generate a
Frontiers in Immunology 0424
detectable increase in oxygen consumption when challenged with

heat killed SP, NTHI or LPS at a range of concentrations. fMLP at

0.01µM- 10µM generated a small and rapid peak in OCR (13.35-

8.11 pmol O2/min/well) three minutes following injection

(Supplementary Figure 1). mtDAMPs generated a peak oxygen

consumption of 18.01 pmol O2/min/well 130 minutes following

injection without priming (Figure 4).

Priming with TNFa results in significantly greater oxygen

consumption when neutrophils are challenged with fMLP (p

<0.001) and mtDAMPs (p= 0.002) compared to unprimed

neutrophils. Peak oxygen consumption is rapid within three

minutes of injection and overall oxygen consumption is lower

than that induced by PMA. Peak oxygen consumption induced by

fMLP was 38.12 pmol O2/min/well fMLP and 29.7 pmol O2/min/

well by mtDAMPs (Figure 4A). Total oxygen consumption was

greatest by mtDAMPs 4409 pmol compared to 4033pmol induced

by 10µM fMLP. TNFa priming does not result in detectable oxygen

consumption when neutrophils are challenged with heat killed

bacteria or LPS compared to XF media alone (Figure 4).
A B

DC

FIGURE 1

Seeding densities of neutrophils in XFe96 coated microplates. Human peripheral blood neutrophils were isolated from whole blood of donors before

seeding into Cell-Tak™ coated XFe96 cell culture plates at (A) 1 x 104, (B) 5 x 104, (C) 2 x 105 or (D) 5 x 105/well. XFe96 cell culture microplates
containing neutrophils were imaged under an inverted light microscope (45x magnification) and examined by eye for confluence percentage.
Confluence assessments were combined with experimental data to achieve the optimal number of neutrophils per well for each test which achieved
the correct confluence and consistent data outputs.
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Treatment with TNFa alone resulted in a small increase in total

oxygen consumption 1533pmol compared to 443pmol in

unstimulated neutrophils (Figure 4). Therefore, we recommend

use of priming agents prior to testing compounds other than

PMA when investigating oxidative burst by XF analyser, and

titrating cell density to achieve OCR well within the limits

of detection.
Glycolytic assessment

Extracellular acidification rate and proton
efflux rate

XF analysis can also provide detailed information on cellular

glycolytic flux. Until recently (31), ECAR was commonly used as an

indicator of cellular glycolytic rate, given that at neutral pH

conversion of glucose to lactate releases protons and acidifies the

medium. However, the relationship between extracellular

acidification and glycolytic rate can be confounded by other

acidification mechanisms. Specifically, in cells that have active

mitochondrial oxidative phosphorylation, CO2 generated in the

tricarboxylic acid cycle can be spontaneously or enzymatically

hydrated to carbonic acid (H2CO3), which dissociates to HCO−
3 +

H+ in media at physiological pH. Of significance, conversion of one

glucose molecule to lactate yields 2 lactate + 2 H+, whereas complete

oxidation of one glucose to CO2 yields 6 HCO−
3 + 6 H+, therefore

when extracellular acidification of glucose is oxidized to CO2,
Frontiers in Immunology 0525
extracellular acidification is three times higher than conversion to

lactate. Moreover, XF analysis of ECAR from changes in media pH

does not consider the buffering capacity of the media, which often

contain low amounts of HEPES or other buffering agents. It is

therefore also important to correct for buffering capacity of the XF

assay media. This correction converts ECAR into proton efflux rate

(PER), which is preferable when interpreting glycolytic flux.

Stimulant/activator
Glycolytic rate assessed using XF technology is obtained in cells

exposed to exogenous glucose and mitochondrial complex

inhibitors such as oligomycin or rotenone plus antimycin A.

Typically, treatment of cells with mitochondrial respiratory

complex inhibitors such as oligomycin increases PER because of

increased glycolytic flux to sustain cellular ATP supply to meet the

energetic needs of the cell when mitochondrial ATP synthesis is

abolished. However, in neutrophils, under basal conditions with

surplus exogenous glucose, oligomycin has no effect on PER

(Figure 5), suggesting a lack of mitochondrial contribution to

ATP supply in blood derived neutrophils. To measure increased

glycolytic rate in neutrophils a stimulation step is required to

increase ATP hydrolysis rather than abolition of mitochondrial

respiration. This is demonstrated in neutrophils treated ± PMA,

whereby without PMA stimulation oligomycin has no impact on

PER but when stimulated with PMA, PER increases more than 2-

fold (Figure 5A). Oligomycin and PMA have no synergistic effect

compared to PMA alone over 270 minutes (Figure 5B).
A B

DC

FIGURE 2

Representative trace and optimal cell seeding density to assess neutrophil oxidative burst using XF analysis. Neutrophils seeded at 0.5 – 5 x 104/well
in XFe96 cell culture microplates were sequentially injected with 1) XF media (injection 1), 2 µM rotenone/antimycin A (injection 2) and 160 nM
phorbol 12-myristate 13-acetate (PMA) (injection 3). (A) is a representative oxygen consumption rate (OCR) trace (n = 1). Area under the curve
analysis was performed, to calculate (B) time to maximum OCR, (C) maximum OCR reached and (D) total oxygen consumption over the duration of
the test for each cell density (as shown in figure 2). Graphs B-D represent the mean ± standard error of the mean (SEM) from 3 distinct donors.
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Cell density
To establish what cell seeding density is required to obtain

consistent and reliable glycolytic rates from neutrophils stimulated

with PMA, PER was assessed in XFe96 microplates containing 0.5 –

5 x 105 isolated neutrophils per well. As indicated by increases in

PER, basal glycolytic rate positively correlated with increased cell

density (Figure 6A). However, PMA-induced fold change in PER

was consistent only up to 2 x 105 cells/well (Figure 6B). For this

reason, we suggest that 2 x 105 cells/well is an optimal cell density

for assessing PER from neutrophils using the XFe96 analyser. This

number of cells sits at the middle of the detectable baseline range

and would allow for increases and decreases in glycolytic rate to be

assessed under disease states. Importantly, 2 x 105 cells/well also

coincides with our confluence assessment (Figure 1).

Mitochondrial respiration

Cell density
To establish optimal neutrophil seeding density for assessment

of mitochondrial respiration using XF analysis, a range of cell
Frontiers in Immunology 0626
seeding densities were examined from 0.5 – 5 x 105 cells/well. At

cell concentrations less than 2 x 105, basal OCR was less than 20

pmol O2/min/well (Figure 7), below the recommended threshold

for OCR measured with the XFe96 analyser. Only at 2.5 and 5 x 105

cells/well was OCR detectable above the 20 pmol O2/min/well

threshold (Figure 7 –Light and dark purple traces). Of interest,

the typical OCR curve for assessing mitochondrial function with XF

technology (32) is not apparent at lower cell seeding densities

(Figure 7). Notably, OCR from 2.5 and 5 x 105 cells/well do show

sensitivity to the mitochondrial compounds oligomycin, BAM-15

and rotenone plus antimycin A, however there is considerable

variability at such high cell seeding densities (Figure 7). Together

with confluence images (Figure 1), at appropriate cell seeding

densities (< 2 x 105 cells/well), OCR is below the limit of

detection for the XFe96 analyser and thus OCR obtained from

neutrophils at these densities should be treated with caution when

inferring mitochondrial respiratory activity.

Cell purity
Given that lower cell seeding densities (<2x105 cells/well) make

it difficult to obtain reliable OCR (Figure 7), it could be argued that

increasing cell seeding would be beneficial for probing

mitochondrial energy metabolism in neutrophils. That said, OCR

measured during a mitochondrial stress test with higher neutrophil

densities could be related to contamination from other

mononuclear cells, which have higher mitochondrial activity.

Typically, density gradient isolations are >97% pure, but

contamination with other mononuclear cells such as monocytes

or lymphocytes is a common issue when working with neutrophils.

To test this, we probed OCR in neutrophils contaminated with

peripheral blood mononuclear cells (PBMCs) seeded at 2 x 105 cells/

well. This was achieved by mixing neutrophils with defined

concentrations of PBMCs to yield cell populations containing

either 100%, 70% or 50% neutrophils. OCR were significantly

higher in cell populations that contain PBMCs (Figures 8E, F). In

100% pure neutrophil isolations, basal OCR was 4.5 (SEM 2.0) pmol

O2/min/well compared to 26.72 (SEM 2.6) pmol O2/min/well at

50% purity (Figures 8E, F). Basal OCR appeared to be dose-

dependently higher than pure neutrophil populations with

increasing proportion of PBMCs (18-fold higher for 30%

contamination and 26-fold higher for 50% contamination,

compared to pure neutrophils) (Figure 8E). Also, the sensitivity of

OCR to mitochondrial compounds is much greater from cell

suspensions containing PBMCs (Figure 8E). OCR traces from

100% pure neutrophils fall below the 20 pmol O2/min/well

threshold for the XFe96 analyser for the entirety of the

mitochondrial assay, as shown in Figure 8E. We also show that

basal OCR is different in neutrophil isolations between 95-100%

purity (Figure 8F). When corrected for non-mitochondrial

respiration (calculated as OCR after rotenone and antimycin A

injection), parameters of mitochondrial respiration including basal

mitochondrial respiration (Figure 8C), maximal respiration

(Figure 8B) and ATP production (Figure 8A) correlate negatively

with neutrophil purity (P < 0.001). It is also worth noting that non-

mitochondrial oxygen uptake did not significantly change (P =

0.8252) with increasing PBMC concentration (Figure 8D).
A

B

C

FIGURE 3

PMA-induced OCR from neutrophils. Human peripheral blood

neutrophils were seeded at 5 x 104 cells/well onto Cell-Tak™

coated XF XFe96 microplates. Oxidative burst was probed by
sequential injection of media, 2 µM rotenone plus 2 µM antimycin A
and phorbol 12-myristate 13-acetate (PMA) (640, 320, 160, 80, 40,
20, 10, 5 or 2.5 nM). Oxygen consumption rate (OCR) was
monitored over the duration of the test, and results were exported
to GraphPad Prism for downstream analysis. Time to max OCR (A),
maximum OCR (B) and total oxygen consumption (C) were
calculated from area under the curve analysis. Graphs represent
means ± standard error of the mean (SEM) from 5 distinct donors.
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Discussion

Neutrophils are highly glycolytic cells (12); inhibition of

glycolysis significantly impacts neutrophil effector functions (13).

Neutrophils utilise glycogen stores to synthesise ATP in the absence

of oxygen and are capable of gluconeogenesis to increase glycolytic

capacity (11). The use of glycolytic inhibitors abolishes neutrophil

ATP levels, while they remain unchanged after inhibition of

mitochondrial respiratory complexes (33).
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Activated neutrophils rapidly consume oxygen as reduced

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase

forms superoxide anions, reactive oxygen species and hydrogen

peroxide, a process commonly referred to as oxidative burst. PMA

is a protein kinase C activator and a robust activator of neutrophils,

albeit non-physiological (26). In cell seeding densities beyond 5 x 104

neutrophils/well, we saw a reduction in the size of the oxidative burst

response. Typically, it would be anticipated that greater cell seeding

densities would produce a larger oxidative burst response, however,
A

C

B

D

FIGURE 4

Induced OCR from activated neutrophils. Human peripheral blood neutrophils were seeded at 5 x 104 cells/well onto Cell-Tak™ coated XF XFe96
microplates. Oxidative burst was probed by sequential injection of 2 µM rotenone plus 2 µM antimycin A, 10ng/ml TNFa (primed), or XF media
(unprimed) followed by 10µM fMLP, or 10µm LPS, NTHI at 100 bacteria:1 neutrophil, SP at 100 bacteria: neutrophil or 100µg/ml mtDAMPS. Oxygen
consumption rate (OCR) was monitored over the duration of the test, and results were exported to GraphPad Prism for downstream analysis. Peak
OCR (A) and total oxygen consumption (CB were calculated from area under the curve analysis. (A, B) represent means ± standard error of the
mean (SEM) from 3 distinct donors. (C, D) are representative traces from two distinct donors. Data for 100ng/ml PMA not shown. A) fMLP primed vs.
unprimed P= 0.024, mtDAMPs p=0.0037, others non-significant. B) fMLP p=0.0001, mtDAMPs p=0.0036, others non-significant. fMLP, N-Formyl
methionyl-leucyl-phenylalanine; LPS, lipopolysaccharide; NTHI, non typeable Haemophillus influenzae; SP, Streptococcus pneumoniae; mtDAMPS,
Mitochondrial damage associated molecular patterns; OCR, oxygen consumption rate; TNFa, tumour necrosis factor. ns, p >0.05; *, p ≤ 0.05; **, P ≤

0.01; ***, P ≤ 0.001.
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due to cell overcrowding and/or reduced PMA stimulation relative to

number of cells, this was not the case. We demonstrated that 5 x 104

neutrophils/well combined with an injection strategy incorporating 2

µM rotenone plus 2 µM antimycin A followed by 160 nM PMA,

produces a substantial and consistent oxidative burst response,

without maximising the neutrophil reactive oxygen species (ROS)

response. This allows for detection of both elevated and suppressed

oxidative burst responses caused by disease states or exogenous

treatments. We show that PMA concentrations lower than 160 nM

do not produce a consistent peak following PMA injection, and

therefore area under the curve analysis is unable to quantify a reliable

oxidative burst response. Data in Figures 3, 4 demonstrate that when

assessing oxidative burst in neutrophils a multi-parameter approach

should be taken as using a single parameter may lead to false

assumptions as seen in the variability of time to max oxygen

consumption (2B and 3A) which is due to detection of very small

peaks at extremes of cell density and or PMA concentration, and are

not likely to be a true difference in time to maximum oxygen

consumption. PMA is a potent and non-physiological activator of

neutrophils; therefore, we explored the utility of other stimuli in the

oxidative burst assay. We demonstrated that priming with TNFa
enhances detection of the increased oxygen consumption induced by

fMLP and mtDAMPs. In unprimed cells there was a small increase in

oxygen consumption following fMLP/mtDAMPs but this was well

below the recommended limits of detection for OCR. Heat killed SP,

NTHI, or LPS did not induce a detectable increase in oxygen

consumption with or without priming. Heat killed bacteria and

LPS have been used by others to induce oxidative burst, although

with different methods (27, 28).
A

B

FIGURE 5

PER from neutrophils exposed to oligomycin or PMA. Human
peripheral blood neutrophils were seeded at a density of 2 x 105

cells/well onto a Cell-Tak™ coated XFe96 microplate. (A) 2 µM
oligomycin or XF media was injected first, followed by sequential
injections of 160nM PMA or XF media and finally 50 mM 2-Deoxy-
D-Glucose (2-DG) at defined time points as shown on the figure. (B)
2 µM oligomycin or XF media was injected first, followed by 160nM
PMA. Extracellular acidification rate (ECAR) was measured across the
duration of the test. Following data export, ECAR readings were
converted to proton efflux rate (PER) using Seahorse analytics by
accounting for the buffer capacity of the media. Data was exported
to GraphPad Prism and expressed as mean ± standard error of the
mean (SEM) from 3 distinct donors.
A B

FIGURE 6

Glycolytic parameters from neutrophils seeded at different densities. Glycolytic rates of isolated neutrophils seeded at 0.5, 1.0, 2.0, 2.5 and 5 x 105

cells/well were established from proton efflux rate (PER) data as described previously. Basal glycolysis (A) represents final baseline measurement of
glycolysis prior to stimulation, (B) phorbol 12-myristate 13-acetate (PMA)-induced fold change from basal PER. Data represent means ± standard
error of the mean (SEM) from 3 distinct donors.
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A B

FIGURE 7

Probing OCR from neutrophils and PBMCs seeded at different cell densities. (A) Mitochondrial respiratory activity of isolated neutrophils seeded
between 0.5-5 x 105 cells/well were probed by sequential injection of 2 µM oligomycin (injection 1), 3 µM BAM-15 (injection 2) and 2 µM rotenone/
antimycin A (Rot/AA) (injection 3), to establish rates of adenosine triphosphate (ATP)-coupled, maximal mitochondrial respiratory activity and non-
mitochondrial oxygen consumption, respectively. Cell purity was assessed using H&E staining, mean neutrophil purity was 97% the contaminating
cells were 2% monocytes and 1% lymphocytes. Data are means ± standard error of the mean (SEM) from 4 distinct donors (B) Mitochondrial
respiration of isolated PBMCs seeded between 0.5-2x105 cells/well were probed by sequential injection of 2 µM oligomycin (injection 1), 3 µM BAM-
15 (injection 2) and 2 µM rotenone/antimycin A (Rot/AA) (injection 3), to establish rates of adenosine triphosphate (ATP)-coupled, maximal
mitochondrial respiratory activity and non-mitochondrial oxygen consumption, respectively. Data are means ± standard error of the mean (SEM) 4
technical replicates.
A B

D E F

C

FIGURE 8

Mitochondrial respiration in varying neutrophil purities. Pure neutrophil isolations were contaminated with up to 50% peripheral blood mononuclear
cells (PBMCs) harvested from the same donor and cells seeded at 2 x 105/well. Mitochondrial respiration was probed for in neutrophils by sequential
injection of 2 µM oligomycin, 3 µM BAM-15 and 2 µM rotenone plus 2 µM antimycin A (Rot/AA). (A) adenosine triphosphate (ATP)-coupled
mitochondrial respiration, (B) maximal mitochondrial respiration, (C) basal mitochondrial respiration, (D) non-mitochondrial oxygen consumption, (E)
mean oxygen consumption rate (OCR) ± standard error of the mean (SEM) over the duration of the assay, representing 100%, 70% or 50% neutrophil
purities from 2 distinct donors and (F) mean oxygen consumption rate (OCR) ± standard error of the mean (SEM) over the duration of the assay,
representing 100%, 99%, 98%, 96% and 95% neutrophil purities from a single donor. Data in (A-D) consists of three unique donors, for each donor
the cell preparation was intentionally contaminated to achieve 22 samples with varying neutrophil purity between 100% neutrophils and 50%
neutrophils. Data points shown are mean ± SEM for four technical replicates for each donor. ns, not significant; ****, p-value <0.0001.
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More commonly used methods to measure oxidative burst detect

generation of ROS by a range of fluorescent, chemiluminescent probes

rather than detecting environmental oxygen consumption (34). While

these methods can be highly specific this can also be considered a

weakness if assay conditions are not carefully controlled. Different

probes have varying selectivity for different species of ROS and vary in

their ability to detect intra and extracellular ROS (34), this is frequently

an issue in commercially available kits where the selectivity is not

always clearly documented. In addition, chemiluminescent probes such

as luminol and lucigenin are prone to errors related to redox recycling

as the probes can generate radicals that produce superoxide (35). Using

the XF analyser to assess oxidative burst allows for measurement of the

total oxygen uptake from the environment which may better represent

total ROS generation, especially when mitochondrial uptake of oxygen

is abolished. This assay typically uses half the cell number of

chemiluminescent assays and enables simultaneous indication of

glycolysis through PER data.

Neutrophils rely on glycolysis for synthesis of ATP. In the

traditional glycolytic rate test (22) used in other cell types, injection

of oligomycin (ATP synthase inhibitor) or rotenone and antimycin

A pushes glycolysis to its capacity, as cells are unable to produce

ATP via mitochondrial respiration and therefore upregulate

glycolysis to meet the energetic demands of the cell. When testing

this assay on human neutrophils, we observed no change in

glycolysis after oligomycin injection. A recent publication has

highlighted that by inhibiting mitochondrial respiration using

mitochondrial respiratory complex inhibitors in resting state cells,

cells only shift to glycolysis as a compensatory mechanism for basal

ATP demand requirements, thus these agents may not actually shift

cells to maximum glycolytic capacity as previously thought (36).

This confirms our findings, highlighting the need for a stimulant to

increase ATP demand. Here we used 160 nM PMA, to increase

glycolytic activity in neutrophils and assess downstream glycolytic

parameters. Seeding more than 2 x 105 neutrophils per well to probe

glycolytic activity resulted in inconsistent and lower glycolytic

responses. Similarly, to the oxidative burst test, this is likely due

to overcrowding of cells in the bottom of the well, which

compromises the monolayer required to run these assays.

The manufacturer states a limit of detection of 20 pmol O2/min/

well for basal OCR from cells assessed with the XFe96 and XFp

analyzers. OCR below this threshold cannot be interpreted reliably and

should be used with caution to infer mitochondrial function. Here,

neutrophil mitochondrial metabolism is too low to detect using current

XF analyzers –OCR are below the limit of detection and do not change

in response to mitochondrial stressors. Moreover, this was not

overcome by increasing cell seeding density. In fact, our data showed

that increases in cell seeding density yields amplified the low levels of

contamination by mononuclear cells which appear to skew

mitochondrial respiration tests using XF analysis. These data

highlight the importance of using highly pure neutrophil

preparations when performing metabolic assays and suggest caution

to be taken when inferring mitochondrial respiration from OCR of

neutrophil preparations.

Of interest, in two recent studies, a typical mitochondrial OCR

trace using XFe96 technology was reported in neutrophils seeded

between 0.5-1.5 x105 cells/well with isolation purities >95% (19, 37).
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At similar cell seeding densities, in our study we were unable to

achieve equivalent traces. Such responses were only apparent with

much less pure (<70%) neutrophil preparations. We show that basal

OCR are higher in preparations with greater PBMC contamination

at levels typically deemed acceptable for neutrophil assays (7E),

however these data should be interpreted with caution given the

lower limit of detection for XF analyzers. Given that PBMCs have

higher rates of mitochondrial respiration than neutrophils, our data

demonstrated that contamination with PBMCs has significant

implications when assessing mitochondrial respiratory parameters

from isolated neutrophils. Notably, in both papers, basal OCR are

below the optimal minimum detection threshold for the XFe96

analyser. Additionally, the results as presented are problematic. For

example, Porter et al. show higher OCR in neutrophils after

rotenone and antimycin A injection than basal OCR, suggesting a

negative basal rate of mitochondrial respiration (38). Unless non-

mitochondrial oxygen consumption is stimulated in such

experiments, for example by increased ROS, such finding is not

theoretically possible. Nonetheless, if increased ROS are responsible

for such increases in OCR this needs to be corrected to accurately

calculate parameters of mitochondrial function.

Consistent with our findings, Chacko et al. show that PER is not

responsive to oligomycin in neutrophils (39). Moreover, neutrophil

OCR is not sensitive to mitochondrial compounds, corroborating

our findings and agreeing with the central dogma for a minimal role

of mitochondrial oxidative phosphorylation in neutrophil energy

generation. Our data, combined with existing evidence, suggests

that mitochondrial ATP synthesis is below the limit of detection for

XF analyzers, and thus play an insignificant role in supplying ATP

to meet basal energetic demands in mature neutrophils.

Mitochondrial ATP synthesis does appear to be required for

messenger purposes (13, 40). Further, mitochondrial respiration

appears to be important in supporting oxidative burst in the

absence of glucose by providing NADPH oxidase (41).

XF analyzers account for the pH and oxygen content in

background wells, which contain no cells. This enables

background correction of the values to ensure readouts represent

actual metabolism rather than changes in ambient O2 concentration

or pH fluctuations affecting media parameters. For adherent cell

cultures, normalisation is required to account for well-well cell

density differences across the plate. When using neutrophils, cells

are plated from pre-diluted homogenous cell suspensions at defined

cell seeding densities per well and therefore normalisation to cell

number, protein content or DNA will have modest effects on OCR

or ECAR. This is, of course, if even cell seeding across the plate is

obtained by the experimenter. Reporting ECAR values (traces or

extrapolated values) are no longer accepted as representative for

glycolysis. Media often has a large buffering capacity, which by its

nature can mask pH changes, and subsequent acidification rates.

Therefore, by calculating and applying a buffering factor for each

specific media to account for the buffering capacity, ECAR values

can be converted to PER, a more representative readout for

glycolytic tests (when corrected for any mitochondrial-linked PER).

XF analyzers allow for high throughput data and multiple

metabolic tests to be performed on a single assay plate, with a

minimal demand for cell numbers. The dynamics of oxygen
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consumption and change in pH over the duration of the assay

allows for the depiction of cellular metabolism and metabolic

responses over time. XF analyzers accurately predict lactate

production compared to direct lactate measurement (42). Other

methods to assess glycolysis include direct measurement of glucose

and or lactate in assay media, use of glucose analogs, measurement

of rate limiting glycolytic enzymes, glucose tracing and metabolite

quantification. Each of these has strengths and limitations, we

recommend a combined approach to interrogation of metabolism

for robust data. These are discussed in detail in (31). Alternative

respirometers such as the Oroboros O2k analyser require 2mL of

solution, with a recommended 2-4 million cells (based on HL-60

data) per chamber (43, 44), more than 40x the requirement for a

well of a XFe96 cell microplate. XF technology also incorporates a

pH probe to allow the determination of the glycolytic pathway

alongside oxygen consumption simultaneously, without the need

for additional modules. As mentioned previously, neutrophils are

notoriously easy to activate by mechanical, chemical, and biological

stressors. Respirometers such as Oroboros allow for inhibitor/

stimulant injections but operate using continuous stirring

motions, which may activate neutrophils, skewing metabolic

readouts. Adherent cells lend themselves naturally to XF assays,

as they can be cultured in a monolayer directly in the cell plate. By

incorporating a molecular adhesion step, cells in suspension can be

manipulated into a monolayer to perform metabolic assays without

exposing them to rigorous mixing. It has been demonstrated

previously that plate adhesion using Cell-Tak™ does not affect

neutrophil ROS production (37).

XF analyzers are highly sensitive; however, care must be taken

in ensuring an evenly distributed monolayer of cells is formed. If

cells are not distributed directly under the probe, or if they begin to

detach from the base of the well due to disruptions, probes can lack

fine discrimination. Further, introduction of pharmaceutical

treatments or other stimulants/inhibitors requires further assay

validation to ensure they do not interact with the probes

themselves, which are sensitive to pH. Despite these limitations,

we have demonstrated how XF technology can be harnessed for

neutrophil bioenergetic analysis. XF analyzers are costly to run

compared to other respirometers, however the high throughput and

automated nature of the system allows for efficient data collection.

In conclusion, we have presented optimised protocols for the

assessment of neutrophil glycolysis and oxidative burst using XF

technology. The metabolic tests outlined here can be applied to any

project context by incorporating pharmacological treatments, disease

state neutrophils or neutrophils from different developmental stages.

We demonstrate robust methodology to achieve neutrophil

monolayers to perform metabolic assays for assessing glycolytic

rate and oxidative burst. We highlight the challenges of these

assays and mitigating strategies when assessing mitochondrial

respiration. Overall, XF technology represents a powerful platform

with a user-friendly interface and data analysis templates which has

the potential to revolutionise our understanding of neutrophil

metabolism. The protocols described in our manuscript provide a

template to enhance discovery and ensure a standardised approach to

neutrophil measurements using XF analysis.
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Novel XBP1s-independent
function of IRE1 RNase in
HIF-1a-mediated glycolysis
upregulation in human
macrophages upon stimulation
with LPS or saturated fatty acid

Margaud Iovino1, Megan Colonval1, Chloé Wilkin1,
Laurent L’homme2, Cédric Lassence3, Manon Campas4,
Olivier Peulen5, Pascal de Tullio4, Jacques Piette3

and Sylvie Legrand-Poels1*

1Laboratory of Immunometabolism and Nutrition, GIGA, ULiège, Liège, Belgium, 2Univ. Lille, Inserm,
CHU Lille, Institut Pasteur de Lille, U1011-EGID, Lille, France, 3Laboratory of Virology and
Immunology, GIGA, ULiège, Liège, Belgium, 4Clinical Metabolomics Group, CIRM, ULiège,
Liege, Belgium, 5Metastasis Research Laboratory, GIGA, ULiège, Liège, Belgium
In obesity, adipose tissue infiltrating macrophages acquire a unique pro-

inflammatory polarization, thereby playing a key role in the development of

chronic inflammation and Type 2 diabetes. Increased saturated fatty acids (SFAs)

levels have been proposed to drive this specific polarization. Accordingly, we

investigated the immunometabolic reprogramming in SFA-treated human

macrophages. As expected, RNA sequencing highlighted a pro-inflammatory

profile but also metabolic signatures including glycolysis and hypoxia as well as a

strong unfolded protein response. Glycolysis upregulation was confirmed in SFA-

treated macrophages by measuring glycolytic gene expression, glucose uptake,

lactate production and extracellular acidification rate. Like in LPS-stimulated

macrophages, glycolysis activation in SFA-treated macrophages was dependent

on HIF-1a activation and fueled the production of pro-inflammatory cytokines.

SFAs and LPS both induced IRE1a endoribonuclease activity, as demonstrated by

XBP1 mRNA splicing, but with different kinetics matching HIF-1a activation and

the glycolytic gene expression. Interestingly, the knockdown of IRE1a and/or the

pharmacological inhibition of its RNase activity prevented HIF-1a activation and

significantly decreased glycolysis upregulation. Surprisingly, XBP1s appeared to

be dispensable, as demonstrated by the lack of inhibiting effect of XBP1s

knockdown on glycolytic genes expression, glucose uptake, lactate production

and HIF-1a activation. These experiments demonstrate for the first time a key

role of IRE1a in HIF-1a-mediated glycolysis upregulation in macrophages

stimulated with pro-inflammatory triggers like LPS or SFAs through XBP1s-

independent mechanism. IRE1 could mediate this novel function by targeting
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other transcripts (mRNA or pre-miRNA) through a mechanism called regulated

IRE1-dependent decay or RIDD. Deciphering the underlying mechanisms of this

novel IRE1 function might lead to novel therapeutic targets to curtail sterile

obesity- or infection-linked inflammation.
KEYWORDS

saturated fatty acid, macrophages, glycolysis, HIF-1a, IRE1a, inflammation
Introduction

The prevalence of overweight and obesity is increasing

worldwide, and this is forecast to continue in the coming years.

One in two adults in the USA are projected to have obesity by 2030,

and about one in four to have severe obesity (1). Obesity promotes

not only type 2 diabetes (T2D) and cardiovascular diseases, but also

some cancers (2, 3). Metaflammation, an atypical metabolically-

induced and chronic low-grade inflammation, is associated with

obesity and plays an important role in the development of these

comorbidities (4, 5). This one is initiated in visceral adipose tissue

and is characterized by recruitment and activation of monocytes

that differentiate into pro-inflammatory macrophages (4).

However, these adipose tissue macrophages (ATMs), although

they secrete pro-inflammatory cytokines (TNFa, IL-6, IL-1b), do
not express the classical activation markers (M1) but present at

their membrane alternative activation markers (M2) known to be

involved in lipid metabolism (6). Interestingly, this phenotype of

“Metabolically activated macrophages” (MMe) can be recapitulated

by treating naive macrophages with long-chain saturated fatty acids

(SFAs) like palmitate (C16:0) or stearate (C18:0) (6).

SFAs, unlike unsaturated fatty acids (UFAs), have long been

recognized as pro-inflammatory mediators through Toll like

receptor 4 (TLR4) activation (7–9). However, Lancaster et al.

demonstrated very convincingly that palmitate does not bind to

TLR4 (10). Instead, they showed that the palmitate-mediated c-jun

N-terminal kinase (JNK) activation and pro-inflammatory

cytokines expression require both palmitate uptake by

macrophages and TLR4-dependent priming by endogenous TLR4

agonists present within serum (10). It is becoming increasingly clear

that long chain SFAs mediate their impact after they are taken up by

the cell and converted in acyl-coenzyme A, allowing them to be

used in metabolic pathways such as lipid synthesis. Such events

have been described upstream of the activation of the NLRP3

inflammasome by SFAs (11, 12). This intracellular protein

complex assembles in response to homeostasis-altering molecular

processes (HAMPs) and catalyzes the cleavage and maturation of

the cytokines IL-1b and IL-18 (13). We and others have

demonstrated that this complex is activated in ATMs of obese

patients and diet induced obese (DIO) mice (14, 15) and that

treatment of human and murine macrophages with SFAs

recapitulates this activation (12, 16, 17). The incorporation of

SFAs into membrane phospholipids followed by membrane

stiffening has been proposed to trigger the loss of membrane
0234
homeostasis and the activation of the NLRP3 inflammasome

(11, 12).

Such lipid bilayer stress can be at the origin of endoplasmic

reticulum (ER) stress followed by unfolded protein response (UPR)

(18, 19). Classical ER stress inducers like thapsigargin (Tg) and

tunicamycin (Tm) induce an ER overload of unfolded/misfolded

proteins that is sensed by the luminal domain of three ER-resident

transmembrane proteins, PKR-like endoplasmic reticulum kinase

(PERK), activating transcription factor 6 (ATF6), and inositol-

requiring enzyme 1 (IRE1) (20, 21). Coordinated activation of these

UPR sensors serves as the quality control mechanism to govern ER

proteostasis and cope with ER stress (20, 21). Long-chain SFAs have

been described to induce ER membrane disruption that is sensed by

IRE1 and PERK transmembrane domain, leading to their

oligomerization and activation (18, 19). By contrast, ATF6 is an ER

stress sensor that has not been implicated in lipid sensing (11).

IRE1 regulates the most evolutionarily conserved arm of UPR

(20, 21). In response to ER stress, IRE1 is activated through

autophosphorylation, oligomerization and allosteric activation of

its cytosolic RNase domain (20, 21). Once activated, IRE1 can

induce three kinds of signaling pathways. IRE1 RNase activity

promotes non canonical splicing of XBP1 mRNA that produces

the adaptive transcription factor XBP1s (20, 21). Sustained IRE1

RNase activity can also lead to the degradation of some mRNAs as

well as certain pre-miRNAs through a process called regulated

IRE1-dependent decay (RIDD) (22, 23). When chronically

activated, phosphorylated IRE1 recruits TRAF2 to initiate JNK-

mediated pro-apoptotic pathway and NF-kB-regulated pro-

inflammatory signaling (24). IRE1 is involved in many biological

processes in mammals, including cell survival/death determination,

immunity and metabolism (25–28).

Although LPS does not elicit typical ER stress response, it

specifically induces IRE1 activation by promoting its auto-

phosphorylation through tumor necrosis factor (TNF) receptor-

associated factor 6 (TRAF6)-dependent mechanism (29). This IRE1

activation was shown to regulate the TLR4/2-mediated pro-

inflammatory activation of macrophages through the transcription

factor XBP1s recruitment to the IL6 and TNF gene promoters (30).

In this work, we highlight a new mechanism by which IRE1

RNase, independently of XBP1s, contributes to the pro-

inflammatory polarization of macrophages upon stimulation with

SFAs or LPS. This involves the activation of hypoxia-inducible

factor 1-alpha (HIF-1a)-mediated aerobic glycolysis required to

fuel the production of proinflammatory cytokines.
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Materials and methods

Preparation of FFA solutions

The palmitic acid (C16:0, #P0500), stearic acid (C18:0, #S4751)

and oleic acid (C18:1 #O1008) were purchased from Sigma (St

Louis, USA). A 100 mM stock solution of sodium salt was prepared

by dissolving fatty acids in 0.1 M NaOH. A 5% fatty acid free, low

endotoxin BSA (#A8806, Sigma, St Louis, USA) solution was

prepared in RPMI 1640. The FFA stock solution and the 5% BSA

solution were mixed together to obtain a 2.5 mM working solution

with FFA : BSA molar ratio at 3.4:1. After pH adjustment, the

working solution was filtered through a 0.2 mm pore size membrane

filter, aliquoted, and stored at -20°C for less than two months.
Cell culture and treatments

Peripheral blood mononuclear cells (PBMCs) were purified by

single step density gradient centrifugation with Ficoll-Paque PLUS

(GE Healthcare, Chicago, USA) from buffy coat obtained from

healthy donors after informed consent (Croix Rouge de Belgique).

Monocytes were isolated from PBMCs using EasySep human CD14

positive selection kit II (StemCell) according to the manufacturer’s

instructions. Monocyte-derived macrophages (MDMs) were

generated by culturing freshly isolated monocytes (0.5, 1, 2 or

4x106 monocytes/well for 24-, 12-, 6-well plate or 60 mm dish,

respectively) in RPMI 1640 (Lonza, Basel, Switzerland) with 20%

heat-inactivated FBS (Life Technologies Europe, 10270-106), 100

IU/mL penicillin (Lonza, Basel, Switzerland), 100 IU/mL

streptomycin (Lonza, Basel, Switzerland) and 100 ng/mL of

human M-CSF premium grade (Miltenyi Biotec, Bergisch

Gladbach, Germany) for 7 days at 37°C under 5% CO2 atmosphere.

On the day prior to MDMs treatment, M-CSF-containing

medium was replaced with new medium containing 10% FBS and

0.2% or 0.4% BSA (wt/vol) in experiments in which MDMs were to

be treated with fatty acids 100µM or 200µM, respectively. On the day

of MDMs treatments, this medium was replaced by RPMI + 10% FBS

alone or supplemented with either BSA (0.2% or 0.4%) or FFA (100

µM or 200 µM) or LPS (Sigma Aldrich, SL2654, Escherichia coli 026:

B6, 10 or 20 ng/ml) for various times according the experiment.

Appropriate vehicle or inhibitors, including STF-083010 (Sigma

Aldrich, #SML0409), 4µ8C (Sigma Aldrich, #SML0949), trans-

ISRIB (Cayman Chemicals, #16258), TAK242 (Sanbio) and 2-

Deoxy-D-glucose (2-DG) (Sigma Aldrich) were added 1h before

FFAs or LPS stimulation and maintained through the experiment.
RNAseq

MDMs were treated by BSA, C18:0 and C18:1 (100 µM) for 3

and 16 hours. Total RNA was extracted using High pure RNA

isolation kit (Roche) according to manufacturer’s instruction. RNA

quantity was assessed using a spectrophotometer (NanoDrop

Technologies). Total RNA integrity was evaluated by an Agilent

2100 Bioanalyser with a RNA 6000 Nano chip (Agilent
Frontiers in Immunology 0335
Technologies) and all the samples had a RNA Integrity Number

(RIN) ≥ 7.3. RNA libraries were prepared for each group of MDMs

with the Truseq stranded mRNA sample prep kit from Illumina,

based on polyA selection of mRNAs. cDNAs fragments were

sequenced using the Illumina NextSeq500. Biological triplicates of

the RNA Sequencing were performed for all the conditions.

Raw sequences were subjected to quality control analysis using

FastQC (http://www.bioinformatics.babraham.ac.uk/projects/

fastqc/). The reads for each condition were mapped the human

reference genome hg19 from UCSC using TopHat2 version 2.0.7

and stored as BAM files. Differential expression values were

evaluated using Cufflinks 2.1.1 package (31). The three MDM

replicates treated with C18:0 belonging to the different timepoints

(3 hours and 16 hours) were tested for differential expression versus

the control condition (BSA 3 hours and 16 hours respectively).

Genes with a q value below 0.05 were considered as significant for

differential expression.
RT-qPCR analysis

Total RNAs were extracted with RNeasy Mini Kit (Qiagen)

according to the manufacturer’s recommendations. Purified RNAs

were reverse-transcribed to complementary DNA (cDNA) by using

the RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo

Scientific). qPCR was performed by using FastStart Universal SYBR

Green Master Mix (Roche) and ran on a LightCycler 480 (Roche

Applied Science, Penzberg, Germany). Gene expressions were

calculated using the 2^-DDCT method. TBPH (TAR Binding-

Protein) was chosen as housekeeping gene. Primers were designed

with Primer-BLAST (National Center for Biotechnology

Information (NCBI)) to amplify all the isoforms of the target

gene, except for XBP1-s primers that were designed to only

amplify the spliced isoform (isoform 2, NM_001079539). Primer

sequences are provided in Supplementary Table S1.
Glucose and lactate measurements

The NMR spectra were recorded at 298 K on a Bruker Neo

spectrometer (Bruker) operating at 500.13 MHz for proton and

equipped with a TCI cryoprobe (Bruker). Deuterium oxide (99.96%

D) and trimethylsilyl-3-propionic acid-d4 (TMSP) were purchased

from Eurisotop (St-Aubin, France), phosphate buffer powder 0.1 M

and calcium formate were purchased from Sigma-Aldrich.

Deuterated solvents were used as the internal lock. The data have

been processed with Bruker TOSPIN 4.1 (Bruker) software with

standard parameter set. Phase and baseline correction were

performed manually over the entire range of the spectra and the

d scale was calibrated to 0 ppm using the internal standard TMSP.

For extracellular lactate and glucose dosage, 400 ml of collected
culture media supernatants were supplemented with 47 ml
of deuterated phosphate buffer (pH 7.4), 24 ml of a 10 mM

deuterated solution of calcium formate and 70 ml of a 5mM

deuterated solution of TMSP. The solution was distributed into 5-

mm tubes for NMR measurement. 1H NMR spectra were acquired
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using a 1D NOESY sequence with presaturation and 64 transients

and 4 dummy scans. Based on the formate peak (8.46 ppm), lactate

and glucose concentration were then obtained by using the

Chenomx NMR Suite software (version 9.02, Edmonton, CA).
2-NBDG uptake

The fluorescent glucose analogue 2-(N-(7-nitrobenz-2-oxa-1,3-

diazol-4-yl)amino)-2-deoxyglucose (2-NBDG, Invitrogen) was used

to measure glucose uptake by MDMs. After treatment of the

macrophages for various times, the medium was replaced by

RPMI 1640 without glucose supplemented with 2-NBDG (30µM).

The MDMs were maintained in culture for 30 min before being

gently scrapped with EDTA (10mM, pH 6.14). Following two PBS

washes, labeling with 7-aminoactinomycin D (7-AAD, Thermo

Scientific) was carried out according to the company ’s

instructions in order to assess cell viability. Results are acquired

on a FACS Verse flow cytometer (Becton Dickinson) and analyzed

using FlowJo 9.3.2 software (Tree Star Inc., 645 Ashland, OR).
Extracellular flux analysis

Real time bioenergetic profiles of MDMs were obtained by

measuring oxygen consumption rate (OCR – pmol/min) and

extracellular acidification rate (ECAR – mpH/min) using a

Seahorse XFp extracellular flux analyzer (Agilent, Santa Clara,

CA, USA). Monocytes were differentiated in MDMs for 7 days in

XFp mini-plates (Agilent). MDMs were left untreated or treated

with LPS (20 ng/ml) for 16 h, or with BSA and C18:0 (200µM) for

24h. After treatments, cells were kept in unbuffered serum-free

DMEM (Basal DMEM) supplemented with glutamine (2mM), pH

7.4 at 37°C, and ambient CO2 for 1 h before the assay. During the

assay, cells were successively treated with glucose (10mM),

oligomycin (1µM), FCCP (2µM) and rotenone/antimycin A mix

(0.5µM each). OCR and ECAR were normalized according to cell

number evaluated by Hoechst incorporation (arbitrary unit – A.U.).
ELISA

IL-1 beta, IL-6 and IL-8 human uncoated ELISA Kits

(ThermoFisher) were used to measure secreted cytokines in

supernatants according to the manufacturer’s recommendations.
Western blot analysis

Cells were lysed in total lysis buffer (50 mM Tris-HCl at pH 8,

150mM NaCl, 5mM EDTA, 1% NP-40, 0.5% Na-deoxycholate, SDS

0.1%, 1mM PMSF and complete protease inhibitor cocktail (Roche))

and subjected to SDS-PAGE. For the preparation of nuclear extracts,

approximately 4x106 cells (dish 60 mm) were scrapped in the

hypotonic buffer 1 [10 mM HEPES-KOH pH 7.9, 10 mM KCl,

0.5% Igepal, 0.1 mM EDTA, 1 mM DTT, 1 mM PMSF and complete
Frontiers in Immunology 0436
protease inhibitor cocktail (Roche)] and incubated for 10 min at 4°C.

Samples were centrifuged and nuclei pellets were incubated for 30

min in the hypertonic buffer 2 (50 mMHEPES-KOH pH 7.9, 50 mM

KCl, 400 mM NaCl, 10% glycerol, 0.1 mM EDTA, 1 mM PMSF,

complete protease inhibitor cocktail). After centrifugation for 30 min,

the supernatants containing nuclear proteins were harvested.

The following primary antibodies were used: anti-HIF-1a (Cell

Signaling Technology, #36169), anti-XBP1s (Cell Signaling

Technology, #12782), anti-GLUT1 (Cell Signaling Technology,

#12939), anti-IRE1a (Cell Signaling Technology, #3294), anti-

RNA polymerase II (Santa Cruz, sc-899), anti-HSP90 (Cell

Signaling Technology, #4877s) and anti-GAPDH (Thermo

Ambion, #AM4300). The secondary antibodies used for the

revelation were HRP-linked anti-rabbit or anti-mouse IgG (Cell

Signaling Technology, #7074 or #7076). For chemiluminescent

western blot, revelation was performed with ECL (Pierce,

Waltham, USA) by using the digital imaging system ImageQuant

LAS 4000 (GE Healthcare, Chicago, USA) and quantification

achieved with the ImageQuant TL software (version 7.0, GE

Healthcare, Chicago, USA) or the ImageJ 2.0.0 software.
siRNA transfection

MDMs were transfected by using lipofectamine RNAiMax

(13778, Invitrogen) according to manufacturer’s instructions.

Predesigned siRNA targeting human HIF-1a, XBP-1s and IRE1a
mRNA or control (CT) siRNA targeting any sequence were

purchased from Integrated DNA Technologies (IDT, Coralville,

USA) (TriFECTa DsiRNA Kit) (Table S2). MDMs were transfected

with siRNA XBP1s and siRNA HIF-1a for 24h and siRNA IRE1a
for 48h before SFAs or LPS stimulation.
Statistical analyses

All statistical analyses were carried out using GraphPad Prism 7

for Windows (GraphPad Software, Inc., San Diego, USA) and

presented as the means ± standard deviation (SD). When one

independent variable was involved, two-tailed Student’s t-test was

performed to compare two groups and one-way ANOVA with

Dunnett’s multiple comparisons test to compare more than two

groups. When two independent variables were involved, two-way

ANOVA was used with Sidak’s or Tukey’s multiple comparisons

test. The statistical test used and the number of biological replicates

(n) are described in each figure legend.
Results

Transcriptome of C18:0-treated human
macrophages highlights both glycolysis
and hypoxia signatures

To assess the phenotype of macrophages maintained in FFA-

rich environment, we sequenced the whole transcriptome of
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monocytes-derived macrophages (MDMs) treated with saturated or

unsaturated fatty acid or with vehicle (BSA) for a short (3h) or

extended period (16h). Stearate (C18:0) was chosen because it is the

second most abundant SFA in tissues and blood after palmitate

(C16:0) and has been shown to be more effective than palmitate in

inducing cytokine production at low concentrations in our previous

studies (12, 17). The low cytotoxic concentration of 100 mM was

chosen for both C18:0 and the corresponding UFA, C18:1 or oleate.

The principal component analysis (Figure 1A) shows that

C18:0, unlike C18:1, induces a strong MDMs transcriptome

modulation after 16 hours; 1482 and 1861 genes are down- and

up-regulated, respectively, compared to control MDMs (BSA)

(Figure 1B). No significant change in the transcriptome has been

observed after 3 h of treatment with C18:0 compared to BSA (data

not shown). Gene set enrichment analysis (GSEA) was performed

on differentially upregulated genes in C18:0 (16h)-treated MDMs.

There were 20 hallmark gene sets upregulated with a q-value ≤ 0.05

(Figure 1C). As expected, GSEA highlighted the pro-inflammatory

profile of SFA-treated macrophages as well as a strong unfolded

protein response (UPR). This analysis also allowed to reveal

metabolic signatures like glycolysis and hypoxia (Figure 1D).

The pro-inflammatory activation and return to homeostasis of

macrophages are intimately linked and dependent on dynamic

changes in cellular metabolism; an increased aerobic glycolysis is

notably required to fuel the LPS-mediated pro-inflammatory

polarization of macrophages (32). Accordingly, we wanted to

investigate whether C18:0-treated MDMs are also subject to

glycolysis activation and whether this is involved in their pro-

inflammatory polarization.
Like in LPS-challenged MDMs, glycolysis is
preferentially adopted by human
macrophages upon activation with C18:0

Almost all studies using exogenous fatty acids solutions take BSA

to conjugate fatty acids. However, it is now well accepted that BSA-

associated contaminants may activate some TLR4-mediated signaling

pathways (10, 32–35). To minimize such potentially confounding

effects, differentiated MDMs were cultured overnight in medium

containing FBS (10%) and BSA (i.e., the medium used for treating

MDMs, but without fatty acids) prior to treatment with either SFA or

vehicle (BSA). This pre-treatment induces TLR4 tolerance that can be

described as a transient state of altered responsiveness of cells to the

repeated or chronic activation of TLRs (36). In this way, MDMs are

tolerant when we apply the second treatment with SFAs, which allows

us to dissociate the impact of SFAs from this of BSA and to

investigate the response to SFAs per se.

First, we wanted to confirm the upregulation of genes involved

in glycolysis by qRT-PCR experiments in C18:0-treated MDMs in

comparison with LPS-stimulated MDMs. The heatmap of the

Figure 2A shows the fold change (log2 FC) induced by C18:0 or

LPS for each gene relative to the respective control, BSA or RPMI.

C18:0 treatment induces a significant upregulation of both genes

(SLC2A1 and SLC2A3) encoding for glucose transporters, GLUT1
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and GLUT3, respectively, as well as those encoding for the two first

rate-limiting enzymes involved in the glycolytic pathway,

Hexokinase II (HK2) and phosphofructokinase (PFKP). The

C18:0-mediated activation kinetics are slow with no visible

induction before 16h of treatment while the LPS upregulating

effect is already observed after 3h, shows a peak between 6 and 12

hours and then gradually decreases. Another difference between

C18:0 and LPS is the lack of stimulatory effect of C18:0 on the

expression of genes encoding downstream enzymes such as the

aldolase A (ALDOA), the two isoforms of pyruvate kinase (PKM1

and PKM2) and the lactate dehydrogenase A (LDHA).

Interestingly, C18:0 induces the expression of the pyruvate

dehydrogenase kinase 1 (PDK1) that phosphorylates and inhibits

the pyruvate dehydrogenase and, thereby, prevents the pyruvate

from entering the mitochondria and favors the glycolytic switch.

The glucose consumption and lactate production were assessed

by comparing extracellular concentrations of glucose and lactate

between C18:0- and BSA-treated MDMs or between MDMs

stimulated with LPS and those maintained in medium alone for

24h. Both glucose and lactate concentrations were measured by

NMR. The Figure 2B shows that C18:0 and LPS treatments induce

both a significant decrease of glucose levels and significant increase

of lactate concentrations compared to their respective control,

suggesting an increased aerobic glycolysis. As expected, MDMs

treatment with palmitate (C16:0) also stimulates both glucose

uptake and lactate secretion at similar extent than C18:0 (Figure

S1A). Increased glucose consumption was also validated by

measuring the uptake of 2NBDG, a fluorescent glucose analog

(Figure S1B).

To further investigate the impact of SFAs on macrophage

bioenergetic metabolism, we performed extracellular flux analysis

with the Seahorse XFp-analyzer. As expected, MDMs challenging

with LPS results in greater extracellular acidification rate (ECAR),

an index of glycolysis (Figure 2C). However, as already reported

(37), resting and LPS-stimulated human MDMs, unlike murine

bone marrow-derived macrophages (BMDMs), do not show any

glycolytic reserve (spare-ECAR) when treated with oligomycin that

blocks oxidative phosphorylation (OxPhos) and allows maximal

glycolysis. C18:0 treatment also significantly upregulates ECAR in

MDMs but induces a significant decrease of the glycolytic reserve

compared to BSA (Figure 2C). As previously reported (38), neither

basal oxygen consumption rate (OCR) nor maximal OCR induced

upon uncoupling the respiratory chain with FCCP are affected by

LPS treatment in humanMDMs (Figure 2D) while LPS challenge is

known to downregulate both basal and maximal OCR in BMDMs.

The OCR profile of C18:0-stimulated MDMs shows no effect on

basal OCR but demonstrates a significant decrease in maximal

OCR compared to BSA-treated MDMs. The spare OCR capacity is

greatly reduced, the oxygen consumption associated with proton

leak is significantly increased while OCR-linked ATP production

remains unchanged compared to MDMs treated with

BSA (Figure 2D).

Altogether, these data suggest that, like in LPS-stimulated

human MDMs, glycolysis is preferentially adopted by human

macrophages upon activation with C18:0.
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Glycolysis fuels the production of pro-
inflammatory cytokines by human
macrophages upon activation with C18:0

To investigate whether this C18:0-induced metabolic

reprogramming promotes pro-inflammatory cytokines release, we
Frontiers in Immunology 0638
tested the effect of 2-deoxy glucose (2-DG), a competitive glycolysis

inhibitor, on IL-6, IL-1b and IL-8 secretion (Figure 3). As expected,

LPS challenging of MDMs induces an important IL-6 secretion that

is partially, but significantly, decreased by 2-DG pretreatment

(Figure 3A). MDMs cultured with BSA produce significant IL-6

levels that are not affected by 2-DG addition. Treatment with C18:0
B
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FIGURE 1

C18:0-treated human macrophages transcriptome. MDMs were treated for 16 hours with BSA, C18:0 and C18:1 at 100µM. (A) Principal component
analysis (PCA) was performed using normalized RNA-Seq data of all the genes obtained with the three different treatments of MDMs coming from 3
independent buffy coats. (B) Volcano plot representation of differential expression analysis of genes in C18:0-treated MDMs. Blue points mark the
genes with significantly increased or decreased (q value < 0,05) expression and pink points correspond to genes with no significantly different
expression in C18:0-treated MDMs compared to BSA-treated MDMs. (C) Top 20 of upregulated “Hallmark pathways” in C18:0-treated MDMs vs BSA-
treated MDMs. Gene set enrichment analysis (GSEA) was made with genes differentially expressed by MDMs treated for 16 hours with C18:0 100µM
compared to BSA 100µM and having a q value smaller than 0.05 (NES = normalized enrichment score). (D) GSEA plots showing enrichment of
hypoxia and glycolysis hallmark pathways in C18:0-treated MDMs with their NES and q values.
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further stimulates IL-6 secretion that is significantly reduced in the

presence of 2-DG suggesting that glycolysis controls IL-6 release in

response to C18:0.

As shown in Figure 3B, LPS treatment leads to a moderate IL-1b
release compared to C18:0. This result can be explained by the fact
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that IL-1b release requires two signals; (1) a first priming signal

leading to IL1B gene transcription and IL-1b precursor (pro-IL1b)
synthesis mediated by TLR agonists like LPS and (2) a second signal

triggered by homeostasis-altering molecular processes (HAMPs) or

Danger-Associated Molecular Patterns (DAMPs) to activate NLRP3
B
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FIGURE 2

Upregulation of aerobic glycolysis in C18:0- and LPS-treated human macrophages. (A) Heatmap depicting Log2 fold change of glycolytic genes
determined by qRT-PCR experiments in MDMs cultured with C18:0 (100µM) or LPS (10 ng/ml) for indicated times compared to MDMs cultured with
BSA or medium alone (RPMI), respectively (n=4). Data are mean ± SD. Unpaired t-test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (B) Glucose
and lactate concentrations in supernatants of MDMs treated with BSA, C18:0 (100 µM), LPS (10 ng/ml) or maintained in medium alone (RPMI) for
24h. Extracellular glucose and lactate concentrations were measured by NMR (n=5). Data are mean ± SD. Unpaired t-test. **p<0.01, ***p<0.001.
(C, D) Seahorse analysis of extracellular acidification rate (ECAR) (C) and oxygen-consumption rate (OCR) (D) on MDMs treated with BSA and C18:0
(200 µM) for 24h or maintained in medium alone (RPMI) and treated with LPS (20 ng/ml) for 16h. ECAR and OCR were normalized according to
Hoechst incorporation (A.U.). Data are mean ± SD from three technical replicates for each condition. Statistical analysis of basal and maximal ECAR,
maximum and spare OCR and OCR-related proton leak was performed by Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001.
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inflammasome-mediated pro-IL-1b processing and mature IL-1b
release (13). In LPS-treated MDMs, a small fraction of de novo

synthesized pro-IL-1b is probably cleaved by a weak constitutive

activity of caspase 1 (39), leading to the secretion of low IL-1b levels

as observed in Figure 3B. We previously demonstrated that SFAs

are able to induce NLRP3 inflammasome activation in human

monocytes and macrophages (12, 17). In this study, the BSA

priming of MDMs probably induces the moderate synthesis of

the pro-IL-1b that is efficiently cleaved by C18:0-stimulated NLRP3

inflammasome, as demonstrated by significant levels of secreted IL-

1b (Figure 3B). While inhibiting glycolysis by 2-DG has no effect on

LPS-induced IL-1b levels, this treatment tends to decrease IL-1b
secretion in response to C18:0 probably by impacting NLRP3

inflammasome activation as already reported (40). The treatment

with 2-DG has no effect on LPS- and C18:0-induced IL-8

production (Figure 3C), excluding the hypothesis that the

inhibiting effect of 2-DG on IL-6 and IL-1b release could be due

to a cytotoxic effect.
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HIF-1a is involved in the upregulation of
the glycolysis in C18:0- and LPS-treated
human macrophages

In a resting cell, HIF-1a is hydroxylated at conserved proline

residues by the prolyl hydroxylases (PHDs) (41). This hydroxylation

targets HIF-1a for ubiquitination and rapid proteasomal degradation.

The PHDs are oxygen dependent; thus, under normoxic conditions,

HIF-1a is continuously turned over, resulting in low basal HIF-1a
levels. In hypoxic conditions, PHDs are inhibited and HIF-1a can

accumulate and form a heterodimeric complex with HIF-1b that

translocates to the nucleus and increases transcription of hypoxia

response elements (HRE)-containing genes (41). HIF target genes are

involved in cellular adaptation to hypoxia, metabolism, and cell

function (41). In addition to be implicated in adaptation to

environmental changes, HIF pathway has been linked to the key

metabolic changes in innate immune cells in response to pattern

recognition receptor (PRR) ligation (41). In LPS-treated
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FIGURE 3

Glycolysis fuels the production of pro-inflammatory cytokines in C18:0- and LPS-stimulated human macrophages. MDMs were pre-treated or not with
2-DG (10 mM) for 1h before being stimulated with BSA, C18:0 (100 µM), LPS (10 ng/ml) or maintained in RPMI alone for 24h. The concentrations of IL-6
(A), IL-1b (B) and IL-8 (C) were measured in the supernatants by ELISA. Data are mean ± SD. Unpaired t-test (n=3). *p < 0.05, **p < 0.01.
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macrophages, HIF-1a drives the glycolytic switch by inducing the

expression of several genes including SLC2A1, HK2, PFKP and PDK1.

To investigate whether C18:0 treatment also leads to HIF-1a
activation, we proceeded to the detection of HIF-1a in the nuclear

extracts of BSA- and C18:0 -treated MDMs. We used LPS-

stimulated MDMs as positive controls. As expected, LPS induces

a strong, rapid and transient HIF-1a accumulation in the nucleus,

with a peak at 5 hours (Figure 4A). C18:0 is also able to drive HIF-

1a activation that is much slower (peak at 10h) and extended until

24h (Figure 4A). In addition to post-transcriptional activation of

HIF-1a, LPS also induces upregulation of HIF1A mRNA as

previously described (42) unlike C18:0 which has very little

impact on HIF1A mRNA levels relative to BSA control (Figure 4B).

To confirm the role of HIF-1a in the glycolytic switch, we

performed the knockdown of HIF-1a with two different siRNA and

study the impact on GLUT1 protein levels in total cellular extracts.

The depletion of HIF-1a in nuclear extracts of MDMs after siRNA

transfection and treatments is shown in the Figure 4C (right panel).

The knockdown of HIF-1a by both siRNA prevents GLUT1

upregulation in response to both C18:0 and LPS (Figure 4C, left

panel). The glucose uptake and lactate secretion by C18:0- and LPS-

treated MDMs are also affected by the knockdown of HIF-1a
(Figure 4D, left panel). However, the effect is not significant for

C18:0, maybe because the silencing of HIF-1a is less pronounced

(Figure 4D, right panel).
Involvement of IRE1’s RNase activity in
both C18:0- and LPS-induced
glycolytic switch

The transcriptome of human macrophages treated with stearate

reveals a strong UPR signature (Figure 1C). We have previously

shown a significant activation of both UPR branches involving IRE1

and PERK sensors in MDMs treated with C18:0 (12, 17). To test the

potential role of both these pathways in C18:0-mediated glycolytic

switch, we first used two pharmacological inhibitors, STF and ISRIB

(integrated stress response inhibitor), previously reported to

efficiently target the IRE1’s RNase activity and the eIF2a
phosphorylation by PERK, respectively, in C18:0-treated MDMs

(12, 17). A specific inhibitor of both TLR4-induced MyD88 and

TRIF-dependent pathways [TAK-242 (43)] was also used. The

impact of all inhibitors was first tested on 2NBDG uptake

induced by C18:0 and LPS. As expected, TAK242 prevents LPS

but not C18:0 to upregulate the glucose uptake (Figure 5A).

Interestingly, while the inhibition of the PERK-eIF2a pathway by

ISRIB has no effect, the inhibition of IRE1’s RNase activity by STF

completely prevents the stimulation of the glucose uptake in

response to both C18:0 and LPS (Figure 5A).

Since the IRE1 RNase activity seems to be required for both

C18:0- and LPS-stimulated glucose uptake, we investigated whether

the IRE1 activation kinetics in response to C18:0 and LPS fit with

both HIF-1a and glycolysis activation. IRE1 activation was assessed

by measuring both spliced XBP1S mRNA and nuclear XBP1s

protein levels. Again, the accumulation of the XBP1S mRNA is
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rapid and transient in response to LPS with a peak at 3h while the

splicing is much slower and sustained until 24h in the case of C18:0

(Figure 5B, top panel). A slight upregulation of unspliced mRNA

(XBP1U) levels is also observed but this alone cannot explain the

large increase in spliced mRNA levels (Figure 5B, top panel). Once

translated, the XBP1s protein translocates into the nucleus. As

expected, its appearance in nuclei is rapid and very transient in the

case of LPS. In the C18:0-treated MDMs, the translocation of XBP1s

is slower, reaches its peak between 5h and 10h then decreases but

XBP1s is still detectable in the nuclei after 24h (Figure 5B, middle

and bottom panels). Interestingly, the fate of IRE1a protein in

macrophages during LPS challenge is completely different than after

activation with C18:0. In resting macrophages, the levels of IRE1a
protein are low (Figure S2A). Upon activation with C18:0, these

levels begin to gradually increase from time 5h and are maintained

until at least 24h, while two induction waves are observed for LPS,

the first at a short time (3h) and the second later (16 to 24h)

(Figure S2A).

Altogether, these data demonstrate that each inducer, C18:0 or

LPS, activates the three pathways, IRE1-XBP1s, HIF-1a and

glycolysis, with matching kinetics. Both transcription factors, HIF-

1a and XBP1s, are therefore found simultaneously in the nucleus.

Knowing that XBP1s has already been reported as a co-activator of

HIF-1a in the transcription of the gene encoding GLUT1 (SLC2A1)

in breast cancer cells (44), it was tempting to speculate such a role in

our model of proinflammatory macrophages.

To investigate whether the IRE1-XBP1s pathway is involved in

the upregulation of glycolysis genes, we studied the impact of both

inhibitors of IRE1’s RNase activity (STF and 4µ8C) on their

expression in MDMs stimulated with LPS or C18:0. Figure 5C

confirms that both drugs are able to inhibit the splicing of XBP1

mRNA as demonstrated by the significant decrease of the XBP1S

mRNA levels in both LPS- and C18:0-treated MDMs. The levels of

SLC2A1 and PFKP mRNA are also significantly downregulated by

both inhibitors suggesting a role of IRE1’s RNase activity in the

expression of these genes in response to LPS and C18:0 (Figure 5C).

The effect of STF and 4µ8C was also investigated on the expression

of SLC2A3,HK2 and PDK1 genes known to be involved in glycolytic

shift and previously reported to be also upregulated in C18:0- and

LPS-treated MDMs (Figure 2A). Both drugs exert an inhibiting

effect on PDK1 but not SLC2A3 expression (Figure S2B).

Surprisingly, LPS-mediated HK2 gene upregulation is significantly

impacted by both inhibitors while no effect is observed in the case of

C18:0 (Figure S2B). The role of IRE1’s RNase activity in glycolysis

upregulation was also confirmed by showing that 4µ8C reverses the

increase of both GLUT1 protein expression (Figure 5D, top and

middle panels) and glucose uptake in response to both LPS and

C18:0 (Figure 5D, bottom panel).
XBP1s is dispensable in both C18:0- and
LPS-induced glycolytic switch

The next step was to study the involvement of the transcription

factor XBP1s in the activation of glycolysis in macrophages in
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response to both inducers. First, we studied the impact of XBP-1

silencing using two different siRNAs on glycolytic genes expression

(Figure 6A). The XBP1s knockdown was checked by monitoring

XBP1S mRNA levels through qRT-PCR assay. For C18:0 treatment,
Frontiers in Immunology 1042
we can see a partial but significant depletion of XBP1S mRNA with

siRNA #2 but not with siRNA #1 (Figure 6A). To ensure that this

level of XBP1SmRNA depletion is sufficient to affect the expression

of a XBP1s target gene, we measured the expression of the DNAJB9
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FIGURE 4

HIF-1a is involved in C18:0- and LPS-mediated glycolysis activation. (A, B) MDMs were treated with BSA, C18:0 (100 µM), LPS (10 ng/ml) or
maintained in RPMI alone for indicated times. (A) Western Blot analysis of HIF-1a and RNA polymerase II protein levels in nuclear extracts (n=5).
(B) qRT-PCR analysis of HIF1A mRNA levels (n=4). Data are mean ± SD. Two-Way ANOVA, Sidak’s multiple comparisons test, *p < 0.05, **p < 0.01,
***p < 0.001, ****p<0.0001. (C) MDMs were transfected with siRNA control (CT) or siRNA targeting HIF-1a (siRNA#1 or siRNA#2) 24h before treating
them or not (RPMI) with BSA, C18:0 (100 µM) or LPS (10 ng/ml). On the left: Western Blot analysis of GLUT1 and GAPDH protein levels in total
extracts after 24h treatment (n=3). One-way ANOVA with Dunnett’s multiple comparisons test. On the right: Western Blot analysis of HIF-1a and
RNA polymerase II protein levels in nuclear extracts after treatment for 10h (C18:0) or 5h (LPS) (one representative experiment). (D) MDMs were
transfected with siRNA control (CT) or siRNA targeting HIF-1a (siRNA#2) 24h before treating them or not (RPMI) with BSA, C18:0 (100 µM) or LPS
(10 ng/ml). On the left: Lactate and glucose concentrations were measured by NMR in the supernatants of MDMs treated for 24h (n=3). On the right:
Western Blot analysis of HIF-1a and RNA polymerase II protein levels in nuclear extracts after treatment for 10h (BSA, C18:0) or 5h (RPMI, LPS) (n=3).
Unpaired t-test *p < 0.05, **p < 0.01.
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FIGURE 5

IRE1’s RNase activity is involved in C18:0- and LPS-mediated glycolysis activation. (A) MDMs were pre-treated for 1h with ISRIB (10nM), STF (100µM),
TAK 242 (1µM) or vehicle (DMSO) before the addition or not (RPMI) of BSA, C18:0 (100 µM) or LPS (10 ng/ml). After 24h, glucose uptake was
determined by the fluorescence of 2-NBDG (n=4). Data are mean ± SD. Unpaired t-test *p < 0.05, **p < 0.01. (B) MDMs were treated with BSA,
C18:0 (100 µM), LPS (10 ng/ml) or maintained in medium (RPMI) alone for indicated times. qRT-PCR analysis of unspliced (XBP1U) and spliced
(XBP1S) XBP1 mRNA levels (top panel) and western blot analysis of XBP1s and RNA polymerase II protein levels in nuclear extracts (middle and
bottom panels). Two-Way ANOVA, Sidak’s multiple comparisons test; XBP1S mRNA or XBP1s protein (C18:0 or LPS vs BSA or RPMI, respectively),
****p< 0.0001, ***p< 0.001, **p<0.01, *p<0.05 and XBP1U mRNA (C18:0 or LPS vs BSA or RPMI, respectively), ###p<0.001, ##p<0.01, #p<0.05. (C)
MDMs were pre-treated for 1h with STF (100 µM), 4µ8C (50 µM) or vehicule (DMSO) before the addition or not (RPMI) of BSA and C18:0 (100 µM)
for 24h or LPS (10 ng/ml) for 6h. qRT-PCR analysis of XBP1S, SLC2A1 and PFKP mRNA levels. Unpaired t-test, ****p< 0.0001, ***p< 0.001, **p<0.01,
*p<0.05. (D) MDMs were pre-treated for 1h with 4µ8C (50 µM) or vehicule (DMSO) before the addition or not (RPMI) of BSA, C18:0 (100 µM) or LPS
(10 ng/ml) for 24h. Western blot analysis of GLUT1 and GAPDH protein levels in total extracts (Top and middle panels) and determination of
extracellular glucose concentrations by NMR (bottom panel). Unpaired t-test, *p<0.05.
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gene encoding the chaperone ERdj4 (45). As expected, the decrease

in XBP1S mRNA levels is accompanied by a significant decrease in

the expression of the DNAJB9 gene but not of the glycolytic genes

SLC2A1, PFKP, HK2 and PDK1 (Figure 6A). We observed a very

significant increase in XBP1S mRNA levels after 3 hours of

treatment with LPS (Figure 6A). These levels were partially but

significantly downregulated with both siRNAs #1 and #2

(Figure 6A). Again, as expected, silencing of XBP1s induced a

significant decrease in the induction of the DNAJB9 gene but not of

the glycolytic genes (Figure 6A). It should be noted that 3 hours

of treatment with LPS was not enough to observe an upregulation of

both HK2 and PDK1 genes; indeed, their induction requires a

slightly longer treatment time (Figure 2A). XBP1s silencing, also

confirmed by the decrease in XBP1s protein levels in nuclear

extracts (Figure 6B, top panels), has no impact on lactate

production and glucose consumption either (Figure 6B, bottom

panels). Altogether, these experiments suggest that XBP1s is

dispensable in both C18:0- and LPS-induced glycolytic switch.
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IRE1’s RNase activity is involved in
both C18:0- and LPS-mediated
HIF-1a activation through XBP1s-
independent way

Since XBP1s is dispensable, we dropped the idea of an

interaction between both transcription factors HIF-1a and

XBP1s. Therefore, the impact of IRE1’s RNase inhibition was

studied directly on HIF-1a activation. IRE1 inhibition by 4µ8C,

as confirmed by the lack of XBP1s in the nuclei of C18:0- and LPS-

treated macrophages, significantly impairs the accumulation of

HIF-1a in the nuclei (Figure 7A). On the other hand, no effect of

either 4m8C or STF is observed on HIF1AmRNA levels (Figure S3).

Interestingly, while both IRE1a and XBP1s knockdown induce a

decrease in nuclear XBP1s levels, yet they have opposite effects on

HIF-1a activation; knockdown of IRE1a inhibits while that of

XBP1s promotes HIF-1a activation (Figures 7B, C). These results

demonstrate that XBP1s is absolutely not required for the activation
A B

FIGURE 6

XBP1s is dispensable in C18:0- and LPS-mediated glycolysis activation. MDMs were transfected with siRNA control (siCT) or siRNA targeting XBP1s
(siXBP1s#1 or siXBP1s#2) 24h before treating them or not (RPMI) with BSA, C18:0 (100 µM) or LPS (10 ng/ml). (A) After treatment for 24 hours with BSA
or C18:0 and 3 hours with LPS, XBP1S, DNAJB9, SLC2A1, PFKP, HK2 and PDK1 mRNA levels were analysed by qRT-PCR. Two-Way ANOVA, Tukey’s
multiple comparisons test, ****p< 0.0001, ***p< 0.001, **p<0.01. (B) Top panel: After 10h or 5h of treatment with C18:0 or LPS, respectively, XBP1s and
RNA polymerase II protein levels were analysed by Western blotting on nuclear extracts. Unpaired t-test, *p<0.05. Bottom panel: After 24h of treatment
with C18:0 or LPS, glucose and lactate extracellular concentrations were measured by NMR. Unpaired t-test.
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of HIF-1a. Another piece of information derives from these

experiences; since XBP1s deficiency was shown to lead to a

feedback hyperactivation of IRE1a and RIDD (46, 47), these

results suggest that the activation of HIF-1a would involve

RIDD activity.
Discussion

A chronic low-grade inflammation, also called metaflammation,

contributes to the pathological development of obesity (4, 5). This
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inflammation originates in the visceral adipose tissue undergoing

significant remodeling characterized by both adipocyte hyperplasia

and hypertrophy and a significant recruitment of immune cells. In

this complex microenvironment enriched with nutrients (glucose,

FFA), hormones (insulin), adipokines, the macrophages acquire a

‘metabolically activated’ phenotype with pro-inflammatory

properties (6). SFAs released in excess from adipocyte lipolysis

and cell death in obese adipose tissue have been proposed as triggers

in shaping this ATM phenotype (6).

In order to better understand the mechanisms underlying this

specific polarization, we sequenced the whole transcriptome of
B C

A

FIGURE 7

IRE1’s RNase activity is involved in C18:0- and LPS-induced HIF-1a activation through XBP1s-independent way. MDMs were pre-treated with DMSO
or 4µ8C (50µM) for 1h (A) or transfected with siRNA control (CT) or siRNA targeting IRE1a for 48h (B) or siRNA targeting XBP1s for 24h (C) before
treating them or not (RPMI) with BSA (10h), C18:0 (100 µM, 10h) or LPS (10 ng/ml, 5h). HIF-1a, XBP1s and RNA polymerase II protein levels were
analysed by Western blotting on nuclear extracts. Unpaired t-test, *p<0.05, **p<0.01.
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human macrophages treated with SFA. As expected, GSEA

highlighted the pro-inflammatory profile at the top of the list.

This analysis also revealed metabolic signatures like glycolysis and

hypoxia. We confirmed the activation of both HIF-1a and aerobic

glycolysis in SFAs-treated MDMs and demonstrated that this

glycolytic switch supports the proinflammatory polarization.

Since UPR is a prominent signature in this macrophage model

and mediates most of SFAs effects, we tested its involvement in HIF-

1a-dependent glycolytic switch. In this work, we demonstrate a role

of IRE1’s RNase activity in HIF-1a activation driving the glycolytic

switch in SFAs-activated macrophages. Interestingly, IRE1 fulfills

this novel function independently on XBP1s.

LPS was used in each experiment as a M1 polarization inducer.

Although this TLR4 agonist does not drive classical ER stress and

UPR, it does induce specific activation of IRE1 by promoting its

auto-phosphorylation through TRAF6-dependent mechanism (29).

Interestingly, we also observed in these macrophages challenged

with LPS a role of IRE1’s RNase activity in the activation of both

HIF-1a and glycolysis supporting pro-inflammatory polarization.

Again, XBP1s was dispensable. This novel function of IRE1 RNase

in immunometabolic activation of macrophages may contribute to

the development of metabolic inflammation in response to higher

SFAs concentrations and/or to abnormal levels of circulating LPS

resulting from increased intestinal permeability in obesity (48). This

work also suggests such a role for IRE1 RNase in the pro-

inflammatory response following infection by exogenous

pathogens activating TLR4 or other pathogen recognition

receptors (PRRs).

To our knowledge, these results are the first to demonstrate a

role of IRE1, independent of XBP1s, in the activation of HIF-1a and

glycolysis within pro-inflammatory macrophages. In patients with

Cystic Fibrosis (CF), a recessive genetic disorder caused by

mutations in the cystic fibrosis transmembrane conductance

regulator (CFTR), accumulation of the misfolded CFTR induces a

perpetual ER stress (49). An overactive IRE1a-XBP1 pathway

reprograms CF M1 macrophages toward an increased metabolic

state with increased glycolytic rates and mitochondrial function,

associated with exaggerated production of TNFa and IL-6. This

hyper-metabolic and -inflammatory state, seen in CF macrophages,

is reversed by inhibiting the RNase domain of IRE1a (49).

However, a possible role of HIF-1a is not mentioned. More

recently, a role of IRE1’s RNase activity was demonstrated in

upregulation of both HIF1A mRNA and glycolysis in

macrophages following B. abortus infection but this pathway

relies on XBP1s (50). Only one report demonstrated a link

between IRE1’s RNase activity and HIF-1a activation through

XBP1s-independent mechanism in endothelial cells under

hypoxia (51).

Although IRE1’s RNase activity is required for HIF-1a
activation by both LPS and SFAs, underlying mechanisms and

kinetics are quite different. LPS-mediated IRE1 activation is rapid,

as demonstrated by both XBP1SmRNA and XBP1s protein peaking

at 3 h. Furthermore, the XBP1s protein is no longer visible beyond 5

hours of activation by LPS, demonstrating a more transient
Frontiers in Immunology 1446
activation of IRE1 than with the classic inducers, Tm and Tg

(52). This particular kinetics may be related to a two-wave

modulation of IRE1 protein levels in macrophages after LPS

challenge; indeed, IRE1 levels seem to increase very transiently at

short times (3h), then decrease before increasing again at long times

(16-24h). The activation of IRE1 in response to C18:0 results from

phospholipid saturation and lipid bilayer stress (18, 19).

Accordingly, the kinetics are slower and sustained over time since

the XBP1S mRNA accumulates for up to 24 h. Similarly, the XBP1s

protein shows a peak at 10h but is still visible at 24h. This kinetics is

consistent with the progressive accumulation of IRE1 protein in

macrophages upon activation with C18:0. Such increase in IRE1

levels has been also observed in response to classical ER stress

inducers in several cell lines and has been shown to result, at least

partially, from JNK-dependent transcriptional activation (52).

However, accumulation of IRE1 protein during ER stress was also

reported to be caused by attenuation of BiP-dependent degradation

of IRE1 (53). Further investigation will be required to resolve the

origin of these IRE1 protein modulations in macrophages upon LPS

or SFA stimulation.

Anyway, the kinetics of IRE1 activation, although different for

each inducer, match perfectly with those of HIF-1a activation and

glycolytic genes expression. We also observed a very significant

upregulation of IRE1 protein levels in C18:0- and LPS-treated

macrophages when HIF-1a was knocked down (data not shown),

which looks like to a feedback during which the cell compensates for

the loss of HIF-1a by upregulating IRE1 levels. Taken together,

these observations further strengthen our results demonstrating a

crosstalk between both pathways, IRE1 and HIF-1a.
Since XBP1s is dispensable, IRE1 RNase should fulfill this novel

function through RIDD. Such mechanism suggests the involvement

of a mRNA or pre-miRNA target which would be cleaved by IRE1

endonuclease in the consensus sequence 5′-CUG↓CAG located

within a stem-loop secondary structure similar to the one

observed in XBP1S mRNA and would be subsequently rapidly

degraded by cellular exoribonucleases (20–23). RIDD regulates

several additional cellular functions besides reducing ER load,

including triglyceride and cholesterol metabolism (54), apoptosis

signaling (55), protective autophagy (56) and DNA repair (57).

Several dozen RIDDmRNA targets have been highlighted so far but

these may depend on the nature of the stress stimuli and tissue and

cell context (58). Many RIDD targets are yet to be identified.

Interestingly, we noted that the XBP1s knockdown, that is

known to induce hyperactivation of IRE1 and increased RIDD

activity (46, 47), further increases HIF-1a activation in C18:0- and

LPS-treated macrophages. These observations support the

hypothesis involving RIDD as the missing link between IRE1 and

HIF-1a. What could be the mRNA or pre-miRNA targeted by

RIDD whose degradation favors the accumulation of HIF-1a?
Given the complexity of the multilayer HIF-1a regulation, the

possibilities are multiple. The nonhypoxic stabilization of HIF-1a
in LPS-activated macrophages is mediated by tricarboxylic acid

(TCA) cycle intermediates like succinate and citrate that

accumulate following LPS treatment in macrophages and lead to
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PHD inhibition through various mechanisms, notably through the

production of reactive oxygen species (ROS) (41). Since the

transcriptomic analysis revealed a ROS signature (Figure 1C) and

the modulation of some TCA cycle enzymes (data not shown) in

C18 :0-treated MDMs, we can suggest the involvement of such

mechanism in C18 :0-mediated HIF-1a activation.

IRE1a activation has been frequently observed in multiple tissues

and cell types from dietary and genetic obesity mouse models (26, 28).

Hyperactivation of the IRE1a–XBP1 pathway has been also

documented in adipose tissue of obese humans (59, 60). This state

of so-called metabolic ER stress is provoked by a multitude of stimuli,

mainly nutrients like glucose, lipids,… arising from both systemic and

tissue microenvironmental changes in the face of energy surplus (28).

Chronic IRE1 activation under such metabolic ER stress contributes to

the pathological progression of obesity by disrupting some metabolic

and inflammatory pathways in tissues like liver and pancreatic islets

(28). While XBP1s can be viewed as an adaptive effector in the

homeostatic control of metabolism, it has been increasingly

recognized that hyperactivation of IRE1’s RIDD activity can mediate

its maladaptive, pathological effects during obesity-induced metabolic

stress (28).

Interestingly, IRE1a was shown to be also activated in ATMs of

DIO mice (61). Myeloid-specific IRE1a abrogation in mice blocked

high fat diet (HFD)-induced obesity and insulin resistance and

reversed HFD-induced M1–M2 imbalance in white adipose tissue

(WAT) (61). To define the role of IRE1a in shaping the

inflammatory properties of macrophages, Shan et al. (61)

stimulated BMDMs with LPS or IL4 to mimic M1 or M2

polarization in vitro. They demonstrated a role of IRE1a both in

upregulation of M1 markers such as iNOS and IL-6 and in

downregulation of some M2 markers and proposed XBP1s- and

RIDD-dependent mechanisms, respectively. Our results fit with

those of Shan et al. since they also demonstrate a role of IRE1

RNAse in the M1-like polarization of human macrophages. The

mechanism highlighted in our work is different but complementary

since it involves IRE1’s RNase activity, but not XBP1s, in the HIF-

1a-mediated glycolytic switch required for the M1-like polarization

of macrophages. This mechanism probably relies on RIDD.

Although activation of glycolysis controlling cytokine release

has been validated in ATMs of DIO mice (62), a limitation of this

work is that it does not allow to confirm the causal link between

IRE1a activation and glycolysis stimulation in vivo. Comparing the

transcriptome of ATMs from WT mice with myeloid-specific

IRE1a deficient mice after a normal chow or high-fat diet would

allow us to confirm or not the involvement of IRE1a in the

activation of glycolysis in vivo. This analysis could also highlight

genes that are downregulated by HFD in an IRE1a-dependent
manner and that constitute potential RIDD targets. These relevant

RIDD substrates would be selected for a functional study in the

model of BMDMs (or MDMs) + SFA (or LPS). The best RIDD

candidates could be the target of new therapeutic strategies that

would have the advantage of not impacting the production of

XBP1s that functions rather to protect metabolic tissues in

obesity (28).
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Introduction: The three groups of helper innate lymphoid cells (ILCs), namely

ILC1, ILC2 and ILC3, have been identified by flow cytometry by combinations of

cell surface markers. Here, we review various ways ILCs are currently identified,

focusing on potential problems and their solutions. The first step to identify all

ILCs is to exclude other lymphocytes and myeloid cells by their lineage-specific

markers (Lin). However, the Lin cocktail varies in various studies, and the

definition of Lin- population containing ILCs is often ambiguous, resulting in

contamination of Lin+ cells, particularly T cells.

Method: We have designed combinations of cell surface markers to identify ILC

populations in various tissues of B6 mice by flow cytometry. To minimize T cell

contamination, TCR/CD3ϵ antibodies were used separately from the Lin cocktail.

ILCs identified by surface markers are confirmed by the expression of the

transcription factors GATA3, RORgt, T-bet and Eomes.

Result: ILC1s in the B6 mouse liver are identified by Lin-NKp46+NK1.1+TCR/

CD3ϵ−CD49a+CD49b−. However, defining ILC1s in other tissues remains a

cha l lenge . ILC2s in the lung are ident ified by L in−TCR/CD3ϵ−

Thy1+CD127+ST2+ whereas ILC2s in the small intestine and liver are identified

by Lin−TCR/CD3ϵ−Thy1+GATA3+RORgt−. ILC3s in B6 mouse spleen, liver, lung

and small intestine are identified by Lin−TCR/CD3ϵ− Thy1+CD127+RORgt+.

Discussion: The ILC population is heterogeneous and the strategies to identify

ILCs have to be designed for each ILC population and tissue. Excluding T cells in

all cases is crucial, and a combination of transcription factors GATA3, RORgt, T-
bet, and Eomes should be used to identify ILCs. Using CD3ϵ/TCRs in a different

fluorochrome not in Lin cocktail minimizes contamination of T cells specifically

identify individual ILC populations in various tissues.
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innate lymphoid cells, ILC1, ILC2, ILC3, flow cytometry, analysis
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1 Introduction

The family of cytokine-producing helper innate lymphoid cells

(ILCs) consists of three groups, namely, ILC1, ILC2, and ILC3 (1).

ILCs do not express unique markers, and they can only be

distinguished from each other and other lymphocytes by

combinations of markers. All ILCs are negative for mature

hematopoietic cell lineage surface markers (Lin−). For mouse

ILCs, the Lin cocktail typically includes Ter119 for erythroid cells,

Gr-1 for granulocytes, CD11c for dendritic cells, CD11b for

monocytes/macrophages, CD19 for B cells, and CD3ϵ/TCR for T

cells (2). With this Lin cocktail, Lin− cells include all ILCs and also a

subset of NK cells that is CD11b negative. To avoid NK cell

contamination, NK1.1 is used in the lineage cocktail or in

separate fluorochrome to exclude NK cells (3). However, the

separation between Lin+ and Lin− cells is often not clear due to

the presence of cells expressing an intermediate level of Lin

markers. Because the Lin− gate is often arbitrarily set, some Lin+

cells, particularly T cells, can be included in the Lin− population.

ILCs within the Lin− population can be further identified by CD127

and/or Thy1 expression. However, some ILC1s do not express Thy1

and CD127, while some NK cells express Thy1 and CD127.

Currently, there is no simple gating strategy to identify all ILCs

by combinations of cell surface markers, and the Lin cocktail and

subsequent gating for ILCs have to be designed for each

ILC population.

Each ILC population is heterogeneous, and cell surface marker

expression varies among ILCs in different tissues (4–6), making it

difficult to identify ILCs in various tissues by cell surface

markers alone. ILCs can also be identified by the expression of

the transcription factors T-bet , Eomes, GATA3, and

RORgt. ILC2s are T-bet−Eomes−GATA3hiRORgt−, ILC3s are

Eomes−GATA3loRORgt+, and ILC1s and NK cells are T-

bet+RORgt− (7, 8). The distinction between NK cells and ILC1s is

complicated by the heterogeneity of ILC1s. ILC1s in the liver are

Eomes−GATA3−, while salivary gland ILC1s express Eomes and T-

bet. Intestinal and thymic ILC1s are Eomes−T-bet+GATA3+ (9). As

T cells also express these transcription factors, it is critical to

exclude T cells from this analysis. Recent reports have also shown

that ILC progenitors expressing those transcription factors are

found in various tissues (10), further complicating ILC analyses.

While the transcription factor staining can confirm the identity

of individual ILC populations, it requires fixing and

permeabilization of cells and cannot be applied to isolate live

ILCs. There are fluorescent reporter mice that can be used to

identify ILCs without fixing/permeabilization of cells, including

reporters for GATA3 (11), IL-5 and IL-13 (12), RORgt (13), and
NKp46 (14). Because those genes are not specific to ILCs but are

also expressed in some other lymphocytes, combinations of other

cell surface markers are required to identify individual

ILC populations.

Here, we discuss problems with the ways ILCs are currently

identified by flow cytometry and how individual ILC populations in

the lung, liver, and small intestine (SI) can be identified by

combinations of cell surface markers and transcription factors

without contamination of other lymphocytes.
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2 Materials and methods

2.1 Mice

C57BL/6J (B6) mice were bred in-house and purchased from

breeders of Jackson Laboratory (Bar Harbor, ME, USA). Rorc(gt)-
eGFP reporter mice (JAX stock #007572) and Rag1−/− mice (JAX

stock #002216) on a B6 background were originally purchased from

Jackson Laboratory. Homozygous Rorc(gt)-eGFP mice were crossed

with B6 mice to generate heterozygous Rorc(gt)-eGFP mice. All

mice were maintained in the British Columbia Cancer Research

Centre animal facility under specific pathogen-free conditions.

The use of these mice was approved by the animal committee of

the University of British Columbia and in accordance with the

guidelines of the Canadian Council on Animal Care.
2.2 Tissue processing and
leukocyte preparation

All tissues including the liver, lung, spleen, and SI were

processed as described previously in detail (15). Mice were

anesthetized with isoflurane (5%) and then euthanized with CO2

until respiratory arrest. Tissues were collected in a tube containing

5 ml of Dulbecco’s modified Eagle medium (DMEM) with 2% fetal

bovine serum (FBS).

2.2.1 Liver
Livers were mashed and passed through 40-µm cell strainers

(BD Falcon or Sarstedt) with 10 ml of DMEM (Thermo Fisher

Scientific, Waltham, MA, USA; #11995073) + 10% (v/v) FBS, and

the strainers were washed with 15 ml of the same media. After

centrifugation (4°C, 3 min, 30 × g) for hepatocyte sedimentation,

the supernatant was collected and centrifuged (4°C, 5 min, 300 × g).

The pellet was resuspended in 16 ml of 40% Percoll. After

centrifugation (room temperature (RT), 20 min, 1,400 × g), the

pellet resuspended in 3 ml of red blood cell (RBC) lysis buffer

(ammonium chloride, NH4Cl; MilliporeSigma, St. Louis, MO, USA;

cat. no. A9434-500G; sodium bicarbonate, NaHCO3; Thermo

Fisher Scientific, cat. no. BP328-500; EDTA disodium salt,

Thermo Fisher Scientific, cat. no. BP120-1, pH 7.2–7.4).

2.2.2 Spleen
Spleens were mashed through 70-µm strainers in 5 ml

phosphate-buffered saline (PBS) + 2% FBS. Strainers were washed

with 5 ml of the same buffer. After centrifugation (4°C, 5 min, 400 ×

g), the supernatant was discarded, and RBCs were lysed using RBC

lysis buffer.

2.2.3 Lung
Lungs were minced in a 10-cm petri dish by using a razor and

then placed in a tube containing 5 ml of digestion buffer (DMEM +

10% FBS + 142.5 U/ml Collagenase IV, Thermo Fisher Scientific,

cat. no. 17104019; 118.05 KU/ml of DNase I from bovine pancreas,

MilliporeSigma, cat. no. 11284932001). Tubes were incubated for
frontiersin.org
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25 min at 37°C in a shaker at 200 rpm. Digested tissues were

mashed and passed through 70-µm cell strainers by adding 5 ml

DMEM + 10% FBS. After centrifugation (4°C, 5 min, 400 × g), the

supernatant was discarded, and the pellet was resuspended in 5 ml

of 36% Percoll and centrifuged at RT, 20 min, 650 × g. RBCs were

lysed using RBC lysis buffer.

2.2.4 Small intestine
The SIs were extensively washed with intestine wash buffer (Ca2

+/Mg2+-free (CMF) HBSS + 15 mM HEPES/pH = 7.2) and were cut

into ~1-cm pieces after discarding the fat and Peyer’s patches. With

the use of surgical scissors, each fragment was cut open

longitudinally. Then, the luminal contents were rinsed three times

using an intestine wash buffer. The intestinal epithelial cells were

removed by incubation in CMF/EDTA/FBS buffer (HBSS + 15 mM

HEPES + 10% FBS + 2.5 mM EDTA + 1 mM DTT/pH = 7.2) for

20 min at 37°C in a shaker at 250 rpm. The tubes were shaken

manually 10 times, and then the contents were passed through

sieves and rinsed with wash buffer. This step could be repeated for

two more times. Tissues were digested using 100 U/ml of

Collagenase VIII (Sigma-Aldrich, cat. no. C2139-500MG) and

9.41 U/ml of DNase I from bovine pancreas (Millipore Sigma,

cat. no. 11284932001). Digestion buffer was prepared in DMEM

containing 10% FBS. Tissue digestion was performed in a shaker for

25 min at 37°C and 5% CO2. The contents were filtered through a

100-mm cell strainer, and 10 ml of intestine washing buffer was

added. After centrifugation (4°C, 5 min, 400 × g), the pellet was

resuspended in 5 ml of PBS containing 2% FBS and filtered through
Frontiers in Immunology 0352
70-mm and then 40-mm cell strainers. Cells were centrifuged (4°C,

5 min, 400 × g), and then RBCs were lysed using RBC lysis buffer.

After adding RBC lysis buffer, cells were incubated for 5 min at

RT. DMEM at a volume of 5 ml with 2% FBS was added and

centrifuged (4°C, 5 min, 400 × g). The supernatant was discarded,

and the pellet was resuspended in 1 ml PBS + 2% FBS and then

transferred to a 5-ml flow tube through a 35-mm strainer cap. Cells

were then stained with antibodies in PBS containing 2% FBS.
2.3 Intracellular cytokine staining

Leukocytes were incubated at 37°C for 3 hours in 500 µl of

Roswell Park Memorial Institute (RPMI) 1640 media containing

10% FBS, 100 U/ml of P/S, 50 mM of 2-ME, Brefeldin A (Golgi

Plug, BD Biosciences, San Jose, CA, USA), 30 ng/ml of phorbol 12-

myristate 13-acetate (PMA; Sigma, P1585), and 500 ng/ml of

ionomycin (Sigma, 10634). Intracellular cytokine staining was

performed after the incubation and surface staining using

Cytofix/Cytoperm Fixation/Permeabilization Solution kit (BD

Biosciences) according to the manufacturer ’s protocol.

Intracellular GATA3, RORgt, T-bet, and Eomes staining were

carried out similarly without preincubation using Foxp3/

Transcription Factor Staining Buffer Set (Thermo Fisher

Scientific) according to the manufacturer’s protocol. Simultaneous

intracellular RORgt and cytokine staining were performed using

Foxp3/Transcription Factor Staining Buffer Set according to the

manufacturer’s protocol.
TABLE 1 Antibody list for flow cytometry.

Antigen Clone Fluorochrome Brand Dilution

Viability dye — eFIuor780 Thermo Fisher 500

CD45 30-F11 BV510 BD Biosciences 100

CD127 A7R34 PE Thermo Fisher 250

CD127 A7R34 AF700 Thermo Fisher 80

NKP46 29A1.4 eFluor450 Thermo Fisher 250

NKP46 29A1.4 PerCPeF710 Thermo Fisher 200

NKP46 29A1.4 AF700 Invitrogen

CD19 ID3 eFluor450 Thermo Fisher 750

LY6G and LY6C (GR-1) R86-8C5 eFluor450 Thermo Fisher 1000

TCRb H57-597 PE BioLegend 250

TCRb H57-597 FITC BD Biosciences 250

TCRgd eBioGL3 PE BD Biosciences 750

TCRgd GL3 FITC BD Biosciences 750

CD3 145-2C11 PE BD Biosciences 125

CD3 145-2C11 FITC Thermo Fisher 250

(Continued)
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2.4 Antibodies and flow cytometry

Single-cell suspensions were incubated with anti-mouse CD16/

32 antibody (clone 2.4G2) to block non-specific binding to Fc

receptors before surface staining. Antibodies used in this study are

listed in Table 1. Flow cytometry analysis was performed on a BD

Fortessa flow cytometer and FACSDiva software (BD Biosciences).

Flow cytometry data were analyzed using FlowJo 8.7. GraphPad

Prism 7 was used for data analysis. Data shown in the figures are

mean ± SEM.
3 Results

3.1 Analysis of ILC1

To accurately identify ILC1s in the liver under steady-state

conditions, we performed 12-color flow cytometry (Table 2) and

sequential gating analysis (Figure 1). Our lineage cocktail contained

Ter119, Gr-1, CD220, and CD19 to exclude erythrocytes,

granulocytes, and B cells. We used a T-cell antibody cocktail

including TCRb, TCRgd, and CD3ϵ in a separate color to avoid

NKT cell contamination. We used NK1.1 and NKp46 (NCR1) as

shared markers for identifying NK cells and ILC1s. It is important
Frontiers in Immunology 0453
to note that NK1.1 is expressed in B6 and SJL strains but not in

other strains (16).

For our analysis of ILC1 in B6 mice, we used CD49b as an NK

cell marker and CD49a as an ILC1 marker. However, we found that

CD49a is not a specific marker of liver ILC1s, as other liver cells

including some T cells and NKT cells also express CD49a

(Figures 2A, B). Therefore, using a combination of markers is

critical to define ILC1s. Lin−NK1.1+NKp46+CD3ϵ/TCRs− cells

can be d iv ided in to CD49b+CD49a− NK ce l l s and

CD49b−CD49a+ILC1s. The former express Eomes and T-bet,

whereas the latter express Eomes−T-bet+ (Figure 2C).

Furthermore, both populations are RORgt−, indicating the

absence of NKp46+ILC3 contamination (Figure 2D). Thy1 and

CD127 are not reliable markers to distinguish ILC1s from NK cells,

as some NK cells express Thy1 and CD127, while not all ILC1s are

Thy1 and CD127 positive (Figure 2E). Approximately 80% (mean ±

SEM) of ILC1s are positive for intracellular IFNg (Figure 2F). This
strategy is designed for B6 mouse liver ILC1s. However, defining

ILC1s in other tissues remains a challenge. We found a small

population of CD49a+ cells expressing Eomes in the lung and

spleen (Figure 3). Therefore, it is critical to analyze the expression

of transcription factors including Eomes and RORgt in addition to

surface marker staining to define the ILC1 population in

various tissues.
TABLE 1 Continued

Antigen Clone Fluorochrome Brand Dilution

GATA3 TWAJ APC Thermo Fisher 50

Rorgt B2D PE Thermo Fisher 50

Eomes Dna11mag PerCPeF710 Thermo Fisher 50

T-bet eBio4B10 PECY7 Thermo Fisher 50

Ter119 TER119 eFluor450 Thermo Fisher 250

Thy1.2 33-2.1 BV605 BD Biosciences 250

B220 RA3-6B2 eFluor450 Thermo Fisher 750

NK1.1 PK136 eFluor450 Thermo Fisher 250

NK1.1 PK136 APC BD Biosciences 150

CD11c N418 eFluor450 Thermo Fisher 750

CD11b M1/70 eFluor450 Thermo Fisher 750

ST2 RMST2-2 PECY7 Thermo Fisher 80

CD49a Ha31/8 BV711 BD Biosciences 250

CD49b DX5 AF647 BioLegend 250

CCR6 140706 BV711 BD Biosciences 250

IFNg XMG1.2 PECY7 Thermo Fisher 50

IL-5 TRFK5 APC BD Biosciences 100

IL-13 eBio13A PECY7 Thermo Fisher 50

Rorgt B2D PE Thermo Fisher 50

IL-17 TC11-18H10 PE BD Biosciences 50

IL-22 1H8PWSR PerCPeF710 Thermo Fisher 50
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3.2 Analysis of ILC2s

Currently, ILC2s are defined by combinations of markers that

vary among different studies. For example, lung ILC2s are defined

by Lin−ST2+Thy1+CD25+ (17), Lin−CD45+, CD127+, ST2+ (18),
Frontiers in Immunology 0554
CD45+CD3ϵ−CD19–CD127+CD25+ST2+ (19), and Lin−GATA3+

(20). Liver ILC2s are also defined by Lin−Sca-1+ST2+ (21),

Lin−CD127+ST2+ (22), and Lin−CD45+GATA3+Thy1+ST2+ (23).

In the literature, lung ILC2 numbers in naïve mice vary from

approximately 2,000–3,000 cells (24, 25) to 8,000–15,000 (26)
FIGURE 1

Gating strategy for analysis of liver ILC1 in C57BL/6 mice. Gating was applied on live CD45+ leukocytes. Lymphocytes were gated with the forward
scatter/side scatter (FSC/SSC) method, followed by gating on single cells using FSC-A/FSC-H. Negative lineage cells were gated to exclude
erythrocytes, myeloid cells, and B cells. NK1.1- and NKp46-positive, T-cell marker-negative cells were gated. CD49b and CD49a markers were used
to define NK cells and ILC1, respectively. Numbers indicate percentages of cells in each gate.
TABLE 2 Antibody panel for ILC1, ILC2, and ILC3 identification.

ILC1 panel

FITC PerCPeF710 AF647 AF-
700

R780 eFlour450 BV510 BV605 BV650 BV711 PE PECy7

CD3ϵ,
TCRb,
TCRgd

Eomes CD49b NK1.1,
NKp46

Viab Ter119,
Gr-1 CD19, B220

CD45 Thy1.2 CD160 CD49a CD127 T-bet

ILC2 panel

FITC PerCPeF710 R670 AF-700 R780 eFlour450 BV510 BV605 BV650 BV711 PE PECy7

CD3ϵ,
TCRb,
TCRgd

ST2 GATA3 – Viab Ter119,
Gr-1 CD19, B220,
NK1.1, NKp46

CD45 Thy1.2 – – Rorgt CD127

ILC3 panel

FITC PerCPeF710 R670 AF-700 R780 eFlour450 BV510 BV605 BV650 BV711 PE PECy7

CD3ϵ,
TCRb,
TCRgd

ST2 GATA3 CD127 Viab Ter119,
Gr-1 CD19, B220

CD45 Thy1.2 – – Rorgt NK1.1
(or in Lin
cocktail)
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likely due to different strategies to identify ILC2s. One problem is

the lack of consensus on which markers to include in the lineage

cocktail among studies (Table 3). This can lead to the

contamination of T cells, which have a similar phenotype as

ILC2s (Figure 4), resulting in differences in the identification and

enumeration of ILC2s. To avoid T-cell contamination, we propose

to use T-cell markers in a separate channel from the lineage cocktail.

This approach ensures that T cells are excluded from the

ILC2 population.

To identify ILC2s in the lung, we used a Lin cocktail of CD19,

Ter119, B220, NK1.1, NKp46, GR-1, CD11b, and CD11c labeled

with eFluor450 combined with CD3ϵ/TCRs labeled with fluorescein
isothiocyanate (FITC) or allophycocyanin (APC). ILC2s are then

gated by Lin−Thy1+CD3ϵ/TCRs−CD127+ST2+. The number of

ILC2s in the naïve B6 mouse lungs identified by this strategy is

approximately 3,000 cells per mouse. It should be noted that not all

ILC2s in the lung are Lin negative, but some of them seem to weakly

express Lin markers (Figure 5A, contour plots). ILC2s thus

identified can be confirmed by transcription factor staining

(GATA3+RORgt−) (Figure 5A, histograms). Most (approximately

80%) lung ILC2s (Lin−Thy1+CD3ϵ/TCRs−ST2+GATA3+) also
Frontiers in Immunology 0655
express CD25 (Figure 5B). Intercellular cytokines in ILC2s are

analyzed by the expression of IL-5 and IL-13 in the same gate

following a short-term (3 hours) incubation with PMA/ionomycin

in the presence of Brefeldin A. Approximately 7% (mean ± SEM) of

ILC2s express intracellular IL-5 and IL-13 (Figure 5C).

SI ILC2s (Lin−hy1+CD3ϵ/TCRs−GATA3+RORgt−) are ST2−,

but approximately 90% express KLRG1, and over 90% are IL-

17RB positive (Figure 6A). Liver ILC2s (Lin−Thy1+CD3ϵ/
TCRs−GATA3+RORgt−) can be divided into ST2+ (approximately

70%) and ST2− populations. Approximately 50% of them are

KLRG1+, and over 90% are IL-17RB+ (Figure 6B). The frequency

and number of ILC2s in the liver, SI, and lung are shown

in Figure 6C.
3.3 Analysis of ILC3s

We investigated strategies to identify ILC3s in the lung, spleen,

liver, and SI. ILC3s are similar to other ILCs in terms of surface

markers and are Lin−Thy1+CD127+. Because some ILC3s express

NKp46, the Lin cocktail for ILC3s excludes this marker. There is no
A B

D E

F G

C

FIGURE 2

Limitations of CD49a as a selective marker for identifying liver ILC1s in C57BL/6 mice. (A) Lin− cells were analyzed for the expression of CD49a on T
cells. (B) NKT cells (TCRs/CD3ϵ+/NK1.1/NKp46+) were analyzed for CD49a expression. (C) Eomes and T-bet were analyzed on liver NK cells and
ILC1s. (D) RORgt expression on liver NK cells and ILC1s; Lin−TCR/CD3ϵ+RORgt+ cells were used as positive control (green histogram). (E) Thy1 and
CD127 expression on liver ILC1s and NK cells were analyzed. (F) Liver lymphocytes were incubated with phorbol 12-myristate 13-acetate (PMA)/
ionomycin plus Brefeldin A for 4 hours and stained for intracellular IFNg. CD49a−CD49b+ NK cells and CD49a+CD49b− ILC1s were gated and
analyzed for intracellular expression of IFNg. Numbers indicate percentages of cells in indicated gates. (G) Frequency of IFNg expressing ILC1 and NK
cells. Data are shown as mean ± SEM.
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C

FIGURE 3

Comparing Eomes expression in ILC1s and NK cells in the liver, lung, and spleen of C57BL/6 mice. (A) Live CD45+Lin−NK1.1+NKp46+CD3ϵ/TCRs−

were gated and analyzed for CD49a and CD49b expression. Blue and red gates show CD49b+CD49a− NK cells and CD49a+CD49b− ILC1s,
respectively. Numbers indicate percentages of cells in each gate. (B) Frequency and number of CD49a+CD49b− and (C) CD49b+CD49a− cells of
CD45+ leukocytes in liver, lung, and spleen. Data are shown as mean ± SEM.
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ILC3-specific surface marker, and it is difficult to discriminate them

from other ILCs by cell surface markers alone. Therefore, staining

for RORgt, which is expressed in ILC3s but not in other ILCs, is

required to specifically identify ILC3s. When CD3ϵ/TCR are

included in the Lin cocktail for analysis of ILC3s in the naïve B6

mouse lungs, there is no clear separation between Lin+ and Lin−
Frontiers in Immunology 0857
populations, and both populations include RORgt+ cells

(Figure 7A). When TCR/CD3ϵ is in separate fluorochrome, it

became clear that some T cells express RORgt (Figure 7B). ILC3s

in naïve C57BL/6 lung are a very rare population, but they could be

identified by Lin−Thy1+CD127+CD3ϵ/TCR−RORgt+ (Figure 7C).

Rag1-ko mice have more ILC3s in the lung than wild-type B6 and
TABLE 3 Lineage cocktails used in different studies.

# Paper Title Lineage cocktail Ref

1 IL-17-producing ST2+ group 2 innate lymphoid cells play a pathogenic role in lung
inflammation

CD3ϵ, B220, CD11b, CD11c, Gr-1, NK1.1, and FcϵRI (27)

2 IL-33 promotes the egress of group 2 innate lymphoid cells from the bone marrow CD3, CD5, CD45R (B220), CD11b, Gr-1 (Ly-6G/C), 7-4, and
Ter-119

(28)

3 IL-25-responsive, lineage-negative KLRG1hi cells are multipotential “inflammatory”
type 2 innate lymphoid cells

CD3ϵ, CD5, CD19, B220, TCRgd, NK1.1, CD11b, CD11c, Gr-1,
FcϵR1, and TER119

(29)

4 A tissue checkpoint regulates type 2 immunity B220, CD11b, CD19, TCRgd, CD11c, CD3, CD5, Ter 119, NK
1.1, and CD8

(30)
frontier
FIGURE 4

Lin-negative populations defined by different lineage cocktails were analyzed for T-cell contamination. ILC2s in the lung and the liver of C57BL/6
mice were analyzed. Gating was applied on live, single-cell, CD45+ leukocytes. The numbers on the left indicate Lin cocktails listed in Table 3.
Numbers indicate percentages of cells in each gate.
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can be divided into CD4+, NKp46+, and CCR6+ subsets (Figure 7D).

ILC3s in the spleen, liver, and SI were also detected by

Lin−Thy1+CD127+CD3ϵ/TCR−RORg t+ (Figures 8A-D).

Approximately 4% and 0.4% (mean ± SEM) of ILC3s are IL-17

and IL-22 positive, respectively (Figures 8E, F).

Transcription factor staining requires fixation and

permeabilization steps. To analyze live ILC3s, we used

heterozygous Rorc(gt)-eGFP reporter mice. ILC3s in these mice

can be detected by Lin−Thy1+NK1.1−CD3ϵ/TCR−CD127+GFP+.

ILC3s are mostly IL-18R+ and CD49a+ (Figure 9).
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4 Discussion

The ILC population is heterogeneous, and currently, there is no

single way to identify all ILCs in various tissues. This study has

focused on flow cytometric analyses of ILC1s in the liver, ILC2s in the

lung and liver, and ILC3s in the lung, spleen, and SI. The common

first step to identify ILCs is to exclude myeloid cells, erythroid cells,

dendritic cells, T cells, and B cells based on Lin marker expression.

The Lin cocktail commonly includes T-cell markers (CD3e/TCRs),
and the Lin− population is expected to be T cell-free. However, in our
A

B

C

FIGURE 5

Characterization of C57BL/6 mouse lung ILC2s with CD3ϵ/TCR separated from the Lin cocktail. (A) Lin-negative/low Thy1+ cells were gated, and
TCR/CD3ϵ− cells were further divided into Lin− (green gate) and Linlo (bold black gate). ILC2s in each gate were identified by CD127+ST2+ and
confirmed by GATA3+RORgt− (right histograms). Lin+ population (red gate) was used as negative control. (B) Lung ILC2s were gated by Lin−/low
Thy1+TCR/CD3ϵ−ST2+CD127+ and analyzed for CD25 expression. Lin+ population (red gate and red histogram) was used as negative control.
(C) Lung lymphocytes were incubated with phorbol 12-myristate 13-acetate (PMA)/ionomycin and Brefeldin A for 3 hours. ILC2s (Thy1+Lin−TCR/
CD3ϵ−ST2+CD127+) were analyzed for intracellular IL-5 and IL-13. Gating was applied on live, single-cell, CD45+ leukocytes. Numbers indicate
percentages of cells in each gate.
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analyses, T-cell contamination is still the biggest potential problem in

identifying ILCs (7, 31). Lin− cells are not clearly separated from Lin+

cells, and some ILCs seem to weakly express some Lin markers.

Therefore, Lin− gate is ambiguous and subjective, and it is difficult to

exclude all T cells from the Lin− population. We have found that the
Frontiers in Immunology 1059
best way to avoid T-cell contamination is not to include CD3e/TCRs
in the Lin cocktail but to have them in a different fluorochrome

instead. In this way, T cells can be more clearly excluded. Because

apparent ILC functions can be attributed to contaminating T cells, it

is critical to specifically exclude all T cells. In conventional flow
A

B

C

FIGURE 6

Analysis of ILC2s in the small intestine (SI) and liver of C57BL/6 mouse. (A) ILC2s in the SI were gated as Thy1+Lin−TCRs/CD3ϵ−ST2+GATA3+RORgt−,
and RORgt+ILC3s (red square) were used as negative control. Histograms show the expression of ST2, KLRG1, and IL-17RB on ILC2s. (B) ILC2s in the
liver were gated as Thy1+Lin−TCRs/CD3ϵ−GATA3+RORgt−. RORgt+ILC3s (red square) were used as negative control. Histograms show the expression
of ST2, KLRG1, and IL-17RB. Gating was applied on live, single-cell, CD45+ leukocytes. Numbers indicate percentages of cells in each gate.
(C) Frequency and number of ILC2s (of CD45+ leukocytes). Data are shown as mean ± SEM.
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cytometry, having CD3e/TCRs in separate fluorochrome from the

Lin cocktail reduces the capability of other marker analyses due to the

limited number of fluorescence combinations. This can be resolved

by the use of a spectral flow cytometer (32).

For ILC1 analysis, distinguishing them from NK cells and other

ILCs especially ILC3s is necessary. In our current study, liver ILC1s

are identified by Lin−NKp46+NK1.1+CD49a+CD49b−. The

combination of CD49a and CD49b clearly separates ILC1s from

NK cells, whereas NK1.1 expression excludes ILC3s. This can be

confirmed by the expression of the NK-associated transcription factor

Eomes in CD49a−CD49b+, while the CD49a+CD49b− population

lacks Eomes and the ILC3-associated transcription factor RORgt. It
should be noted that CD49a is expressed not only on ILC1s but also

on other lymphocytes, including ILC3s and NKT cells, and it is

important to have CD3ϵ/TCR in separate fluorochrome to avoid

contamination of T cells as discussed above. This strategy cannot be

universally applied to ILC1s in all tissues and other strains of mice

lacking NK1.1. It has been reported that salivary gland ILC1s express

CD49b and Eomes, and intestinal ILC1s also express Eomes (9).
Frontiers in Immunology 1160
ILC2s in the lung are identified by Lin−CD127+Thy1+ST2+.

We have shown that unless those cells are separately stained for

CD3ϵ/TCRs, it is very difficult to avoid T-cell contamination.

While ILC2s in the lung are efficiently identified by this strategy,

a minor population of lung ILC2s termed inflammatory ILC2s is

known to be ST2− (33). CD25 can be used to identify lung ILC2s,

but not all lung ILC2s express CD25. The majority of ILC2s in

the SI do not express ST2 (24), and KLRG1 may be used to

identify them instead. However, approximately 10% of SI ILC2s

are KLRG1 negative.

Approximately 30% of Liver ILC2s do not express ST2. For

those, IL-17RB (IL-25R) can be used in place of ST2 to identify

ILC2s. However, recently reported IL-18R+ ILC progenitors also

express IL-17RB (34), and IL-18R+ cells have to be excluded from

the analysis of ST2− ILC2s.

Activated lung ILC2s may downregulate CD127 and ST2.

Cavagnero K et al. reported ST2+CD127− and ST2−CD127− cells

in the lung of Alternaria-treated mice (35). Staining for GATA3,

RORgt, T-bet, and Eomes should determine their identity.
A
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FIGURE 7

(A) The expression of Lin markers on RORgt+NK1.1− cells (bold black square) in C57BL/6 mouse lung. Lin cocktail included TCR/CD3ϵ, CD11b, CD11c,
GR-1, B220, and Ter119. Lin+ cells (red square) were used as positive control. Gating was applied on live, single-cell, CD45+ leukocytes. (B) The
expression of RORgt on T cells. (C) ILC3s in C57BL/6 mouse lung were identified by serial gating as shown. (D) Expression of CD4, NKp46, and CCR6
on Rag1−/− mouse lung ILC3s. Fluorescence minus one (FMO) was used as control negative. Gating applied on live, single, CD45+Lin−Thy1+NK1.1−

cells. Lin cocktail included Ter119, B220, CD11c, CD11b, and Gr-1. Numbers indicate percentages of cells in each gate.
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FIGURE 8

Gating strategy for ILC3 characterization in C57BL/6 mouse. Lymphocytes were isolated from (A) spleen, (B) liver, and (C) small intestine.
(D) Frequency and number of ILC3s (of CD45+ leukocytes) in spleen, liver, small intestine (SI), and lung. (E) SI lymphocytes were incubated with
phorbol 12-myristate 13-acetate (PMA)/ionomycin and Brefeldin A for 3 hours. ILC3s (Thy1+Lin−TCR/CD3ϵ−CD127+Rorgt+) were analyzed for
intracellular IL-17 and IL-22. (F) The frequency of IL-17- and IL-22-producing ILC3s. Data plotted are means ± SEM. Gating applied on live
CD45+lin−Thy1+TCRs/CD3ϵ−CD127+RORgt+ cells. Lin cocktail included Ter119, CD19, B220, CD11c, CD11b, GR-1, and NK1.1. Numbers indicate
percentages of cells in each gate.
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ILC3s share many surface markers with other ILCs; to identify

and distinguish ILC3s from other ILCs, analysis for RORgt expression
is critical. RORgt expression also distinguishes ILC3s from the IL-

18R+ ILC progenitors discussed above. While both are IL-18R+,

ILC3s but not ILC progenitors are RORgt+. RORgt expression can

be analyzed by nuclear staining of fixed and permeabilized cells or by

the Rorc(gt)-eGFP reporter mice (13). The latter allows the

identification of live ILC3s. Because homozygous Rorc(gt)-eGFP
mice are RORgt-deficient, only heterozygous mice can be analyzed

for ILC3s. Due to a half-dose of RORgt in the heterozygous mice,

ILC3 numbers in the heterozygous mice are lower than wild type.

Because RORgt is also expressed in some T cells, T cells have to be

excluded from ILC3 analyses by the strategy described above for

ILC1s and ILC2s. A subpopulation of ILC3s also expresses NKp46

but not NK1.1, while NK cells and ILC1s express both. In our study,

NK1.1 was used to discriminate ILC3s from ILC1s and NK cells.

In summary, the strategies to identify ILCs have to be designed

for each ILC population and tissue due to the heterogeneity of ILCs.

In all cases, it is critical to exclude T cells, and the identity of ILCs

should be confirmed by a combination of transcription factors

GATA3, RORgt, T-bet, and Eomes.
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Innate lymphoid cells (ILCs) are a family of innate lymphocytes with important

roles in immune response coordination and maintenance of tissue homeostasis.

The ILC family includes group 1 (ILC1s), group 2 (ILC2s) and group 3 (ILC3s)

‘helper’ ILCs, as well as cytotoxic Natural Killer (NK) cells. Study of helper ILCs in

humans presents several challenges, including their low proportions in peripheral

blood or needing access to rare samples to study tissue resident ILC populations.

In addition, the lack of established protocols harnessing genetic manipulation

platforms has limited the ability to explore molecular mechanism regulating

human helper ILC biology. CRISPR/Cas9 is an efficient genome editing tool that

enables the knockout of genes of interest, and is commonly used to study

molecular regulation of many immune cell types. Here, we developed methods

to efficiently knockout genes of interest in human ILC2s. We discuss challenges

and lessons learned from our CRISPR/Cas9 gene editing optimizations using a

nucleofection transfection approach and test a range of conditions and

nucleofection settings to obtain a protocol that achieves effective and stable

gene knockout while maintaining optimal cell viability. Using IL-4 as a

representative target, we compare different ribonucleoprotein configurations,

as well as assess effects of length of time in culture and other parameters that

impact CRISPR/Cas9 transfection efficiency. Collectively, we detail a CRISPR/

Cas9 protocol for efficient genetic knockout to aid in studying molecular

mechanism regulating human ILC2s.

KEYWORDS

innate lymphoid cells, ILC2s, natural killer cells, CRISPR/Cas9, nucleofection, IL-4,
knockout, genome editing
Abbreviations: CRISPR/Cas9, Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR-

associated nuclease 9; DSB, Double-Stranded Break; EOMES, Eomesodermin; GATA3, GATA-associated

protein 3; GM-CSF, Granulocyte Monocyte – Colony Stimulating Factor; gRNA, guide Ribonucleic Acid;

IFN, Interferon; IL, Interleukin; ILCs, Innate Lymphoid Cells; ILC1, Group 1 innate lymphoid cells; ILC2,

Group 2 innate lymphoid cells; ILC3, Group 3 innate lymphoid cells; KIR, Killer Cell Immunoglobulin-like

Receptors; NHEJ, Non-Homologous End Joining; NK Cells, Natural Killer cells; PMA, Phorbol 12-myristate

13-acetate; RORC2, RAR-related Orphan Receptor 2; RT, Room Temperature; Th1, T helper 1 cell; Th2, T

helper 2 cell; Th17, T helper 17 cell; TBET, T-Box Transcription Factor; TNF, Tumor Necrosis Factor.
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Introduction

Innate Lymphoid Cells (ILCs) are a family of innate

lymphocytes with important roles in host defense, as well as

immune and tissue homeostasis (1–5). Cytotoxic Natural Killer

(NK) cells produce Interferon-g (IFN-g) and Tumor Necrosis

Factor-a (TNF-a) and are defined by co-expression of T-Box

Transcription Factor (TBET) and Eomesodermin (EOMES) (1, 3).

In humans they are further classified as CD56dim which express

antibody dependent cellular cytotoxicity (ADCC)-mediating

receptor CD16, or as CD56bright NK cells that exhibit low or no

cytotoxicity, but instead are potent cytokine producers. NK cells

have established roles in host defense against intracellular parasites

as well as in antitumor immunity (3, 6). So called “helper” ILCs,

including group 1 (ILC1s), group 2 (ILC2s) and group 3 (ILC3s)

ILCs are not cytotoxic, and are classified based on their

transcription factor and cytokine expression profiles (1, 7). ILC1s

express TBET but not EOMES, secrete TNF-a and IFN-g and

participate in host defense against viruses and intracellular bacteria

(1, 8, 9). ILC2s express the GATA binding protein 3 (GATA3) and

produce IL-4 (in humans), IL-5, IL-9 and IL-13 (1, 3, 7). ILC2s are

involved in immunity to extracellular parasites, and have important

functions in tissue repair and regeneration (10, 11). ILC3s are

characterized by expression of the RAR-related Orphan Receptor

2 (RORC2) and the production of IL-22, either alone or in

combination with IL-17A and Granulocyte-Macrophage-Colony

Stimulating Factor (GM-CSF) (1, 3, 7). They promote the defense

against extracellular bacteria and fungi, and similar to ILC2s, can

also participate in tissue repair processes (1, 12, 13). The majority of

our current understanding of helper ILCs has come from murine

studies. This is due in part to challenges in studying human ILCs

that include; (i) non-NK cell ILCs are present in very low

abundance in human blood (14), (ii) study of tissue-resident

requires access to rare human samples, and (iii) a lack of tools to

genetically manipulate human ILCs to explore molecular

mechanism that control their development, function, and

interactions with other immune and parenchymal cells.

CRISPR/Cas9 is an effective genome-editing tool that has

emerged as a platform of choice for genetic manipulation (15).

With CRISPR/Cas9 approaches, the endonuclease Cas9 induces a

double-stranded break (DSB) in a specific target DNA sequence

recognized by a guide RNA (gRNA) (15). The gRNA and Cas9 can

be delivered into the cells via different approaches, including viral

vector delivery and electroporation (16, 17). Those approaches can

support gRNA and Cas9 being associated prior to delivery to form a

ribonucleoprotein (RNP), or instead delivered in DNA form in

a plasmid.

Previous studies have shown RNP approaches are associated

with fewer off-target effects, reduced cytotoxicity (18) and increased

genome editing efficiency (19). Lentiviral delivery requires CRISPR/

Cas9 to be in a plasmid (DNA) format, and while very efficient,

results in increased insertional mutagenesis and random

integrations (16). Adenoviral (and adeno-associated) delivery also

requires a DNA format, and although is non-integrating, is less

efficient than lentiviral delivery. Adenoviral delivery also presents

other disadvantages, such as limited cloning capacity and the
Frontiers in Immunology 0266
potential for initiation of immune responses (16, 17).

Electroporation-based delivery involves applying a high voltage

pulse to cells that creates membrane pores, or nuclear pores in

the case of nucleofection. It is generally reported to be as efficient as

lentiviral delivery, and enables the use of both RNP and DNA

formats, with reduced risks of mutagenesis (16). A caveat of this

approach, however, is that it is often associated with poor cell

viability (16). Thus when optimizing a CRISPR/Cas9 approach, it is

important to consider cell viability, transfection efficiency and

potential for off-target effects, and select an approach that

balances these factors.

CRISPR/Cas9 has been used in multiple NK cells studies,

providing protocols for NK cell lines (20), as well as primary

human NK cells (21–27). Most human NK cells studies used

electroporation delivery of an RNP (21–27), however, protocols

differ in parameters such as electroporation settings and quantities

of CRISPR/Cas9 components being delivered. Thus, even though

this technique has been extensively used in NK cells, several factors

could be optimized to enhance effectiveness of harnessing CRISPR/

Cas9. Beyond NK cells, studies employing CRISPR/Cas9 in ILC2s

or other ILCs are extremely limited, with to our knowledge only one

protocol to date using plasmid delivery in mouse ILC2s (28, 29),

and only one human study using lenti-CRISPR in human ILC2s to

knockout PD-1 and HS3ST1 in stage IV colorectal patients ILC2s

(30). Thus, development of CRISPR/Cas9 protocols are greatly

needed to aid in translating mouse findings to human ILC2s, as

well as to understand novel aspects of human ILC2s biology.

In this study, we developed an efficient protocol to mediate

CRISPR/Cas9 knockout in human ILC2s. The protocol employed

utilizes a nucleofection approach to deliver an RNP to knockout the

cytokine IL-4, which was selected as a representative gene due to

being a signature human ILC2 cytokine and an important mediator

of ILC2s function (1). We report a method that achieves efficient

and stable knockout of IL-4, while being optimized to minimize

nucleofection-based impacts on cell viability. Having tested a wide

range of parameters, the findings herein can aid development of

protocols to target any gene of interest in human ILC2s.
Materials and methods

Human PBMC isolation

Healthy peripheral blood was obtained from donors through the

Canadian Blood Services Blood4Research program, with each donor

providing written, informed consent (UHN REB 17-6229, CBS

Approved Study 2020-047). PBMCs were isolated using Lymphoprep

(STEMCELL Technologies) per manufacturer instructions.
ILC sorting and culture

Peripheral blood mononuclear cells (PBMCs) were stained with

human TruStain FcX (BioLegend) and incubated with a cocktail of

lineage antibodies conjugated to the FITC listed in Supplemental

Table 2. Cells were washed in FACS buffer, resuspended in EasySep
frontiersin.org
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Buffer (STEMCELL Technologies), and enriched using the EasySep

FITC Positive Selection Kit II (STEMCELL Technologies) per

manufacturer instructions. Enriched cells were stained with

antibody cocktail (Supplemental Table 2) and sorted using a

FACSAria Fusion (BD Biosciences) or Symphony S6 sorter

(BD Biosciences).

PBMCs were sorted by flow cytometry as live, lineage negative

populations. Specifically, CD56dim NK cells were defined as live

lineage-CD45+CD56dimCD16+, CD56bright NK cells as live lineage-

CD45+CD56brightCD16- and ILC2s as live lineage-CD45+CD94-

CD16-NKG2D-CD56-CD127+CRTh2+CCR6-. NK cells were

cultured in MACS (Miltenyi) media supplemented with IL-2, IL-

15, and IL-18 to maintain an activated state. Similarly, ILC2s were

cultured in X-VIVO15 (Lonza) supplemented with 5% human AB

serum (Sigma), 100U/mL Penicillin-Streptomycin (Gibco) and 1X

GlutaMAX (Gibco) with recombinant human IL-2, IL-7, and IL-33

as described in Reid et al. (31). Cytokine analysis was performed pre

and post IL-4 knockout by flow cytometry and cytometric bead

array (Figure 1).
Staining and flow cytometry

ILCs were counted and 100,000-200,000 cells were stained

per condition. Cells were first washed with FACS buffer (PBS +

2% FCS) and blocked with human TruStain FcX (BioLegend)

(diluted 1:10 in FACS buffer) for 15 min at 4°C. Next, they were
Frontiers in Immunology 0367
stained for surface markers (Supplemental Table 2) (diluted in

FACS buffer) for 30 min at 4°C, washed with FACS buffer, and

fixed with FOXP3/Transcr ipt ion Factor Sta in ing set

(eBioscience) buffer if performing phenotyping, or with 2%

Paraformaldehyde (PFA) if assessing GFP expression. In the

case of an intracellular staining, cells were washed with FACS

buffer, and human TruStain FcX (BioLegend) (diluted 1:10 in

permeabilization buffer from FOXP3/Transcription Factor

Staining set (eBioscience)) was added one more time, 15 min

at RT following surface staining and fixation. Cells were then

stained for intracellular markers (Supplemental Table 2) in

FOXP3/Transcription Factor Staining set permeabilization

buffer (eBioscience) for 30 min at RT, then assessed by flow

cytometry. Data was collected using a LSR Fortessa flow

cytometer (BD Biosciences) and Diva software and analyzed

with FlowJo v10.8.1 software.
Cytokine stimulation

100,000-200,000 ILCs were plated in IL-2 overnight (O/N) the

day before the stimulation. Supernatants were collected for

Cytometric Bead Array (CBA). Cells were stimulated with PMA/

Ionomycin (Invitrogen) for 6h. Golgi plug (BD Biosciences) and

Golgi stop (BD Biosciences) were added after 4h. Following

stimulation, cells were washed with FACS, and surface and

intracellular flow cytometry staining was performed.
A

B

C

FIGURE 1

Sorting and expanding ILC2s and NK cells for CRISPR/Cas9 gene editing (A) Sorting strategy to isolate ILC2s and NK cells from human peripheral
blood. PBMCs are stained for lineage with FITC antibodies and ILC2s and NK cells are FACS sorted after FITC- PBMCs enrichment. (B) Representative
TF expression and cytotoxic granules expression, and cytokine profile of NK cells after intracellular staining. (C) Representative TF expression and
cytokine profile of ILC2s after intracellular staining. Figure in (A) created with Biorender.com.
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Cytometric bead array

Cytometric bead array analysis was performed using the

Legendplex Human Cytokine Panel kit (BioLegend) instructions.

Briefly, 25 µL of supernatants collected after O/N incubation in IL-2

were transferred into aV-bottom plate. 25 µL of assay buffer and 25 µL

of beads were also added. The plate was incubated for 2h while being

shaken at 500 rpm. Wells were then washed twice and 25 µL of

detection antibodies were added. The plate was incubated for 1h while

being shaken at 500 rpm. Finally, 25 µL of Streptavidin-PEwere added

and the platewas incubated for 30moreminutes while being shaken at

500 rpm. Wells were then washed and read immediately by flow

cytometry using a LSR Fortessa flow cytometer (BD Biosciences).
Results

Optimization of an electroporation-based
CRISPR/Cas9 protocol for human ILC2s

As ILC2s are rare in blood, and access to tissue samples is

limited, we elected to develop a protocol that could be used on

activated and expanded human ILC2s, that for the purpose of this

study were isolated from peripheral blood. Here, human ILC2s, as

well as NK cells for a comparator, were isolated by flow cytometry

sorting (Figure 1A), and then expanded in activating cytokines for 2

to 12 weeks. After expansion, NK cells and ILC2s maintained

expression of signature cytokines and transcription factors

(Figures 1B, C) allowing for testing gene knockout strategies on

conventional ILC2-associated genes.

In order to maximize genome targeting efficiency while

reducing cytotoxicity and off-target editing (16, 18, 19), we

elected to develop a CRISPR/Cas9 approach combining an RNP

delivery format in combination with nucleofection (Lonza,

Supplemental Table 1). This combination has been successfully
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employed in a wide range of studies in human T lymphocytes and

NK cells (21–27, 32, 33), yet the major limitation is that it is often

associated with poor viability (16). We therefore tested a wide range

of nucleofector settings to identify nucleofector pulse codes that

achieved the best efficiency possible while preserving cell viability

(Figure S1; Figure 2). We conducted those experiments using a GFP

vector (Lonza) as a marker for successful delivery of genetic

material into the cells. Flow cytometry at 18-24h post-

electroporation was used to assess efficiency, as this corresponded

to peak GFP fluorescence expression (Figure 2A). Here, live

CD45+GFP+ NK cells and ILC2s were assessed for a range of

pulse codes (Figure 2B), and cell viability and electroporation

efficiency (% CD45+GFP+ cells, gated on live) determined.

We noted that experiment-to-experiment, differences in the

electroporation efficiency was observed in ILC2s from different

donors. We hypothesized that, in addition to donor-to-donor

variability, the time ILC2s were in culture prior to electroporation

might influence the effectiveness of nucleofection. To assess this, we

examined how both viability and efficiency of transfection across

multiple pulse codes differed in experiments performed on NK cells

and ILC2s expanded for different lengths of time ex vivo prior to

transfection, and further assessed individually one of our lead pulse

codes (DN100) (Figures 2C-F; Figure S1). For both ILC2s and NK

cells, cell viability post-electroporation was not impacted by the

time in culture (Figures 2C; S1D, E, B), a finding that was observed

across multiple pulse codes, including DN100 (Figures 2C, D; S1D,

E; S2B-E). However, a negative correlation was clearly observed

between electroporation efficiency and the time in culture for both

ILC2s and NK cells, with an even stronger correlation in NK cells

(Figures 2E, F; S1F, G; S2F-I). This trend was further confirmed

when looking at individual pulse codes, including DN100

(Figures 2F; S1F, G; S2G-I). Therefore optimal nucleofection of

both ILC2s and NK cells occurs with minimal ex vivo culturing

time, with <6 weeks being acceptable for ILC2s and <5 weeks for

NK cells.
A B

D E FC

FIGURE 2

Optimization of time of ILC2 transfection across multiple electroporation settings. (A) ILC2s were transfected with a GFP vector by electroporation
and GFP fluorescence was examined 18-24h post electroporation. (B) Representative gating of electroporated cells. The %live cells is referred to as
viability and the %CD45+GFP+ cells is referred to as efficiency. (C) ILC2s viability in function of the time in culture across multiple pulse codes.
(D) ILC2s viability in function of the time in culture for pulse code DN100. (E) Efficiency of ILC2s electroporation across multiple pulse codes.
(F) Efficiency of ILC2s electroporation for pulse code DN100. (n=14-18). Figure in (A) created with Biorender.com.
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We next focused on defining the ideal nucleofector settings for

human ILC2s. We first identified nucleofection codes previously

used on primary human T cells (32, 33) or NK cells (21, 22, 24, 25),

or recommended by the manufacturer. We then assessed cell

viability and efficiency over a wide range of nucleofector settings

(CA-137, CM-137, DH100, DI100, DN100, DP100, EH100, EN-

138, EO-115, FI-115) (Figures S1A-C). Based on a preliminary

screening, we identified the three lead pulse codes and performed

multiple independent experiments using these codes to identify the

nucleofector pulse code that would yield the greatest number of

successfully transfected and viable ILC2s (Figures 3A–C). We

examined nucleofection efficiency as well as cell viability and

established an overall score that combined these parameters

(multiplied cell viability by nucleofection efficiency). Throughout,

NK cells were used as comparator (Figures S2J-L).

For these experiments 1x106 ILC2s per condition were

centrifuged at 100xg for 10 min at RT in 15 mL Falcon tubes.

The supernatant was discarded, and cells were washed with 10 mL

of serum free media to prevent any interference of the serum with

CRISPR/Cas9 components. The cell pellet was mixed with

electroporation solutions from the P3 primary cell kit (Lonza) as

well as the GFP vector and transferred into a nucleocuvette. Next,

ILC2s were electroporated using various pulses codes, immediately

toped up with 80 µL warm complete media, and transferred into a

96-well plate pre-filled with their culture media.

Of nucleofector pulse codes tested, DI100 consistently

maintained the highest ILC2 viability (38.70% ± 10.51), while

DN100 had the highest efficiency (22.81% ± 10.09 CD45+GFP+

ILC2s). As a comparison, DN100 obtained the highest viability

among pulse codes screened in NK cells (29.09% ± 14.78) and a

similar efficiency to ILC2s (19.66% ± 14.54 CD45+GFP+ NK cells).

When the combination of parameters was assessed, DI100 and

DN100 obtained a similar score when used for ILC2s (0.04 ± 0.037

and 0.04 ± 0.020 respectively). However, DI100 efficiency was

particularly low (10.0% ± 9.32 CD45+GFP+ cells), while DN100

maintained an acceptable viability (19.05% ± 8.65). Therefore, we

moved forward to test additional parameters using DN100. An
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overview of the optimized RNP delivery protocol for CRISPR/Cas9

is detailed in Figure 3D. The next step was to determine an optimal

RNP composition.
Optimization of RNP composition for
efficient IL-4 knockout

To determine optimal RNP composition, we elected to induce a

CRISPR/Cas9 knockout of the cytokine IL-4, as it is stably expressed

in high amounts by human ILC2s, making it an ideal proof-of-

concept target. We tested three different RNP compositions

(Supplemental Table 3) that differed in terms of sgRNA : Cas9

ratio, sgRNA and Cas9 quantities being delivered, and

reconstitution buffer. For each RNP composition, we tested three

different sgRNAs targeting IL4 sequence (Supplemental Table 4).

To determine our knockout efficiency, we assessed the IL-4

expression both by intracellular cytokine staining and measuring

IL-4 secretion by cytometric bead array (CBA) of untreated ILC2s,

control treated ILC2s or ILC2s receiving sgRNA targeting IL4. For

IL-4 analysis by CBA, at day 2 and day 6 of ILC cultures, ILC2s were

counted and replated in IL-2 overnight. Supernatants were then

collected for subsequent secreted IL-4 analysis, as well as analysis of

effects on other ILC-associated cytokines (Figure 4A; Figure S3A).

Intracellular cytokine staining was performed on day 3 and day 7

post-transfection; the later time point being the most important, as

our aim was to generate a protocol that results in stable genome

edited cells to enable downstream in vitro or in vivo experiments.

For intracellular cytokine staining, ILC2s were stimulated with

PMA/Ionomycin and assessed for effective CRISPR/Cas9

knockout of IL-4, as well as other cytokines expressed by ILC2s

or other ILC family members. A representative gating of IL-4 and

IL-13 cytokines can be found in Figure 4B.

At day 3, ILC2s maintained good viability across all conditions,

however RNP2 exhibited the highest viability across three

independent donors (35.83% ± 14.35 – 39.83% ± 14.42 depending

on the sgRNA used) (Figure S3C). When IL-4 expression was
A B DC

FIGURE 3

Determining the optimal electroporation pulse code for human ILC2s. (A) % live cells across pulse codes DI100, DN100 and DP100. (B) Efficiency of
transfection across pulse codes DI100, DN100 and DP100. Efficiency was determined as the %CD45+GFP+ cells. (C) Score of pulse codes DI100,
DN100 and DP100. Scores were calculated by multiplying %live cells x % CD45+GFP+ cells. (D) Optimized delivery protocol for CRISPR/Cas9 in
ILC2s. 1M ILC2s are centrifuged at 100xg for 10 min and then washed with human serum (HS) free media. The pellet is then mixed with
electroporation solutions and CRISPR/Cas9 in form of a RNP, and electroporated with the pulse code DN100. Following electroporation, cells are
gently resuspended in their media overnight, and assessed for GFP expression at 24hrs (n=3-16). *= P ≤ 0.05, ns = non significant. Figure in (D)
created with Biorender.com.
frontiersin.org

http://Biorender.com
https://doi.org/10.3389/fimmu.2023.1275413
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Audouze-Chaud et al. 10.3389/fimmu.2023.1275413
A

B

D

E F

G H

C

FIGURE 4

Viable, efficient and stable knockout of IL-4 in human ILC2s. (A) ILC2s were replated in IL-2 O/N at day 2 and day 6 following electroporation. At day
3 and day 7, supernatants were collected for Cytometric Bead Array analysis, and ILC2s were stimulated phorbol 12-myristate 13-acetate (PMA)/
Ionomycin and stained intracellularly to examine their cytokine profile by flow cytometry. (B) Representative gating of IL-4 and IL-13 expression in
untreated and knockout ILC2s at day 7. (C) Day 3 %IL-4+ cells in IL-4 knockout ILC2s electroporated with RNP Protocol 1, 2 or 3 (RNP1, RNP2,
RNP3) compared to untreated ILC2sby flow cytometry after stimulation. (D) Day 3 fold change in IL-4 expression of IL-4 knockout ILC2s
electroporated with RNP Protocol 1, 2 or 3 (RNP1, RNP2, RNP3) compared to untreated ILC2s by flow cytometry after stimulation. (E) Day 7 viability
of IL-4 knockout ILC2s electroporated with RNP Protocol 1, 2 or 3 (RNP1, RNP2, RNP3) compared to untreated ILC2s by flow cytometry after
stimulation. (F) Day 7 %IL-4+ cells in IL-4 knockout ILC2s electroporated with RNP Protocol 1, 2 or 3 (RNP1, RNP2, RNP3) compared to untreated
ILC2s by flow cytometry after stimulation. (G) Day 7 fold change in IL-4 expression of IL-4 knockout ILC2s electroporated with RNP Protocol 1, 2 or
3 (RNP1, RNP2, RNP3) compared to untreated ILC2s by flow cytometry after stimulation. (H) Day 7 fold change in IL-4 concentration in supernatants
of IL-4 knockout ILC2s electroporated with RNP Protocol 1, 2 or 3 (RNP1, RNP2, RNP3) compared to untreated ILC2s. (n=3). * = P ≤ 0.05; ** = P ≤

0.01; *** = P ≤ 0.001; **** = P ≤ 0.0001, ns = non significant.
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assessed in ILC2s, ILC2s receiving sgRNA1 and sgRNA2 displayed

almost no IL-4 staining, with a fold IL-4 expression comprised

between 0.08 and 0.12 for sgRNA1 and between 0.12 and 0.14 for

sgRNA2, respectively, depending on the RNP (Figures 4C, D). We

calculated the knockout score (% IL-4+ cells/% live cells), where a

lower score meant a high knockout efficiency and a high viability.

We observed sgRNA1 combined with RNP2 obtained the lowest

score at day 3 (0.26 ± 0.04) (Figure S3D).

At day 7, no significant differences were observed in the viability

of untreated and IL-4 ko ILC2s electroporated with the RNP2 and

RNP3 protocol, regardless of the sgRNA used (Figure 4E). Both

RNP2 and RNP3 did not have significant effects on cell viability.

However, the RNP1 protocol had an overall lower viability, with a

significant decrease when combining sgRNA1 and RNP1

(p = 0.042).

Both sgRNA1 and sgRNA2 effectively inhibited IL-4 expression

in each RNP compositions tested (Figure 4F). The lowest IL-4

expression was achieved with sgRNA1 combined with RNP3

(5.12% ± 2.81 IL-4+ cells) followed by sgRNA1 combined with

RNP2 (5.13% ± 10.09 3.07 IL-4+ cells) (Figure 4F). Accordingly,

the fold decrease compared to untreated cells was most significant

with sgRNA1 across all RNP protocols (p < 0.0001) (Figure 4G). The

fold decrease compared to NT-RNA was also most significant with

sgRNA1 across all RNP protocols (p < 0.0001) (Figure S6I). While

sgRNA2 performed well, the combination of sgRNA1 with RNP2

obtained the best score (0.27 ± 0.25) (Figure S4A).

CBA analysis confirmed effective knockout of IL-4. We noted

very low IL-4 secreted in ILC2s receiving with sgRNA1 across all

donors compared to untreated ILC2s (5.74 ± 4.33 - 8.29 ± 7.33 pg/

ml/100,000 cells for sgRNA1 transfected cells vs 97.05 ± 73.03 pg/

ml/100,000 cells for untreated control) (Figure S4B). It is important

tonote that someof the individual repetitionswerebelow the threshold

of detection of the assay (2.83 pg/ml), meaning IL-4 was no longer

detectable in those samples, and if above detection, was exceptionally

low in the other independent experiments. The fold decrease in

secreted IL-4 was significant with sgRNA1 across all RNPs, however

the highest significancewas observedwith the combinationof sgRNA1

and RNP2 (p = 0.004) (Figure 4H), in line with intracellular staining

data for IL-4.While it is sometimes aneffective strategy tocombine two

different sgRNAs, combining sgRNA1 and sgRNA2 did not result in

better IL-4 knockout efficiency (Figure S5).

To assess if CRISPR/Cas9 IL-4 knockout or nucleofection might

have inadvertent effects on ILC2 functions, we examined if ILC2s

receiving sgRNAs targeting the IL4 sequence maintained expression

of IL-13 and IL-9, two other ILC2-associated cytokines, or

upregulated expression of cytokines associated with other ILCs

such as IFN-g or IL-17A (Figure 5). IL-13 expression was

unchanged compared to untreated ILC2s (Figures 5A, B).

Additionally, NK cell and ILC1 associated IFN-g was not

upregulated with IL-4 knockout (Figures 5A, C). When secreted

cytokines were examined, expression of IL-9, TNF-a (associated

with NK cells) and IL-17A (associated with ILC3s) were not altered

in IL-4 knockout ILC2s (Figures 5D–F). Furthermore, cytokine

expression (including IL-4) was not affected in non-targeting (NT)

RNA and No RNP negative controls (Figure S6), further supporting

the specificity of the IL-4 knockout.
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To confirm our protocol would be effective at targeting other

genes in ILC2s, we performed a pilot experiment with sgRNAs

targeting IL10, which we and others have linked to ILC2s

immunoregulatory effects in the context of allergy (11), cell

therapy approaches for transplantation (28) and Graft-versus-

Host Disease (GvHD) (31). We observed IL-10 expression was

efficiently downregulated at day 3 post-transfection using our

protocol (Figure S7), indicating the approach is effective at

knocking out genes in different genomic positions.

Taken together, we report a protocol for efficient knockout of

IL-4 in ILC2s that maintains good cell viability with sgRNA1

combined with RNP2, using the pulse code DN100. Day 7 post-

knockout timepoint supports this result in stable IL-4 knockout.

Furthermore, analysis of ILC2 and non-ILC2-associated cytokines

supports CRISPR/Cas9 genome editing of IL-4 did not alter

cytokine expression profiles of ILC2s. The overall protocol is

summarized in Figure 6, with a complete detailed protocol

included as Supplemental Document 1.
Discussion

We report an effective CRISPR/Cas9 protocol to knockout

genes of interest in human ILC2s. While IL-4 was used as a

proof-of-concept target, optimization experiments included here

can inform CRISPR/Cas9 gene editing strategies for targeting other

genes of interest in human ILC2s. The nucleofection pulse code

DN100 in combination with the RNP2 resulted in stable IL-4

knockout, and can be adapted to any target by screening for the

best specific sgRNA for a gene of interest.

Here, CRISPR/Cas9 was delivered by electroporation, as this

method has been proven successful in studies of human NK cells

and T lymphocytes (21–27, 32–34). In addition, using an

electroporation approach is associated with higher efficiency

and less off-target effects in comparison to other techniques

such as lentiviral delivery (16), and allowed us to deliver

CRISPR/Cas9 in the form of an RNP. As expected, the main

challenge associated with the electroporation was the poor

viability. During the initial screening of pulse codes for ILC2s,

we tested pulse codes previously used in human NK cells and T

cells, as well as manufacturer’s pulse code recommendations for

primary lymphocytes. Most of these settings led to efficient

transfection in human NK cells, but resulted in either low

viability or poor vector delivery to human ILC2s. While some

pulse codes were associated with high viability, those generally

displayed lower efficiency. On the other hand, pulse codes with a

high percentage of CD45+GFP+ ILC2s had an extremely low

percentage of live cells. For this reason, we established a score

considering both parameters to assess the best pulse code. DN100,

which had been successfully implemented in a study byHuang et al. in

NK cells (27), appeared as an idealmiddle ground for ILC2s, providing

a relatively high efficiency while maintaining a reasonably high cell

viability. We tried improving cell viability by letting ILC2s recover for

15 min the nucleocuvette in the incubator before transferring them

into the 96-well plate, and by changing media 5 hours post-

transfection, as previously documented (34), but this did not
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improve viability in ILC2s. Interestingly, electroporation seemed to be

better tolerated by NK cells than helper ILCs. This is illustrated by

consistent better viability and efficiency inNKcellswith the samepulse

codes. We also observed donor-to-donor variability in efficiency of

GFP transfection in ILC2s, that is at least partially influenced by the

length of time ILC2s were cultured, but also could be related to
Frontiers in Immunology 0872
heterogeneity of ILC2s between donors. Of note, however, is that

gene editing of IL4 was less heterogeneous in terms of efficiency than

transfection of the GFP vector.

We observed a very low percentage of IL-4+ cells when using

sgRNA1 and sgRNA2. The efficiency of the knockout was better

than anticipated, based on prediction with the GFP vector, with IL-
A

B

D E

F

C

FIGURE 5

IL-4 knockout does not impact expression of other cytokines by ILC2s. (A) Representative gating of IFN-g and IL-13 expression in untreated and
knockout cells at Day 7. (B) Fold change in IL-13 expression of phorbol 12-myristate 13-acetate (PMA)/Ionomycin stimulated IL-4 knockout ILC2s
electroporated with RNP Protocol 1, 2 or 3 (RNP1, RNP2, RNP3) or untreated ILC2s. (C) Fold change in IFN-g expression of stimulated IL-4 knockout
ILC2s electroporated with RNP Protocol 1, 2 or 3 (RNP1, RNP2, RNP3) or untreated ILC2s. (D) Fold change in IL-9 concentration in supernatants of
IL-4 knockout ILC2s electroporated with RNP Protocol 1, 2 or 3 (RNP1, RNP2, RNP3) compared to untreated ILC2s. (E) Fold change in TNF-a
concentration in supernatants of IL-4 knockout ILC2s electroporated with RNP Protocol 1, 2 or 3 (RNP1, RNP2, RNP3) compared to untreated ILC2s.
(F) Fold change in IL-17A concentration in supernatants of IL-4 knockout ILC2s electroporated with RNP Protocol 1, 2 or 3 (RNP1, RNP2, RNP3)
compared to untreated ILC2s. (n=3). ns = non significant.
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4 expression in the knockout ILC2s reduced by approximately 10-

fold, despite only achieved 25% transfection efficiency based on

analysis of GFP expression. A possible explanation is the bigger size

of the vector, which might prevent it to enter the pores as efficiently

as the RNP. Indeed, it has been shown that a smaller sized-plasmid

resulted better transfection efficiencies than a bigger sized-plasmid,

suggesting the size of the format used to deliver CRISPR/Cas9 is an

important parameter to consider (35). Furthermore, ILC2s viability

post electroporation with the RNP was significantly higher than

with the GFP vector. This could be explained by the fact that the

GFP vector is delivered in a DNA form and thus needs to be

transcribed and translated, exhausting the cell machinery, leading to

higher cell death (17). In contrast, the RNP can directly reach the

nucleus and induce the DSB without utilizing the cell machinery.

RNP composition 2 (RNP2), derived from Riggan et al. achieved

the best viability (23). This is likely due to the difference in buffer used

for the RNP reconstitution. RNP2 was reconstituted in PBS, whereas

RNP1 and RNP3 were reconstituted in P3 nucleofection solution to

reduce the volume being electroporated, which was another

constraint in the protocol optimization. Reconstituting the RNP in

PBS rather than nucleofection solution led to a higher cell viability,

supporting that electroporation solution might be harmful to ILC2s

when used for RNP reconstitution.

The choice of RNP did not impact IL-4 expression in controls,

supporting that efficiency of knockout was sgRNA-dependent and

not RNP-dependent. sgRNA1 and sgRNA2 outperformed sgRNA3,

with sgRNA1 leading the highest editing efficiency. This was

expected and concordant with the predicted scores. We tried to

further optimize efficiency of the knockout by combing sgRNA1

and sgRNA2, however this did not improve the gene editing

efficiency. CBA analysis of secreted cytokines confirmed the

findings from intracellular cytokine staining. We noted that IL-4

expression tended as higher in NT-RNA and No RNP controls than

in untreated cells by CBA (Supplemental Figure 6). The reason

behind this is not completely clear, and may be due to the remaining

cells after electroporation-induced cell death were the most viable

and active. Another explanation is that the electroporation itself

may activate ILC2s to a certain degree. While we analyzed our
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knockout compared to untreated controls as this is standard

practice, knockout efficiency scores would have been even higher

if compared to NT-RNA or No RNP controls (Figure S6I;

Supplemental Figure 6).

We also assessed potential inadvertent impacts on ILC2s

phenotype and cytokine expression with CRISPR/Cas9 IL-4

knockout. All parameters examined remained unchanged, beyond

loss of IL-4 expression in IL-4 knockout ILC2s. However, a

limitation of our study is that we did not perform extensive

analysis of other potential off-target effects at the DNA level. For

studies of ILC2 biology, this would be an important consideration,

however analysis would differ between target genes of interest. For a

given target gene, confirming that expression of nearby genes on the

chromosome or that genes with similar sequences are not impacted

is good practice.

While this protocol provides an efficient platform for knockout

in human ILC2s, additional optimizations might improve CRISPR/

Cas9 approaches. We observed a low percentage of IL-4+ cells even

with sgRNA1 and RNP2. This low percentage is not the result of

inefficient knock-down, as CRISPR/Cas9 acts directly on the cell

DNA, but could rather be explained by transfection not being 100%

efficient, and as a result not all the ILC2s being successfully

transfected. In that regard, the purity of the sample could be

increased by using a Cas9 coupled with GFP and sorting Cas9/

GFP+ cells. In addition, CRISPR/Cas9 can sometimes induce silent

mutations, as Non-Homologous End Joining (NHEJ) is a random

process. As a result, some ILC2s could have been transfected but

still express IL-4. In addition to increasing purity of knockout

ILC2s, adapting this protocol (currently optimized for 1x106 cells)

to be able to transfect larger ILC2s numbers would be helpful for

experiments requiring a higher yield. While it remains challenging

to study human ILCs ex vivo due to the scarcity of human ILC2s in

peripheral blood and limited tissue availability, more and more

groups are developing efficient ways to expand human ILC2s to

enable complex analysis of their biology, including assessment of

effects on ILC2 metabolism, regulation, and in vivo function in

humanized mice. Therefore, adapting this protocol to allow

transfection of larger cell volumes or comparison with other
FIGURE 6

Workflow of CRISPR/Cas9-mediated knockout protocol in human ILC2s. ILC2s are centrifuged at 100xg for 10 min and washed with 10 mL serum
free media. During that time, the RNP is reconstituted by mixing 1.2 µL sgRNA and 0.66 µL Cas9. The RNP is mixed with the pellet along with
nucleofection solutions. Next, the mix is transferred into a nucleocuvette and electroporated with the pulse code DN100. Following electroporation,
80µL of recovery media is added and cells are incubated back in their activating cytokines. Figure created with Biorender.com.
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approaches that preserve cell viability and do not present the

disadvantages of viral vectors, such as peptide-mediated delivery

(36), and viral-like particles (37) could be explored in future studies.

The protocol we report herein, however, provides a base protocol

for stable and efficient CRISPR/Cas9-mediated knockout of human

ILC2s that maintains good cell viability, and can be employed to

target any gene of interest in human ILC2s.
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Environmental bisphenol
A exposure triggers
trained immunity-related
pathways in monocytes

Marcello Dallio1†, Lorenzo Ventriglia1†, Mario Romeo1*,
Flavia Scognamiglio1, Nadia Diano2, Martina Moggio2,
Marina Cipullo1, Annachiara Coppola1, Athanasios Ziogas3,
Mihai G. Netea3,4 and Alessandro Federico1

1Hepatogastroenterology Division, Department of Precision Medicine, University of Campania “Luigi
Vanvitelli”, Naples, Italy, 2Department of Experimental Medicine, University of Campania “Luigi
Vanvitelli”, Naples, Italy, 3Department of Internal Medicine and Radboud Center for Infectious
Diseases (RCI), Radboud University Nijmegen Medical Centre, Nijmegen, Netherlands, 4Department of
Immunology and Metabolism, Life and Medical Sciences Institute (LIMES), University of Bonn,
Bonn, Germany
Introduction: Trained Immunity represents a novel revolutionary concept of the

immunological response involving innate immune cells. Bisphenol A is a well-

known endocrine disrupter, widely disseminated worldwide and accumulated in

the human body. Due to the increased interest regarding the effects of plastic-

derived compounds on the immune system, our purpose was to explore whether

BPA was able to induce trained immunity in human primary monocytes in vitro

using low environmental concentrations.

Materials and methods: We extracted BPA from the serum of 10 healthy

individuals through a liquid-liquid extraction followed by a solid phase

extraction and measured the concentration using an HPLC system coupled to

a triple quadrupole mass spectrometer. In parallel, monocytes were isolated

from whole blood and acutely stimulated or trained with BPA at three different

concentrations (1 nM, 10 nM, 20 nM). Pro- and anti-inflammatory cytokines (IL-

1b, TNF-a, IL-6, and IL-10) production were assessed after 24 hours of acute

stimulation and after Lipopolysaccharide (LPS) rechallenge. A comprehensive

overview of the metabolic changes after BPA acute stimulation and trained

immunity induction was assessed through extracellular lactate measurements,

Seahorse XFb metabolic flux analysis and ROS production.

Results: Monocytes primed with BPA showed increased pro- and anti-

inflammatory cytokine responses upon restimulation, sustained by the

modulation of the immunometabolic circuits. Moreover, we proved the non-

toxic effect of BPA at each experimental concentration by performing an MTT

assay. Additionally, correlation analysis were performed between pro- and anti-

inflammatory cytokines production after LPS acute stimulation or BPA-mediated

trained immunity and BPA serum concentrations showing a significant

association between TNF-a and BPA circulating levels.
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Discussion: Overall, this study pointed out for the first time the immunological

effects of an environmental chemical and plastic-derived compound in the

induction of trained immunity in a healthy cohort.
KEYWORDS

trained immunity, bisphenol A, endocrine-disrupting compounds, innate
response, inflammation
1 Introduction

In the last decades, an increasing number of studies assessing

adaptive mechanisms within the innate immune system have

described long-term functional changes in innate immune cells

after an insult, a de-facto innate immune memory that was termed

trained immunity (TI) (1–3). After exposure to certain infections or

vaccines, innate immune cells appear able to react more strongly to

a second stimulation in an antigen-agnostic manner: this is

functionally equivalent to a memory response, not described

previously by the scientific community (2–4). At a molecular

level, TI is induced by the activation of different signaling

pathways that lead to epigenetic remodeling and consequently,

the rewiring of intracellular metabolic pathways, determining the

acquisition of a long-lasting and self-regulating phenotype

associated with an increase of pro-inflammatory cytokine

production (5). The immunological phenotype of TI has been

proven to last up to 1 year, although heterologous protection

against infections induced by live vaccines has been documented

for longer periods (6). While induction of TI constitutes a natural

defense response in infections, an inappropriate TI induction may

contribute to the onset and worsening of several chronic

inflammatory diseases (5).

Endocrine-disrupting compounds (EDCs) are a heterogeneous

class of molecules mimicking, blocking, or interfering with

hormone signaling, implicated in the pathogenesis of various

human diseases (7). Bisphenol A (BPA) is a synthetic organic

EDC with a molecular weight of 228 Da and chemical formula

(CH3)2C(C6H4OH)2 included in the group of diphenylmethane and

bisphenol derivatives (8). It is mainly used for the production of

polycarbonate plastic, whose wide diffusion is responsible for its

ubiquitous human exposure (9). Alarmingly, BPA chronic ingestion

and dermal absorption have been associated with different

immunological and metabolic human disorders, representing thus

a global health concern (8–10). From a pathogenetic point of view,

BPA exposure may determine pleiotropic effects. First, it promotes

systemic oxidative stress by increasing the production of reactive

oxygen species (ROS), mainly through the blockade of the

cytochrome P450 enzyme complex, as well as by inhibiting

antioxidant genes expression such as superoxide dismutase

(SOD), catalase (CAT), and reduced glutathione (GSH), playing a

pivotal role in the maintenance of redox and immunological

balance (11, 12). Second, BPA can directly influence gene

transcription through epigenetic regulation by DNA methylation,
0277
histone modifications, and microRNA (miRNA) profile alterations

(10). Finally, BPA can alter metabolic homeostasis, influencing

glucose and lipid metabolism, through the activation of various

inflammatory pathways (9, 13).

Considering the strong immunological impact and the

widespread dissemination of environmental BPA, in this study we

aimed to explore the role of BPA as a novel triggering stimulus of TI

in primary cultured monocytes.
2 Materials and methods

2.1 Individuals’ enrollment and
sample preparations

Ten healthy individuals of normal weight (6 males and 4

females; ranging-age: 24-52 years old) were recruited in

compliance with the ethical guidelines of the Helsinki Declaration

(1975) and after the approval of the ethical committee of the

University of Campania “Luigi Vanvitelli” in Naples (protocol

N17234/2022). All the subjects were recruited in the geographic

area of Naples (Campania Region).

From each participant, written informed consent was obtained,

and subsequently, 25 mL of peripheral blood sample was collected.

Ten mL of blood were harvested in sodium-citrate BPA-free tubes

(BD biosciences, USA) to obtain serum for BPA extraction and

quantification, while 15 mL were placed in ethylene-diamine-tetra-

acetic acid (EDTA) tubes (BD biosciences, USA) for peripheral

blood mononuclear cells (PBMCs) and monocytes isolation.

The entire amount of blood was immediately used after the

collection for the specific investigations. The entire experimental

setup is summarized in Figure 1.
2.2 Bisphenol A extraction and
LC-MS/MS analysis

The blood collected in sodium-citrate BPA-free tubes was

immediately centrifuged for 15 minutes at 2000 rpm. After

centrifugation, the serum was separated from the corpuscular part

and placed in 15 mL glass tubes. Detailed BPA analysis methods have

been published by Nicolucci et al., (14) including the quality control

system used to monitor method performance and to prevent analysis

contamination. Briefly, serum samples were undergone to liquid-liquid
frontiersin.org
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extraction of BPA with methanol (1:1, v/v) and to solid-phase

extraction cartridge (AFFINIMIP Bisphenols, Polyntell SA, Paris,

France) for the clean-up and concentration. The analysis of sample

extracts was carried out by a DionexUltiMate 3000 High-Performance

Liquid Chromatography (HPLC) system coupled to a triple

quadrupole mass spectrometer (API 2000; AB Sciex, Germany).

A Kinetex F5 (100 x 4.6 mm, 2.6 µm) stainless-steel column

(Phenomenex, Italy) was used for reversed-phase separation.

Chromatography was run at room temperature by linear

gradient elution in water and methanol. The analytes were

quantified in a multiple-reaction monitoring mode, according to

Nicolucci et al., 2017.

All samples were analyzed in triplicate with their relative

standard deviations (RSDs), less than 13% (14).
2.3 PBMCs and monocytes isolation

The isolation of PBMCs was performed starting with the

dilution of whole blood samples (15 mL) of each subject in

Phosphate-buffered saline (PBS) and density centrifugation over

Lymphoprep™ (STEM CELL™ TECHNOLOGIES, Germany).

Cells were washed three times in cold PBS and afterward

resuspended in a warm RPMI 1640 (with L-glutamine) culture

medium (Life Technologies, Italy). Percoll isolation of monocytes

was performed according to Domìnguez-Andrès et al., protocol (15).

Briefly, previously isolated PBMCs were layered on top of a

hyperosmotic Percoll solution (48.5% Percoll [Cytiva, Sweden],

41.5% sterile H2O, and 10% of 0.22 µM filter-sterilized 1.6 M NaCl)

and centrifuged for 15 minutes at 580 x g, 20°C, acceleration 1, no

break. The interphase layer was isolated, and the cells were washed with
Frontiers in Immunology 0378
cold PBS. Cells were resuspended in warm RPMI 1640 (with L-

glutamine) culture medium supplemented with 10% Foetal Bovine

Serum (FBS, Life Technologies, Italy), 50 µg/mL gentamycin (Sigma-

Aldrich, USA) and 1 mM sodium pyruvate (Sigma-Aldrich, USA)

[RPMI+] and counted.

To guarantee adequate purity, the Percoll-obtained monocytes

were plated and incubated for 1 h at 37°C to let them appropriately

adhere to the well of a 96-polystyrene flat-bottom plate

(Thermofisher, Italy). The monocytes were then washed with

warm PBS with calcium and magnesium (Life technologies, Italy)

to obtain maximal purity avoiding T-cell contamination and kept in

culture in RPMI+.

The efficiency of monocyte isolation according to this protocol was

established at 95% as described by Domìnguez-Andrès et al. (15).
2.4 Sysmex analyses

To further confirm the identity of isolated monocytes, 25 µL of

the enriched suspensions were analyzed with an XN Sysmex

hematology analyzer (Sysmex, Kobe) to count and obtain

monocyte percentages. The density plots are based on the side

scatter signal and side fluorescence signal, while histograms are on

the side scatter signal and event count.
2.5 BPA acute stimulation

Monocytes of each individual were seeded in duplicate (100,000

cells/well) in a flat-bottom 96-well plate. Cells were washed with warm

PBS with calcium and magnesium after 1h of incubation at 37°C, 5%
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CO2, and incubated with three different concentrations of BPA- 1 nM,

10 nM, 20 nM – (Sigma Aldrich, Italy), Lipopolysaccharide (LPS) 10

ng/mL (O111:B4, Sigma Aldrich, Italy) as a positive control and RPMI

+ as negative control (in 200 µL/well). After 24 hours, supernatants

were collected and centrifuged for 5 minutes at 500 x g avoiding the

presence of residual debris and stored at -20°C until

cytokine measurements.
2.6 Trained immunity protocol induction
using BPA as a training stimulus

Monocytes of each individual were seeded in duplicate (100,000

cells/well) in a flat-bottom 96-well plate. Cells were washed with

warm PBS with calcium and magnesium after 1h of incubation at

37°C, 5% CO2, and incubated with three different concentrations of

BPA- 1 nM, 10 nM, 20 nM – (Sigma Aldrich, Italy) and RPMI+ as

negative control (in 200 µL/well). After 24 hours, the stimulation

was removed by washing each well with warm PBS with calcium

and magnesium, and fresh culture medium RPMI+ was added to

the monocytes and incubated for 48 h at 37°C, 5% CO2. At day 3,

the medium has been refreshed and monocytes were incubated for

another 48 hours to let them rest for 6 days after the first

stimulation. Cells were restimulated at day 6 with 10 ng/mL LPS

(O111:B4, Sigma Aldrich, Italy) for 24 hours or left unstimulated.

On the last day of protocol (day 7), supernatants were collected and

centrifuged for 5 minutes at 500 x g avoiding the presence of

residual debris and stored at -20°C until cytokine measurements.
2.7 Cytokine measurements

Cytokine measurement in supernatants was assessed using

commercial enzyme-linked immunosorbent assay kits for Tumor

necrosis factor alpha (TNF-a; BD biosciences), Interleukin 1b (IL-

1b, Life technologies), Interleukin 6 (IL-6, BD biosciences), and

Interleukin-10 (IL-10, BD biosciences) following the instruction

of manufacturers.
2.8 Extracellular lactate measurements

Lactate concentrations in cell culture supernatants collected after

24h and 6 days were quantified using Amplex® Red reagent (10-

acetyl-3,7-dihydroxyphenoxazine, 0.2 mM, Thermo Fisher Scientific).

First, lactate oxidase (2 U/mL, derived from Aerococcus viridans,

Sigma Aldrich) was used to break down lactate, yielding hydrogen

peroxide (H2O2). In the presence of horseradish peroxidase (0.2 U/mL

HRP, Thermo Fisher Scientific), hydrogen peroxide reacts with

Amplex® Red to generate the fluorescent product resorufin. Because

the oxidase- and peroxidase-mediated reactions are coupled, the

amount of fluorescence directly correlates to the amount of lactate.

Cell-free medium samples, incubated for the same amount of time,

were included to allow for background correction. Fluorescence was

measured (Ex: 570 nM, Em: 585 nM) and concentrations were derived
Frontiers in Immunology 0479
from a standard curve of sodium-L-lactate (Sigma Aldrich).
2.9 Seahorse XFb metabolic flux analysis

Percoll-isolated monocytes (1 × 106) were seeded into Seahorse XF

cell culture plate and acutely stimulated for 24h with BPA for the first

time point analysis. 107 monocytes were cultured in 10 cm tissue culture

plates (VWR) and BPA training protocol was applied as described

before. At day 6, macrophages were detached with PBS+EDTA 2 mM

and counted. 105 cells were seeded into Seahorse XF cell culture plate

and incubated for 1 h at 37 °C, 5% CO2. After adhering for 1 h, the

medium was changed to Seahorse XF assay medium pH 7.4 (Agilent)

supplemented with 1mML-glutamine for Seahorse XFGlycolysis Stress

Test or 2 mM L-glutamine, 11 mM D-glucose, and 1 mM pyruvate for

Seahorse XF Cell Mito Stress Test. Cells were incubated in a non-CO2-

corrected incubator at 37°C for 1 h. Oxygen consumption rate (OCR)

was measured using Seahorse XF Cell Mito Stress Test, with final

concentrations of 1 mM oligomycin (Sigma-Aldrich), 10 mM FCCP (1

carbonyl cyanide‐4‐(trifluoromethoxy) phenylhydrazone, Sigma-

Aldrich), and 0.5 mM Antimycine A/Rotenone (Sigma-Aldrich).

Extracellular acidification rate (ECAR) was measured using Seahorse

XF Glycolysis Stress Test, with final concentrations of 11mMD-glucose

(Sigma-Aldrich), 1 mM oligomycin (Sigma-Aldrich), and 22 mM 2-DG

(2-Deoxy-D-glucose, Sigma-Aldrich). All the measurements were

carried out in quadruplicate or quintuplicate using an XFp Analyzer

(Seahorse Bioscience).
2.10 ROS assay

Superoxide anion levels were detected using luminol-enhanced

chemiluminescence and determined in a luminometer (Biotek

Synergy HT). 105 monocytes were incubated with BPA 1 nM or

RPMI alone in a tissue culture white plate (Corning) for 24 h. ROS

levels were measured after 24h or 6 days following opsonized zymosan

(10 mg/mL) restimulation. Luminol (5-Amino-2,3-dihydro-1,4-

phthalazinedione, Sigma Aldrich) was added to each well in order to

start the chemiluminescence reaction. Each measurement was carried

out in quadruplicates. Chemiluminescence was determined every 145 s

at 37°C for 1h. Luminescence was expressed as relative light units

(RLU) per second and as area under the curve (AUC).
2.11 Cell viability assay

Cell viability was determined on human primary monocytes

using thiazolyl blue tetrazolium bromide [3-(4,5-dimethylthiazol-2-

yl)-2,5-di-phenyltetrazolium bromide] (MTT; Sigma-Aldrich,

Schnellendorf, Germany) assay, following the manufacturer’s

instructions. A total of 1 × 104 cells/well were plated in a 96-well

plate and then treated with BPA; experiments were performed in

triplicates and repeated for three different healthy individuals (S01,

S02, S03). Absorbance was read at a wavelength of 570 nm with a

TECAN INFINITE M PLEX reader (Tecan, Austria).
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2.12 Statistical analysis and data availability

Continuous data were described as mean and standard deviations,

while categorical variables were summarized as n (%). The

Kolmogorov-Smirnov test for normality was performed to evaluate if

parametric or non-parametric analysis should be applied. Wilcoxon

signed ranks test, t-test for dependent groups, the Kruskal-Wallis test or

ANOVA test with posthoc Tukey analysis, in the case of non-normal

or normal distribution respectively, were performed to compare the

continuous variables. Statistical significance was defined as p < 0.05 in a

two-tailed test with a 95% confidence interval.

Pearson correlations were used to test the strength of the

association between cytokines production of LPS acute stimulated

monocytes or BPA-trained macrophages and BPA serum levels.

The analysis was performed using the R statistical software

(version 4.3.0) with the cor. test function of the stats package. A p-

value < 0.05 was considered to indicate statistical significance.

Cytokine production and viability data were analyzed and

plotted with GraphPad Prism software version 8.4.3. Pearson

correlations were analyzed and plotted with R.

All data and materials used in the analysis are available upon

reasonable request for collaborative studies regulated by materials/

data transfer agreements (MTA/DTAs) to the corresponding author.
3 Results

3.1 LC-MS/MS and BPA acute stimulation

The LC-MS/MS analysis on the serum of healthy donors

demonstrated a low mean (16) BPA concentration of 0.148 ng/
Frontiers in Immunology 0580
mL ± 0.084 (0,65 nM ± 0,37) for the analyzed population (Figure 2

and Table 1).

After the isolation of the enriched monocyte suspensions, their

identity was further confirmed (Supplementary Figure 1) with a mean

purity percentage of 70.35%. However, the purity increases after the 1-

hour washing step as previously demonstrated by Bekkering et al.,

(17). Acute stimulation with LPS and BPA showed an increase in pro-

and anti-inflammatory cytokines production compared to the baseline

levels (Figure 3). Particularly, LPS stimulation (positive control)

strongly induced the production of pro-inflammatory cytokines

such as IL-1b (2931.70 pg/mL ± 2020.71) (Figure 3A), TNF-a
(477.46 pg/mL ± 345.94) (Figure 3B), and IL-6 (8380.21 pg/mL ±

2950.11) (Figure 3C), along with the anti-inflammatory cytokine IL-10

(1691.38 pg/mL ± 1313.31) (Figure 3D) showing statistically

significant differences with baseline cytokine levels (p<0.005).

BPA acute stimulation at the three different concentrations

slightly induced the production of IL-1b (BPA 1 nM: 1696.29 pg/

mL ± 754.54; BPA 10 nM: 1479.04 pg/mL ± 635.55, BPA 20 nM:

1402.97 pg/mL ± 707.20) (Figure 3A) and TNF-a (BPA 1 nM:

231.59 pg/mL ± 90.40; BPA 10 nM: 204.07 pg/mL ± 69.56, BPA 20

nM: 156.04 pg/mL ± 46.73) (Figure 3B) resulting in not statistically

significant differences with baseline cytokine levels.

Conversely, IL-6 production appeared highly expressed in all

BPA concentrations (BPA 1 nM: 3862.15 pg/mL ± 1341.71; BPA 10

nM: 3704.13 pg/mL ± 2087.22, BPA 20 nM: 3118.94 pg/mL ±

945.17) (Figure 3C) with a statistically significant difference

compared to baseline levels. BPA acute stimulation induced a

raise of anti-inflammatory IL-10 as well, but only BPA 1 nM

(600.95 pg/mL ± 419.35) and BPA 10 nM (486.87 pg/mL ±

365.51) reached the statistically significant difference compared to

the baseline levels, while the difference with BPA 20 nM (469.69 pg/

mL ± 361.60) resulted not statistically significant (Figure 3D).
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FIGURE 2

LC-MS/MS data showed BPA accumulation in the serum of 10 healthy donors. BPA, Bisphenol A; LC-MS/MS, Liquid chromatography-mass spectrometry.
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3.2 Induction of pro-inflammatory
cytokine production consequent to
BPA-trained stimulation

Monocytes were exposed only for the first 24 hours to three

different concentrations of BPA (1 nM, 10 nM, 20 nM) and

subsequently treated with LPS, as a second unrelated stimulus on

day 6. This treatment induced a trained immune phenotype

characterized by increased production of pro-inflammatory cytokines

(TNF-a, IL-6) as shown in Figure 4 (4A and 4B). Our data highlighted

the establishment of a trained phenotype response to each BPA
Frontiers in Immunology 0681
concentration chosen in combination with the LPS heterologous

stimulus. Notably, our data showed that the pre-treatment with BPA

1 nM induced the highest output of TNF-a (BPA 1nM: 300.06 pg/mL

± 158.79) followed by BPA 10 nM and 20 nM (BPA 10 nM: 242.71 pg/

mL ± 159.58; BPA 20 nM: 278.62 pg/mL ± 128.85), after secondary

stimulation with LPS. All the concentrations determined statistically

significant differences (p<0.005) between BPA-trained cells and LPS-

stimulated cells in TNF-a production (Figure 4A).

Similar results were found analyzing the production of IL-6.

The most triggering BPA concentration was 20 nM with an output

of 918.65 pg/mL ± 648.24 compared to an amount of 626.42 pg/mL

± 494.45 and 726.25 pg/mL ± 422.89 in BPA 1nM and 10 nM

respectively. All the IL-6 concentrations showed statistically

significant differences (BPA 1 nM p<0.05; BPA 10 nM and 20 nM

p<0.005) between BPA-trained cells and non-trained cells after

secondary stimulation with LPS (Figure 4B). The same trend was

still detectable at half of the median serum concentration

(Supplementary Figure 2). The significant rise of pro-

inflammatory cytokines argues that BPA could be considered a

TI-inducing agent.
3.3 BPA-induced trained immunity
determines an increased production of
anti-inflammatory cytokine IL-10

A build-up in the production of the anti-inflammatory cytokine

IL-10, upon the second stimulation with LPS at day 6 was also

observed (Figure 4C). The powerful anti-inflammatory response

was induced after secondary stimulation with LPS after pre-

exposure to 1 nM of BPA exposure (568.05 pg/mL ± 361.93),
frontiersin.org
Ctr
LPS

BPA
1 nM

BPA
10

nM

BPA
20

nM

0

2000

4000

6000

8000

IL
-1
��

pg
/m

L

Ctr

LPS

BPA 1 nM

BPA 10 nM

BPA 20 nM

**
ns

ns
ns

Ctr
LPS

BPA
1 nM

BPA
10

nM

BPA
20

nM

0

500

1000

1500

TN
F-
��

(p
g/

m
L)

Ctr

LPS

BPA 1 nM

BPA 10 nM

BPA 20 nM

**
ns

ns
ns

Ctr
LPS

BPA
1 nM

BPA
10

nM

BPA
20

nM

0

5000

10000

15000

IL
-6

 (p
g/

m
L)

Ctr

LPS

BPA 1 nM

BPA 10 nM

BPA 20 nM

**
**
* *

Ctr
LPS

BPA
1 nM

BPA
10

nM

BPA
20

nM

0

1000

2000

3000

4000

5000

IL
-1

0
(p

g/
m

L)

Ctr

LPS

BPA 1 nM

BPA 10 nM

BPA 20 nM

**
*
*

ns

unstimulated

BPA

d0 d1

LPS

ns= not statistically significant 

ns= not statistically significant 

B

C D

A

FIGURE 3

BPA acute stimulation. Pro-inflammatory (A–C) and anti-inflammatory (D) cytokines production after BPA 1 nM, 10 nM, and 20 nM acute stimulation
(Wilcoxon signed ranks test *p<0.05; **p<0.005). BPA, Bisphenol A. ns, not statistically significant.
TABLE 1 LC-MS/MS data showed BPA accumulation in the serum of 10
healthy donors.

Donors Serum BPA
concentration (ng/mL)

Serum BPA
concentration (nM)

DONOR_A 0.1 0.44

DONOR_B 0.157 0.68

DONOR_C 0.172 0.75

DONOR_D 0.148 0.65

DONOR_E 0.204 0.89

DONOR_F 0 0

DONOR_G 0.238 1.04

DONOR_H 0.229 1.00

DONOR_I 0.019 0.083

DONOR_L 0.213 0.93
BPA, Bisphenol A; LC-MS/MS, Liquid chromatography-mass spectrometry.
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although a trained phenotype was displayed also with the other BPA

concentrations (BPA 10 nM: 412.89 pg/mL ± 239.74; BPA 20 nM:

525.94 pg/mL ± 239.72; all p<0.005).

3.4 BPA triggers changes in the
immune metabolism

To further confirm the BPA-induced reprogramming of monocytes

we extensively investigated the metabolic features following acute

stimulation and trained immunity induction (Figure 5). To this aim,

we measured extracellular lactate after 24h and from day 3 to day 6 in

the training protocol. Our data showed a significant increase in lactate

secretion both after 24hmonocytes stimulation (Figure 5C) and at day 6

in BPA-trained macrophages (Figure 5G) in all the concentrations

tested compared to the controls, suggesting ametabolic switch towards a

glycolytic metabolism. However, no significant differences in lactate

secretion were highlighted between the different BPA concentrations,

therefore 1 nM was chosen for further experiments. In order to delve

deeper into this indication, we carried out Seahorse metabolic flux

analyses to probe glycolytic and oxidative metabolism of BPA acutely

stimulated cells after 24 h, BPA-trained cells at day 6 and each

unstimulated controls. BPA acute stimulation induced significantly

higher basal glycolysis and glycolytic capacity (Figure 5B, left), while

no differences were highlighted in the oxidative metabolism compared

to the control (Figure 5B, right). Accordingly, no differences in ROS

production were detected in BPA-treated cells compared to the

control (Figure 5D).

More interestingly, BPA training had a marked effect on

metabolic parameters measured on day 6, with a significant

higher basal glycolysis and a significant increase of oligomycin-

triggered maximum glycolytic capacity (Figure 5F, left).

Additionally, both basel ine- and carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone-triggered maximum respiration

rates were significantly augmented by BPA training (Figure 5F;

right) along with an increase in ROS production (Figure 5H).
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3.5 BPA did not affect cell viability

We assessed cell viability with an MTT assay to show the effect

of BPA at each concentration used for this purpose. We performed

a time-course and dose-response experiment measuring the cell

viability at 4-time points (24h, 72h, 6 days, and 7 days) after the

BPA stimulation. The stimulation with BPA 1 nM had no strong

effects after 24 hours, resulting in a cell viability rate of 78.59% and a

mortality rate of 21.41%, similar to the results obtained after 72

hours (79.3% viability, 20.7% mortality rate), compared to

unstimulated cells. Interestingly, after 6 days of rest from BPA 1

nM treatment, we found an increase in the cell viability of 2.88%,

compared to controls. This percentage of viability was maintained

also at day 7, after the restimulation with LPS (Figure 6A). Despite

the stimulation with a higher concentration of BPA (10 nM), the

cell viability, after 24h and 72h, remained similar (84.7% viability,

15.3% mortality rate) and even higher than the viability with BPA

1nM. Furthermore, after 6 days of rest from BPA 10 nM treatment

cell viability was slightly augmented by 1%, compared to control

cells. We obtained the same results also after the restimulation with

LPS, on day 7 (Figure 6B).

At the final concentration of BPA 20 nM, the cell viability rate

after 24 hours and 72 hours of treatment was 80.1% and 87.7% with

a mortality rate of 19.9% and 12.3%, respectively, compared to

untreated cells. After 6 days of rest, the cell viability rate was equal

to the controls. On day 7, after the restimulation with LPS, two

subjects showed an increase in cell viability of 17.5% and 19.3%,

whilst only one subject exhibited a reduction in the cell viability of

15.3%, in contrast to the previous two, compared to the controls

(Figure 6C). Additionally, to strengthen the information acquired

about the cell proliferation rate, we analyzed the cell number

detaching the cells at day 6 before restimulation. Subsequently,

cells were reseeded and counted also at day 7 after restimulation

with LPS, and we observed an overall rise in cell number of about

5%, compared to the controls.
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3.6 Correlation analysis

TNF-a production in ex vivo BPA-treated monocytes at each

concentration was significantly associated with circulating

concentrations of BPA (BPA 1 nM + LPS cor. index 0.703, p-

value 0.023; BPA 10 nM + LPS cor. index 0.655, p-value 0.040; BPA
Frontiers in Immunology 0883
20 nM cor. index 0.744, p-value 0.014). Conversely, IL-6 and IL-10

did not significantly associate with serum concentrations of BPA

(Figures 7). Additionally, we tested the possibility of a BPA-

mediated training phenotype in vivo performing correlation

analysis between cytokine response after LPS acute stimulation

and BPA serum levels. TNF-a production again resulted
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significantly associated with circulating concentrations of BPA (cor.

index 0.835, p-value 0.003), while IL-6, IL-1b and IL-10 did not

significantly associate (Figure 8).
4 Discussion

The increased environmental pollution can lead to the

accumulation of pollutants in several tissues in the human body
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and can induce inflammation or even cause disease (18–22). The

continuous accumulation and long-term effects of these molecules

in immune responses are largely unknown. Recently, several studies

reported the association between environmental BPA exposure and

immunologic-related diseases (18–20). BPA is a well-known EDC

that can interfere with endocrine balance (23). Particularly, the

exposure to low doses may be related to different biologic effects in

comparison to high doses, determining a variable dose-response

relationship. The most relevant BPA metabolic and immunological
FIGURE 7

Correlations between cytokines levels BPA-trained cells’ production and circulating serum levels of BPA. Pearson correlations show a statistically
significant association between ex vivo TNF-a production of BPA-trained cells and circulating serum levels of BPA (p<0.05), while no statistical
significance was reached for IL-6 and IL-10. BPA, Bisphenol A; TNF-a, Tumour necrosis factor alpha; IL-6, Interleukin-6; IL-10, Interleukin-10.
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effects occur in the case of low-dose exposure, while they are not

observed by using higher concentrations (24).

In our study, we shed light on the role of BPA as a novel TI-

inducing factor in human primary monocytes. Considering the

BPA accumulation in several human tissue reservoirs such as

adipose tissue, we demonstrated its serum detectability in

nanomolar levels from a healthy cohort of individuals. In recent

research carried out by Meslin et al., the authors highlighted the risk

of toxicity related to low-dose exposure in a European cohort of

individuals, although the tangled network of mechanisms

underlying its effect still remains largely unclear (25). Based on

these findings, we tested if different concentrations (1 nM, 10 nM,

and 20 nM) of BPA widely considered as low concentrations and in

line with circulating serum concentrations could induce TI in vitro

(16, 26, 27). Moreover, we assessed the BPA direct effect in terms of

cytokines production after 24 hours of acute stimulation including

LPS as positive control. Data showed a slightly increased in pro-

inflammatory cytokines TNF-a and IL-1b, while IL-6 resulted in

higher expression together with the anti-inflammatory cytokine IL-

10. Nevertheless, comparing the quantity of cytokines produced by

BPA and LPS stimulations, it is possible to figure out that BPA is

not a strong stimulator in the acute phase. Taken together, these

data further confirm the widely described role of BPA at low

concentrations in the establishment of low-grade inflammation

(13, 28–30). However, chronic exposure to low concentrations of

BPA could lead to functional changes in different cell types.

In our setting, following the optimal protocol for the detection

of the trained response, we trained the primary monocytes isolated

from venous blood samples with BPA for 24 hours (training period)
Frontiers in Immunology 1085
with a consequent resting period of 6 days, before the re-stimulation

with LPS. BPA demonstrated a key role as a priming stimulus in the

establishment of a trained phenotype. The induction of TI by BPA

exposure could open the way for the study of the role of

environmental pollutants in the long-term modulation of innate

immune cells. Herein, we describe a new protocol of TI in which

BPA demonstrated a key role as a priming stimulus in the

establishment of a trained phenotype.

In all experimental conditions, our data show the increase of

both pro-inflammatory (TNF-a and IL-6) cytokines highlighting TI

features. Moreover, it is important to point out that the effects of

TNF-a are more striking even for low concentration. Additionally,

we found an increase in the anti-inflammatory IL-10 production

possibly due to a compensative phenomenon, characterizing

healthy subjects, that prevents overshooting inflammation and

tissue damage by limiting the inflammatory response in time.

These results further support the hypothesis of a strong

immunological impact of BPA at low doses commonly found in

the circulation of healthy volunteers.

Importantly, correlation analysis between TNF-a production

after BPA-mediated TI and BPA serum concentrations showed that

these parameters are significantly associated, linking in vitro and in

vivo data. In addition, we explored the possibility if the cells were

already to some extent trained in vivo by BPA. Interestingly, we

found the same correlation between TNF-a production after LPS

acute stimulation and BPA circulating levels.

Cellular metabolism is a critical mediator of the trained

immunity-dependent reprogramming of innate immune cells

(31–33). Indeed, the rewiring of the immunometabolic circuits is
FIGURE 8

BPA-mediated trained immunity in vivo: TNF-a production after LPS acute stimulation correlates with circulating serum levels of BPA. Pearson
correlations show a statistically significant association between ex vivo TNF-a production of LPS acute stimulated cells and circulating serum levels
of BPA (p<0.05), while no statistical significance was reached for IL-6 and IL-10. BPA, Bisphenol A; TNF-a, Tumour necrosis factor alpha; IL-6,
Interleukin-6; IL-10, Interleukin-10.
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reflected in the profound changes in cellular metabolic pathways

such as glycolysis and oxidative phosphorylation, increasing the

capacity of the innate immune cells to respond to a secondary

stimulation (33, 34).

To this aim, we broadly investigated the possibility of BPA-

induced changes in the immune metabolism. Particularly, we

observed a metabolic switch towards an aerobic glycolytic

metabolism after acute stimulation, which can be explained with

the acute need of rapid energy production in the low-grade

inflammatory context BPA-mediated (35). More noteworthy, here

we showed that BPA-induced trained immunity enhances not only

glycolysis with a higher lactate production, but also oxygen

consumption and increased ROS levels pointing that trained cells

use different metabolic pathways to adapt their function to produce

energy faster and more efficiently.

Several lines of evidence in the trained immunity field

highlighted the key role of the aerobic glycolytic metabolism as a

hallmark of b-glucan and BCG-trained cells (36, 37). However,

several studies investigated the role of TCA cycle and OXPHOS in

trained immunity revealing that the TCA cycle remains function for

ATP production by OXPHOS as demonstrated by the augmented

basal and maximum oxygen consumption rate on day 6 before

restimulation of the cells (38, 39).

Additionally, to give further relevance to the effects induced by

BPA, we proved that these concentrations of BPA do not have toxic

effects on cell viability. Altogether, the treatment with each

concentration employed showed only a slight reduction in cell

viability (~ 20%) after 24 hours, as already shown in a

macrophage mouse cell line by Huang et al., 2018 (40). In

addition, when BPA stimulus was removed by one washing step,

cell viability was also ~ 80% 72 hours later. Interestingly, the resting

period and the re-stimulation influence positively the cell growth,

determining an increase in the cell proliferation rate, as

demonstrated also by Camarca et al. (26) These results provide us

a reason to state that BPA does not affect cell viability and further

support the functional changes induced by BPA observed in

this study.

Recently, Wang et al. (41) demonstrated the role of BPA in

inducing RNA and protein overexpression of TLR-4/NF-kB
pathway and downregulating IkBa both in vivo and in vitro

experiments. Interestingly, the same molecular mechanisms (TLR/

MyD88 activation) have been found at the basis of trained

immunity induction in macrophages in an in vivo experiment on

mice, in which knock-out mice MyD88-/- did not show trained

immunity phenotype (42).

In conclusion, our study demonstrates that the environmental

chemical compound BPA has important immunological effects. In

particular, we describe the role of BPA as a stimulus that can induce

Trained Immunity, demonstrating that even low doses of this

endocrine disrupter can affect immune cells of healthy

individuals. Inappropriately activated trained immunity responses

can contribute to pathogenesis of inflammatory diseases, resulting

in either a chronic hyper-inflammatory state or a persistent state of

immunological tolerance. Considering this double role of trained
Frontiers in Immunology 1186
immunity, it is reasonable to consider BPA as a potential driver of

trained immunity dysregulation, especially in combination with

other insults over lifetime, leading to different pathologies.
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Differential in vivo labeling with
barcoded antibodies allows for
simultaneous transcriptomic
profiling of airway, lung tissue
and intravascular immune cells

Barbara C. Mindt1*, John Kim1, Troy Warren1, Yang Song2

and Antonio DiGiandomenico1

1Vaccines & Immune Therapies, Biopharmaceuticals R&D, AstraZeneca, Gaithersburg, MD, United States,
2Biologics Engineering, Oncology R&D, AstraZeneca, Gaithersburg, MD, United States
Single-cell RNA sequencing (scRNA-seq) is the state-of-the-art approach to

study transcriptomic signatures in individual cells in respiratory health and

disease. However, classical scRNA-seq approaches provide no spatial

information and are performed using either bronchoalveolar lavage fluid (BAL)

or lung single cell suspensions to assess transcript levels in airway and tissue

immune cells, respectively. Herein we describe a simple method to

simultaneously characterize transcriptomic features of airway, lung

parenchymal and intravascular immune cells based on differential in vivo

labeling with barcoded antibodies. In addition to gaining basic spatial

information, this approach allows for direct comparison of cells within different

anatomical compartments. Furthermore, this method provides a time- and cost-

effective alternative to classical scRNA-seq where lung and BAL samples are

processed individually, reducing animal and reagent use. We demonstrate the

feasibility of this approach in a preclinical mouse model of bacterial lung

infection comparing airway, parenchymal and vasculature neutrophils early

after infection.

KEYWORDS

respiratory disease, in vivo antibody labeling, spatial transcriptomics, scRNA-seq,
bacterial lung infection, neutrophils
1 Introduction

Acute and chronic lung diseases are a leading cause of death and disability

worldwide. Chronic obstructive pulmonary disease (COPD) alone accounted for more than

3.23million deaths in 2019 representing the 3rd leading cause on a global scale (1). On the other

hand, lower respiratory infections (LRIs) including pneumonia and bronchiolitis are still a

substantial cause of mortality in the elderly population and young children, respectively (2, 3).
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To counteract this trend and identify new therapeutic targets to tailor

novel more effective intervention strategies, it is crucial to understand

disease-associated changes in lung immune cells. Constant advances in

single-cell RNA sequencing (scRNA-seq) technologies such as cellular

indexing of transcriptomes and epitopes by sequencing (CITE-seq)

which uses oligonucleotide-labeled antibodies now enable

simultaneous analysis of gene as well as surface protein

expression on a single cell level (4). However, scRNA-seq data

provide no spatial information, which is especially problematic when

ana lyz ing immune responses in funct iona l ly highly

compartmentalized organs such as the lung where expression

profiles vary substantially based on whether cells are localized in the

airways, the parenchyma or the vasculature.

Here, we developed a simple method to differentially label

airway and blood immune cells by intravenous and intratracheal

administration of distinct barcoded pan-leukocyte anti-CD45

antibodies. Single cell suspensions of lung and airway cells are

further labeled with additional CITE-seq antibodies and transcript

and cell surface protein expression levels are obtained following a

generic CITE-seq workflow. Airway and intravascular leukocytes

can be further stratified based on their respective anti-CD45

barcode, whereas parenchymal immune cells remain unlabeled.

We demonstrate that antibody staining is highly specific for the

respective compartment with minimal inter-anatomical cross-

contamination. Using this basic spatial separation, we further

show how neutrophil gene expressions profiles differ in the

airways, tissue and vasculature following infection with non-

typeable Haemophilus influenzae (NTHi), a bacterium often

associated with exacerbations of chronic airway disease.

This method has a wide scope of applications and can be

employed to analyze homeostatic differences in transgenic animal

models as well immune responses in pre-clinical mouse models of

lung disease including allergic airway inflammation, bacterial and

viral lung infection as well as sterile injury models. The protocol is

simple, adaptable and allows for simultaneous analysis of

parenchymal, airway and blood immune cells from the same

animal, thereby saving time and reagents.
2 Materials and equipment

2.1 Reagents
Fron
• NTHi glycerol stock

• Chocolate agar (Hardy Diagnostics; cat# E14)

• Phosphate buffered saline (PBS) pH 7.2 (Gibco, cat# 20012-

043)

• KetaVed® Ketamine Hydrochloride injection (100 mg/mL,

VedCo Inc.)

• AnaSed® Xylazine injection (20 mg/mL, Akorn Animal

Health)

• Sterile saline (0.9%; Covetrus, cat# 069169)

• Dulbecco’s phosphate buffered saline (DPBS) (Gibco, cat#

14190-144)
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• heat-inactivated fetal bovine serum (HI-FBS) (Gibco, cat#

10082-147)

• RPMI-1640 + L-Glutamine (Gibco, cat# 11875-085)

• recombinant murine CD45 (rmCD45) (100 mg/ml in DPBS;

R&D, cat# 114-CD-050)

• Liberase™ TM (4 mg/mL in DPBS; Roche, cat#

5401127001)

• dsDNAse (ThermoFisher, cat# EN0771)

• ACK Lysing buffer (Gibco, cat# A10492-01)

• 0.4% Trypan Blue Stain (Gibco, cat# 15250-061)

• 0.5 M EDTA (Invitrogen, cat# 15575-038)

• 10% Bovine Serum Albumin (BSA) solution (Sigma-

Aldrich, cat# A1595-50ML)

• Mouse anti-Ly-6G microbeads (Miltenyi Biotec, cat# 130-

120-337)

• TruStain FcX™ (anti-mouse CD16/32) Antibody

(BioLegend, cat# 101320)

• LIVE/DEAD™ Fixable Blue Dead Cell Stain Kit

(Invitrogen, cat# L23105)

• eBioscience™ FoxP3/Transcription Factor Staining Buffer

Set (Invitrogen, cat# 00-5523-00)
2.2 Equipment and consumables
• Sterile cotton tipped applicators (Dukal Corporation, cat#

9016)

• CO2 incubator

• PIPETBOY acu 2 pipet aid (Integra Biosciences)

• Serological pipettes (25 mL, 10 mL, 5 mL)

• Single-channel Micropipettes (P1000, P200, P10, P1;

Gilson) + tips

• UV-Vis Scanning Spectrophotometer (GENESYS 10;

Thermo Scientific)

• Disposable polystyrene cuvettes (ThermoFisher Scientific,

cat# 221S)

• Heat Lamp and mouse restraint for i.v. injections

• 1 ml TB syringe 27G x 1/2 (BD, cat# 309623) for i.v.

injections

• 1 ml TB syringe 25G x 5/8” (BD, cat#309626) for i.p.

injections

• Dissection tools (tweezers, scissors)

• Gauze sponges (Dukal Corporation, cat# 4162)

• i.v. catheters (20G x 1”; Terumo, cat# SR*FF2025)

• 1 mL syringes (BD, cat# 309659)

• 500 mL Vacuum Filter/Storage Bottle Systems, 0.22 µm

pore size (Corning, cat# 431097)

• 250 mL Vacuum Filter/Storage Bottle System, 0.22 µm pore

size (Corning, cat# 431096)

• GentleMACS™ C tubes (Miltenyi Biotec, cat# 130-093-

237)

• GentleMACS™ Octo Dissociator (Miltenyi Biotec, cat#

130-096-427)

• 50 mL Centrifuge tubes (VWR, cat# 89039-662)
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• 70 mM cell strainers (Corning, cat# 431751)

• 40 mM cell strainers (Corning, cat# 431750)

• 3 mL syringes (BD, cat# 309657)

• 15 mL Centrifuge tubes (VWR, cat# 89039-670)

• Vi-CELL™ XR Cell Viability Analyzer (Beckman Coulter)

• Hemacytometer (Hausser Scientific, cat# 3100)

• QuadroMACS™ Separator (Miltenyi Biotec, cat# 130-090-

976)

• MACS MultiStand (Miltenyi Biotec, cat# 130-042-303)

• LS columns (Miltenyi Biotec, cat# 130-042-401)

• Microcentrifuge (5427 R; Eppendorf)

• 96-well v-bottom microplates (Corning, cat# 3897)

• Chromium Next GEM Single Cell 3’ Kit v3.1 (10x

Genomics, cat# 1000269)

• Dual Index Kit TT Set A (10x Genomics, cat# 1000215)

• Dual Index kit NT Set A (10x Genomics, cat# 1000242)

• NovaSeq 6000 SP Reagent Kit v1.5 (cat# 20028319)

• BD FACSymphony™ A5 cell analyzer (BD Biosciences)

• Chromium Controller (10x Genomics)

• NovaSeq 6000 Sequencing System (Illumina)
2.3 Solutions
• Ketamine (67 mg/kg) + xylazine (13 mg/kg) for anesthesia

o 1.68 mL ketamine (100 mg/mL)

o 1.63 mL xylazine (20 mg/mL)

o 21.7 mL isotonic saline

o Prepare fresh before use.

• Ketamine (500 mg/kg) + xylazine (50 mg/kg) for euthanasia

o 1.6 mL ketamine (100 mg/mL)

o 0.8 mL xylazine (20 mg/mL)

o 0.8 mL isotonic saline

o Prepare fresh before use.

• FACS buffer (DPBS + 2% FBS)

o 10 mL HI-FBS

o 490 mL DPBS

o Sterile filter and store at 4°C

• PBE buffer (PBS + 0.5% BSA + 2 mM EDTA)

o 25 mL 10% BSA solution

o 2 mL 0.5 M EDTA

o 473 mL PBS (pH7.2)

o Sterile filter and store at 4°C

• Staining buffer (PBS + 1% BSA)
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o 20 mL 10% BSA solution

o 180 mL DPBS

o Sterile filter and store at 4°C
3 Methods

All procedures described in this study were performed in

accordance with federal, state and institutional guidelines and

were approved by the AstraZeneca Institutional Animal Care and

Use Committee. Procedures were carried out using adult female

Balb/cJ mice purchased from Taconic Biosciences (Germantown,

NY). Animals were maintained under specific pathogen-free

conditions with ad libitum access to food and water.
3.1 Preparation of bacterial inoculum and
intranasal infection
• The day before infection, streak bacteria from frozen

glycerol stock as a lawn on a nutrient agar plate using a

sterile cotton swab. Incubate overnight at the requisite

growth temperature. In our case NTHi was plated on

chocolate agar and grown at 37°C in the presence of 5%

CO2.

• Collect bacteria from the plate using a sterile cotton swab

and suspend in sterile PBS (pH 7.2) to an optical density at

600 nm (OD600) of 1.0 which corresponds to a known

amount of colony forming units (CFU)/mL.

• If necessary, dilute bacterial suspension further with PBS

(pH 7.2) to the desired CFU/mL. Keep inoculum at room

temperature and use within 15 min of preparation.

• Anesthetize mice by intraperitoneal injection of 200 mL
ketamine/xylazine solution until a proper plane of anesthesia

is attained as assessed by absence of pedal withdrawal reflex.

• Hold fully anesthetizedmouse vertically and administer a total

of 50 mL bacterial suspension dropwise in the middle of the

nostrils using a P200 pipettor. Wait for mice to completely

inhale the liquid before administering the next drop.
3.2 In vivo antibody labeling and
lung isolation
• To label intravascular leukocytes, administer 150 mL (2 mg/
mouse diluted in sterile DPBS) of anti-CD45 (clone 30-F11)

intravenously via tail vein injection and let antibody

circulate for 5 min.

• Euthanize animals by intraperitoneal injection of 200 mL
concentrated ketamine/xylazine. Alternatively, a lethal dose

of sodium pentobarbital can be used.
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• Note: It is vital that lung barrier remains intact during

euthanasia to avoid entry of blood in the alveoli and thereby

mislabeling of blood leukocytes by the intratracheally

administered pan-leukocyte antibody and vice versa.

Consequently, euthanasia by carbon dioxide asphyxiation

should be avoided since it may lead to alveolar

extravasation, pulmonary oedema, and hemorrhage (5, 6).

Also, refrain from cervical dislocation as a method of

euthanasia to preserve the integrity of the trachea and

adjacent neck structures.

• Pin mouse on its back on an angled (approximately 45°)

dissecting tray and disinfect the neck area with 70% ethanol.

• Lift skin using forceps and make an incision at the mid-line

of the neck with anatomical scissors.

• Use two fine-tipped forceps to carefully pull the salivary

glands covering the trachea to the side. If blood vessels are

damaged, use gauze pads to absorb blood before

proceeding.

• Pull the muscle surrounding the trachea apart using

tweezers and insert an i.v. catheter between the cartilage

rings below the larynx. To avoid lung damage do not insert

the catheter too far into the trachea.

• To label airway immune cells, carefully remove the

puncture needle and slowly instill 800 mL cold anti-

CD45.2 (clone 104; 2 mg/mouse diluted in sterile RPMI-

1640) via the catheter using a 1 mL syringe.

• Leave the syringe attached to the catheter for 5 min before

retrieving BAL.

• Transfer BAL to a GentleMACS C tube on ice containing

600 mL RPMI-1640 medium, 125 mL HI-FBS and 50 mL
rmCD45 (100 mg/mL in PBS). Swirl to mix.

• Instill lungs once more with 800 mL cold RPMI-1640 + 50

mL rmCD45. Wait for 5 min, retrieve liquid and pool with

the first lavage in the GentleMACS tube.

• Optional: Add appropriate volumes of TruStain FcX™
(anti-mouse CD16/32) antibody to the instillation mix

and additionally to the pooled cells in the GentleMACS

tube to prevent potential binding of rmCD45-anti-CD45

complexes to Fcg receptors on respective cells. TruStain

FcX™ should be used at 1 mg per 106 cells. Adjust volume

based on expected cell numbers in BAL and whole lung

accordingly.

• Adjust volume in the GentleMACS to 2.35 mL with cold

RPMI-1640.

• For lung isolation lift skin and peritoneal wall using forceps

and make an incision beneath the ribcage. Cut the skin and

peritoneal wall along the ribcage towards both sides of the

abdomen without damaging underlying organs.

• Pierce and cut the diaphragm along the ribcage on both

sides avoiding the lung.

• Cut the ribcage on both sides and remove the sternum and

isolate lung from pleural cavity.

• Transfer to the GentleMACS tube containing the pooled

BAL fractions.
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3.3 Preparation of single cell suspensions
from lung tissue
• Attach tubes on the GentleMACS dissociator and mince

lung tissue using program “m_lung_01_02” (36 sec, 165

rpr).

• Add 125 mL Liberase™ (4 mg/mL in DPBS) and 3 mL
dsDNAse, mix and digest for 30 min at 37°C (5% CO2).

• Further homogenize digested tissue on the GentleMACS

dissociator using program “m_lung_02_01” (37 sec, 2079

rpr).

• Strain homogenate over a 70 mM cell strainer into a 50 mL

Falcon tube

• Rinse cell strainer with 10 mL cold FACS buffer and

centrifuge (5 min, 450 x g, 4°C).

• Remove supernatant, suspend pellet in 10 mL cold FACS

buffer and centrifuge (5 min, 450 x g, 4°C).

• Remove supernatant, suspend pellet in 2 mL ACK lysing

buffer and incubate for 4 min at room temperature to lyse

red blood cells.

• Bring volume to 15 mL with FACS buffer, centrifuge (5 min,

450 x g, 4°C) and remove supernatant.

• Suspend pellet in 10 mL FACS buffer, centrifuge (5 min, 450

x g, 4°C), pipet off supernatant completely and resuspend

cells in 1 mL staining buffer (PBS + 1% BSA)

• Dilute cells 1:10 in PBS (100 mL cells + 900 mL PBS) and

determine viable cell counts using an automated cell

counter. Alternatively, dilute cells in Trypan Blue solution

and count manually with a hemacytometer according to the

manufacturer’s instructions.

• Transfer 3 x 106 cells/sample to each well of a 96-well v-

bottom plate for FACS staining.
3.4 Neutrophil magnetic bead enrichment

Neutrophils are isolated using anti-Ly-6G microbeads

according to the manufacturer’s instructions.
• Strain cells over a 70 mM cell strainer and wash strainer with

5 ml cold PBE buffer.

• Centrifuge cells at 300 x g for 10 min and completely

remove supernatant.

• Suspend cell pellet in 90 mL cold PBE buffer per 1 x 107 cells

and add 10 mL anti-Ly-6G microbeads per 1 x 107 cells.

Adjust buffer and bead volumes accordingly.

• Mix and incubate at 4°C (no for 10 min.

• Add 2 mL cold PBE buffer/107 cells and centrifuge for

10 min at 300 x g.

• During the spin, load an LS column in the QuadroMACS™
Separator attached to the MACSMultiStand and equilibrate

with 3 mL cold PBE buffer.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1227175
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Mindt et al. 10.3389/fimmu.2023.1227175

Fron
• Discard supernatant and suspend up to 108 cells in 500 mL
cold PBE buffer.

• Load cell suspension on LS column and wait for column

reservoir to empty by gravity flow.

• Wash column 3x with 3 ml cold PBE buffer, remove column

from magnet and transfer to a 15 mL centrifugation tube.

• Add 5 ml cold PBE buffer and immediately force liquid

through column using the provided plunger.

• Spin cells at 300 x g for 10 min, suspend in 1 mL cold FACS

buffer and determine viable cell counts using an automated

cell counter or count manually with a hemacytometer and

Trypan Blue solution according to the manufacturer’s

instructions.
3.5 Cell surface protein labeling
with TotalSeq-B antibodies for
CITE-seq analysis
• Spin cells and suspend in 50 ml staining buffer per 106 cells.
• Transfer 150 ml sample to the wells of a 96-well v-bottom

plate for FACS staining and keep on ice (see 3.6).

• Transfer 50 ml cell suspension to a 1.5 mL Eppendorf tube

and add 5 ml TruStain FcX blocking reagent.

• Mix and incubate for 10 min at 4°C to block FcgRII/III
receptors.

• Add 45 ml TotalSeq-B antibody mix prepared in staining

buffer (0.5 mg antibody/sample). All antibodies used in the

mix are listed in Supplementary Table 1.

• Incubate for 30 min at 4°C and centrifuge (5 min,

350 x g, 4°C).

• Discard supernatant and wash cell pellets 3x with 1 mL

staining buffer.

• Resuspend in 300 ml PBS and determine cell counts with a

hemacytometer.

• Dilute to 700 - 1200 cells/mL (= 0.7 – 1.2 x 106 cells/mL).
3.6 Cell surface protein labeling for
flow cytometry
• Transfer 1-5 x 106 cells/sample to the wells of a 96-well v-

bottom plate, centrifuge (5 min, 450 x g, 4°C) and discard

supernatant.

• Resuspend cells in 50 mL cold CD16/CD32 dilution (1:100

in FACS buffer) and incubate for 15 min on ice to block

FcgRII/III receptors.
• While cells are blocking prepare antibody cocktail in cold

FACS buffer (antibodies used and dilutions are provided in

Supplementary Table 1.
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• Centrifuge (5 min, 450 x g, 4°C), discard supernatant,

resuspend cell pellet in 50 mL antibody dilution and

incubate for 30 min on ice in the dark.

• Add 120 ml cold DPBS and spin (5 min, 450 x g, 4°C).

• Remove supernatant, resuspend cells in 150 ml cold DPBS

and spin again (5 min, 450 x g, 4°C).

• While cells are spinning, resuspend Fixable Blue viability

dye in anhydrous DMSO according to the manufacturer’s

instructions, further prepare a 1:1000 dilution in cold DPBS

and store in the dark on ice until use.

• Remove supernatant, resuspend cell pellet in 50 ml viability
dye dilution and incubate on ice in the dark for 30 min.

• Add 120 ml cold FACS buffer, spin (5 min, 450 x g, 4°C) and

remove supernatant.

• Resuspend cells in 150 ml cold FACS buffer, spin again

(5 min, 450 x g, 4°C).

• During spin, prepare Fix/Perm solution of FoxP3/

Transcription Factor Staining Buffer Set according to the

manufacturer’s protocol (1 part concentrate + 3 parts

diluent).

• Discard supernatant, resuspend cells in 50 ml Fix/Perm

solution and incubate in the dark on ice for 30 min.

• Spin (5 min, 450 x g, 4°C), remove supernatant and

resuspend pellet in 150 ml cold FACS buffer.

• Centrifuge again (5 min, 450 x g, 4°C) and add 150 ml cold
FACS buffer.

• Cover plate with a sealing film, wrap in tin foil and store in

the fridge for up to three days until acquisition on a flow

cytometer.
3.7 CITE-seq

Labeled cell suspensions were partitioned into single-cell

droplets with a Chromium Controller (10x Genomics) and gene

expression and cell surface protein libraries were further generated

using Chromium Single Cell 3’ Reagent Kits with Feature Barcoding

Technology (10x Genomics) following the manufacturer’s

recommendations. Samples were sequenced on a NovaSeq 6000

Sequencing System (Illumina) and the resulting FASTQ files were

processed with CellRanger (version 6.0.1, 10X Genomics). Unless

noted, all the analysis for the single-cell RNA-sequencing was done

using the Python Scanpy framework (Scanpy version 1.9.1) (7).

Cells were further filtered to include cells with log1p values of

isotype control antibody reads (< 6), number of antibodies detected

per cell (< 30), mitochondrial reads (< 30%), total RNA reads (<

40000), number of genes (< 6000 and > 200). To normalize antibody

reads in the dataset, denoised and scaled by background (DSB)

program (8) using the default parameters implemented in MUON

package (version 0.1.2) was used (9). Filtered raw RNA reads were

further normalized and log-transformed using normalize_total and

log1p functions, respectively and data were further scaled using scale

function. Before data scaling, log-normalized data were stored
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separately for further downstream analysis such as differential

expression test. DSB-normalized protein reads were clustered

using Leiden algorithm after generating a neighborhood graph

with default parameters and for three different resolution settings

(0.25, 0.5, 0.75). For each resolution, a heatmap was plotted for the

average expression of proteins per cluster to determine at which

resolution biologically relevant clusters can be visualized. To assign

the respective anatomical location to each cell, we first used

histograms of DSB-normalized CD45 and CD45.2 antibody reads

to determine the cut-offs. Respective cut-offs were applied to each

separate anatomical location (0.3 for CD45.2+CD45- airway cells; >

0.28 for CD45.2-CD45+ intravascular leukocytes; < 0.3 and < 0.28

for CD45.2-CD45- parenchymal cells). For differential expression

(DE) test per cluster, tl.rank_genes_groups function with Wilcoxon

rank-sum test was used.
3.8 Statistical analyses

All data were analyzed with GraphPad Prism software (GraphPad

Software). P values below 0.05 were regarded as statistically significant

(*p<0.05, **p<0.01, ***p<0.001). Unless otherwise indicated, figures

displaymeans ± standarddeviation (SD). Experiment sample sizes (n),

experiment replicate numbers and statistical tests used are included in

the respective figure legends.
4 Results

4.1 Administration of i.v. and i.t. anti-CD45
antibodies results in efficient and stable
labeling of intravascular and airway
immune cells

For in vivo labeling of immune cells in the vasculature and the

airways, two different clones of pan-leukocyte anti-CD45 antibodies,

clone 30-F11 and clone 104, are administered intravascularly or

intratracheally, respectively. To ensure the amount of antibody used

is sufficient to label all cells present in the respective anatomical

compartment, we administered fluorescently labeled antibody

versions via the designated route. In addition, we stained the labeled

BALor blood cells with the other anti-CD45 clone to gate on all CD45+

cells. Potential steric competition between antibodies was assessed

beforehand by preincubation of mouse splenocytes with either

fluorescent clone 104 or 30-F11 followed by staining with the

respective other clone and comparison to single-stained cells

(Supplementary Figure 1). 30-F11 staining intensity, depicted as

geometric mean fluorescence intensity (gMFI), was not affected by

prior labeling of cells with clone 104 (Supplementary Figure 1A).

When cells were prelabeled with 30-F11, staining intensity of 104 was

significantly lower compared to the single-labeled cells indicating some

binding interference (Supplementary Figure 1B). However,

frequencies of double-positive cells remained comparable to the 104-

only stained control indicating both clones can be used for

simultaneous labeling of leukocytes (Supplementary Figures 1C, D).

Importantly, flow cytometric analysis following in vivo antibody
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instillation showed that all immune cells in the airway and

vasculature were labeled with clone 104 or 30-F11 respectively,

indicating that the used concentrations and experimental conditions

were suitable to efficiently tag leukocytes in vivo (Figures 1A, B).

Studies were performed on infected as well as uninfected animals to

ensure consistent labeling under both conditions and antibody

concentrations should be tested beforehand when a different model

is used. To determine whether CD45 labeling remains stable during

downstream processing steps, we labeled airway and blood leukocytes

with fluorescently labeled antibodies in vivo. Isolated BAL and blood

cells further underwent enzymatic digestion with Liberase and

dsDNase and CD45 gMFI was compared to that of undigested cells

(Figures 1C,D).Double strand-specificDNasewasused topreserve the

integrity of the TotalSeq B-barcodes since regular DNase I also utilizes

single-stranded DNA as a substrate. gMFIs did not change with

digestion indicating that anti-CD45 antibodies remain stably bound

to their epitopes during processing and can be confidently used under

the tested conditions for scRNA-seq analysis.
4.2 Excess anti-CD45 antibodies can
be effectively neutralized with
recombinant CD45

During downstream lung processing, the airway and

intravascular boundaries are disintegrated, and excess antibodies

need to be neutralized to avoid cross-labeling of blood cells with

unbound airway anti-CD45 or vice versa. We therefore instilled

recombinant murine CD45 (rmCD45) intratracheally after

antibody labeling and added additional recombinant protein to

the lung digestion medium. The amount of rmCD45 needed to

neutralize potentially unbound antibody was assessed by titration

experiments where we incubated the respective fluorescent

antibodies with increasing concentrations of rmCD45. This was

followed by addition of mouse splenocytes and analysis of CD45

labeling by flow cytometry. As expected, all splenocytes were

stained with either antibody in the absence of rmCD45

(Figures 2A, B). Clone 104 staining was completely abolished

with 2.5 µg rmCD45 indicating that all antibody in solution had

been effectively neutralized (Figure 2A). Similar observations were

made with clone 30-F11, albeit 10 µg of rmCD45 were needed to

achieve a similar degree of neutralization (Figure 2B). We next

assessed whether 10 µg rmCD45 was a suitable concentration to

neutralize unbound antibodies in vivo. We first analyzed

neutralization efficiency in the airways by consecutive

intratracheal administration of fluorescent anti-CD45 (clone 104)

and rmCD45. To assess neutralization of anti-CD45 (30-F11), we

administered a fluorescent version via tail vein injection, allowed

the antibody to circulate and injected rmCD45 via the same route.

Neutralization efficiency was assessed by the ability of BAL

supernatant or plasma to label naïve mouse splenocytes and was

analyzed by flow cytometry (Figure 2C). As expected, when only

anti-CD45 was administered, all splenocytes were labeled, whereas

the presence of rmCD45 in either airway or blood completely

neutralized unbound antibody, evident by the lack of splenocyte

labeling. We therefore chose 10 µg rmCD45 to proceed with our
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evaluation. It should be noted that this is a reference value for our

model system. Component concentrations for other in vivo models

should be tested and confirmed empirically before RNA-seq analysis.
4.3 Intravascular and airway immune cells
can be distinguished by compartmental
CD45 labeling

To test the validity of our method we used an acute bacterial

pneumonia model where we intranasally infected mice with a high

dose of NTHi or administered PBS as a control. We additionally

employed an acute LPS-induced lung inflammation model to further

validate the specificity of our in vivo staining procedure. Blood and

airway leukocytes were labeled with either fluorescent or TotalSeq-B

anti-CD45 antibodies at 48 hours post-infection or 24 h after LPS

challenge. Depending on the cell population of interest, enrichment is

usually performed preceding scRNA-seq to increase sequencing

resolution. This often entails positive selection for CD45+ leukocytes

using magnetic bead enrichment. We therefore tested whether in vivo

CD45 labeling would interfere with positive selection via bead-bound

anti-CD45 antibodies using lung cells labeled with anti-CD45-FITC

(clone 30-F11), anti-CD45.2-APC (clone 104) or a combination

thereof. While the purity of the CD45+ fraction was comparable in

all conditions (>97%) after enrichment, the flowthrough (CD45-

fraction) of cells previously labelled with anti-CD45 (clone 30-F11)
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contained significantly higher frequencies of CD45+ cells than the

unstained control or cells pre-labeled with anti-CD45.2 (clone 104)

(Supplementary Figure 2A). In accordance, numbers of CD45+ cells

(Supplementary Figure 2B) were markedly lower in CD45+ fractions

from30-F11-stained cells as opposed to unstained or 104-stained cells.

On the other hand, there was a >25-fold increase of CD45+ cells

recovered in the flowthrough, indicating insufficient retention of 30-

F11-stained cells in the column. CD45+ enrichment should therefore

be avoided, and enrichment should be performed by negative selection

or with magnetic beads of a different specificity. We therefore directly

enriched for neutrophils with Ly6G microbeads and using

fluorescently labeled antibodies showed they are almost exclusively

found in the lung vasculature of uninfected animals (Figures 3A, B).As

expected, inoculation with NTHi or LPS challenge resulted in

neutrophil recruitment from the blood to the site of infection

indicated by distinct populations of CD45.2(104)+CD45.2(30-F11)-

airway, and smaller populations of CD45.2(104)-CD45.2(30-F11)+

intravascular and CD45.2(104)-CD45.2(30-F11)- parenchymal

neutrophils (Figures 3A, C; Supplementary Figure 5A). Importantly,

almost nodouble-positive cellswereobserved indicating the absenceof

cross-labeling. This can be attributed to efficient neutralization of

excess antibodies since all cells were labeled with intratracheal anti-

CD45 antibody in the absence of rmCD45 after NTHi infection

(Supplementary Figure 3). No staining with intravascular antibody

could be detected on Siglec-F+CD11c+ airway-resident alveolar

macrophages after NTHi infection, confirming the absence of
A B
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FIGURE 1

Administration of i.v. and i.t. anti-CD45 antibodies results in efficient and stable labeling of intravascular and airway immune cells. BAL or blood cells
were in vivo labeled, isolated and co-stained with an anti-CD45 antibody binding to a different CD45 epitope followed by flow cytometric analysis.
Representative flow cytometry plots of single live CD45+ (A) airway cells after intratracheal administration of 2 mg anti-CD45.2 (clone 104)-APC
followed by BAL cell staining with anti-CD45 (clone 30-F11)-FITC or (B) blood leukocytes following intravascular administration with 2 mg anti-CD45
(clone 30-F11)-FITC via tail vein injection and staining of blood cells with anti-CD45.2 (clone 104)-APC. (C) gMFI of CD45.2 (clone 104) on BAL cells
before (white bar) and after digestion (grey bar) with Liberase and dsDNAse. (D) gMFI of CD45 (clone 30-F11) on blood cells before (white bar) and
after digestion (grey bar) with Liberase and dsDNAse. Data are representative of three independent experiments with n = 3–5 mice per group. Data
are shown as mean ± SD and significance between groups was determined using a Mann-Whitney test. i.v., intravenous; i.t., intratracheal; FITC,
fluorescein isothiocyanate; APC, allophycocyanin; BAL, bronchoalveolar lavage; gMFI, geometric mean fluorescence intensity. ns, non-significant.
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antibody cross-contamination under the indicated conditions

(Supplementary Figure 3C). Distinct neutrophil populations could

alsobedistinguished following infectionbasedondistributionofCD45

barcodes after labeling with TotalSeq-B antibodies (Figure 3B)

validating the compartmentalized in vivo labeling approach. Double

positive signals exclusively stemmed from non-single cells and were

filtered based on total antibody and RNA reads per cell. Specifically,

cells that have detectable reads of 30 or more surface proteins used for

labellingwere deemed to be cell clumps or doublets and removed from

the downstream analysis. In addition, cells with high RNA reads per

cell (> 40,000) were also filtered out to remove low-quality or doublets

from the analysis.
4.4 Neutrophils exhibit location-specific
gene expression signatures after
NTHi infection

To analyze location-specific gene expression profiles, filtered

scRNA-seq data were projected into two dimensions using Uniform

Manifold Approximation and Projection (UMAP) based on their

CD45 surface label. Unbiased clustering identified three distinct
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neutrophil subpopulations, cluster 0 (airway), cluster 2 (blood) and

cluster 1 (parenchyma) (Figure 4A). Higher transcript levels of

inflammatory and antibacterial neutrophil response genes such as

Sod2, Cd274,Ncf1, Lcn2, FceR1g and the cytokines/chemokines Il1a,

Ccl3, Ccl4 and Cxcl2 suggest increased activation of airway over

tissue and blood subpopulations (Figures 4B, C). Downregulated

genes in airway neutrophils including Sell, Zyx, Selplg, Coro1a,

S100a8, S100a9 and Cxcr2 were mainly associated with neutrophil

locomotion and adhesion (Figure 4C). In general, tissue and blood

neutrophils were more similar in their expression profiles. In

accordance, subclustering based on transcriptomic data alone and

subsequent analysis of CD45 surface labeling in the resulting

clusters showed that airway neutrophils are transcriptionally

distinct while gene expression of blood and parenchyma

neutrophils was partially overlapping (Supplementary Figures 4A,

B). Like airway neutrophils, upregulated genes in blood and tissue

neutrophils were involved in inflammatory and antibacterial

responses (Cd14, Acod1, Ccrl2, Cxcl2, Il1rn, Ncf1, Ptafr, Clec4d,

B2m) while downregulated genes were associated with cytoplasmic

translation (Rpl7, Rpl30, Rps9, Rps27a, Rplp0) (Figure 4C). We

further assessed PD-L1 surface expression in neutrophil

populations by flow cytometry after in vivo labeling with
A B

C

FIGURE 2

Excess anti-CD45 antibodies can be effectively neutralized with recombinant CD45. In vitro neutralization of 2 mg (A) anti-CD45.2 (clone 104)-APC
or (B) anti-CD45 (clone 30-F11)-FITC with 0.675 – 10 ug rmCD45. Fluorochrome-labeled antibodies were incubated for 30 min with indicated
amounts of rmCD45 in lung digestion medium and neutralization efficiency was assessed based on the antibody’s ability to stain naïve mouse
splenocytes thereafter. Labeling efficiency is depicted as gMFI on single live cells. (C) Representative histograms plots of anti-CD45 in vivo
neutralization in BAL (left panel) following consecutive i.t. administration of anti-CD45.2 (2 mg; clone 104)-APC and rmCD45 (10 mg) or in blood (right
panel) after consecutive i.v. injection of anti-CD45 (2 mg; clone 30-F11)-FITC rmCD45 (10 mg). Neutralization efficiency was assessed by the ability of
BAL supernatant or plasma to label naïve mouse splenocytes and was analyzed by flow cytometry. Unlabeled splenocytes or blood cells (grey
histograms) were used as negative controls and mice that received antibody only (red histograms) served as maximum staining controls. Data are
representative of three independent experiments with n = 3–5 mice per group. Data are shown as mean ± SD with **p < 0.01, ***p < 0.001 as
determined by one-way ANOVA followed by Dunnett’s multiple comparisons test. rmCD45, recombinant murine CD45; i.v., intravenous; i.t.,
intratracheal; FITC, fluorescein isothiocyanate; APC, allophycocyanin; BAL, bronchoalveolar lavage; gMFI, geometric mean fluorescence intensity.
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fluorescent anti-CD45 antibodies. Surface PD-L1 was highly

expressed on airway neutrophils, with intermediate and low levels

found in lung parenchyma and blood neutrophils, respectively

(Figure 4D). This finding was validated in an LPS-induced acute

lung inflammation model showing high expression of PD-L1 on

lung and parenchymal neutrophils while their blood counterparts

only exhibited low PD-L1 levels (Supplementary Figure 5B). These

findings correlated strongly with transcript levels after NTHi

infection further validating our in vivo labeling approach for

scRNA-seq.
5 Discussion

Herein we describe a simple, time- and cost-efficient protocol

that allows for simultaneous transcriptomic analysis of mouse

airway, lung tissue and blood leukocytes. This is especially

important during lower respiratory tract infection and

inflammation models where immune cells are rapidly recruited to

the airways and adapt their gene expression profile to perform their

respective effector functions. Spatial clustering based on

compartmental antibody labeling allows not only for differential
Frontiers in Immunology 0997
gene expression analysis within the same population, which may

not be obvious on the whole-population level, but also to deduct

trajectories across pseudotime. This method can be employed at

steady state or in a wide array of pre-clinical respiratory disease

models including pulmonary infection as well as sterile injury and

allergic airway inflammation models. However, in models with

extensive vascular leakage which may compromise the integrity of

the staining it would be advised to perform appropriate controls

such as intravenous Evans blue injection followed by lung histology.

Our method is highly adaptable and has only minor drawbacks

that can be easily counteracted. Importantly, we demonstrate that in

vivo labelling interferes with commercial magnetic bead CD45

positive selection kits, therefore other enrichment kits should be

considered. It may also affect the binding of CD45 hashtag

antibodies and hashing and demultiplexing should therefore be

performed using antibodies against other ubiquitously expressed

surface markers, such as H-2 MHC Class I. If only specific cell

populations are of interest, in vivo labelling can also be performed

with population-specific antibodies given the availability of more

than one clone and non-overlapping epitope binding. This would

again allow for leukocyte positive selection and the use of anti-

CD45 hashtag antibodies.
A B

C

FIGURE 3

Intravascular and airway immune cells can be distinguished by compartmental CD45 labeling. Mice were intranasally infected with NTHi (5 x 107 CFU/
mouse) or PBS as a control. 48 h post infection mice were administered with 2 µg fluorescent (A) or 2 µg TotalSeq-B (B) anti-CD45 (clone 30-F11) and
anti-CD45.2 (clone 104) intravenously or intratracheally, respectively. Excess antibodies were neutralized with 10 µg of rmCD45 and BAL and lungs were
isolated. CD45 labeling on isolated neutrophils was analyzed by flow cytometry or scRNA-seq and designated as airway, blood or tissue cells based on
their respective label (C). (A) Representative flow cytometry plots of Ly6G+ neutrophils isolated from lungs of control PBS (top panel) or NTHi-infected
mice (bottom panel). Unlabeled control mice were used to define positive populations (left). (B) Unfiltered (left) and filtered (right) hexagon plots showing
the distribution of CD45 antibody barcodes on Ly6G+ neutrophils from infected mice. Non-single cells were filtered out based on antibody and RNA
reads. Flow cytometry data are representative of two experiments with n = 3 – 5 mice per group. scRNA-seq was performed once. NTHi, non-typeable
Haemophilus influenzae; i.v., intravenous; i.t., intratracheal; FITC, fluorescein isothiocyanate; APC, allophycocyanin.
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Altogether, our approach builds upon existing scRNA-seq

protocols by describing a simple method to simultaneously

characterize transcriptomic features of airway, lung parenchymal

and intravascular immune cells. We believe this approach is

applicable to multiple disease models and will further aid in

elucidating mechanisms of disease development and progression.

In addition, this approach could help identify novel therapeutic

targets or delineate disease-specific biomarkers.
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FIGURE 4

Neutrophils exhibit location-specific gene expression signatures after NTHi infection. Mice were intranasally infected with NTHi (5 x 107 CFU/mouse)
and administered with i.v. or i.t. anti-CD45 antibodies at 48 h post infection followed by scRNA-seq or flow cytometry analysis. (A) UMAP of 5,543
lung neutrophils subclustered based on CD45 surface labeling in airway (blue), parenchymal (green), and blood neutrophils (red). (B) UMAP of
relative expression of Cd274 (PD-L1) (left) and Sod2 (right) in neutrophil subclusters. (C) Clustered heat maps depicting relative expression of top 30
upregulated (left) and downregulated genes (right) in airway and parenchymal neutrophils compared to blood neutrophils. Differentially expressed
genes over blood neutrophils were determined using Wilcoxon test and genes differentially expressed in both airway and parenchyma are only
displayed once. The log-normalized expression values were standardized (z-score) for visualization. (D) Representative flow cytometry histogram
plot of PD-L1 cell surface expression on airway (blue), parenchymal (green), and blood neutrophils (red). Data are representative of one sequencing
experiment (A, B) and two independent flow cytometry experiments (C) with n = 3–5 mice per group.
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Analysis of lipid uptake, storage,
and fatty acid oxidation by group
2 innate lymphoid cells
Audrey Roy-Dorval1,2,3†, Rebecca C. Deagle1,2,3†,
Frederik Roth1,2,3, Mathilde Raybaud1,2,3, Nailya Ismailova1,2,3,
Sai Sakktee Krisna2,3,4, Damon G. K. Aboud5, Camille Stegen1,2,3,
Julien Leconte1,2,3, Gabriel Berberi1,2,3, Ademola Esomojumi1,2,3

and Jörg H. Fritz1,2,3,4*

1Department of Microbiology and Immunology, McGill University, Montréal, QC, Canada, 2McGill
University Research Center on Complex Traits (MRCCT), McGill University, Montréal, QC, Canada,
3Dahdaleh Institute of Genomic Medicine (DIgM), McGill University, Montréal, QC, Canada,
4Department of Physiology, McGill University, Montréal, QC, Canada, 5Department of Chemical
Engineering, McGill University, Montréal, QC, Canada
Group 2 Innate Lymphoid Cells (ILC2) are critical drivers of both innate and

adaptive type 2 immune responses, known to orchestrate processes involved in

tissue restoration and wound healing. In addition, ILC2 have been implicated in

chronic inflammatory barrier disorders in type 2 immunopathologies such as

allergic rhinitis and asthma. ILC2 in the context of allergen-driven airway

inflammation have recently been shown to influence local and systemic

metabolism, as well as being rich in lipid-storing organelles called lipid

droplets. However, mechanisms of ILC2 lipid anabolism and catabolism remain

largely unknown and the impact of these metabolic processes in regulating ILC2

phenotypes and effector functions has not been extensively characterized. ILC2

phenotypes and effector functions are shaped by their metabolic status, and

determining the metabolic requirements of ILC2 is critical in understanding their

role in type 2 immune responses and their associated pathophysiology. We detail

here a novel experimental method of implementing flow cytometry for large

scale analysis of fatty acid uptake, storage of neutral lipids, and fatty acid

oxidation in primary murine ILC2 with complementary morphological analysis

of lipid storage using confocal microscopy. By combining flow cytometry and

confocal microscopy, we can identify the metabolic lipid requirements for ILC2

functions as well as characterize the phenotype of lipid storage in ILC2. Linking

lipid metabolism pathways to ILC2 phenotypes and effector functions is critical

for the assessment of novel pharmaceutical strategies to regulate ILC2 functions

in type 2 immunopathologies.
KEYWORDS

group 2 innate lymphoid cells (ILC2), type 2 immunity, immunometabolism, fatty acid
uptake, lipid droplets, fatty acid oxidation (FAO), microscopy, flow cytometry
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1 Introduction

Group 2 innate lymphoid cells (ILC2) instruct innate type 2

immune responses, exerting critical roles in the initiation and

orchestration of anti-helminth immunity as well as allergic

inflammation (1–3). ILC2 share functional overlap with antigen-

specific CD4+ type 2 T helper (Th2) cells, including the requirement

of the transcriptional regulator GATA3 as well as the release of type 2

signature cytokines such as interleukin (IL)-4, IL-5 and IL-13,

facilitating eosinophil recruitment, goblet cell hyperplasia and mucus

production (4, 5). ILC2 are located at internal and external barrier

surfaces including the lung (6). However, in contrast to Th2 cells, ILC2

lack the expression of specific antigen receptors and are primarily

activated in an antigen-independent fashion in response to alarmins

such as IL-33, IL-25 and/or thymic stromal lymphopoietin (TSLP) that

are released upon tissue perturbation or immune challenge (4, 5). IL-33

has been described as the most potent activator of lung ILC2 (7),

signaling through the heterodimeric IL-33 receptor (IL-33R)

composed of the ligand-binding chain ST2 and IL-1 receptor

accessory protein (IL-1RacP) (8, 9). Furthermore, it was recently

demonstrated that ILC2 require cell-intrinsic ST2 signals to promote

type 2 responses, including allergic airway inflammation (10).

Due to the potency to rapidly release type 2 signature cytokines

such as IL-4, IL-5 and IL-13 upon activation, ILC2 have been suggested

to constitute a critical therapeutic target to treat human type 2

immunopathologies (11). Indeed, elevated frequencies and numbers

of ILC2 have been found in patients with asthma, allergic rhinitis and

chronic rhinosinusitis, correlating with disease severity and resistance

to corticosteroid therapy (12, 13). Biologics, including mepolizumab,

benralizumab, and dupilumab, targeting cytokines IL-5, and IL-4/IL-

13, respectively, have shown promising effects, leading to the reduction

in annualized asthma exacerbation rates (AER), oral corticosteroid-

sparing effects and improved Asthma Control Questionnaire scores

(14, 15). However, despite these clinical advances, approximately 30%

of patients with severe asthma receiving biologics do not experience

meaningful improvements in their AER (14, 16). Hence, instead of

blocking downstream type 2 signature cytokines, the targeting of

upstream alarmins, including IL-33 and TSLP has been proposed as

an alternative treatment strategy for asthma and type 2

immunopathologies (14, 15). Indeed, initial clinical trials targeting

IL-33 using Itepekimab (17, 18) or TSLP through the application of

Tezepelumab (19) show promising clinical results by reducing asthma

symptoms. However, the cost of biologics is high and can place

financial pressures on patients and health care systems, estimating

the annual net price for each of the drugs at approximately $30,000

annually (20). In addition, asthma phenotypes are multi-layered and a

better understanding of their diversity is needed to allow individualized

treatment strategies for patients (14, 21).

Fueled by a wealth of mechanistic insights from studies in

oncology and on metabolic disorders it has become increasingly

clear that targeting the metabolism of immune responses can

improve clinical treatment outcomes (22, 23). As such, a better

understanding of the metabolic wiring of the diseased tissue and its

cellular components is critical to understand strengths and limitations

of current treatment strategies of type 2 immunpathologies. Indeed,
Frontiers in Immunology 02101
metabolomic studies have revealed associations between altered lipid

metabolism, amino acid metabolism and disease pathogenesis in

asthmatic patients (24–26). Moreover, obesity was shown to be the

most common comorbidity of asthma (27), revealing that energy

metabolism is altered in obese asthmatics (28). As ILC2 have been

shown to exert critical roles in the regulation of tissue as well as

systemic metabolism (29) they constitute a critical target for metabolic

intervention to treat type 2 immunopathologies.

While glucose and amino acid metabolism were shown to be

important to sustain ILC2 proliferation and effector functions (29–31)

it has recently become increasingly clear that uptake and metabolism

of lipids also exerts critical metabolic functions in ILC2. During

helminth infection and allergen-induced airway inflammation

intestinal as well as lung ILC2 were found to increase their

exogenous fatty acid (FA) intake, respectively (32–35). Moreover, it

was observed that in addition to increasing exogenous lipid

acquisition, lung ILC2 store more lipids in lipid droplets, facilitating

ILC2 functions during allergen-induced airway inflammation (33, 35).

In correlation with increased lipid droplets in ILC2, in vivo treatment

with papain or with IL-33 increased DGAT1 gene expression (33), an

enzyme involved in triacylglyceride (TAG) formation and LD

biogenesis (36, 37). ILC2-specific deletion was found to reduce ILC2

effector function and allergic airway inflammation (33),

demonstrating a critical role for LD biogenesis and DGAT1 in the

regulation of ILC2 effector functions. FAs can be catabolized in

mitochondria by fatty acid b-oxidation (FAO) (38). As a result,

acetyl-CoA is produced and can help fuel numerous metabolic

pathways including the tricarboxylic acid (TCA) cycle (38). In

addition, FAO results in the reduction of flavin adenine dinucleotide

(FAD) to FADH2 and nicotinamide adenine dinucleotide (NAD) to

NADH, important electron donors to the respiratory chain (38). It has

previously been reported that IL-33-stimulated ILC2 employ oxidative

phosphorylation to a greater extent than steady state ILC2 (31). In fact,

during helminth infection, it has been reported that ILC2 metabolize

exogenous FA via FAO to fuel oxidative phosphorylation, which was

necessary for ILC2 proliferation and cytokine production (32, 33).

IL-33 treated lung-derived ILC2 also required FAO to produce

cytokines and proliferate (39). Therefore, lipid uptake and lipid

metabolism play an important role in ILC2 metabolism for

proliferation and the regulation of effector functions. We thus aimed

to develop a methodological workflow to enable rapid analysis of lipid

uptake, lipid storage and fatty acid oxidation by primary ILC2.
2 Materials and methods

2.1 Mice

C57BL/6J wildtype (WT) mice were originally purchased from the

Jackson Laboratory (Bar Harbor, ME) and bred in house at McGill

University. All animals were maintained on a C57BL/6J background,

bred, and housed under specific pathogen-free conditions with ad libitum

access to food and water. All experiments were performed on female mice

(aged 6-12 weeks) in accordance with the guidelines and policies of the

Canadian Council on Animal Care and those of McGill University.
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2.2 In vivo intranasal treatment for ex
vivo experiments

As previously reported (40), mice were anaesthetized with 5%

Isoflurane USP (Fresenius Kabi, Catalog No. CP0406V2) and

intranasally challenged with 250 ng of carrier-free recombinant

murine IL-33 (R&D Systems, Catalog No. 3626-ML-010/CF) in 40

mL of Dulbecco’s Phosphate Buffered Saline (DPBS; Fisher

Scientific, Catalog No. SH30028.02) or DPBS alone for three

consecutive days. The 40 µL volume was divided, whereby 20 µL

was administrated per nostril. On the fifth day, lungs were collected

and isolated as outlined in Section 2.4 (Figure 1).
2.3 Isolation of bone marrow-derived ILC2

Mice were anaesthetized with 5% isoflurane and euthanized via

CO2 asphyxiation, followed by cervical dislocation as confirmation

of death. The femurs and tibias were collected, cleaned with
Frontiers in Immunology 03102
sterilized gauze (Fisher Scientific, Catalog No. 22-037-907), and

washed in 75% ethanol prior to bone marrow (BM) extraction.

Sterile BM extraction tubes were prepared by using an 18-gauge

needle (Becton Dickinson, Catalog No. 305196) to puncture a single

hole in the bottom of a 0.5 mL tube (Sarstedt, Catalog No.

72.737.002). These tubes were then autoclaved and set inside a

sterile 1.5 mL collection tube (Progene, Catalog No. 87-B150-C)

containing 100 µL of DPBS. Both ends of the cleaned bones were cut

at the epiphysis to expose the BM and a single bone was placed

vertically inside each 0.5 mL tube. The 1.5 mL tubes were then

sealed and centrifuged (1900*g, 5 min, 4°C), which allowed the BM

to be extracted from the bone, through the punctured hole, and into

the 1.5 mL tube containing DPBS. The 0.5 mL tubes containing the

empty bones were discarded, and the DPBS was resuspended with

the pellet of BM and then consolidated into a 50 mL tube (Fisher

Scientific, Catalog No. 14-432-22) with a maximum of 20 bones (5

mice) per tube. Each tube was filled to 50 mL with DPBS,

centrifuged (450*g, 5 min, 4°C), and the supernatant was

discarded. The cell pellet was resuspended in 1.5 mL of
FIGURE 1

Schematic of experimental workflow. Female C57BL/6J wild-type mice aged 6-12 weeks were selected for either bone marrow or lung group 2
innate lymphoid cell (ILC2) isolation. Femurs and tibias were harvested to obtain bone marrow-derived ILC2 by flow cytometric cell sorting and were
then cultured in vitro (dashed line) for expansion, followed by cytokine starvation and subsequent cytokine re-stimulation. Lung-derived ILC2 were
obtained by flow cytometric cell sorting from naïve mice followed by in vitro cell culture expansion (dashed line). Alternatively, lung-derived ILC2
were obtained by flow cytometric cell sorting from animals that were challenged intranasally with PBS as control or IL-33 for three consecutive days
(solid line). Bone marrow- and lung-derived ILC2 were used for the quantification of fatty acid uptake, neutral lipid storage, and fatty acid oxidation
(FAO) by flow cytometry or microscopy. Created in BioRender.com. Deagle, R. (2024) BioRender.com/v17y111.
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Ammonium-Chloride-Potassium (ACK) lysing buffer (Thermo

Scientific, Catalog No. A1049201) for approximately 20-30

seconds to lyse red blood cells within the sample. This reaction

was neutralized immediately by filling the tube with fluorescence-

activated cell sorting (FACS) buffer to 50 mL followed by

centrifugation (450*g, 5 min, 4°C) and a second wash with FACS

buffer (450*g, 5 min, 4°C). FACS buffer was made in-house using

DPBS and 2% fetal bovine serum (FBS; Wisent Bioproducts,

Catalog No. 080150). To prevent non-specific binding of

antibodies to the fragment crystallization receptors (FcRs), the

cells were blocked for 15 minutes on ice using a 1:10 dilution of

in-house formulated “Fc-block” (supernatant of the 2.4G2

hybridoma producing the purified anti-mouse CD16/CD32

monoclonal antibody (mAb)) in FACS buffer. The BM cells were

then stained for 30 minutes on ice in the dark with an antibody

cocktail (Table 1). The BM cells were then washed twice in FACS

buffer as described above and filtered through a 70 µm cell strainer

(Fisher Scientific, Catalog No. 22-363-548) prior to cell sorting.

ILC2 were sorted using a FACS Aria III and FACSAria Fusion (BD

Biosciences) equipped with 405 nm, 488 nm, 561 nm (Fusion only)

and 640 nm lasers using FACSDiva version 6.0 (Aria III) or version

8.0 (Fusion) based on the absence of lineage markers and the

expression of ILC2 specific markers (Table 1; Supplementary

Figure 1 reference to isolation of BM and lung ILC2).
2.4 Isolation of lung-derived ILC2

Mice were anaesthetized with 5% isoflurane and euthanized via

CO2 asphyxiation, followed by cervical dislocation as confirmation

of death. The mice were then bisected at the sternum to facilitate the

puncturing of the thoracic diaphragm and removal of the ribcage to

expose the lungs. A 23-gauge needle (Becton Dickinson, Catalog

No. 305145) attached to a 10 mL syringe (Becton Dickinson,

Catalog No. 302995) filled with DPBS was used to perfuse the

lungs via the heart by piercing the apex of the left ventricle. After

perfusion, the thymus and heart were discarded, and the lungs were

removed as a whole unit to be kept in cell culture media (Table 2) on

ice until all the mice were processed. The lungs were cleaned using

sterile gauze, and each lobe was separated from its connective tissue

before being placed into a dry, sterile 6-well plate (VWR, Catalog

No. 62406-161) with a maximum of 5 lungs per well. The lungs

were mechanically minced to a fine paste using scissors, and 5 mL of

cell culture media (Table 2) containing DNase (Roche, Catalog No.

10104159001) and Liberase (Milipore Sigma, Catalog No.

5401127001) with a final concentration of 100 µg/mL and 200 µg/

mL, respectively, were added to each well for enzymatic digestion.

The lung tissues were incubated with the enzymes at 37°C in 5%

CO2 for a total of 30 minutes, stirring the plate at 10 minute

intervals. To further homogenize the tissue, an 18-gauge needle

attached to a 5 mL syringe (Becton Dickinson, Catalog No. 309646)

was used to aspirate and dispense the tissue suspension a maximum

of 3 times to prevent excessive shear-stress. The tissue suspension

was then transferred to a 70 µm cell-strainer set inside a 50 mL tube

for cell collection. The plunger of the 5 mL syringe was removed

and the blunt, rubber end was used to mechanically dissolve the
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remaining pieces of lung tissue in the cell-strainer. The blunt end of

the plunger and the 6-well plate were washed frequently with DPBS

and added to the cell-strainer to maximize the cell yield. The 50 mL

tubes were filled with DPBS to 50 mL and centrifuged (450*g, 5 min,

4°C) followed by a second wash of DPBS (450*g, 5 min, 4°C). The

procedure for lysing red blood cells, blocking, antibody staining,

and filtration followed the exact same guidelines as the BM-derived

ILC2 isolation outlined in Section 2.3. Lung-derived ILC2 were then

sorted purified using a BD FACS Aria III and BD FACSAria Fusion

based on the absence of lineage markers and the expression of lung

ILC2 specific markers (Table 1; Supplementary Figure 1 for

isolation of BM and lung ILC2).
2.5 In vitro expansion and resting of bone
marrow and lung-derived ILC2

Sorted ILC2 were cultured in 96-well round-bottom plates

(VWR, Catalog No. CA62406-121) at 37°C in 5% CO2 with a

seeding density of 2.5x104 cells per well in 200 µL of complete ILC2

cell culture media (Table 2) (40, 41). For BM-derived ILC2, 50 ng/

mL of IL-2 (R&D Systems, Catalog No. 402-ML-100/CF), IL-7

(R&D Systems, Catalog No. 407-ML-200/CF), and IL-33 (R&D

Systems, Catalog No. 3626-ML-010/CF) as well as 20 ng/mL of

TSLP (R&D Systems, Catalog No. 555-TS-010/CF) were added to

the cell culture media to promote the survival and expansion of the

ILC2 in vitro cell culture. For lung-derived ILC2, 50 ng/mL each of

IL-2 and IL-7 were added to the complete cell culture media for in

vitro expansion. Phenol-red free complete media (Table 2) was

specifically used to culture cells for fatty acid oxidation (FAO)

experiments (Section 2.11) to avoid auto-fluorescent interference.

Every 2 days the cell culture was split; whereby each well of ILC2

were resuspended and 100µL of cell suspension was transferred to

an empty well and 100 µL of complete media with expansion

cytokines were added to all wells containing ILC2 for a total

volume of 200 µL. BM-derived ILC2 expanded in vitro for up to

3 weeks whereas lung-derived ILC2 were expanded in vitro for up to

10 days. BM- and lung-derived ILC2 intended for ex vivo

experiments were used immediately after the sorting process and

did not undergo in vitro expansion. After expansion was complete,

the ILC2 were pooled, the expansion media was removed, and the

cells were washed in RPMI 1640 (450*g, 5 min, 4°C) to remove any

trace of expansion cytokines. The ILC2 were then re-seeded at

2.5x104 cells per well for 3 days at 37°C in 5% CO2 in complete

media containing 10 ng/mL of IL-2 and IL-7 to “rest” the cells. This

period of reduced activity, or rest, was necessary to bring the ILC2

down to a homeostatic baseline level of activity (proliferation &

cytokine production) after the demands of expansion.
2.6 ILC2 seeding and stimulation for flow
cytometric assays and microscopy

After 3 days of resting, in vitro ILC2 were pooled together in a

50 mL tube and washed twice with RPMI 1640 media (450*g, 5 min,

4°C) to remove any trace of resting cytokines. In vitro ILC2 were
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resuspended in complete cell culture media (Table 2), counted, and

the cell concentration was adjusted to 500,000 cells/mL. For flow

cytometric assays, 100 µl of in vitro ILC2 (5x104 cells) were seeded

per well in a sterile 96-well round-bottom culture plate, whereas for
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microscopy, 1 mL of in vitro ILC2 (5x105 cells) were seeded per well

in a sterile 6-well plate. Seeded in vitro ILC2 incubated for 4 hours at

37°C in 5% CO2 to cytokine starve the cells, bringing the cells to a

quiescent state prior to cytokine stimulation. The cytokine
TABLE 1 Antibody staining panels for bone marrow- and lung-derived ILC2.

Target Vendor Catalog Number
Concentration

(µg/mL)
RRID

Lineage Cocktail (LC)

TCRb ThermoFisher Scientific 12-5961-83 0.50 AB_466067

TCRgd ThermoFisher Scientific 12-5711-82 0.25 AB_465934

CD3e ThermoFisher Scientific 12-0031-83 0.25 AB_465497

Gr-1 ThermoFisher Scientific 12-5931-83 0.20 AB_466046

CD11b ThermoFisher Scientific 12-0112-83 0.20 AB_2734870

Ter-119 ThermoFisher Scientific 12-5921-83 0.25 AB_466043

B220 ThermoFisher Scientific 12-0452-83 0.50 AB_465672

CD19 ThermoFisher Scientific 12-0193-83 0.50 AB_657660

NK1.1 ThermoFisher Scientific 12-5941-83 2.00 AB_466051

CD5 ThermoFisher Scientific 12-0051-83 0.50 AB_465524

CD11c ThermoFisher Scientific 12-0114-83 1.00 AB_465553

FceR1a ThermoFisher Scientific 12-5898-83 1.00 AB_466029

Bone marrow-derived ILC2

LC

Sca-1 BioLegend 122516 1.25 AB_756201

CD25 ThermoFisher Scientific 48-0251-82 2.00 AB_10671550

c-kit ThermoFisher Scientific 17-1171-83 4.00 AB_469431

BODIPY staining of lung-derived ILC2

LC

CD25 ThermoFisher Scientific 48-0251-82 1.00 AB_10671550

ST2 ThermoFisher Scientific 47-9335-82 2.00 AB_2848379

CD90.2 BioLegend 140319 0.17 AB_2561395

CD45 BioLegend 103149 0.50 AB_2564590

7-AAD
(viability dye)

ThermoFisher Scientific 00-6993-50 0.84 NA

FAO-Blue staining of lung-derived ILC2

LC

CD25 ThermoFisher Scientific 53-0251-82 2.50 AB_763472

ST2 ThermoFisher Scientific 47-9335-82 2.00 AB_2848379

CD90.2 BD Biosciences 567736 0.33 NA

CD45
(ex vivo)

BioLegend 103114
0.50

NA

CD45
(in vitro)

BioLegend 103149
0.50

NA

7-AAD
(viability dye)

ThermoFisher Scientific 00-6993-50 0.84 NA
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stimulations used for all in vitro experiments were the following: IL-

7, IL-2, IL-33, IL-7+IL-33, and IL-2+IL-33. Each cytokine

stimulation was made at a 2X concentration (20 ng/mL) in

complete cell culture media and was added to the appropriate

wells (100 mL for flow cytometry or 1 mL for microscopy) for a final

1X concentration (10 ng/mL). Cells were then incubated for 24

hours at 37°C in 5% CO2 prior to further analyses. Ex vivo ILC2

were seeded at the same density as described above after being

retrieved from the cell sorter but did not undergo cytokine

starvation or stimulation prior to further analyses.
2.7 Enzyme-linked immunosorbent assay

Production of IL-5 was quantified from supernatant of cultured

murine bone marrow- and lung-derived ILC2 using the IL-5 mouse

DuoSet ELISA kits (R&D Systems, Catalog No. DY405) according to

the manufacturer’s instructions. Absorbance at 450 nmwasmeasured

using an Enspire™ 2300 Multilabel Reader (PerkinElmer).
2.8 Proliferation assay

Bone marrow ILC2 were stained with CellTrace Yellow Cell

Proliferation Kit (Invitrogen, Catalog No. C34573) according to

manufacturer’s instructions. Cells were plated at 20,000 cells/well

with respective cytokines. After 3 days, ILC2 were stained with
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eFluor 780 Fixable Viability Dye (Invitrogen, Catalog No. 65-0865-

18), fixed and permeabilized with FoxP3 Transcription Factor

Staining Buffer Set (Invitrogen, Catalog No. 00-5523-00). Data

were acquired using an Aurora Spectral Flow Cytometer (Cytek).
2.9 Flow cytometric staining of fatty
acid uptake

The fatty acid (FA) uptake dye, BODIPY™ FL C16 (Invitrogen,

Catalog No. D3821), was stored at -20°C at a stock concentration of

1 mM (1 mg stock powder in 2.11 mL DMSO) and diluted to an

intermediate concentration of 5 µM. At the 23-hour mark of

cytokine stimulation (in vitro) or after cell sorting (ex vivo), 50

mL of prepared 5 µM BODIPY™ FL C16 was added to each well to

obtain a final working concentration of 1 mM and the cells were

then incubated with the dye for 1 hour at 37°C in 5% CO2. After

incubation, stimulated ILC2 were resuspended and transferred to a

sterile 96-well conical-bottom culture plate (Sarstedt, Catalog No.

82.1583.001). The plate was then centrifuged (450*g, 5 min, 4 °C),

the supernatant was removed, and cells were washed twice with 200

mL of FACS buffer. The supernatant was removed and the ILC2

were resuspended in 150 mL of FACS buffer, followed by an

additional 5 mL of 7-AAD viability staining solution. All samples

were immediately acquired by flow cytometry (Section 2.12).
2.10 Flow cytometric staining of neutral
lipid content

The neutral lipid dye, BODIPY™ 493/503 (Invitrogen, Catalog

No. D3922), was stored at -20°C at a stock concentration of 1.9 mM

(10 mg stock powder in 1mL DMSO) and diluted to a working

concentration of 2 µM in DPBS. After 24 hours of cytokine

stimulation, ILC2 cultured in vitro were resuspended and

transferred to a sterile 96-well conical-bottom culture plate. Ex

vivo ILC2 were plated directly after sort purification into the sterile

96-well conical-bottom culture plate. The plate was then

centrifuged (450*g, 5 min, 4 °C), the supernatant was removed,

and the ILC2 were washed twice with 200 mL of cold DPBS (450*g, 5
min, 4 °C). After the supernatant was removed, the ILC2 were

resuspended in 50 mL of prepared 2 mM BODIPY™ 493/503 and

incubated for 20 minutes at 37°C in 5% CO2. After incubation, ILC2

were washed twice with 150 mL of FACS buffer (450*g, 5 min, 4 °C).

The supernatant was removed and ILC2 were resuspended in 150

mL of FACS buffer in addition to 5 mL of 7-AAD viability staining

solution. All samples were immediately acquired by flow cytometry

(Section 2.12).
2.11 Flow cytometric staining of fatty
acid oxidation

The fatty acid oxidation (FAO) detection dye, FAOBlue

(DiagnoCine, Catalog No. FNK-FDV-0033) was stored at -20°C

at a stock concentration of 1 mM (0.2 mg stock powder in 418.84 µL
TABLE 2 Complete RPMI media recipes for bone marrow- and lung-
derived ILC2.

Component
Complete Cell
Culture Media

FAO-Blue
Staining
Solution

RPMI 1640 Media
without L-Glutamine

45 mL
With Phenol Red: Cytiva,
Catalog No. SH30096.02;
Phenol Red-Free: Cytiva,
Catalog No. SH30605.01

5 mL
(Phenol Red-Free)

Fetal Bovine Serum
(FBS), Heat inactivated
Wisent Bioproducts,
Catalog No. 080150

5 mL (10%) 100 µL (2%)

L-Glutamine (200mM)
Cytiva, Catalog.
No. SH30034.01

0.5 mL
(2000 µM)

50 µL
(2000 µM)

Penicillin/Streptomycin
(10,000 U/mL/10,000 ug/
mL)
Cytiva, Catalog
No. SV30010

0.5 mL
(100 U/mL/100 µg/mL)

0 µL

Gentamycin (10 mg/mL)
Sigma Aldrich,
Catalog No.
G1272-100ML

120 µL
(24 µg/mL)

0 µL

b-mercaptoethanol
(55mM)
Gibco, Catalog No. 21-
985-023

50 µL
(55 µM)

Omitted for resting
and experiments

0 µL
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DMSO) and diluted to a working concentration of 20 µM in

FAOBlue Staining Solution (Table 2). Throughout the staining

procedure the FAOBlue dye as well as all the stained cells were

kept on ice in the dark. After 24 hours of cytokine stimulation, ILC2

cultured in vitro were resuspended and transferred to a sterile 96-

well conical-bottom culture plate. Ex vivo ILC2 were plated directly

after sort purification into the sterile 96-well conical-bottom culture

plate. The plate was centrifuged (450*g, 5 min, 4 °C), the

supernatant was removed, and the ILC2 were washed twice with

200mL Phenol Red-Free RPMI 1640 (450*g, 5 min, 4 °C). The

supernatant was removed and the cells were resuspended in 200 µL

of the prepared 20 µM FAOBlue staining solution (Table 2). ILC2

were then incubated with the dye for 1 hour at 37°C in 5% CO2. The

plate was centrifuged (450*g, 5 min, 4 °C), the supernatant was

removed, and cells were washed twice with 200mL DPBS (450*g,

5min, 4°C). The supernatant was removed, and the cells were

resuspended in 150 µL Phenol Red-Free RPMI 1640 and 5 µL of
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7-AAD viability staining was added to each well immediately before

acquiring data by flow cytometry (Section 2.12).
2.12 Flow cytometry analysis

Samples were acquired on a BD FACSCanto II (BD Biosciences)

equipped with a 488 nm and a 633 nm laser and FACSDiva 8.0

(BODIPY) or on an Aurora Spectral Flow Cytometer (Cytek) (FAO

Blue) equipped with 405 nm, 488 nm, 561 nm and 641 nm lasers and

Spectroflo 2.0. Each sample was run until 20,000 events were

recorded. All samples were gated on lymphocytes excluding debris,

singlets, and dead ILC2 using 7-AAD viability staining following the

manufacturer’s instructions. Then, FA uptake, neutral lipid content,

or FAO were quantified by gating on BODIPY™ FL C16, BODIPY™

493/503, and FAO Blue, respectively (Figure 2). Flow cytometry

analysis was performed using FlowJo software (BD, Version 10.10.0).
FIGURE 2

Flow cytometry gating strategies. After debris exclusion (FSC-A vs SSC-A) bone marrow- or lung-derived group 2 innate lymphoid cells (ILC2) were
gated on singlets (FSC-A vs FSC-H) and on 7-AAD-negative live cells (7-AAD vs FSC-H). ILC2 were subsequently analyzed for lipid uptake (BODIPY
FL C16), neutral lipid content (BODIPY 493/503) or fatty acid oxidation (FAO Blue).
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Geometric mean fluorescence intensity (MFI) of the signals was

calculated, duplicates were averaged per stimulatory condition and

presented in bar graphs with all flow cytometry data represented as

mean ± standard deviation. Histograms and bar graphs were created

using FlowJo and Prism softwares (Graphpad, Version 9)

respectively. Statistical analysis was performed as ordinary one-way

ANOVA and post-hoc Tukey’s multiple comparison tests to obtain

statistical significance (P-values) between experimental conditions.
2.13 Staining of ILC2 for
microscopy analyses

ILC2 were stained with the nuclear dye Hoechst 33342

(ThermoFisher Scientific, Catalog No. 62249), and with BODIPY™

493/503 to visualize neutral lipid storage. Prior to staining, an

intermediate concentration of Hoechst 33342 (stored at 4°C, stock

concentration of 20 mM) was made by diluting 81.3 µl in 1 mL of

DPBS for a concentration of 1 mg/mL. After 24 hours of cytokine

stimulation (in vitro) or after cell sorting (ex vivo), 1 mL of cell culture

media from each well was transferred to a 15 mL tube (Fisher

Scientific, Catalog No. 14-959-49B). This media was used to make

a 2X concentrated staining solution of Hoechst 33342 (3.25 µM) and

BODIPY™ 493/503 (4 µM). The staining solution was thoroughly

mixed and then added to each well, whereby the solution was pipetted

slowly against the edge of the well to minimize cellular disturbance.

The plate was gently tipped to ensure a homogenous distribution of

the dye for a final working concentration of 1.6 µM of nuclear dye

and 2 µM of neutral lipid dye. The cells were then incubated for 30

minutes at 37°C in 5% CO2.

After incubation, in vitro BM-derived ILC2 were resuspended

and transferred to a 15 mL tube and centrifuged (450*g, 5min, 4°C).

The supernatant was removed, and the cell pellet was resuspended

in 1 mL of Hank’s Balanced Salt Solution (HBSS; ThermoFisher

Scientific, Catalog No. 14175095) then transferred to a 1.5 mL tube

and washed a second time with HBSS (450*g, 5 min, 4 °C). The

supernatant was removed, and the cell pellet was resuspended in

500 µL of 4% formaldehyde fixative solution (Sigma-Aldrich,

Catalog No. 252549) and incubated at room temperature for 10

minutes. After incubation, 1 mL of DPBS was added to each tube

and centrifuged (450*g, 5 min, 4 °C) followed by a wash of DPBS

with the same settings. After the supernatant was removed, the cell

pellet was resuspended in 20 µL of de-ionized water and transferred

to a 18x18 mm square #1.5 glass coverslip (Fisher Scientific, Catalog

No. 12541A, 0.15-0.19 mm thickness). The cell suspension was

spread over the coverslip surface area as much as possible and left to

dry in the dark at room temperature for approximately 30 minutes.

Ex vivo lung-derived ILC2 were extremely adherent and therefore

plated directly onto the glass coverslips in the 6-well plate after the

cell sorting process. The washing buffer, fixative solution, and DPBS

washes described above were executed at the same concentrations in

the 6-well plate by gently aspirating and dispensing the solutions

against the edge of the well to minimize detachment of the cells.

After the last DPBS wash, these coverslips were left to dry at room

temperature in the dark for 30 minutes as well.
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Once the coverslips were dry, 70 µL of ProLong™ Gold

Antifade Mountant (ThermoFisher Scientific, Catalog No.

P36930) was added to the center of each coverslip using low-

retention wide-bore pipette tips (Fisher Scientific, Catalog No. 14-

222-726). Glass microscopy slides (Fisher Scientific, Catalog No. 12-

552-3) were lowered onto the mounting medium until the surface

tension pulled the coverslip up and onto the microscope slide to

minimize the production of air bubbles. The slides were kept

inverted and placed inside a microscope slide box, taking care to

not disturb the coverslip. The slides were left in the dark for 24

hours at room temperature to allow the mounting media to cure.

Nail polish was traced around the edges of the coverslip to seal and

preserve the samples; once the nail polish was dry the samples were

stored at 4°C in a closed slide box. All samples were produced in

triplicate and imaged within 3 days of the sample preparation.
2.14 Image acquisition

Images of ILC2 were acquired as three-dimensional z-stacks on

a Zeiss LSM800 AxioObserver Z.1 fully motorized inverted confocal

microscope equipped with a 40x/1.30NA Plan Neofluar oil

immersion lens. A 405 nm diode laser at 1.0% laser power and

700 gain was tuned to visualize the nucleus (Hoechst 33342) using a

multialkali (MA) PMT. A 488 nm diode laser at 0.2% laser power

and 700 gain was tuned to visualize lipid droplets (BODIPY 493/

503) using a gallium arsenide phosphide (GaAsP) PMT. The

following acquisition parameters were used: sequential scanning,

1 Airy unit, 1 digital gain, 1.03 ms pixel dwell time, 4-line averaging,

at scan zoom 10. Images were acquired as 1024x1024 pixel frames,

with a pixel size of 0.016 x 0.016 mm, and a z-step of 0.5 µm. An

average of 10 to 20 frames (5-10 µm depth) were acquired per cell

and all image files were saved as 16-bit CZI images (format.czi). An

average of 30 cells were acquired per experimental condition, and

the same acquisition parameters were used for all conditions.
2.15 Image processing

Image files in.czi format were converted to.ims files using the

software ImarisFileConverter (Bitplane, Version 10.0.0, Oxford

Instruments). The converted files in.ims format were opened in

Imaris 3D/4D Visualization and Analysis Software (Bitplane,

Version 10.1.0, Oxford Instruments) for analysis of neutral lipid

droplets. The Section icon was selected to visualize the xy, yz, and xz

planes of the image file and an image plane was selected in the

center of the cell. A fluorescence intensity line profile was drawn to

determine the value of non-specific cytosolic signal in the green

channel (BODIPY 493/503 signal). The Image Proc icon was then

selected for image processing, and the Baseline Subtraction function

in the green channel (BODIPY 493/503 signal) was selected. The

Baseline Subtraction threshold was set to the fluorescence intensity

previously determined in the Section icon and removed from the

image to improve the signal-to-background ratio and facilitate
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neutral LD detection. The same threshold was used for all images

within the same parameters.
2.16 Neutral lipid droplet detection

Neutral lipid droplet (LD) detection began in the 3D View and

Surpass windows of Imaris, where the image file could be viewed as

a fully rendered 3D image. Neutral LDs were detected using the

Surface function, whereby a 3D object was constructed to represent

the fluorescent signal in the image file based on a K-means

clustering threshold algorithm. The Surface function was selected

to open the Creation Wizard and the option Start creation with

slicer view was checked before continuing to the next step. Next, the

green channel (BODIPY 493/503 signal) was selected under Source

Channel and the thresholding was set to Absolute Intensity before

continuing to the next step. In the Thresholding step, the

thresholding for detecting the fluorescent signal from the neutral

LDs was determined. The image file was viewed alternately between

the 3D Volume View and the Slicer View while the threshold was

being selected to determine the most accurate thresholding value to

represent the neutral LD fluorescent signal. When the threshold

value was determined to be an accurate representation, the analysis

continued to the next step. In the Filter Surface step, the +Add

button was selected under Filters to add a Volume filter; this filter

allowed for the removal of any anomalies based on volume from the

overall selection before finalizing the surface construction. The

parameters were saved under Favorite Creation Parameters so

that the same parameters could be used for all image files. Due to

the fluorescence intensity variations between large and small neutral

LDs, 2-3 different thresholds settings were necessary in most files to

detect all the neutral LD and avoid the over- and under-selecting

data issue that occurs with using a single threshold. A minimum of

30 cells were analyzed per experimental condition.
2.17 Cell volume analysis

Cell volume detection began in the 3D View and Surpass

windows of Imaris on.ims formatted files without conducting any

image processing. The Surface function was selected to open the

Creation Wizard, and the option Start creation with slicer view was

checked before continuing to the next step. Next, the green channel

(BODIPY 493/503 signal) was selected under Source Channel so

that cytosolic and auto-fluorescent signals could be used to detect

the cell volume. The Surfaces Detail was modified to be double the

calculated default value (4X the pixel size in total) to improve

detection and surface granularity, and the thresholding was set to

Absolute Intensity before continuing to the next step. In the

Thresholding step, the thresholding for detecting the cytosolic

fluorescent signal was determined. The image file was viewed

alternately between the 3D Volume View and the Slicer View

while the threshold was being selected to determine the most

accurate thresholding value to represent the volume of the cell.

When the threshold value was determined to be an accurate

representation, the analysis continued to the next step. In the
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Filter Surface step, the +Add button was selected under Filters to

add a Volume filter; this filter allowed for the removal of any

anomalies based on volume from the overall selection before

finalizing the surface construction. The parameters were saved

under Favorite Creation Parameters so that the same parameters

could be used for all image files. A minimum of 30 cells were

analyzed per experimental condition.
2.18 Data export and quality control

For LD analysis, the Data Settings icon was selected in Imaris

where the metrics Intensity Sum, Voxels, and Sphericity were

selected under the Surfaces category. The Intensity Sum is the

cumulative fluorescence value of every voxel within the neutral

LD surface, Voxel is the total number of volumetric pixels in the

neutral LD surface, and the Sphericity measures how close to a

perfect sphere (value of 1.0) the neutral LD surface is. These metrics

were exported for every image file in Excel and the data from the

green channel (BODIPY 493/503 signal) was consolidated into a

master Excel file. Each data point was representative of a single

neutral LD, and these datapoints were used to calculate the total

neutral lipid fluorescence intensity (Intensity Sum) and the total

neutral lipid volume (Voxels) for each individual cell. Datapoints

were removed from the dataset if the sphericity values were above or

equal to 1.0 and any voxel values below 10 were considered

insignificant. Any datapoints that were abnormally large

compared to the distribution of the dataset were reviewed in

Imaris for validity before they were removed from the dataset.

After the dataset was quality controlled in the manner described

above, a MATLAB (Version R2023b, MathWorks, Natick, MA)

script was implemented to recalculate the number of neutral LD per

cell and to bin the LD into volume (small, intermediate, large) and

sphericity (irregular, intermediate, spherical) categories. For cell

volume analysis, the Data Settings icon was selected in Imaris where

the Voxels metric selected under the Surfaces category. This metric

was exported for every image file in Excel and the data from the

green channel (BODIPY 493/503 signal) was consolidated into a

master Excel file. Each data point was representative of a single cell.
2.19 Microscopy graphs and
statistical analysis

All data was acquired from three independent experiments for a

total of three replicates for each condition. A sample size of 30 cells

was chosen to represent each experimental condition to account for

normal distribution. All statistical analysis and bar graphs were

conducted in the Prism software (Graphpad, Version 9). Statistical

analysis for in vitro experiments were performed as ordinary one-

way ANOVA and post-hoc Tukey’s multiple comparison tests to

obtain statistical significance (P-values) between experimental

conditions. Unpaired two-tailed Student’s t-tests were performed

for ex vivo experiments to obtain statistical significance (P-values)

between populations. All data representing individual cells is

presented as mean ± standard deviation (SD), and all data
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representing individual neutral LD is presented as mean ± standard

error of the mean (SEM). Correlation analysis was conducted using

JMP 16.1.0 (Statistical Discovery, SAS Institute, NC) to obtain the

correlation coefficients between each combination of metrics.
3 Results

3.1 Activation of group 2 innate lymphoid
cells induces fatty acid uptake

As lipid metabolism has been shown to be a significant driver of

pathogenic ILC2 function in allergic airway inflammation (33, 39)

we aimed at establishing an integrated analytical framework to

determine levels of cellular fatty acid (FA) uptake, neutral lipid

storage, and fatty acid oxidation (FAO) in primary ILC2 (Figure 1).

To this end, we obtained primary murine sort purified bone

marrow-derived (Supplementary Figure 1A) or lung-derived ILC2

(Supplementary Figure 1B) that were further expanded in vitro as
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previously described (40, 41). Alternatively, lung-derived ILC2 were

obtained by flow cytometric cell sorting (Supplementary Figure 1B)

from animals that were challenged intranasally with PBS as a

control or IL-33 for three consecutive days, which were then

further used for ex vivo experiments. These three distinct primary

murine ILC2 populations were used for the quantification of FA

uptake, neutral lipid storage, and FAO by flow cytometry in vitro as

well as ex vivo (Figure 2).

ILC2 activation by IL-33 has been established as a hallmark of

allergic airway inflammation (7). IL-7 and IL-2 secreted by other

resident non-hematopoietic stromal cells as well as innate and

adaptive immune cells, respectively, have been shown to act in

synergy with IL-33 for enhanced ILC2 proliferation and elevated

cytokine production (41–43). To first demonstrate the functionality

of our ILC2 in vitro culture systems, we stimulated bone marrow-

(Figures 3A, B, E, F) or lung-derived ILC2 (Figures 3C, D) with IL-7

(Figures 3A, C, E) or IL-2 (Figures 3B, D, F) alone or in

combination with IL-33 and analyzed the production of IL-5 in

cell culture supernatants as well as the proliferative capacity. As
FIGURE 3

Cytokine production and proliferation of murine ILC2 upon treatment with distinct cytokine combinations. Bone marrow-derived (A, B, E, F) or lung-
derived (C, D) group 2 innate lymphoid cells (ILC2) were stimulated with either IL-7 only, IL-33 only, or a combination of IL-7 and IL-33 (A, C, E) or
IL-2 only, IL-33 only, or a combination of IL-2 and IL-33 (B, D, F). All cytokines were applied at 10 ng/mL. (A–D) After 24 hours of stimulation,
supernatants were harvested and analyzed for IL-5 content by ELISA. (E, F) Proliferation of ILC2 was assessed using CellTrace Yellow Cell
Proliferation Kit after 3 days of incubation with respective cytokines. The data representing the IL-33 stimulation is the same for (A–F). Data are
representative of three independent experiments with stimulations performed in duplicates. Data are shown as average ± standard deviation (SD).
Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple comparisons test (p < 0.01 = ** and p < 0.0001 = ****);
ND, not detectable.
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previously reported (41), IL-7 and IL-2 act in synergy with IL-33 to

induce cell proliferation as well as secretion of type 2 cytokines in

both bone marrow- as well as lung-derived ILC2 (Figures 3A–F).

However, the functions and effects of these cytokines (IL-2, IL-

7, IL-33) alone or in synergy (IL-7+IL-33 or IL-2+IL-33) as they

pertain to lipid metabolism in ILC2 remains incompletely

understood. Therefore, to investigate the ability of ILC2 to

acquire exogenous FAs during defined activation states, we

optimized a flow cytometric assay, by incubating ILC2 ex vivo or

in vitro with BODIPY FL C16, a fluorescent FA analog (Figure 4).

We first analyzed sort-purified ILC2 from mice that were treated

intranasally with PBS or IL-33 ex vivo (Figures 4A, B). Although

ILC2 from PBS-treated mice acquired exogenous FAs, ILC2 from

IL-33 treated animals had a significantly higher FA intake

(Figures 4A, B). To further analyze how distinct activating

cytokines impact FA uptake by ILC2, bone marrow-derived

(Figures 4C–F) and lung-derived ILC2 (Figures 4G–J) were

treated in vitro with IL-7, IL-2, IL-33 alone or with combinations

of IL-7+IL-33 or IL-2+IL-33 for 24 hours. BODIPY FL C16 was

then added 23 hours after cytokine stimulation, incubated for one

hour and subsequently analyzed by flow cytometry (Figures 4C–J).

Similarly to ILC2 analyzed ex vivo (Figures 4A, B), bone-marrow

and lung-derived ILC2 treated with IL-7 or IL-2 alone display

moderate exogenous FA intake, whereas IL-33 treated ILC2 exert a

significant increase in FA acquisition (Figures 4C–J). Furthermore,

bone marrow-derived ILC2 treated with the combination of IL-7

+IL-33 or IL-2+IL-33 significantly increased FA uptake when

compared to IL-7, IL-2 or IL-33 alone (Figures 4C–F). Lung-

derived ILC2 were also found to acquire more exogenous FAs

when stimulated by IL-7+IL-33 compared to IL-7, or IL-33 alone,

but no significant increase was observed comparing stimulations

with IL-33 alone vs IL-2+IL-33 (Figures 4G–J). Collectively, these

observations demonstrate that ILC2 are actively taking up FA from

the environment at steady state, which is further reinforced by

stimulation with IL-33 only as well as by synergistic activation with

IL-7+IL-33 or IL-2+IL-33.
3.2 Activation of group 2 innate lymphoid
cells induces increased storage of
neutral lipids

To further analyze to which extent FA uptake correlates with

storage of neutral lipids we optimized a flow-cytometry-based

protocol, enabling the rapid quantification of neutral lipid storage

by ILC2. First, lung ILC2 were sort-purified from mice challenged

intranasally with PBS as control or IL-33 for three consecutive days

and were then stained ex vivo with BODIPY 493/503 for 20 minutes

at 37 degrees Celsius. At steady state (PBS control treatment), ILC2

were found to store moderate levels of neutral lipids, while upon IL-

33 treatment ILC2 considerably increased their neutral lipid storage

(Figures 5A, B). To understand how cytokines known to drive ILC2

effector functions regulate neutral lipid storage, bone marrow- or

lung-derived ILC2 were incubated with IL-7, IL-2 and IL-33 alone,

or with combinations of IL-7+IL-33 or IL-2+IL-33 for 24 hours and

subsequently stained with BODIPY493/503 (Figures 5C–J). Neutral
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lipid storage of bone marrow-derived ILC2 (Figures 5C–F) or lung-

derived ILC2 (Figures 5G–J) treated with IL-7 or IL-2 alone was low

but considerably increased in the presence of IL-33 (Figures 5C–J).

Furthermore, combined cytokine treatment with IL-2+IL-33

significantly increased the accumulation of neutral lipids

compared to stimulations with IL-2 or IL-33 alone in bone

marrow-derived ILC2 (Figures 5E, F) as well as lung-derived

ILC2 (Figures 5I, J). In contrast, no significant elevation of

neutral lipid storage was observed in bone marrow-derived ILC2

(Figures 5C, D) as well as lung-derived ILC2 (Figures 5G, H) when

comparing treatments of IL-33 alone vs IL-7+IL-33. However, the

combined cytokine treatment of IL-7+IL-33 showed significantly

higher levels of neutral lipid storage when compared to IL-7 alone

(Figure 5C, D, G, H). These findings show that ILC2 at steady state

harbor moderate levels of neutral lipids, actively increase their

neutral lipid content upon treatment with IL-33, but especially

when synergistically activated by IL-2+IL-33.
3.3 Activation of group 2 innate lymphoid
cells induces mitochondrial b-oxidation of
fatty acids

Studies investigating the impact of ILC2-specific deletion of

DGAT1 (33) and PPARg (33–35, 44), genes involved in lipid

droplet formation (45) and lipid metabolism (46), respectively, as

well as insights gained by pharmacological inhibition of Cpt1a

through Etomoxir in in vitro and in vivo assays (32, 39) led to the

conclusion that lipid metabolism constitutes a significant driver of

pathogenic ILC2 function in allergic airway inflammation. These

insights were further substantiated by the observations that PPARg
deletion impacts mitochondrial activities of ILC2 (35) and that FA

supplementation of ILC2 cultures increases oxygen consumption

rates (OCR) (33). However, it remains poorly defined to which

extent FAs taken up from the extracellular environment or

catabolized from stored triglyceride (TG) pools serve as a critical

energy source and mechanistic driver for ILC2 proliferation and type

2 cytokine production. We therefore developed a rapid and easily

applicable flow cytometry-based assay that enables direct analysis of

mitochondrial b-oxidation levels of FAs in living ILC2 ex vivo and in

vitro utilizing a recently developed reagent referred to as FAOBlue

(47). FAOBlue is a coumarin dye coupled to a nonanoic acid (C9),

which is protected by an acetoxymethyl ester, showing no

fluorescence at 405 nm. FAOBlue can simply enter cells as it is

permeable to the cell membrane. Upon cytosolic localization the

acetoxymethyl ester is hydrolyzed by intracellular esterases, providing

the free FA type of FAOBlue, which is further converted to an acyl-

CoA form and thereby incorporated into the FAO pathway.

Subsequently, acyl-CoA-type FAOBlue is then degraded by three

FAO cycles to non-fluorescent coumarin possessing a propionic acid

(C3). Then after the 4th FAO cycle degradation, the coumarin dye is

released from the propionic acid. The released coumarin dye derived

from FAO cycles exerts strong blue fluorescence excited by 405 nm,

allowing sensitive detection of FAO activity in living cells.

We first applied FAOBlue to assess the extent by which ILC2 use

mitochondrial FAO at steady state compared to IL-33-induced
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airway inflammation in vivo (Figures 6A, B). To this end mice were

challenged intranasally with PBS or IL-33 for three consecutive days.

Pulmonary ILC2 were sort-purified 48 hours after the last treatment

and stained ex vivowith FAOBlue dye for 1 hour at 37 degrees Celsius
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(Figures 6A, B). At steady state, pulmonary ILC2 displayed moderate

levels of FAO while intranasal IL-33 treatment led to a significant

increase of FAO by ILC2 (Figures 6A, B). To investigate how

cytokines known to drive ILC2 effector functions regulate FAO,
FIGURE 4

ILC2 increase fatty acid uptake upon stimulation with activating cytokines. (A, B) Mice were treated intranasally with either PBS as control or with
250 ng of IL-33 for three consecutive days. Two days after the last treatment, lungs were collected and group 2 innate lymphoid cells (ILC2) were
sort-purified and subsequently incubated with BODIPY FL C16 for one hour to assess capacity of lipid uptake by flow cytometric analysis (MFI,
geometric mean fluorescence intensity). Bone marrow-derived (C–F) or lung-derived (G–J) ILC2 were stimulated with either IL-7 only, IL-33 only,
or a combination of IL-7 and IL-33 (C, D, G, H) or IL-2 only, IL-33 only, or a combination of IL-2 and IL-33 (E, F, I, J). The data representing the IL-
33 stimulation is the same for (C–J). All cytokines were applied at 10 ng/mL. BODIPY FL C16 was added after 23 hours of cytokine stimulation and
incubated for one hour to assess capacity of lipid uptake by flow cytometric analysis. ILC2 that were not incubated with BODIPY FL C16 served as
negative control (Unstained). Data are shown as average ± standard deviation (SD). Statistical analysis was performed using one-way ANOVA
followed by Tukey’s multiple comparisons test (p < 0.05 = *, p < 0.01 = **, p < 0.001 = ***, p < 0.0001 = ****).
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bone marrow- or lung-derived ILC2 were incubated with IL-7, IL-2

and IL-33 alone or with combinations of IL-7+IL-33 or IL-2+IL-33

for 24 hours and were subsequently stained with FAOBlue

(Figures 6C–J). FAO by bone marrow-derived ILC2 (Figures 6C–F)
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or lung-derived ILC2 (Figures 6G–J) treated with IL-7 or IL-2 alone

was moderate but considerably increased in the presence of IL-33

(Figures 6C–J). Furthermore, combined cytokine treatment with IL-2

+IL-33 significantly increased FAO compared to stimulations with
FIGURE 5

ILC2 increase neutral lipid storage upon stimulation with activating cytokines. (A, B) Mice were treated intranasally with either PBS as control or with
250 ng of IL-33 for three consecutive days. Two days after the last treatment, lungs were collected and group 2 innate lymphoid cells (ILC2) were
sorted and subsequently incubated with BODIPY 493/503 for 20 minutes to assess capacity of neutral lipid storage by flow cytometric analysis (MFI,
geometric mean fluorescence intensity). Bone marrow-derived (C–F) or lung-derived (G–J) ILC2 were stimulated with either IL-7 only, IL-33 only,
or a combination of IL-7 and IL-33 (C, D, G, H) or IL-2 only, IL-33 only, or a combination of IL-2 and IL-33 (E, F, I, J). The data representing the IL-
33 stimulation is the same for (C–J). All cytokines were applied at 10 ng/mL. BODIPY 493/503 was added after 24 hours of cytokine stimulation and
incubated for 20 minutes to assess capacity of neutral lipid storage by flow cytometric analysis. ILC2 that were not incubated with BODIPY 493/503
served as negative control (Unstained). Data are shown as average ± standard deviation (SD). Statistical analysis was performed using one-way
ANOVA followed by Tukey’s multiple comparisons test (p < 0.05 = *, p < 0.01 = **, p < 0.001 = ***, p < 0.0001 = ****).
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IL-2 or IL-33 alone in bone marrow-derived ILC2 (Figures 6E, F) as

well as lung-derived ILC2 (Figures 6I, J). In contrast, no significant

elevation of FAO was observed in bone marrow-derived ILC2

(Figures 6C, D) as well as lung-derived ILC2 (Figures 6G, H) when

comparing treatments of IL-33 alone vs IL-7+IL-33. However, the
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combined cytokine treatment of IL-7+IL-33 showed significantly

higher levels of FAO when compared to IL-7 alone (Figure 6C, D,

G, H). These findings demonstrate that FAO by ILC2 is low,

significantly increases by stimulation with IL-33, but were found to

be highest when ILC2 were synergistically activated by IL-2+IL-33.
FIGURE 6

ILC2 increase fatty acid oxidation upon stimulation with activating cytokines. (A, B) Mice were treated intranasally with either PBS as control or with
250 ng of IL-33 for three consecutive days. Two days after the last treatment, lungs were collected, and group 2 innate lymphoid cells (ILC2) were
sorted and subsequently stained with FAO Blue for one hour to assess capacity of fatty acid oxidation by flow cytometric analysis (MFI, geometric
mean fluorescence intensity). Bone marrow-derived (C–F) or lung-derived (G–J) ILC2 were stimulated with either IL-7 only, IL-33 only, or a
combination of IL-7 and IL-33 (C, D, G, H) or IL-2 only, IL-33 only, or a combination of IL-2 and IL-33 (E, F, I, J). The data representing the IL-33
stimulation is the same for (C–J). All cytokines were applied at 10 ng/mL. After 24 hours of cytokine stimulation cells were incubated for one hour
with FAO Blue and analyzed using flow cytometry. ILC2 that were not incubated with FAO Blue served as negative control (Unstained). Data are
shown as average ± standard deviation (SD). Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple comparisons test
(p < 0.05 = *, p < 0.01 = **, p < 0.001 = ***, p < 0.0001 = ****).
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3.4 Cytokine stimulation of group 2 innate
lymphoid cells induces specific
morphologies of neutral lipid droplets

ILC2 are a rare, non-adherent type of innate immune cell,

making them an excellent candidate for flow cytometric assays and

analysis. However, these two factors make ILC2 samples difficult to

prepare for microscopy and therefore visualization of intracellular

morphologies of ILC2 has been largely unexplored. The majority of

ILC2 images that exist are from the ImageStream platform where a

fluorescent 2D projection of a 3-dimensional cell is used primarily

for qualitative purposes (33, 40). Furthermore, microscopy sample

preparation of non-adherent cells traditionally implements either

the use of a cytospin which risks bursting the cell membrane or

disrupting intracellular architecture (48), or extracellular matrix
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coverslip coatings that influence protein expression at the cell

membrane to promote cell adhesion (49). In Section 3.2, using

flow cytometry, we demonstrated that activation of ILC2 induces

increased storage of neutral lipids, but these assays did not provide

detailed insights of these intracellular lipid pools. To elucidate the

morphologies and distribution of neutral lipids in ILC2, we

developed a novel sample preparation protocol for acquiring

high-resolution 3D images for lipid droplet quantification that

conserves ILC2 morphology across equipment platforms.

First, lung ILC2 were sort-purified from mice challenged

intranasally with PBS as control or IL-33 for three consecutive

days and were then stained ex vivo with BODIPY 493/503 for 30

minutes at 37˚C prior to fixation, mounting, and imaging

(Figure 7A). These microscopy images were analyzed in software

that allowed for 3D reconstruction of the neutral lipid fluorescent
FIGURE 7

Allergic airway inflammation increases the lipid droplet number and size in pulmonary ILC2. Mice were treated intranasally with either PBS as control
or with 250 ng of IL-33 for three consecutive days. Two days after the last treatment, lungs were collected, and group 2 innate lymphoid cells (ILC2)
were sorted by flow cytometry and labelled with Hoechst 33342 to visualize the nucleus (blue) and BODIPY 493/503 to visualize neutral lipid storage
(A, B). Confocal images (A) and 3D fluorescence reconstructions from Imaris (B) are shown (PBS - top row; IL-33 treatments - bottom row).
Confocal images are displayed as a maximum intensity projection of approximately 10-20 frames (5-10 mm depth) produced in ImageJ. Images are
representative from 3 independent experiments, scale bars represent 5 mm. (C) Quantification of the total fluorescence intensity (left), total volume
(middle), and total number (right) of neutral lipid droplets cumulatively per cell. Fluorescence and morphology metrics were taken from individual
neutral lipid droplets and were added together based on cell of origin and then by intranasal challenge. ILC2 that underwent PBS intranasal
challenge are shown in blue (n = 30) and those treated with IL-33 are shown in off-white (n = 33). (D) Quantification of the total fluorescence
intensity (left), total volume (middle), and sphericity (right) of individual neutral lipid droplets. Fluorescence and morphology metrics were taken from
the same individual neutral lipid droplets shown in (C) and compiled based on intranasal challenge alone; PBS (n = 39) and IL-33 (n = 154). The data
representing the IL-33 stimulation is the same for A-D. Data are represented as average ± standard deviation (SD) where n = number of cells (C) or
average ± standard error of measurement (SEM) where n = number of neutral lipid droplets (D). Statistical significance (p-values) was calculated
using unpaired two-tailed Student’s t-test (p < 0.0001 = ****).
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signal from which fluorescence intensity and morphology metrics

could be extracted (Figure 7B). At steady state (PBS control

treatment), ILC2 were shown to store low total fluorescence

intensity of neutral lipids concurrent with the flow cytometry

data (Figure 5B), explained by a low total volume and number of

lipid droplets (LDs) per cell (Figure 7C). When treated with IL-33,

the total neutral lipid fluorescence intensity, total volume, and

number of LDs per cell dramatically increased (Figure 7C).

To further understand how cytokines known to drive ILC2

effector functions regulate neutral lipid storage, in vitro bone

marrow-derived ILC2 were incubated with IL-7, IL-2, or IL-33
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alone, or with combinations of IL-7+IL-33 or IL-2+IL-33 for 24

hours. These cells were subsequently stained with BODIPY493/503,

fixed, mounted, and imaged (Figures 8A, 9A) followed by 3D image

analysis (Figures 8B, 9B). Similarly to the ex vivo lung-derived ILC2,

the total fluorescence intensity, total volume, and number of all

neutral LDs per cell presented by in vitro bone marrow-derived

ILC2 treated with IL-7 alone were significantly lower in comparison

to all other cytokine treatments (Figures 8A–C). Marked elevation

in the total fluorescence intensity, total volume, and number of all

LDs in the presence of IL-33 alone, as well as with the combined

treatment of IL-7+IL-33 was observed (Figures 8A–C). In contrast,
FIGURE 8

In vitro stimulation of ILC2 with combinations of IL-7 and IL-33 changes the neutral lipid droplet size and number. Bone marrow-derived group 2
innate lymphoid cells (ILC2) were stimulated for 24 hours with either IL-7 only, IL-33 only, or a combination of IL-7 and IL-33 (all cytokines were
applied at 10 ng/mL) and labelled with Hoechst 33342 to visualize the nucleus (blue) and BODIPY 493/503 to visualize neutral lipid storage (A, B).
Confocal images (A) and 3D fluorescence reconstructions from Imaris (B) are shown. Confocal images are displayed as a maximum intensity
projection of approximately 10-20 frames (5-10 mm depth) produced in ImageJ. Images are representative from 3 independent experiments, scale
bars represent 5 mm. (C) Quantification of the total fluorescence intensity (left), total volume (middle), and total number (right) of neutral lipid
droplets cumulatively per cell. Fluorescence and morphology metrics were taken from individual neutral lipid droplets and were added together
based on cell of origin and then by cytokine treatment. ILC2 were treated with either IL-7 (grey, n = 30), IL-33 (off-white, n = 30), or IL-7+IL-33
(pink, n =30) for 24 hours prior to imaging. (D) Quantification of the total fluorescence intensity (left), total volume (middle), and sphericity (right) of
individual neutral lipid droplets. Fluorescence and morphology metrics were taken from the same individual neutral lipid droplets shown in (C) and
were compiled based on cytokine treatment alone; IL-7 (n = 637), IL-33 (n = 1,267), or IL-7+IL-33 (n = 1,569). The data representing the IL-33
stimulation is the same for (A–D). Data are represented as average ± standard deviation (SD) where n = the number of cells (C) or average ±
standard error of measurement (SEM) where n = number of neutral lipid droplets (D). Statistical significance (p-values) was calculated using ordinary
one-way ANOVA and post-hoc Tukey’s multiple comparison tests (p < 0.05 = *, p < 0.01 = **, p < 0.001 = ***, p < 0.0001 = ****).
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treatment of ILC2 with IL-2 only already led to high levels of total

fluorescence intensity, total volume, and number of all LDs

(Figures 9A–C). In addition, when compared to stimulations by

IL-2 alone, no significant changes in total fluorescence intensity,

total volume, or number of all LDs per cell compared to treatments

with IL-33, or a combination of IL-2+IL-33 (Figures 9A–C)

were observed.

Microscopy is a very time-consuming process, easily susceptible

to sample heterogeneity, where the target sample number is

approximately 30 cells per condition. To overcome these

obstacles, we further investigated the morphological neutral LD
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diversity as an entire population outside the confines of individual

cell analysis. Individual neutral LDs in pulmonary ILC2 isolated

from naïve mice (PBS control treatments), exhibited a small

volume, were irregularly shaped, and low in fluorescence intensity

(Figure 7D). In contrast, in lung ILC2 isolated from IL-33 treated

animals, the individual neutral LDs significantly increased in

volume, became more spherical, and subsequently increased in

fluorescence intensity (Figure 7D).

When analyzing bone marrow-derived ILC2 treated with

distinct cytokines in vitro, we revealed that the fluorescence

intensity and volume of the individual neutral LDs is low in cells
FIGURE 9

In vitro stimulation of ILC2 with combinations of IL-2 and IL-33 changes the neutral lipid droplet volume. Bone marrow-derived group 2 innate
lymphoid cells (ILC2) were stimulated for 24 hours with either IL-2 only, IL-33 only, or a combination of IL-2 and IL-33 (all cytokines were applied at
10 ng/mL) and labelled with Hoechst 33342 to visualize the nucleus (blue) and BODIPY 493/503 to visualize neutral lipid storage (A, B). Confocal
images (A) and 3D fluorescence reconstructions from Imaris (B) are shown. Confocal images are displayed as a maximum intensity projection of
approximately 10-20 frames (5-10 mm depth) produced in ImageJ. Images are representative from 3 independent experiments, scale bars represent
5 mm. (C) Quantification of the total fluorescence intensity (left), total volume (middle), and total number (right) of neutral lipid droplets cumulatively
per cell. Fluorescence and morphology metrics were taken from individual neutral lipid droplets and were added together based on cell of origin
and then by cytokine treatment. ILC2 were treated with either IL-2 (orange, n = 30), IL-33 (off-white, n = 30), or IL-2+IL-33 (teal, n = 30) for 24
hours prior to imaging. (D) Quantification of the total fluorescence intensity (left), total volume (middle), and sphericity (right) of individual neutral
lipid droplets. Fluorescence and morphology metrics were taken from the same individual neutral lipid droplets in (C) and compiled based on
cytokine treatment alone; IL-2 (n = 1,266), IL-33 (n = 1,267), or IL-2+IL-33 (n = 1,015). The data representing the IL-33 stimulation is the same for
(A–D). Data are represented as average ± standard deviation (SD) where n = the number of cells (C) or average ± standard error of measurement
(SEM) where n = number of neutral lipid droplets (D). Statistical significance (p-values) was calculated using ordinary one-way ANOVA and post-hoc
Tukey’s multiple comparison tests (p < 0.05 = *, p < 0.001 = ***, p < 0.0001 = ****).
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treated with IL-7 (Figure 8D) or IL-2 alone (Figure 9D) but

considerably increased when treated with IL-33. Furthermore,

ILC2 treated with cytokine combinations IL-7+IL-33 or IL-2+IL-

33 markedly increased the fluorescence intensity as well as the

volume of individual LDs compared to stimulations with either IL-7

(Figure 8D) or IL-2 (Figure 9D) alone. While a significant elevation

in neutral LD fluorescence intensity was observed in ILC2 treated

with IL-7+IL-33 compared to IL-33 only stimulations, no changes

with regards to LD volume were found (Figure 8D). Moreover,

while no significant differences in neutral LD fluorescence intensity

were observed in ILC2 stimulated with IL-33 alone versus IL-2+IL-

33, a significant elevation in LD volume was observed between the

two treatment groups (Figure 9D). In addition, the neutral LDs of

ILC2 stimulated with IL-33 alone were closer to a perfect sphere

compared to treatments with IL-7 alone or IL-7+IL-33 (Figure 8D).

In contrast, the LDs in ILC2 activated with IL-2 only were the

closest to a perfect sphere compared to stimulations with IL-33

alone or IL-2+IL-33 (Figure 9D). These findings demonstrate that

the cytokines known to drive ILC2 effector functions play a

significant role in determining morphology of neutral LDs.
3.5 Cytokine stimulation of group 2 innate
lymphoid cells induces a shift in the
distribution of neutral lipid
droplet morphology

When the individual neutral LD datapoints are compiled into a

single value to represent an entire cell, potential information is lost.

However, additional valuable insight can be uncovered by

investigating the distribution of the datapoints within each cell, as

opposed to only taking an average of analyzed values. To address

this query, we binned the volume and sphericity (Table 3) of

individual LDs for each cell into categories and took the average

of each category’s frequency. The LD volumes were separated into

large, intermediate, and small sized droplets, and the sphericity of

each lipid droplet was described as either spherical, intermediate, or

irregularly shaped.

When comparing the frequencies of each morphology metric

between cytokine stimulations in vitro, there is a shift in the

morphology of neutral LDs between the different cytokines

(Table 3). IL-7 holds the lowest average proportion of large

neutral LDs compared to other cytokine stimulations at 10% of

the population, whereas IL-2+IL-33 has the highest average

proportion at 24%. This correlates with the inverse as well, where

IL-7 holds the highest average proportion of small neutral LDs at

57% of the population, and IL-2+IL-33 has the smallest average

proportion at 27%. There is a marked shift in the distribution of the

LD volume between either IL-7 or IL-2 alone and the respective

combination treatment with IL-7+IL-33 or IL-2+IL-33 (Table 3).

The average proportion of large neutral LDs in IL-2 and IL-7 nearly

doubles when combined with IL-33, and the average proportion of

small neutral LDs specifically in IL-2 nearly halves (Table 3). This

distribution data sheds light on a trend that the specific

combination of IL-7+IL-33 produces both large and small LDs,
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whereas the IL-2+IL-33 treated LDs shift towards larger and

intermediate-sized LDs, and away from smaller LDs as observed

in the representative microscopy images (Figures 8A, B, 9A, B).

Furthermore, the neutral LDs in IL-7 have the most intermediate

and irregularly shaped LDs, whereas the LDs in IL-2 have the most

spherical (Table 3). Interestingly, the LDs in IL-7 are mostly

irregularly or intermediately shaped and shift towards being more

spherical upon activation with IL-7+IL-33, whereas LDs in IL-2

alone exhibit a shift to become less spherical with IL-33 activation

(Table 3). In both LD volume and sphericity, IL-33 is shown to be a

true median between the solitary treatments of IL-7 and IL-2 and

the activation of ILC2 with the combinations of IL-7+IL-33 and IL-

2+IL-33 (Table 3). The data acquired from the ex vivo dataset was

not included in the distribution analysis due to the infrequent

presence of neutral LDs in the PBS-treated ILC2. Taken together,

these data demonstrate that each cytokine induces specific

phenotypes in neutral LD storage that may be related to the

catabolism and anabolism of LDs in ILC2.
3.6 Activation of group 2 innate lymphoid
cells increases the cell volume

Cell volume can be estimated using flow cytometry by investigating

forward scatter (FSC) and side scatter (SSC) values, however these

metrics are merely comparative without the application of beads with a

known size. Fluorescence microscopy offers an advantage where

cytosolic fluorescence or autofluorescence can be utilized to calculate

the volume of a cell. Previous studies have qualitatively observed that
TABLE 3 Distribution of neutral lipid droplet morphology.

Lipid Droplet Volume

Bin Size IL-7 IL-2 IL-33 IL-7+IL-33 IL-2+IL-33

Large
(Above
5,000)

10 13 16 19 24

Intermediate
(1,000

to 4,999)
33 36 46 48 49

Small
(Below
1,000)

57 51 38 33 27

Lipid Droplet Sphericity

Bin Size IL-7 IL-2 IL-33 IL-7+IL-33 IL-2+IL-33

Spherical
(Above 0.85)

42 59 51 49 56

Intermediate
(0.7 to 0.84)

48 36 40 41 37

Irregular
(Below 0.7)

10 5 9 10 7
The average distribution (in %) of lipid droplet volumes (top) and sphericity (bottom) per cell
between each cytokine stimulation population. Lipid droplet volumes are categorized as large,
intermediate, or small. Lipid droplet sphericity is categorized as spherical, intermediate, or
irregular-shaped. Each row is color-coded to distinguish shifts in distribution where red
indicates the lowest value in the row, yellow is median, and green is the highest value.
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ILC2 increase in cell volume following activation, but this has not been

extensively quantified (50). Increases in cell volume require the

synthesis of phospholipids for cell membrane production, which

have been traced from exogenous FAs transiently stored in neutral

LDs in ILC2 (33).

The cells from which the neutral LD analysis was performed in

Sections 3.4 and 3.5 were also utilized for cell volume analysis. At

steady state (PBS control treatment), ex vivo lung-derived ILC2 were

shown to exhibit a very small cell volume which significantly increased

when treated with IL-33 (Figure 10A). To further understand how

cytokines known to drive ILC2 effector functions regulate cell volume,

we analyzed in vitro bonemarrow-derived ILC2 in the same conditions

outlined in previous sections (Sections 3.1–3.5). Similarly to the ex vivo

lung-derived ILC2, the cell volume presented by in vitro bone marrow-

derived ILC2 treated with IL-7 alone were significantly smaller in

comparison to all other cytokine treatments (Figure 10B). A dramatic

increase in cell volume was observed in the presence of IL-33 alone, as

well as with the combined treatment of IL-7+IL-33 (Figure 10B). This

trend held true for ILC2 treated with IL-2 alone, which were

significantly smaller in volume compared to all other cytokine

treatments (Figure 10C). Concurrently, a significant increase in cell

volume was observed in the presence of IL-33 alone, and with the

combined treatment of IL-2+IL-33 (Figure 10C). In both cases the cell

volume of either IL-7 alone or IL-2 alone doubled or nearly doubled

when combined with IL-33. These data clearly demonstrate that cell

volume is inextricably linked to ILC2 activation.
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3.7 Neutral lipid droplet volume, number,
and cell volume are correlated in group 2
innate lymphoid cells

There are many metrics that can be used to describe the

diversity of LDs such as: volume, number, shape, and the size of

the cell in which they reside. Large volumes of LDs have been

correlated with large cell sizes in adipocytes (51) and the volume of

LDs has been shown to correlate with the number of LDs in

fibroblasts (52). We established in Section 3.5 that the

distribution of neutral LD morphology is specific to different

cytokine stimulations, but the intricacies of the relationships

between these metrics have been unexplored in ILC2.

To investigate the potential relationships between cell volume,

total lipid volume, and number of LDs, we performed correlation

analysis between each of these metrics for each cytokine stimulation

(Table 4). The data from Sections 3.4 – 3.6 were collated such that

each cell volume corresponded with a total neutral lipid volume and

neutral LD number. The strongest correlation among all the tested

conditions was between the total volume of neutral lipids and the

number of neutral LDs. Both IL-2 alone and IL-2+IL-33 exhibited a

strong correlation between total volume and the number of neutral

LDs, whereas IL-7 alone and IL-7+IL-33 exhibited a moderate

correlation (Table 4). These data suggest that the synergy between

IL-2 and IL-33 have the greatest impact on how neutral lipids are

stored, as suggested in Section 3.5 (Table 3).
FIGURE 10

ILC2 increase in cell volume upon stimulation with activating cytokines. Quantification of the total cell volume using cytosolic BODIPY (493/503)
fluorescence from confocal images. (A) group 2 innate lymphoid cells (ILC2) that underwent PBS intranasal challenge for three consecutive days are
shown in blue (n = 30) and those treated with 250 ng/mL of IL-33 are shown in off-white (n = 33). (B) ILC2 were treated with either IL-7 (grey, n =
30), IL-33 (off-white, n = 30), or IL-7+IL-33 (pink, n = 30) for 24 hours prior to imaging. (C) ILC2 were treated with either IL-2 (orange, n = 30), IL-33
(off-white, n = 30), or IL-2+IL-33 (teal, n = 30) for 24 hours prior to imaging. All cytokines were administered at 10 ng/mL. Data are represented as
average ± standard deviation (SD) where n = number of cells. The data representing the IL-33 stimulation is the same for (B, C). (A) Statistical
significance (p-values) was calculated using unpaired two-tailed Student’s t-test. (B, C) Statistical significance (p-values) was determined by applying
ordinary one-way ANOVA and post-hoc Tukey’s multiple comparison tests (p < 0.01 = ** and p < 0.0001 = ****).
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The ex vivo lung-derived ILC2 at steady state (PBS) exhibited the

strongest correlation between the total volume and the number of

neutral LDs, where the low volume of neutral lipids and low number

of droplets was very consistent (Figure 7). IL-7+IL-33 presented with

the strongest correlation between total volume of neutral lipids and

the cell volume, where there were consistently high volumes of

neutral lipids and large cell volumes (Figures 8, 10). A moderate

correlation between total neutral lipid volume and cell volume was

observed in IL-2 alone, whereas the ex vivo lung-derived ILC2 at both

steady state (PBS) and with IL-33 activation exhibited a low

correlation. Nearly every cytokine stimulation including the ex vivo

naïve lung-derived ILC2 at steady state showed a low correlation

between the number of neutral LDs and the cell volume (Table 4).

These findings show that depending on how much neutral lipid

content is present, ILC2 will selectively distribute their neutral lipid

storage regardless of cytokine stimulation.
4 Discussion

ILC2 are vital to tissue barrier integrity, providing

immunological protection by orchestrating innate and adaptive

immune process as well as wound healing and tissue restoration.

Recent data has implicated metabolic factors, such as lipid

metabolism, that influence the role of ILC2 in airway

inflammation and lung homeostasis (32, 33). The interplay of the

immune system and lipid metabolism is highly complex, and the

rarity of ILC2 in situ demands improved methodologies to study the

intricacies of these relationships during type 2 immune responses

and its associated pathologies. Here, we investigated the exogenous

uptake of fatty acids (FAs), the transient storage of those FAs in

neutral lipid droplets (LDs), and the utilization of FAs by

mitochondrial fatty acid b-oxidation (FAO) for energy

production to elucidate the phenotypes and effector functions

associated with ILC2 lipid metabolism.
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Our novel methods described here demonstrate that the

utilization of lipid metabolism is markedly elevated upon ILC2

activation, revealing consistent findings comparing lung- and bone

marrow-derived ILC2, as well as ex vivo and in vitro cultures. Our

study reveals that ILC2 take up minimal levels of FAs, harbor low

quantities of neutral LDs, and utilize FAO at a minimum rate

during steady state (PBS controls, or stimulations with IL-7, or IL-2

only), but gradually increase lipid metabolism upon activation with

IL-33 regardless of ILC2 origin. Concurrently, ILC2 from various

tissues have been observed to take up FA at steady state (32) and

were shown to considerably increase FA uptake upon activation (33,

34). Although the acquisition of ex vivo samples is necessary to

capture the parameters of lipid metabolism during ILC2-mediated

airway inflammation, the cost of acquiring these samples is high

and detailed implications of single cytokine stimulations cannot be

deciphered. We therefore made use of our efficient in vitro cell

culture models of primary ILC2 (41), and our findings align well

with previously reported observations demonstrating that FA

uptake and lipid storage increases in ILC2 stimulated by IL-7+IL-

33 (33). However, our study extends these findings, demonstrating

increased FA uptake and storage upon stimulation with IL-2 alone

as well as with the combination of IL-2+IL-33. Biologically, FAs are

important for ILC2 proliferation and effector functions (33, 35, 53).

Cell proliferation has a high energy demand; with increased

proliferation following ILC2 activation we observe an increase in

FA uptake, cell volume, and FAO.

A previous study demonstrated that cells prioritize

phospholipid synthesis in the presence of glucose (54). In parallel,

another study traced phospholipids in the membrane of activated

ILC2 from exogenously acquired FAs (33). It is likely that in the

early stages of ILC2 activation when glucose availability is high, FAs

are utilized first for phospholipid synthesis resulting in a larger cell

volume. As glucose levels decline, ILC2 may begin to breakdown

stored or exogenous FA via b-oxidation as an energy source. In fact,

during helminth infection, it has been reported that ILC2

metabolize exogenous FAs via FAO to fuel oxidative

phosphorylation, which is necessary for ILC2 proliferation and

cytokine production (32). Our study corroborates this data,

supporting the notion that cell proliferation, cytokine production,

FA uptake and storage, and FAO activity are all inextricably linked

with ILC2 activation. The combination of IL-7 or IL-2 with IL-33

displayed the strongest increase in FA uptake and FAO. It is likely

that this increase in FAO among strongly activated ILC2 provides a

source of acetyl-CoA to help fuel the tricarboxylic acid (TCA) cycle

and a source of NADH and FADH2 to in turn fuel the respiratory

chain, subsequently promoting pro-inflammatory ILC2 activity

(53). Although there are other methods to measure FAO, such as

the tracing of radiolabeled FAs, the Agilent Seahorse XF Palmitate

Oxidation Stress Test, targeted gene knockouts, or the

pharmacological inhibition of carnitine palmitoyl transferases

(CPTs), our implementation of FAO-Blue provides a more

feasible and rapidly accessible flow cytometry-based method for

measuring FAO levels in ILC2. This innovative assay allows analysis

of FAO levels in small and heterogenous ex vivo-isolated cell

populations or limiting in vitro cell culture systems and opens the
TABLE 4 Correlation analysis between morphology metrics.

Cytokine
Treatment

LD Volume
by
LD

Number

LD Volume
by
Cell

Volume

LD Number
by
Cell

Volume

ex vivo PBS 0.959* 0.479 0.461

ex vivo IL-33 0.081 0.348 0.063

IL-7 0.569 0.033 0.353

IL-2 0.773 0.606 0.532

IL-33 0.275 0.193 0.352

IL-7+IL-33 0.511 0.714 0.412

IL-2+IL-33 0.766 -0.11 -0.075
The values for total neutral lipid droplet (LD) volume per cell, total number of neutral lipid
droplets per cell, and the volume of each cell were used to calculate correlating factors. Each
cell is color-coded to distinguish significant correlation coefficients where grey shows no
correlation (below 0.3), red indicates a low correlation (0.3-0.5), yellow is moderately
correlated (0.5-0.7), and green is highly correlated (0.7-0.9). Values above 0.9 are very
highly correlated and indicated with an asterisk.
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door for future studies where the effect of FAO inhibitors or

nutrient availability could be directly measured using FAO-Blue.

Neutral lipids are packaged in LDs, which is driven by lipid

neogenesis, exogenous acquisition of FAs, or internal recycling of FAs

and are transiently stored in the form of triglycerides (TGs) (45). It

has been recently shown that LDs help drive pathogenic airway

inflammation mediated by ILC2 (33). Although the effect of IL-33 or

allergen intranasal challenge on lipid storage in ILC2 has been

thoroughly investigated using flow cytometry, the representation of

intracellular lipid storage has been shown almost exclusively using

qualitative assessments (33, 34). Hence, we employed here

microscopy to quantify how neutral lipids are stored in droplets,

demonstrating that each cytokine treatment induced a unique LD

distribution phenotype that could only be discovered through visual

intracellular investigation.While in flow cytometry, ILC2 treated with

IL-7 or IL-2 alone both harbor low levels of stored lipids, IL-7

uniquely has the fewest number of LDs overall with the largest

proportion of small-sized LDs (57%). ILC2 stimulated with IL-7 or

IL-2 in combination with IL-33 also share similarity in their high

levels of stored lipids measured through flow cytometry, however, the

latter has the smallest proportion of small-sized LDs at only 27%.

This is a significant shift from its steady state condition in IL-2 alone

where 51% of the LD population were small-sized. The most

common and strongest correlation found was between the total

volume of stored lipids and the number of LDs. This suggests that

ILC2 distribute their lipid storage between many droplets as opposed

to several extremely large droplets either due to cytoplasmic

restrictions or to accommodate distinct metabolic requirements.

Indeed, a previous study demonstrated that during nutrient

deprivation, LDs undergo dispersion along microtubules to

efficiently supply FAs for b-oxidation in mitochondria (54). As

LDs are formed as an energy reserve, it is possible that variations in

nutrient accessibility during the period of ILC2 stimulation directly

impacts the distribution of LD size, which remains to be explored in

future studies.

Taken together this data suggests that as ILC2 are being strongly

activated they acquire large levels of exogenous FAs that are used

for FAO, and any excess FAs are stored in LDs to avoid lipotoxicity

resulting in large-sized LDs. Furthermore, small-sized LDs are likely

degraded before large-sized LDs through lipolysis or lipophagy to

create an easily accessible pool of free FA to fuel FAO when energy

demands are high. Interestingly, we observed that the sphericity of

LDs in ILC2 shifts from being spherical when stimulated IL-2 alone

to being more irregularly-shaped following activation with IL-33.

This phenomenon corresponds with observation of a study

demonstrating that marked changes in LD morphology are due to

an increased number of contact sites with mitochondria (54). The

consistently large proportion of intermediate-sized LDs among

highly activated ILC2 could have several explanations as the

transition states of small to large-sized LDs is likely a highly

dynamic process. Potentially, small LDs may be catabolized by

lipolysis into FAs that are immediately stored again into pre-

existing small LDs alongside exogenously acquired FAs to form

intermediate-sized LDs. Conversely, these intermediate LDs could

be formed through the degradation of large-sized LDs into smaller
Frontiers in Immunology 21120
volumes. The dynamic nature of this process could be further

investigated through the implementation of live imaging, where

LD size transition could be recorded in real time to explain these

morphological and distribution differences. Moreover, kinetic

experiments involving earlier time points or live imaging of LDs

in tandem with other organelles, such as lysosomes or

mitochondria, could explain these morphological and distribution

differences, and could provide further in-depth insights of the lipid

metabolism in ILC2.
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SUPPLEMENTARY FIGURE 1

Gating strategies for the sorting of murine bone marrow-derived ILC2

progenitors and lung ILC2. (A) After the exclusion of debris and doublets,
murine bonemarrow-derived group 2 innate lymphoid cells (ILC2) precursors

were defined and isolated by flow cytometric sorting as lineage-negative, c-

kit-Sca-1+CD25+ cells. (B) After excluding dead cells, debris and doublets,
murine lung ILC2s were isolated by flow cytometric sorting as lineage-

negative, CD45+Thy-1.2+ST2+CD25+ cells.
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The cGAS-STING signaling pathway is a critical component of the innate immune

response, playing a significant role in various diseases. As a central element of this

pathway, STING responds to both endogenous and exogenous DNA stimuli,

triggering the production of interferons and pro-inflammatory cytokines to

enhance immune defenses against tumors and pathogens. However,

dysregulated activation of the STING pathway is implicated in the pathogenesis

of multiple diseases, including autoinflammation, viral infections, and cancer.

Traditional Chinese Medicines (TCMs), which have a long history of use, have

been associated with positive effects in disease prevention and treatment. TCM

formulations (e.g., Lingguizhugan Decoction, Yi-Shen-Xie-Zhuo formula) and

active compounds (e.g., Glabridin, Ginsenoside Rd) can modulate the cGAS-

STING signaling pathway, thereby influencing the progression of inflammatory,

infectious, or oncological diseases. This review explores the mechanisms by

which TCMs interact with the cGAS-STING pathway to regulate immunity,

focusing on their roles in infectious diseases, malignancies, and

autoimmune disorders.
KEYWORDS

cGAS-STING pathway, traditional Chinese medicine, immunity, disease, cancer,
infection6 cGAS-STING pathway, infection
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GRAPHICAL ABSTRACT
Highlights
Fron
• Traditional Chinese Medicine (TCM) has a rich history of

preventing and treating many diseases. This review explores

how TCM modulates the cGAS-STING signaling pathway

and its therapeutic potential.

• To elucidate the intricate relationship between the STING

pathway and different diseases, and to analyze TCM as a

potential agonist or inhibitor of the STING pathway.

• By conducting an extensive literature review, we explore

the key proteins within the cGAS-STING pathway and

their significance as biomarkers in TCM-based

immunomodulation and the treatment of various diseases.
1 Introduction

Immune system homeostasis is vital to overall health, as proper

immune regulation ensures normal physiological functions, while

dysregulation can lead to various diseases (1, 2). The innate immune

system play a crucial role in recognizing pathogen-associated
tiers in Immunology 02124
molecular patterns and danger-associated molecular patterns

through pathogen recognition receptors. These receptors form as

the first line of defense against bacterial and viral infections, as well

as aseptic inflammatory, by triggering the production of pro-

inflammatory and anti-viral cytokines (3).

The cGAS-STING signaling pathway, as an important element

of innate immunity, has garnered significant attention in recent

years for its role in maintaining immune system homeostasis (4).

This pathway plays a crucial role in antitumor immunity, and

inflammatory and infectious diseases, as it recognizes various

sources of cytoplasmic DNA, including bacterial, viral, and

mitochondrial DNA (5). Upon detection of cytoplasmic DNA,

cGAS generates cyclic GMP-AMP (2′3′-cGAMP), which activates

STING. This process leads to TANK-binding kinase 1 (TBK1)

phosphorylation (pTBK1) and induces type I interferon (IFN-I)

transcription (6–8). In antiviral infections, STING acts through an

IFN-I-driven immune response (7, 9). Activation of cGAS-STING

enhances the ability of immune cells to target antigens through

multiple pathways, thereby defending against pathogen invasion

(10, 11). However, structural or functional abnormalities in this

pathway may also contribute to the development of autoimmune

and inflammatory diseases, such as systemic lupus erythematosus

(SLE) and non-alcoholic fatty liver disease (NAFLD). Although
frontiersin.org
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cGAS is able to sense double-stranded DNA (dsDNA), it is unable

to distinguish between its own DNA and exogenous DNA (12).

Prolonged stimulation of aberrant DNA can lead to the

overactivation activation of the STING pathway, resulting in

excessive synthesis and release of IFN-I and inflammatory

cytokines, which drive the progression of inflammatory or

autoimmune diseases (13). In addition, tumor-derived dsDNA

activates the STING pathway in antigen-presenting cells,

promoting interferon production. This process facilitates

dendritic cell maturation, T cell recruitment, and enhances anti-

tumor responses (14).

Traditional Chinese Medicine (TCM) has a long history,

traditionally employed for the prevention and treatment of a wide

spectrum of diseases. Studies have shown that TCM has a

bidirectional regulatory effect in immunomodulation, both

activating the immune system and suppressing excessive immune

responses (15). For example, ginseng contains a variety of active

ingredients (e.g., ginsenosides, ginseng polysaccharides) that have

immunomodulatory effects. A randomized controlled trial showed

that ginseng polysaccharide for 8-14 weeks enhanced the cytotoxic

activity of NK cells and up-regulated serum TNF-a levels (16).

TCM has been associated with potential benefits in adjunct cancer

therapy, particularly in alleviating clinical symptoms, extending

patient survival, and modulating immune functions (17–19). TCM

principles identify ‘yang deficiency’ as the underlying cause of

breast cancer. The classic anti-neoplastic formula, Yanghe

Decoction (YHD), has been shown in contemporary research to

decrease myeloid-derived suppressor cells (MDSCs) and suppress

the tumor microenvironment’s iNOS and ARG-1 expression. At the
Frontiers in Immunology 03125
same time, it enhances the immune response by increasing the

number of natural killer T cells (NKTs) and CD4 T cells (20).

Unlike chemotherapy, traditional Chinese medicine (TCM) not

only directly targets tumor cells but also effectively boosts the

immune response. For instance, the TCM formula Shugan Jianpi

Decoction has been shown to suppress the proliferation of MDSCs

and enhance the inflammatory regulatory functions of NKT cells

(21). In addition, certain herbal components, such as astragaloside

derived from Huangqi (Radix Astragali), can significantly

promote IFN-g secretion from T cells and enhance T cell

immunoreactivity (22).

Increasing attention has been given to the immunomodulatory

potential of TCM, particularly the ability of TCM active compounds

or formulations to address diseases such as inflammation, infection,

and cancer, by modulating the cGAS-STING signaling pathway

(Figure 1). By regulating this pathway, Chinese medicines may

enhance the body’s immune response to pathogens and tumors, as

well as inhibit excessive immune responses. However, these effects

are primarily observed in preclinical studies investigating

underlying mechanisms of disease treatment. Further well-

designed clinical trials are necessary to confirm these findings.

Despite the growing recognition of the cGAS-STING signaling

pathway’s significance in immunomodulation, comprehensive

reviews on how TCMs target this pathway remain scarce. This

paper aims to address this gap by summarizing recent

advancements in understanding the cGAS-STING pathway’s role

in immune regulation and the potential mechanisms underlying

herbal interventions. The findings are expected to serve as a

valuable reference for future in-depth mechanistic research.
FIGURE 1

A VOSviewer analysis of key terms related to TCM and the cGAS-STING signaling pathway underscores their significance as prominent and actively
explored research areas. Created with VOSviewer.
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2 Structural characterization of STING
and its application in clinical therapy

Innate immunity serves as the body’s first line of defense against

invading pathogens (23). The stimulator of interferon genes

(STING) is a critical protein that mediates various DNA receptors

in this system. STING, also referred to as ERIS, MYPS, and MITA,

is a conserved transmembrane protein encoded by the TMEM173

gene. Predominantly localized in the endoplasmic reticulum, it is

also found on Golgi and mitochondrial membranes (24). STING

consists of 379 amino acids and contains an N-terminal

transmembrane region and a C-terminal cytoplasmic globular

structural domain, which interacts with another STING molecule

to form an intact dimer (25).

STING detects cytoplasmic dsDNA and serves as a direct sensor

for endogenous cyclic dinucleotides (CDNs) (26). Activation of

cGAS, a nucleotidyltransferase that senses cytoplasmic non-self

DNA, catalyzes the production of 2′3′-cGAMP, a CDN composed

of adenosine and guanosine (Figure 2) (27, 28). In addition to

cGAMP, STING can be triggered by bacterial-derived CDNs, such

as cyclic di-AMP and cyclic di-GMP (29). CDNs and 2′3′-cGAMP

bind to STING in the endoplasmic reticulum, facilitating the

dimerization and translocation of STING to the perinuclear

region (29, 30). STING recruits TBK1 and IkB kinase (IKK)

during translocation, which then relocates to the perinuclear

region. These kinases phosphorylate interferon regulatory factor 3

(IRF3) and nuclear factor-kB (NF-kB), which activates the

expression of IFN-I and pro-inflammatory cytokines (31–33).
Frontiers in Immunology 04126
IFN-I enhances immune responses by promoting the activation

and function of immune cells such as dendritic cells, T cells, and

natural killer cells (34).

The cGAS-STING pathway is a conserved innate immune

mechanism that responds to pathogenic infections, DNA damage,

and aberrant cell activities like uncontrolled replication or

senescence (35). In cancer therapy, activation of STING enhances

tumor antigen presentation and promotes antitumor immunity,

making it an attractive immunotherapeutic target (36). Studies have

shown that cGAS-STING agonists not only induce tumor cell

senescence but also boost adaptive anticancer immunity and

combine efforts with immunotherapy (37, 38). Clinical trials have

explored two main types of STING agonists: cyclic dinucleotides

(CDNs, e.g., ADU-S100) and non-CDN (e.g., DMXAA) (39, 40).

For instance, ADU-S100, the first CDN derivative in clinical trials,

has demonstrated the ability to stimulate IFN-b production by

human immune cells, showcasing its therapeutic potential (41).

Additionally, cGAS activity is critical for the success of immune

checkpoint blockade therapies, with STING agonists showing

promise in enhancing vaccine efficacy for tumors resistant to PD-

1 inhibitors (42).

In addition to cancer therapy, the cGAS/STING pathway plays a

vital role in viral infections. Many DNA viruses, such as herpes

simplex virus (HSV) and hepatitis B virus (HBV), are able to inhibit

viral replication by initiating IFN-I production through activation

of this pathway (43, 44). This suggests that STING agonists may

have broad-spectrum antiviral potential (45). For example,

DMXAA is a potent antiviral agent in mice; a-Mangostin, a
FIGURE 2

Mechanisms of cGAS-STING pathway activation, Chinese medicine inhibits or activates cGAS-STING signaling pathway to treat various diseases.
Created with BioRender.com.
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flavonoid with antimicrobial properties, has been shown to possess

antiviral properties and anti-DENV and HBV replicative activity in

cellular experiments (46–48). However, numerous viruses such as

HSV, Human CMV (HCMV), etc. have evolved mechanisms to

circumvent this pathway (49–51). For instance, Epstein-Barr virus

(EBV) suppresses localized innate immunity by targeting STING

for degradation through the E3 ubiquitin ligase TRIM29 (52).

However, despite its protective roles, excessive activation of

STING can lead to autoimmune conditions like Aicardi-Goutières

syndrome (AGS) and SLE (53–55). In these diseases, both

autologous DNA and mitochondrial DNA may be misrecognized

by cGAS, leading to the activation of STING and an excessive IFN-I

response (56). To address this, inhibitors targeting STING or cGAS

have emerged as therapeutic candidates. Compounds like

Acrinamin and Oxychloroquine show potential in blocking cGAS

activation, offering new avenues for treating autoimmune

disorders (57).

Although several STING agonists and inhibitors have been

developed, they have had limited effect in clinical translation. TCM

offers a valuable resource for the development of STING modulators,

including inhibitors and activators. This underscores TCM’s potential

to address various diseases through immunomodulatory

mechanisms, providing a robust foundation for future research and

drug development (Figure 2).
3 Role of Chinese medicines
in immunomodulation

Chinese medicines play a vital bidirectional role in

immunomodulation, both activating the immune system and

suppressing excessive immune responses. This regulation is

achieved by influencing various aspects such as immune cells,

cytokines, and immune organs. Studies have shown that certain

Chinese medicines can effectively regulate the production of

immune cells and cytokines (58, 59). Certain herbal medicines

boost innate immune system activity, while others act on cellular

subpopulations of adaptive immunity (60).

Chinese medicines act by enhancing the function of various

immune cells, including macrophages, dendritic cells, NK cells, T

cells, and B cells. For example, Ganoderma lucidum polysaccharide

(PS-G), the primary active compound in Ganoderma lucidum, has

been shown to promote activation and maturation of dendritic cells

derived from human monocytes (61). Herbal medicines also

regulate T lymphocyte activity by stimulating their proliferation

and differentiation, promoting cytotoxic T lymphocyte production,

and modulating the TH1/TH2 balance as well as the function of T

helper (TH) cell subsets (59). For example, polysaccharides from

Cordyceps sinensis enhance the expression of transcription factors

such as T-bet, GATA-3, and RoR-gt in TH cells, thereby increasing

the number of TH1, TH2, and TH17 cells (62). B lymphocytes, the

main cells of humoral immunity, depend on antigen stimulation to

release antibodies (63). Research indicates that polysaccharides

from Dendrobium huoshanense and Atractylodes macrocephala

Koidz significantly increase B lymphocyte populations, thereby

strengthening humoral immunity (64, 65).
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In addition, herbal medicines can regulate the production of

specific cytokines, including interferons (IFN-a, IFN-b, IFN-g),
tumor necrosis factor (TNF-a), and interleukins (e.g., IL-1, IL-2, IL-
4), which are pivotal in immune and inflammatory processes. For

example, polysaccharides from Atractylodes macrocephala and

Astragalus membranaceus markedly upregulated IFN-g expression
in vitro experiments (66, 67).

The diversity of immunomodulatory components in TCM

provides a wide range of therapeutic potential for clinical

applications. These components are mainly divided into two

categories: anti-inflammatory and immune-enhancing. The anti-

inflammatory category includes phenolic acids (e.g., vanillic acid,

salvianolic acid B), flavonoids (e.g., luteolin, glabridin), volatile oils

(e.g., perillaldehyde, zingiber officinale), lignans (e.g., schisandrin C,

asarinin), and alkaloids (e.g., rocaglamide, tetrandrine), while the

immune-enhancing category mainly consists of polysaccharides (e.g.,

lycium barbarum polysaccharides, astragalus membranaceus

polysaccharides) and glycosides (e.g., ginsenoside Rg3, ginsenoside

Rd) (68–72). These components regulate the body’s immune

response through different pathways, enabling TCM to demonstrate

unique advantages in the treatment of immune-related diseases.

Additionally, TCM is closely related to the concept of “medicine

and food,” i.e., certain species offer both nutritional benefits and

therapeutic effects (73). With the growing emphasis on preventive

care and holistic health in recent years, many TCM ingredients have

been incorporated into daily diets as functional foods or dietary

supplements and have become an important part of alternative

therapies (74, 75).
4 The role of TCM in modulating the
cGAS/STING pathway in
clinical diseases

In recent years, activators and inhibitors of the cGAS-STING

pathway have attracted widespread attention, but clinical translation

still faces challenges. TCM, as a valuable cultural heritage of the

Chinese nation, has shown promising potential in modulating

immune-related diseases. Several active compounds have been

found to effectively modulate the cGAS/STING signaling pathway

and improve diseases. These include ginsenoside Rg3 and ginsenoside

Rd, which are derived from Panax ginseng; glabridin and licochalcone

B, obtained from Glycyrrhiza uralensis; perillaldehyde, isolated from

Perilla frutescens; and schisandrin C, extracted from Schisandra

chinensis (Figure 2). Natural products have been valued as

indispensable resources for discovering novel therapeutic molecules

and are instrumental in managing diseases (76–78). The mechanisms

and clinical applications of TCM in modulating this pathway will be

summarized below, categorized by different types of diseases.
4.1 Immune diseases

Normal activation of the cGAS-STING pathway can trigger

immune responses and enhance the ability of immune cells to
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eliminate antigens and defend against pathogens. Nevertheless,

excessive or abnormal activation of this pathway may trigger

immune dysregulation, which in turn leads to the development of

autoimmune diseases such as SLE and NAFLD. Research has

demonstrated that TREX1 deficiency has a close association with

various autoimmune diseases (e.g., AGS, SLE) and that in TREX1-

deficient mouse models, deletion of cGAS or STING can ameliorate

these disease phenotypes (79–81).

TCM has demonstrated promise in modulating the cGAS-

STING pathway. For instance, total tanshinones, the main active

ingredient of Salvia miltiorrhiza, can block STING-IRF3 binding,

thereby suppressing aberrant pathway activation and alleviating

autoimmune conditions associated with TREX1 deficiency TREX1

deficiency (82). Perillaldehyde (PAH), another TCM ingredient, is a

natural monoterpenoid extracted from Perilla frutescens, has

demonstrated the ability to inhibit STING pathway activation

significantly (83). By targeting cGAS proteins, PAH reduces the

interferon response, offering a potential therapeutic approach for

cGAS-mediated autoimmune diseases (84).

Glabridin, an active ingredient in licorice, specifically inhibits

the cGAS-STING pathway by decreasing the levels of IFN-I, IL-6,

and TNF-a, thereby alleviating immune disorders triggered by

TREX1 deficiency (85). In addition, Licochalcone B and

Licochalcone D also showed significant anti-inflammatory effects

by inhibiting STING downstream signaling and improved

symptoms of inflammatory diseases, such as colitis, in

experimental models (86, 87).

In addition, Compound Danshen Dropping Pills, widely

utilized for managing cardiovascular conditions such as angina

pectoris and acute myocardial infarction, have successfully

completed Phase III clinical trials with the U.S. Food and Drug

Administration (88–90). This TCM formulation has shown efficacy

in reducing multi-organ inflammatory responses in TREX1-

deficient mice by disrupting STING-TBK1 interactions and

blocking cGAS-STING pathway activation, highlighting its

therapeutic potential for inflammatory conditions, including

obesity-induced insulin resistance (91).
4.2 Cancers

Tumorigenesis is a complex, multistep process, and conventional

cancer research usually focuses on a single target (92). However, due

to their diversity and complexity, the therapeutic effects are often

limited. TCM has unique advantages in tumor therapy through

holistic regulation and multi-target intervention (93, 94).

Ginsenoside Re, derived from ginseng, can regulate the host

immune system and exert anticancer effects through multiple

pathways (95). In non-small cell lung cancer (NSCLC),

ginsenoside Re exerts antitumor effects by inhibiting the

epithelial-mesenchymal transition (EMT) process. It does so

through the inhibition of the AMPKa1/STING positive feedback

loop and the reduction of M2-like macrophage formation (96). In

addition, Rocaglamide (RocA), a compound extracted from Aglaia

odorata, promotes the leakage of mitochondrial DNA (mtDNA)

into the cytoplasm and activates the cGAS-STING pathway.
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This process increases tumor infiltration of NK cells and

significantly enhances anti-tumor immunity in NSCLC (97).

Tetrandrine, derived from Stephania tetrandra S. Moore, is a

bisbenzylisoquinoline alkaloid with the ability to inhibit tumor

proliferation and angiogenesis (98). Tetrandrine activates the

STING/TBK1/IRF3 pathway, promoting CCL5 and CXCL10

production. This enhances the infiltration of macrophages,

dendritic cells, and CD8 T cells in the tumor microenvironment,

significantly inhibiting the growth of NSCLC (99).

Vanillic acid is a phenolic compound present in TCMs such as

Angelica sinensis and ginseng, with antioxidant and antimicrobial

properties (100). It promotes macrophage polarization to the M1

type through activation of the STING pathway and enhances tumor

cell apoptosis and anti-tumor immune response (101).

Breast cancer is a common tumor in women with high

morbidity and mortality rates (102). Formononetin, an active

ingredient in red clover and astragalus, inhibits the proliferation

of BC cells by interfering with PD-L1 and inhibiting the activation

of the STING-NF-kB pathway (103). Ginsenoside Rg3 inhibits

tumor growth by inhibiting angiogenesis, inducing apoptosis, and

other mechanisms. When combined with STING agonists, Rg3 can

induce tumor-associated macrophages to polarize from M2 to M1

and improve the tumor microenvironment, effectively inhibiting

the growth and invasion of triple-negative breast cancer (104).
4.3 Infectious diseases

The cGAS-STING pathway has played a crucial antiviral role

during evolution, and its activation is closely linked to antiviral

cellular responses (105). cGAMP synthesis is the critical first step in

initiating cGAS-mediated antiviral effects. The downstream effects

mainly include the synthesis of antiviral type I interferon and

related genes (106, 107). TCM provides a rich source of natural

compounds, and many herbs show antiviral, anti-inflammatory,

and immunomodulatory effects, making them potential candidates

for the development of antiviral drugs.

Schisandra chinensis (Turcz.) Baill., a long-established TCM,

has been shown to modulate host immunity and exhibit anticancer,

antiviral, and hepatoprotective effects (108, 109). Its active

ingredient, Schisandrin C, was found to inhibit HBV replication

by promoting the interaction between TBK1 and STING, enhancing

the activation of the cGAS-STING pathway and promoting the

expression of IFN-b and interferon-stimulated genes (110).

Another active ingredient is luteolin, a natural flavonoid found in

various plants (111). Research indicates that luteolin combats HSV-

1 by activating the cGAS-STING pathway, thereby enhancing

antiviral interferon production (112). Liuwei Wuling Tablet

consists of various ingredients, including Schisandra chinensis

and chasteberry, which have been shown to nourish the kidneys

and liver while also exhibiting antiviral activity (113). The

combination of Schisandrin C and Luteolin has been found to

inhibit HBV replication and attenuate HBV infection by activating

the cGAS-STING pathway (114).

Glycyrrhetinic acid (GA), a major constituent of licorice,

exhibited anti-inflammatory, antioxidant, and antiviral effects
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during the COVID-19 pandemic (115, 116). GA was found to

inhibit SARS-CoV-2 infection by activating cGAS-STING pathway

(117). Cepharanthine (CEP) has demonstrated inhibitory effects

against viruses such as HIV, SARS, and HSV-1 (118). CEP

promotes cellular autophagy, thereby inhibiting HSV-1 infection

(119). Euphorbia fischeriana Steud is a perennial herb whose root

has traditionally been utilized in TCM to treat diseases such as

cancer, edema, and ascites. Dpo, a compound isolated from the root

of E. fischeriana, has been found to activate antiviral innate immune

responses by targeting STING and utilizing the IRFs/ELF4 pathway

(120). Similarly, Ginsenoside Rg3 has been shown to stimulate a

type I interferon response via the cGAS-STING signaling axis. This

response is supported by gut-derived short-chain fatty acids like

acetate and propionate, offering protection against enteroviral

infections (104).

In the context of sepsis—a severe systemic inflammatory

condition triggered by bacterial or fungal infections and often

leading to multiple organ dysfunction—Glycyrrhiza uralensis

polysaccharides have demonstrated protective effects. These are

achieved by disrupting the interactions between STING, TBK1,

and IRF3, thereby reducing cGAS-STING pathway activation and

mitigating sepsis-related damage (121).
4.4 Diseases of the respiratory system

Acute lung injury (ALI) is a serious lung disease recognized

globally, manifesting as a persistent acute inflammatory response that

is associated with high morbidity and mortality (122). Despite

significant advances in therapy, treating ALI remains a major clinical

challenge. The cGAS-STING pathway plays a vital role in the

pathogenesis of ALI, affecting immune response, apoptosis, vascular

permeability, and oxidative stress, which exacerbate inflammation and

tissue damage (123). Various herbal medicines can improve ALI or

pulmonary fibrosis by modulating this pathway (Table 1).

For example, licorice flavonoids possess anti-inflammatory

activity and inhibit cGAMP synthesis, thereby preventing

overactivation of the cGAS-STING pathway and ameliorating

lipopolysaccharide (LPS)-induced ALI (124). Perillaldehyde

alleviated acute lung injury by inhibiting the cGAS-STING-

mediated IRF3/NF-kB pathway (125). Additionally, apigenin and

ursodeoxycholic acid (UDCA) have demonstrated efficacy in

alleviating ALI by inhibiting STING-related signaling pathways.

Apigenin attenuates the LPS-induced inflammatory response by

inhibiting the STING/IRF3 pathway, whereas UDCA mitigates

sepsis-induced lung injury by blocking cell death via the STING

pathway (126, 127). Traditional Chinese medicine compound

preparations, such as Shuangdan Jiedu Decoction and Tanreqing

injection (TRQ), have also significantly ameliorated LPS-induced

ALI and other respiratory-related diseases by regulating the STING

pathway through multiple mechanisms (128, 129). TRQ is a

proprietary Chinese medicine that is commonly used for lung

diseases such as pneumonia and idiopathic pulmonary fibrosis

(IPF) (132–134). Clinical evidence suggests that TRQ can alleviate

the development of pulmonary fibrosis and improve lung function

in patients (130). Recent studies have shown that 20(S)-
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Protopanaxadiol, isolated from ginseng, and TRQ can improve

pulmonary fibrosis by modulating the cGAS-STING pathway

(130, 131).
4.5 Diseases of the digestive system

Liver fibrosis is a chronic liver disease triggered by various

factors, including excessive alcohol consumption, viral infections

(HBV and HCV), and non-alcoholic steatohepatitis (NASH) (135–

137). Recent studies have shown that the cGAS-STING pathway

plays an important role in the pathological process of liver fibrosis,

and various traditional Chinese medicines can exert anti-fibrotic

effects by regulating this pathway.

Naringenin, an anti-inflammatory flavonoid extracted from

citrus plants, has been shown to directly bind to cGAS (138). It

reduces inflammatory factors secreted by hepatic stellate cells by

inhibiting the cGAS-STING pathway, thereby alleviating liver fibrosis

(139). Licorice extract improved hepatic inflammation and fibrosis in

a mouse model of NASH, with its mechanism of action including

inhibition of the cGAS-STING pathway (140). Oroxylin A, a baicalin

derivative, activated the cGAS-STING pathway, promoted the

secretion of cytokine IFN-b, induced hepatic stellate cell

senescence, and acted as an antifibrotic agent (141).

Modulation of the cGAS-STING pathway by TCM can also

alleviate acute liver injury. For example, total glucosides of paeon,

on the other hand, reduced hepatic inflammation in an acute liver

injury (ALI) model by inhibiting the STING-IRF3 interaction (142).

Ginsenoside Rd protects mice from CCl4-induced ALI by inhibiting

the cGAS-STING pathway and reducing iron death (143).

Lingguizhugan Decoction (LGZG) is a traditional Chinese herbal

decoction that has been used for many years in the treatment of

metabolic disorders and has been effective in alleviating obesity and

dyslipidemia (144, 145). LGZG significantly reduced high-fat diet

(HFD)-induced hepatic lipid deposition by inhibiting the STING-

TBK1-NF-kB pathway in hepatic macrophages (146).

Additionally, drug-induced liver injury is a leading cause of

acute liver injury and liver transplantation (147). Studies have

shown that jujuboside B ameliorated acetaminophen-induced

liver injury by upregulating Nrf2 protein expression and

inhibiting the cGAS-STING pathway (148). Similarly, rhodopsin

protected hepatocytes from APAP-induced toxicity by regulating

Nrf2 and NLRP3 inflammatory vesicles, while inhibiting the cGAS-

STING pathway (149).

Andrographolide, derived from Andrographis paniculata, has

been shown to ameliorate chemotherapeutic drug-induced

gastrointestinal mucosal inflammation by down-regulating the

cGAS-STING pathway (150). Naringin can also attenuate

intestinal ischemia-reperfusion injury by inhibiting the cGAS-

STING pathway (151).
4.6 Diseases of the urinary system

Acute kidney injury (AKI) is a global health problem. Although

cisplatin is an effective chemotherapeutic agent, its nephrotoxicity
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TABLE 1 Traditional Chinese medicine can treat or alleviate respiratory diseases by regulating the cGAS-STING signaling pathway.

Functions Mechanisms References

Inhibition of the expression of type I
interferons and related downstream

genes, as well as inflammatory cytokines
and TNF-a

Blocking of cGAMP synthesis (124)

Inhibiting LPS-induced lung histological
changes, inflammatory cell infiltration

and
oxidative stress

Inhibiting cGAS/STING-mediated
IRF3/NF-kB signaling

(125)

Alleviating innate immune responses
and mitigating inflammation in LPS-

induced ALI

Inhibits STING expression, reduces
dimerization, phosphorylates

nuclear translocation of IRF3, and
disrupts the association between

STING and IRF3, IFNb1↓

(126)

Inhibiting pulmonary edema,
inflammatory cell infiltration, pro-

inflammatory cytokines production, and
oxidative stress

Blocking PANoptosis-like cell death
via STING pathway

(127)

Alleviating LPS-induced ALI by
suppressing the levels of

proinflammatory cytokines, and the
number of neutrophils, decreasing the

inflammatory factor-associated
gene expression

Inhibit multiple stimulus-driven
activation of cGAS-STING

and inflammasome
(128)

Inhibiting inflammatory responses and
oxidative stress

Downregulating STING
signaling pathway

(129)

Inhibiting inflammatory responses and
reducing the occurrence of fibrosis

Inhibiting STING-mediated
endoplasmic reticulum stress

signaling pathway
(130)

Inhibiting inflammatory responses and
reducing the occurrence of fibrosis

Inhibiting STING expression by
activating AMPK

(131)
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single TCM

Origins
Molecular
formula

Cells/
Animals

Mode
of

administration
Doses

Course of
treatment

Licorice
flavonoids

Glycyrrhiza glabra L. –

BMDMs,
THP-1 cells,
HEK-293
Cells,
C57BL/
6J mice

Gavage
20 mg/kg, 40

mg/kg
10hours

Perillaldehyde Perilla frutescens (L.) Britt. C10H14O
RAW264.7
cells, C57BL/

6 mice

Intraperitoneal
injection

50 mg/kg, 10 0
mg/kg, 2 0 0

mg/kg
24hours

Apigenin
Matricaria chamomilla L.,
Perilla frutescens (L.) Britt.

C15H10O5

THP-1 cells,
HEK293T

cells, C57BL/
6 mice

Intraperitoneal
injection

50 mg/kg 24hours

Ursodeoxycholic
acid

Selenaretos thibetanus Cuvier C24H40O4 C57BL/6 mice
Oral

pre-treatment
30 mg/kg, 60

mg/kg
24hours

Shuangdan
Jiedu Decoction

Lonicera japonica Thunb,
Forsythia suspensa

(Thunb.) Vahl,Paeonia
lactiflora Pall,Salvia miltiorrhiza

Bunge,Paeonia suffruticosa
Andr,Glycyrrhiza
uralensis Fisch

–

BMDMs,
THP-1 cells,
C57BL/6 mice

Gavage
3.7 g/kg,7.4 g/
kg,0.98 g/kg

12hours

Tanreqing
injection

Scutellaria baicalensis Georgi,
Selenaretos thibetanus Cuvier,
Capra hircus Linnaeus,Lonicera

japonica Thunb.,Forsythia
suspensa (Thunb.) Vahl

–

RAW 264.7
cell,Mouse

bone marrow
neutrophils,
C57BL/6 mice

Intraperitoneal
injection

2.6 ml/kg,5.2
ml/kg

6hours

C57BL/6 mice
Intraperitoneal

injection
2.6 ml/kg,5.2

ml/kg
21 days

20(S)-
Protopanaxadiol

Panax ginseng C. A. Mey. C30H52O3
MLE-12 cell,
C57BL/6 mice

Gavage 10 or 40 mg/kg 2 weeks

130
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limits clinical use (152). Therefore, there is a need for

nephroprotective drugs that are safe and do not compromise the

antitumor effect. TCMs are widely used for preventing and treating

renal diseases. From the Western medicine perspective, cisplatin

triggers AKI primarily due to drug toxicity or edema, while from the

TCM perspective, its pathogenesis involves spleen and kidney qi

deficiency, damp-heat underflow, and blood stasis (153). Various

traditional Chinese medicines and compound formulas can

effectively alleviate cisplatin-induced AKI by regulating the cGAS/

STING pathway.

Yi-Shen-Xie-Zhuo formula (YSXZF) is a Chinese herbal

formula composed of four herbs: Astragali Radix (Huangqi),

Alismatis Rhizoma (Zexie), Paeoniae Radix Rubra (Chishao),

Sargassum (Haizao). Studies have shown that YSXZF can inhibit

the cGAS/STING pathway, reduce the expression of inflammatory

factors such as TNF-a, IL-3, and IL-1b, and decrease IRF1 activity,

which in turn reduces the inflammatory response and prevents

acute kidney injury (154). Shenqi Fuzheng Injection (SQFZ)

consists of extracts from Codonopsis Radix and Astragali Radix,

both of which possess anti-tumor and anti-inflammatory effects. It

has been found that SQFZ can effectively inhibit the cGAS/STING

pathway, attenuate cisplatin-induced nephrotoxicity, and improve

the effectiveness of chemotherapeutic agents (155).

To improve the bioavailability of active ingredients in

traditional Chinese medicine, recent studies have explored the use

of nanotechnology. For example, baicalein (5,6,7-trihydroxyflavone,

BA) possesses antioxidant and antitumor effects, but its poor water

solubility and low bioavailability limit its clinical application. Self-

assembly of silk fibroin peptide (SFP) into nanofibers encapsulating

baicalein (SFP/BA NFs) enhances its in vivo efficacy, inhibits

cisplatin-induced DNA damage and cGAS/STING pathway

activation, and exerts a nephroprotective effect to prevent

AKI (156).

Similarly, naringenin (NGN) has poor water solubility, limiting

its application. To address this, researchers have developed NGN-

loaded silk fibroin peptide nanofibers (SFP/NGN NFs). Cisplatin-

induced mitochondrial damage leads to the release of mtDNA and

activation of the cGAS-STING pathway, which in turn triggers the

expression of inflammatory factors, such as IL-6 and TNF-a. SFP/
NGN NFs effectively attenuated cisplatin-induced acute kidney

injury by facilitating mitochondrial autophagy, decreasing the

release of mtDNA and inhibiting the cGAS-STING pathway (157).

In addition, Zhen Wu decoction (a prescription composed of

five herbs: Radix Aconiti lateralis Preparata, Poria, Radix Paoniae

alba, ginger, and Rhizoma Atractylodis macrocephalae, which are

decocted together for extraction) inhibited renal fibrosis by

activating NRF2 and TFAM in renal tubules and promoting

mitochondrial bioenergy production (158).
4.7 Neurodegenerative diseases

Neurodegenerative diseases are a group of chronic neurological

disorders characterized by a progressive loss of neurons and an

abnormal accumulation of specific proteins in the brain,

accompanied by a decline in cognitive and motor function (159).
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This group includes Alzheimer’s disease (AD), Parkinson’s disease

(PD), multiple sclerosis (MS), and amyotrophic lateral sclerosis

(ALS) (160). Among these, Alzheimer’s disease (AD) is the most

common neurodegenerative disorder worldwide, manifesting as

severe cognitive decline (161).

As an anti-aging traditional Chinese medicine, Polygonum

multiflorum has received widespread attention for its role in

diseases such as AD, PD, and MS (162). Studies have shown that

tetrahydroxy stilbene glucoside (TSG), the main active ingredient of

Polygonum multiflorum, possesses significant anti-inflammatory,

anti-aging, and memory-improving effects (163). TSG prevents

neuroinflammation by modulating the cGAS-STING pathway,

leading to significant improvement in cognitive decline in AD

patients. In addition, TSG can reduce the formation of NLRP3

inflammatory vesicles by inhibiting the activation of the cGAS-

STING pathway, thereby reducing the neuroinflammatory response

and demonstrating its potential therapeutic value in Alzheimer’s

disease (164).

Silibinin, an active ingredient extracted from the TCM silymarin,

has attracted attention for its neuroprotective effects in AD models.

Research has found that silibinin administration, downregulated the

levels of IL-1b, TNF-a and IFN-b, as well as STING and IRF3,

ameliorating depression/anxiety-like behaviors of Parkinson’s disease

mouse model (165). While these findings suggest that silibinin may

modulate the cGAS-STING pathway, it is important to note that the

inhibition of pro-inflammatory cytokines such as IL-1b and TNF-a
could also involve other signaling pathways, including NLRP3

inflammasome activation, NF-kB signaling, and the MAPK

pathway (166, 167). And silibinin exerts significant neuroprotective

effects by downregulating iron death injury and STING-mediated

neuroinflammation, particularly in the STZ-induced sporadic AD

model. This provides an important basis for silymarin as a potential

drug for the treatment of AD (168). Given the multi-target nature of

TCM, further studies are needed to clarify the mechanisms

underlying silibinin’s effects on neuroinflammation and

behavioral outcomes.
4.8 Other diseases

In addition to autoimmune diseases, tumors, and viral

infections, a variety of Chinese herbal medicines can ameliorate

other diseases by impacting the cGAS-STING pathway, potentially

in conjunction with other molecular targets. For example,

atherosclerosis is a chronic inflammatory disease of the arterial

lining (169). Tetrandrine was found to inhibit the STING/TBK1/

NF-kB pathway, reducing inflammation in macrophages attacked

by oxidized low-density lipoprotein, and attenuating atherosclerosis

in HFD-fed ApoE mice (170).

Myocardial ischemia-reperfusion injury (MIRI) is a major

challenge in the treatment of acute myocardial infarction,

primarily caused by oxidative stress and inflammatory responses

induced by blood reperfusion (171, 172). Astragalus membranaceus

(Fisch.) Bunge and Salvia miltiorrhiza Bunge are representative

herbs used for replenishing Qi and activating blood circulation in

traditional Chinese medicine, respectively. According to the
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compatibility theory of traditional Chinese medicine (173, 174),

they are often used in combination (175). Astragaloside IV (As-IV)

and Tanshinone IIA (Ta-IIA) are the primary active components of

Astragalus membranaceus and Salvia miltiorrhiza, respectively.

Research has indicated that the combined use of As-IV and Ta-

IIA significantly reduces oxidative stress and apoptosis in

cardiomyocytes by enhancing the inhibition of cGAS/STING

signaling, thereby improving the therapeutic effect on MIRI (176).

In skin flap transplantation, ischemia/reperfusion (I/R) injury is

the main cause of flap necrosis (177, 178). Ginsenoside Rb3, an

active component of ginseng, has been shown to reduce leukocyte-

endothelial cell adhesion and improve local microcirculation by

inhibiting the phosphorylation of IRF3 in the STING pathway,

effectively alleviating I/R injury in transregional flaps (179).

In addition, overactivation of the cGAS-STING pathway is

closely related to cellular senescence. Liuwei Dihuang (LWDH), a

classic Chinese herbal formula, shows potential for anti-endothelial

cellular senescence. Studies have shown that LWDH reverses LPS-

induced endothelial cell senescence by inhibiting the activation of

the cGAS-STING pathway and blocking the interaction between

JPX and STING. This provides a new approach for preventing and

treating vascular endothelial cell aging (180).

In conclusion, TCM has demonstrated significant therapeutic

potential in diseases such as atherosclerosis, myocardial ischemia-

reperfusion injury, skin flap transplantation injury, and cellular

senescence by modulating the cGAS/STING pathway. These studies

provide a new scientific basis for the application of TCM in the

treatment of modern diseases, as well as insights for the clinical

development of more targeted TCM.
5 cGAS-STING pathway key proteins
as biomarkers for TCM in
immunomodulation and treatment of
various diseases

Due to their multi-component and multi-target characteristics,

traditional quality control methods have difficulty comprehensively

assessing the safety and efficacy of Chinese medicines (181–183). To

cope with these challenges, biomarkers have shown significant

potential as tools for quality evaluation of TCM in recent years.

Using technologies such as metabolomics, biomarkers can more

comprehensively assess the systemic effects and compatibility of

TCM. The components of schisandrol A, schisandrin A, gomisin N,

and schisandrin B can be used as biomarkers for evaluating the

quality standard of Schisandra chinensis (Turcz.) Baill (184). In

addition, biomarkers can evaluate the clinical efficacy of TCM, such

as NF2 and PPP1CA in CDDP, which are thought to be associated

with its vasodilatory effects (185).

Biomarkers are equally important in disease treatment. In viral

infections, IFN, a central factor in the antiviral response, has

emerged as a potential therapeutic target for infections such as

HCV and HBV (186). IL-6 plays an important role in the acute

inflammatory response, and changes in its level correlate with the

severity of infection. Especially in COVID-19, elevated IL-6 levels
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are closely associated with disease progression, suggesting its

potential as a marker for monitoring treatment efficacy (187).

The cGAS-STING pathway is an important part of the innate

immune system and has emerged as a potential therapeutic target

for a variety of diseases in recent years (188–190). cGAS recognizes

intracellular DNA and activates STING proteins, which in turn

initiates downstream signaling pathways and induces antiviral and

pro-inflammatory factors (191). cGAS-activated signaling

molecules, such as TBK1 and IRF3, play a key role in

immunoregulation (10). These proteins are not only key

regulators of disease progression, but they may also be important

biomarkers for evaluating therapeutic effects.

Traditional Chinese medicine plays an immunomodulatory role

in the treatment of many diseases by modulating the cGAS-STING

pathway. For example, total glucosides of paeony can alleviate liver

inflammation caused by acute liver injury by inhibiting the STING-

IRF3 interaction (142). Tetrahydroxy stilbene glucoside from

Polygonum multiflorum was found to reduce neuroinflammation

by inhibiting the cGAS-STING pathway, thereby improving

cognitive function in patients with Alzheimer’s disease (164). In

addition, ginsenoside Rb3 was effective in ameliorating ischemia-

reperfusion injury in skin flap transplantation by inhibiting the

STING-mediated inflammatory response (179). These studies

demonstrated the modulatory effects of TCM on key proteins in

the cGAS-STING pathway, suggesting that these proteins can be

used as biomarkers of TCM therapy for assessing efficacy and

potential for individualized treatment.

In summary, key proteins such as cGAS, STING, TBK1, and IRF3

play important roles in the occurrence and development of diseases.

By regulating the expression and activity of these proteins, TCM can

effectively regulate immune responses and treat a variety of diseases.

Therefore, the key proteins in the cGAS-STING pathway can not

only be used as targets for TCM to regulate immune and

inflammatory responses, but they also have the potential to serve as

biomarkers for clinical therapeutic effects. This provides a new

direction for the future application of TCM in precision medicine.
6 Summary and prospect

TCM holds an important position in the field of medicine due

to its unique bidirectional immunomodulatory ability, which can

activate the immune system to enhance the body’s defense, while

also moderately inhibiting excessive immune responses and

reducing inflammation and autoimmune diseases. The cGAS-

STING pathway, an important component of the innate immune

system, plays a key role in defending against viral and bacterial

infections, modulating cellular damage, inflammatory responses,

autophagy, and tumor immunity (56, 192). Therefore, the cGAS-

STING pathway has become a potential drug target for treating

inflammatory diseases, tumors, and immune dysregulation. TCM

has shown unique potential in modulating this pathway, providing

new strategies for the treatment of a variety of diseases.

Currently, the development of activators and inhibitors of the

cGAS-STING pathway is a research priority. Although STING

agonists have shown promising results in preclinical antitumor
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studies, their clinical translation faces many challenges. For

example, modified CDN compounds are rapidly degraded in vivo

due to poor metabolic stability, which affects the durability of their

efficacy (193). In addition, the low cellular uptake rate of CDN

makes it difficult for the drug to efficiently enter target cells, which

in turn limits its antitumor effects (194). While most studies rely on

intra-tumor drug delivery, there is a lack of delivery technologies

that can be applied on a large scale, further limiting the potential

application of STING agonists in clinical therapy. In addition, the

limited targeting of STING agonists may lead to off-target effects,

triggering unnecessary immune activation and increasing

autoimmune risks (195). Thus, improving the targeting and safety

of STING agonists remains a critical issue for realizing their clinical

applications. Regarding STING inhibitors, although compounds

such as H-151, C-176, BB-Cl-amidine, and sulforaphane have been

reported to inhibit the activation of the cGAS-STING pathway,

their therapeutic potential remains limited (196–200). H-151, as the

most promising STING inhibitor, inhibits palmitoylation by

binding to the Cys91 site of the STING protein (196). However,

studies on it are still at the animal experiment stage. Therefore, the

development of clinically applicable STING inhibitors in

inflammatory and autoimmune diseases remains an urgent topic.

Chinese medicines show remarkable potential in modulating

the cGAS-STING pathway, especially in the treatment of

inflammatory diseases. For example, compounds such as perilla

aldehyde, ursodeoxycholic acid, total glucosides of paeony, and

andrographolide affect the activity of this pathway through different

mechanisms. Perillaldehyde has been shown to inhibit the innate

immune response induced by cytosolic DNA by inhibiting cGAS

activity and to attenuate the inflammatory response by reducing the

release of inflammatory factors through inhibition of downstream

signaling after STING activation. Ursodeoxycholic acid, on the

other hand, inhibits the production of pro-inflammatory

cytokines by blocking PANoptosis-like cell death through

inhibition of the STING pathway. Various active components in

licorice, such as glabridin, licorice flavonoids, and licorice chalcone

B, can inhibit cGAS-STING-mediated inflammatory responses by

modulating the cGAS-STING pathway, thereby exerting

therapeutic effects on inflammatory diseases. TRIM29 has been

reported to contribute to the pathogenesis of viral myocarditis by

enhancing ROS-mediated oxidation of TBK1, thereby inhibiting its

function (201). Both TRIM29 and TRIM18 play pivotal roles in the

progression of various virus infections, including viral enteritis,

viral myocarditis, and various organ inflammations (52, 202, 203).

Studies suggest that TCM, with its rich repertoire of antiviral herbal

compounds (such as quercetin and ginsenosides), may offer

therapeutic potential in treating these infectious diseases. TCM

may modulate immune responses by downregulating the expression

of TRIM29 and TRIM18, thereby mitigating the inflammatory

damage caused by these viral infections. These findings provide

important clues for the development of novel herbal therapies based

on the cGAS-STING pathway and open up new directions for

immunomodulation in a variety of diseases.

Studying the targeting of the cGAS-STING pathway by TCM

reflects the unique advantages of TCM in immunomodulation,
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providing both a scientific basis for modernizing traditional

medicine and a new strategy for immunotherapy. However, while

studies have demonstrated the potential of TCM in modulating the

cGAS-STING pathway, more high-quality research is needed to

validate these effects for true clinical applications. Meanwhile, an in-

depth understanding of the mechanism of action of TCM can help

promote the modernization of TCM and enhance its value for

clinical application (204). In the future, with in-depth studies on the

mechanisms of the cGAS-STING pathway, TCM may become an

effective tool for modulating immune and inflammatory responses,

bringing new hope for the treatment of a variety of diseases.
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Nailya Ismailova3,4,5, Ademola Esomojumi3,4,5,
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Group 2 Innate Lymphoid Cells (ILC2s) have recently been shown to exert key

regulatory functions in both innate and adaptive immune response networks that

drive the establishment and progression of type 2 immunity. Although mainly

tissue resident, ILC2s and their crosstalk within tissue microenvironments

influence metabolism at both the local and systemic levels. In turn, the

energetic demand and metabolic status within these systems shape the diverse

phenotypes and effector functions of ILC2s. Deciphering these metabolic

networks in ILC2s is therefore essential in understanding their various roles in

health as well as their associated pathophysiologies. Here we detail a framework

of experimental approaches to study key immunometabolic states of primary

murine ILC2s and link them to unique phenotypes and their corresponding

functionality. Utilizing flow cytometry, Single Cell ENergetic metabolism by

profilIng Translation inHibition (SCENITH), and the Seahorse platform we

provide a framework that allows in-depth analysis of cellular bioenergetic

states to determine the immunometabolic wiring of ILC2s. Connecting

immunometabolic states and networks to ILC2 phenotypes and effector

functions with this method will allow future in-depth studies to assess the

potential of novel pharmaceutics in altering ILC2 functionality in clinical settings.
KEYWORDS

group 2 innate lymphoid cells (ILC2), immunometabolism, mitochondria, seahorse
analysis, SCENITH (Single Cell ENergetic metabolism by profilIng Translation inhibition)
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1 Introduction

Large extracellular helminths have been suggested to constitute

a major evolutionary driving force of the effector mechanisms of

type 2 immune responses, conferring protection from parasites

invading barrier tissues (1, 2). However, the precise factors that

shape the magnitude and quality of type 2 immune cell responses

remain incompletely understood. Interestingly, chronic helminth

infections have been shown to be associated with significant

morbidity, including malnutrition, suggesting competition

between parasites and host for metabolic resources, potentially

leading to immunomodulatory consequences and alterations in

protective type 2 immunity (3). An emerging body of evidence

suggests that the immune system senses and utilizes nutrients and

metabolites derived directly from the diet or produced by

commensal or pathogenic microbes (4, 5). During the early

phases of helminth infection, alarmin signals such as interleukin

(IL)-25, IL-33, and thymic stromal lymphopoietin (TSLP) are

released by non-hematopoietic cells in response to tissue damage

and act to induce rapid proliferation and expansion of group 2

innate lymphoid cells (ILC2). Primarily found at mucosal barrier

sites, ILC2 are transcriptionally and functionally poised innate type

2 effector immune cells that, once activated, can rapidly release large

quantities of IL-5 and IL-13 to elicit eosinophilia, goblet cell

hyperplasia, epithelial cell extrusion, and smooth muscle

hypercontractility (6). Furthermore, it is gradually appreciated

that ILC2 respond to changes in the richness and accessibility of

microbially- as well as dietary-derived metabolites, such as vitamin

A–derived retinoic acid (7), aryl-hydrocarbon receptor ligands (8),

short chain fatty acids (9), succinate (10, 11), and iron (12). These

findings suggest that ILC2, in addition to danger signals, are poised

to respond to the broader metabolic milieu of barrier tissues (13).

Moreover, nutrients are essential components, providing

fundamental metabolic substrates for the production of energy to

fuel protein translation, cellular proliferation and immune cell

effector functions (4, 5). Indeed, the ability of ILC2 to induce

rapid effector functions depend on the ability to engage cell-

intrinsic metabolic pathways to catabolize glucose, fatty acids and

amino acids. Like T cells (14), ILC2s undergo metabolic

reprogramming to meet the high energy demand imposed by cell

proliferation and the activation of effector functions (15, 16).

In the resting state, ILC2 utilize branched chain amino acids

(BCAAs) and arginine to support mitochondrial oxidative

phosphorylation (OXPHOS) to sustain homeostatic functions

(17). ILC2 become highly proliferative following activation with

IL-33, relying on glycolysis and mammalian target of rapamycin

(mTOR) to produce type 2 cytokines (18), while continuing to fuel

OXPHOS with amino acids to maintain cellular fitness and

proliferation (17, 19). Metabolic reprogramming during ILC2

effector differentiation also requires increased anabolic

metabolism, leading to increased lipid droplet (LD) formation

and requiring fatty acid oxidation (FAO) to fuel pathogenic

allergic airway inflammation (20–23). In addition, the formation

of LDs is facilitated by glucose and was shown to be important to
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produce phospholipids that fuel ILC2 proliferation (21). Glucose

was further shown to regulate the gene expression of diglyceride

acyltransferase (DGAT1) and peroxisome proliferator-activated

receptor gamma (PPARg) through the mTOR pathway (21).

While DGAT1 drives LD formation (21), PPARg promotes lipid

uptake through CD36 expression (24–26). The increase in free fatty

acid (FFA) uptake induced by ILC2 activation (20, 23) is fueled by

group V phospholipase A2 (PLA2G5)-expressing macrophages

(27). In addition, PLA2G5 intrinsically impacts IL-33 release from

macrophages and the expression of the FFA receptor GPR40 on

ILC2 (27). Interestingly, Atg5 deficiency lowered fatty acid

metabolism gene expression induced by IL-33 and impaired FAO,

type 2 cytokine production and cell fitness (22), suggesting that

autophagy-mediated catabolic pathways are critical to sustain

ILC2 metabolism.

In addition to sustaining homeostatic functions (17), amino

acid metabolism is essential for lung ILC2 activation. Arginine

metabolism by arginase 1 (Arg1) is required to fuel aerobic

glycolysis for ILC2 proliferation and cytokine production (28).

ILC2 constitutively express high levels of multiple solute carriers,

including Slc3a2, Slc7a5 and Slc7a8 (19), known to encode for

large neutral amino acid transporter chains (29). Slc3a2 encodes

the protein CD98 that heterodimerizes with other solute carriers

to form active amino acid transporters, such as Slc7a5 and Slc7a8,

that together form the surface amino acid transporters LAT1 and

LAT2 (29). ILC2-intrinsic deletion of Slc7a5 and Slc7a8 impaired

the proliferative and cytokine-producing capacity through tuning

of mTOR signaling (19). In addition, catabolism of tryptophane

(Trp) by the enzyme tryptophan hydroxylase 1 (Tph1) drives

ILC2 effector functions (30). Moreover, methionine metabolism

facilitates ILC2-driven inflammation through STAT3-dependent

production of type 2 cytokines (31), underlining the various ways

amino acid metabolism contributes to the regulation of ILC2

homeostasis, proliferation and cytokine production. Collectively,

these insights highlight that fine-tuning metabolic pathways is

critical for maintaining ILC2 homeostasis and regulating their

effector functions, including cell fitness, proliferation and

cytokine production. Here we detai l a framework of

experimental approaches to study key immunometabolic states

of primary murine ILC2 and link them to phenotypes

and functionality.
2 Materials and methods

2.1 Mice

C57BL/6J mice were originally purchased from The Jackson

Laboratory (Bar Harbor, Maine, USA) and bred in-house at McGill

University under specific pathogen-free conditions with ad libitum

access to food and water. Experiments were conducted with adult

female mice (aged 8-12 weeks) in accordance with the guidelines

and policies of McGill University and the Canadian Council on

Animal Care.
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2.2 Isolation of bone marrow-derived
group 2 innate lymphoid cells

Adult female mice were anaesthetized with 5% isoflurane

(Fresenius Kabi, Catalog No. CP0406V2) and euthanized via CO2

asphyxiation, followed by cervical dislocation as a confirmation of

death. The hind legs were harvested, and the bulk of the muscles

were removed with scissors to expose the leg bones. The femur and

tibia bones were separated and cleaned with sterilized gauze (Fisher

Scientific, Catalog No. 22-037-907) to remove any trace muscle or

connective tissues, and briefly washed with 70% ethanol.

Centrifugation was implemented to extract bone marrow from

the femur and tibia bones. This centrifugation method began with

the preparation of bone marrow extraction tubes, whereby a hole

was punctured in the bottom of a 0.5 mL tube (Sarstedt, Catalog No.

72.737.002) with an 18-gauge needle (Becton Dickinson, Catalog

No. 305196). These extraction tubes were sterilized by autoclave

and each tube was set inside a sterile 1.5 mL collection tube

(Progene, Catalog No. 87-B150-C) containing 100 μL of sterile

Dulbecco’s Phosphate Buffered Saline (DPBS; Cytiva, Catalog No.

SH30028.02). The bones were cut at the epiphysis on both ends to

expose the bone marrow, and a single bone was vertically placed

inside one 0.5 mL extraction tube. The 1.5 mL tubes containing the

cut bones and extraction tubes were sealed and centrifuged at

1900*g for 5 minutes at room temperature. This allowed the bone

marrow to be extracted through the punctured hole and into the

collection tube with DPBS. After centrifugation, the 0.5 mL tubes
Frontiers in Immunology 03141
and hollow bones were discarded. The bone marrow was

resuspended in the DPBS and transferred to a 50 mL tube (Fisher

Scientific, Catalog No. 14-432-22), with a maximum of 20 bones (5

mice) per tube. Each 50 mL tube was filled to a volume of 50 mL

with DPBS and centrifuged at 450*g for 5 minutes at 4°C to wash

the bone marrow. The supernatant was discarded, and the bone

marrow pellet was resuspended in 1 mL of Ammonium-Chloride-

Potassium (ACK) lysis buffer (ThermoFisher Scientific, Catalog No.

A1049201) for 20 to 30 seconds to remove red blood cells from the

pellet. This reaction was neutralized by filling the tube to 50 mL

with Fluorescence-Activated Cell Sorting (FACS) buffer made with

2% Fetal Bovine Serum (FBS; Wisent, Catalog No. 080150) in

DPBS. The tube was centrifuged, and the pellet was washed twice

with FACS buffer (450*g, 5 minutes, 4°C) to remove any trace of the

lysis buffer. To prevent non-specific binding of antibodies to the

fragment crystallization receptors (FcRs), the cells were blocked for

15 minutes on ice using a 1:10 dilution of in-house formulated “Fc-

block” (supernatant of the 2.4G2 hybridoma producing the purified

anti-mouse CD16/CD32 monoclonal antibody (mAb)) in FACS

buffer. The bone marrow cells were stained with an antibody

cocktail (Table 1) for 30 minutes on ice in the dark directly in the

blocking solution. The stained bone marrow cells were washed

twice in FACS buffer (450*g, 5 minutes, 4°C), filtered through a 70

μm pore strainer (Fisher Scientific, Catalog No. 22-363-548), and

kept on ice prior to cell sorting. Bone marrow-derived ILC2 were

sorted using a FACS Aria III and FACSAria Fusion (BD

Biosciences) equipped with 405 nm, 488 nm, 561 nm (Fusion
TABLE 1 Group 2 Innate Lymphoid Cell (ILC2) sorting antibodies.

Marker Company Fluorophore Clone Dilution RRID or Catalogue Number

Lineage Cocktail

TCRa/b eBioscience PE H57-597 1:200 AB_466067

TCRg/d eBioscience PE eBioGL3 1:400 AB_465934

CD3e eBioscience PE 145-2C11 1:400 AB_465497

Ly-6G/Ly-6C(Gr1) eBioscience PE RB6-8C5 1:500 AB_466046

CD11b eBioscience PE M1/70 1:500 AB_2734870

TER-119 eBioscience PE TER-119 1:400 AB_466043

CD45R (B220) eBioscience PE RA3-6B2 1:200 AB_465672

CD19 eBioscience PE eBio1D3 1:200 AB_657660

NK1.1 eBioscience PE PK136 1:50 AB_466051

CD5 eBioscience PE 53-7.3 1:200 AB_465524

CD11c eBioscience PE N418 1:100 AB_465553

FceR1 eBioscience PE MAR-1 1:100 AB_466029

ILC2+ Markers & Viability

Ly-6A/E (Sca-1) BioLegend Alexa Fluor 488 E13-161.7 1:200 AB_756201

CD25 eBioscience eFluor 450 PC61.5 1:50 AB_10671550

CD117 (c-Kit) eBioscience APC 2B8 1:25 AB_469431

Viability eBioscience 7-AAD NA 1:60 00-6993-50
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only) and 640 nm lasers using FACSDiva Version 6.0 (Aria III) or

Version 8.0 (Fusion) based on the absence of lineage markers and

the expression of ILC2 specific markers (Figure 1, Table 1).
2.3 Expansion and resting of murine bone
marrow-derived group 2 innate
lymphoid cells

After cell sorting, isolated ILC2s were cultured in 96-well

round-bottom plates (VWR, Catalog No. CA62406-121) at 37°C

in 5% CO2 with a seeding density of 2.5x104 cells per well in 200 μL

of complete cell culture media (Table 2) with cytokines for

expansion. These cytokines included: recombinant murine IL-2

(R&D Systems, Catalog No. 402-ML-100/CF), IL-7 (R&D

Systems, Catalog No. 407-ML-200/CF), and IL-33 (R&D Systems,

Catalog No. 3626-ML-010/CF) each at a concentration of 50 ng/mL

and TSLP (R&D Systems, Catalog No. 555-TS-010/CF) at a

concentration of 20 ng/mL. Every 2 days the cell culture was

“split” whereby the cells were resuspended in the 200 μL volume,

and 100 μL of the cell suspension was transferred to a new well.

Each well was returned to a final volume of 200 μL by adding 100 μL

of freshly prepared expansion cell culture media to facilitate

proliferation. ILC2s were expanded for a maximum of three
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weeks, after which the cells were consolidated into 50 mL tubes

and washed twice in RPMI 1640 (450*g, 5 minutes, 4°C) to remove

any trace of expansion cytokines. The cells were counted and then

seeded at a density of 2.5x104 cells per well in 96-well round-bottom

plates in 200 μL of complete cell culture media without b-
mercaptoethanol (Table 2) and with 10 ng/mL each of IL-2 and

IL-7. The cells incubated with these cytokines for three days at 37°C

in 5% CO2 to “rest” the cells. This 3-day period of reduced activity

was necessary after 3 weeks of energy-demanding proliferation to

bring the cells down to a homeostatic baseline level of

metabolic activity.
2.4 Cell seeding and cytokine stimulation
for experimental assays

After resting, ILC2s were consolidated into 50 mL tubes and

washed twice in RPMI 1640 (450*g, 5 minutes, 4°C) to remove any

trace of resting cytokines. Cells were counted and seeded at a

density of 1.0x105 in 100 mL of phenol red-free complete cell

culture media (Table 2) either in a 96-well round-bottom plate

(Sections 2.5-7, 2.10) or a Seahorse XFe96 cell culture microplate

(Agilent™ Technologies, Catalog No. 103794-100; Section 2.8).

Each condition for flow cytometric assays (Sections 2.5-7, 2.10)
FIGURE 1

Schematic of experimental workflow. Femurs and tibias were harvested from female C57BL/6J wild-type mice and group 2 innate lymphoid cells
(ILC2) were isolated from the bone marrow by flow cytometric cell sorting. ILC2 were cultured in vitro for expansion followed by a period of rest
and cytokine starvation. ILC2 were subsequently re-stimulated with cytokines to determine metabolic activities using both flow cytometric assays
and the Seahorse XF/XFe Analyzer. Created in BioRender. Deagle, R. (2025) https://BioRender.com/x72g976.
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were plated in triplicate and each condition for Seahorse assays

(Section 2.8) were plated in quintuplicate. The ILC2s incubated for

4 hours at 37°C in 5% CO2 without cytokines to starve the cells of

cytokines, bringing them to a latent stage of activity prior to

cytokine stimulation (Figure 1). The cytokine stimulation

conditions for all experiments were the following: IL-2, IL-7, IL-

33, IL-2+IL-33, and IL-7+IL-33. Each cytokine stimulation was

prepared as a 2X concentrated solution (20 ng/mL) in phenol red-

free complete cell culture media (Table 2). After cytokine starvation,

100 mL of the appropriate cytokine stimulation was added to the

corresponding well for a total volume of 200 mL and a 1X

concentration of cytokines (10 ng/mL). The ILC2s underwent

cytokine stimulation for a period of 24 hours at 37°C in 5% CO2

prior to all experiments. After 24 hours of cytokine stimulation,

ILC2 viability was typically lowest (78-80%) when stimulated with

survival cytokines alone, such as IL-7 or IL-2, whereas ILC2 viability

was highest (90-96%) when stimulated with activating cytokine

conditions, such as IL-7+IL-33 or IL-2+IL-33.
2.5 Glucose uptake by flow cytometry

The glucose uptake in ILC2 was measured using the glucose

analog 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-

Deoxyglucose (2-NBDG; ThermoFisher Scientific, Catalog No.

N13195) which was stored at -20°C at a stock concentration of 10
Frontiers in Immunology 05143
mM (5 mg lyophilised powder in 1.46 mL dimethyl sulfoxide

(DMSO)). Immediately prior to experiments, the 10 mM stock of

2-NBDG was diluted 1:100 in warm phenol red-free complete

media (Table 2) to a 2X concentrated solution of 100 mM. After

24 hours of cytokine stimulation, the cells were resuspended and

transferred to a conical-bottom 96-well plate (Sarstedt, Catalog No.

82.1583.001). The cells were washed twice with phenol red-free

RPMI 1640 (450*g, 5 minutes, 4°C) and resuspended in 100 mL of

phenol red-free complete cell culture media (Table 2). A volume of

100 mL of the 2X concentrated 2-NBDG was added to each well

(excluding unstained and viability controls) for a final 1X

concentration of 50 mM, and the plate incubated with the glucose

analog for 30 minutes at 37°C in 5% CO2. After incubation, the cells

were washed once with phenol red-free RPMI 1640 and once with

FACS buffer (450*g, 5 minutes, 4°C). The supernatant was

discarded, and the cells were resuspended in 195 mL of FACS

buffer prior to acquisition on the flow cytometer. Immediately

before the sample was acquired on the flow cytometer, 5 mL of

viability dye (7-AAD; eBioscience, Catalog No. 00-6993-50) was

added to each sample (excluding the unstained control wells) and

transferred to a 5 mL FACS tube (Fisher Scientific, Catalog No.

352008). Each sample was acquired using a LSRFortessa Cell

Analyzer (BD Biosciences) until 20,000 events were recorded. 2-

NBDG (465/540 nm) was acquired using the 488 nm laser and 7-

AAD (535/617 nm) with the 561 nm laser. After sample acquisition,

the files were exported in .fcs format from FACSDiva and analyzed
TABLE 2 Group 2 Innate Lymphoid Cell (ILC2) cell culture and assay media recipes.

Reagent Company Catalog Number Final Concentration Volume

Complete Cell Culture Media

RPMI 1640 Medium Cytiva

With Phenol Red
SH30096.02

Phenol Red-Free
SH30605.01

45 mL

Fetal Bovine Serum (FBS) Wisent 080150 10% 5 mL

L-Glutamine (200 mM) Cytiva SH30034.01 2 mM 500 mL

Penicillin-Streptomycin
(10,000 mg/mL)

Cytiva SV30010 100 mg/mL 500 mL

Gentamicin
(10 mg/mL)

Sigma-Aldrich G1272 50 mg/mL 120 mL

b-Mercaptoethanol
(55 mM)

Omitted for resting and experiments
Gibco 21985023 50 mM 50 mL

AgilentTM Seahorse XF Cell Mito Stress and XF Real-Time ATP Rate Assay

Seahorse XF DMEM Medium Agilent 103575-100 48.5 mL

Seahorse XF Glucose (1M) Agilent 103577-100 10 mM 500 mL

Seahorse XF Pyruvate (100 mM) Agilent 103578-100 1 mM 500 mL

Seahorse XF Glutamine (200 mM) Agilent 103579-100 2 mM 500 mL

AgilentTM Seahorse XF Glycolysis Stress Assay

Seahorse XF DMEM Medium Agilent 103575-100 49.5 mL

Seahorse XF Glucose (1 M) Agilent 103577-100 2 mM 500 mL
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using FlowJo software (BD, Version 10.10.0). Debris, doublet, and

dead cells (7-AAD+) were excluded via flow cytometry gating. The

2-NBDG and the forward scatter were analyzed on the x- and y-

axes, respectively. The reagent 2-NBDG had no adverse effect on the

viability of ILC2 during this assay.
2.6 Analysis of PGC-1a expression levels by
intracellular flow cytometry

Viability staining, fixation, and permeabilization. After 24

hours of cytokine stimulation, the cells were resuspended and

transferred to a conical-bottom 96-well plate. The cells were

washed twice with DPBS (450*g, 5 minutes, 4°C) and the

supernatant was discarded. The fixable viability dye APC-

eFluor780 (eBioscience, Catalog No. 65-0865) was stored at -80°C

and diluted 1:1000 in DPBS. Excluding unstained controls, 50 mL of

the diluted viability dye was added to each well and incubated on ice

in the dark for 30 minutes. After incubation, the cells were washed

twice with FACS buffer (450*g, 5 minutes, 4°C). The fixation/

permeabilization solution was made during the centrifugation

time, whereby the Fixation/Permeabilization Concentrate

(eBioscience, Catalog No. 00-5123-43) was diluted 1:4 in

Fixation/Permeabilization Dilutant (eBioscience, Catalog No. 00-

5223-56). The supernatant from the cell culture plate was discarded,

and 100 mL of the fixation/permeabilization solution was added to

all wells and incubated on ice in the dark for 30 minutes. During

incubation, the Permeabilization Buffer (10X; eBioscience, Catalog

No. 00-8333-56) was diluted 1:10 in deionized water (dH2O). The

fixed and permeabilized cells were washed twice with 100 mL of the

1X permeabilization buffer (600*g, 5 minutes, 4°C) and the 2.4G2

hybridoma blocking solution was prepared during the

centrifugation time as previously described (Section 2.2). The

supernatant from the cell culture plate was discarded and 50 mL
of blocking solution was added to all wells, followed by 15-minute

incubation on ice in the dark.

Intracellular staining of PGC-1a.While incubating cells in the

blocking solution, the antibody dilutions were made in 1X

permeabilization buffer. The PGC-1a antibody (Proteintech,

Catalog No. CL488-66369) was diluted 1:1000 from its stock

concentration of 1000 mg/mL to 1 mg/mL and the IgG1 isotype

control antibody (Proteintech, Catalog No. CL488-66360-1) was

diluted 1:200 from its stock concentration of 200 mg/mL to 1 mg/mL.

After incubation, the cell culture plate was centrifuged (600*g, 5

minutes, 4°C) and the supernatant was discarded. A volume of 100

mL of antibody dilution was added to the appropriate wells,

excluding unstained controls, and incubated for 30 minutes on

ice in the dark. The stained cells were washed twice with 1X

permeabilization buffer (600*g, 5 minutes, 4°C) and the

supernatant was discarded. The cells were resuspended in 200 mL
of FACS buffer and transferred to a 5 mL FACS tube.

Flow cytometry. Each sample was acquired using an Aurora

Spectral Flow Cytometer (Cytek Biosciences) until 20,000 events

were recorded. The directly conjugated PGC-1a and isotype control

(493/522 nm) were acquired using the 488 nm laser and APC-

eFluor780 (756/785nm) with the 633 nm laser. After sample
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acquisition, the files were exported in .fcs format from FACSDiva

(BD Biosciences) and analyzed using FlowJo software (BD

Biosciences, Version 10.10.0). Debris, doublet, and dead cells

(APC-eFluor780+) were excluded via flow cytometry gating. The

PGC-1a and the forward scatter were analyzed on the x- and y-

axes, respectively.
2.7 Analysis of mitochondrial mass and
membrane potential by flow cytometry

Fluorescent label preparation. Total mitochondrial mass was

measured using Mitotracker™ Deep Red FM (ThermoFisher

Scientific, Catalog No. M22426), which was stored at -20°C at a

stock concentration of 1 mM (50 mg lyophilised powder in 91.98 mL
DMSO). Mitochondrial membrane potential was measured using

Tetramethylrhodamine, Methyl Ester, Perchlorate (TMRM;

ThermoFisher Scientific, Catalog No. T668) which was stored at

-20°C at a stock concentration of 10 mM (25 mg lyophilised powder

in 5 mL DMSO). Ready-to-use TMRM aliquots were prepared at an

intermediate concentration of 100 mM by diluting the stock 1:100 in

DMSO and were stored at -20°C until needed for experiments.

Immediately prior to experiments, the 1 mM Mitotracker™ Deep

Red FM stock solution was diluted 1:10 in warm phenol red-free

RPMI 1640 for an intermediate concentration of 100 mM. Both

Mitotracker™ Deep Red FM and TMRM were finally diluted

together 1:1000 in warm phenol red-free RPMI 1640 to a 2X

concentrated solution of 100 nM for experimental conditions.

Each dye was also prepared separately for single-variable controls.

In addition, cell viability was measured using 4′,6-diamidino-2-

phenylindole (DAPI; ThermoFisher Scientific, Catalog No. 62248)

where only dead cell nuclei would be labeled. The 1 mg lyophilized

stock was reconstituted in 1 mL of dH2O to make a 1 mg/mL stock

solution and was stored at 4°C. An intermediate concentration of

100 mg/mL was made by diluting DAPI 1:10 in FACS buffer

immediately prior to sample acquisition.

Mitochondrial staining. After 24 hours of cytokine

stimulation, the cells were resuspended and transferred to a

conical-bottom 96-well plate. The cells were washed twice with

phenol red-free RPMI 1640 (450*g, 5 minutes, 4°C) and

resuspended in 100 mL of phenol red-free complete cell culture

media (Table 2). The 2X concentrated Mitotracker™ Deep Red FM

and TMRM dilution was added to each well (excluding single color

and viability controls) at a volume of 100 mL for a final volume of

200 mL and a final concentration of 50 nM for each dye. The cells

incubated with the dyes for 30 minutes at 37°C in 5% CO2. This

assay was optimized to use a concentration of 50 nM for each

mitochondrial dye to ensure maximum viability, as overloading the

cells with these dyes can create adverse effects. After incubation, the

cells were washed once with phenol red-free media and once with

FACS buffer (450*g, 5 minutes, 4°C). The supernatant was

discarded, and the cells were resuspended in 198 mL of FACS

buffer prior to acquisition on the flow cytometer.

Flow cytometry and data export. Immediately before the

sample was acquired on the flow cytometer, 2 mL of the

intermediate DAPI solution was added to each sample (excluding
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the unstained control wells) for a final concentration of 1 mg/mL

and the cell suspension was transferred to a 5 mL FACS tube. Each

sample was acquired using a LSRFortessa Cell Analyzer (BD

Biosciences) until 20,000 events were recorded. Mitotracker™

Deep Red FM (644/665 nm) was acquired using the 633 nm laser,

TMRM (548/573 nm) with the 561 nm, and DAPI (350/470 nm)

with the 405 nm laser. After sample acquisition, the files were

exported in .fcs format from FACSDiva and analyzed using FlowJo

software. Debris, doublet, and dead cells (DAPI+) were excluded via

flow cytometry gating. Mitotracker™ Deep Red FM and TMRM

were analyzed on the x- and y-axes, respectively.
2.8 Agilent™ Seahorse Extracellular Flux
Assay preparation

Calibration and cell culture reagents. Concurrent with the

Seahorse XFe96 microplate preparation (Section 2.4), the base of

the Seahorse XFe96 sensor cartridge (Agilent™ Technologies,

Catalog No. 103792-100) was loaded with 200 mL of Seahorse XF

Calibrant (Agilent™ Technologies, Catalog No. 100840-000) and

incubated in a CO2-free incubator at 37°C for 24 hours to hydrate

the lid of the sensor cartridge. The day of the experiment, assay

media for the Seahorse experiments were freshly prepared and

warmed to 37°C for experiments (Table 2). The Seahorse XF Mito

Stress Assay and Seahorse XF Real-Time ATP Rate Assay used the

same assay media composition where Seahorse XF DMEMmedium

was supplemented with L-glutamine, glucose, and pyruvate

(Table 2). The Seahorse XF Glycolysis Stress Assay used the

Seahorse XF DMEM medium supplemented with only L-

glutamine (Table 2).

Cell culture microplate. After 24 hours of cytokine stimulation,

the cell culture microplate was removed from the incubator and

centrifuged at 450*g for one minute at room temperature. The 24-
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hour old cell culture media was carefully removed from the plate to

minimize cell disruption and replaced with 180 mL of the freshly

prepared assay media specific to the Seahorse assay being conducted

(Table 2). The cell culture microplate incubated for one hour in a

CO2-free incubator at 37°C. Incubation of both the sensor cartridge

and the cell culture microplate in CO2-free conditions permitted

proper diffusion of CO2 from the cells, medium, and plate; ensuring

that all were properly de-gassed prior to running the assays.

Stock solutions. During this one-hour incubation time, the

relevant assay media was used to make stock solutions of the

different compounds associated with the Seahorse XF Mito Stress

Test Kit (Agilent™ Technologies, Catalog No. 103015-100), the

Seahorse XF Real-Time ATP Rate Assay Kit (Agilent™

Technologies, Catalog No. 103592-100), or the Seahorse XF

Glycolysis Stress Test Kit (Agilent™ Technologies, Catalog No.

103020-100). The Seahorse XF Mito Stress Test Kit compounds

included oligomycin, carbonyl cyanide-4 phenylhydrazone (FCCP),

and rotenone + antimycin A; the Seahorse XF Real-Time ATP Rate

Assay Kit included oligomycin and rotenone + antimycin A; and

the Seahorse XF Glycolysis Stress Test Kit included glucose,

oligomycin, and 2-Deoxy-Glucose (2-DG; Table 3). Each

compound was resuspended several times by pipetting with the

corresponding assay medium and were vortexed for one minute to

ensure a thorough reconstitution of the compound (Table 3).

Loading concentrations. The stock solutions were used to

make a 10X concentrated solution of each compound with the

corresponding assay media (Table 4). Each compound solution

associated with the assay being performed was loaded into a specific

port in the lid of the sensor cartridge (Port A, B, C, or D), which

would be at a final 1X concentration after its timed injection during

the assay (Table 4, Section 2.9). Any remaining compound solutions

were discarded after the ports in the sensor cartridge lid were

properly loaded. The Seahorse XFe96 sensor cartridge was returned

to the CO2-free incubator until it was time to run the assay.
TABLE 3 The reconstitution volumes for each compound to generate the stock solutions from the AgilentTM Seahorse XF Cell Mito Stress Assay, Real-
Time ATP Rate Assay, and Glycolysis Stress Assay Kits.

Compound Quantity per Tube (nmol) Reconstitution Volume (with Assay Medium) Stock Concentration

AgilentTM Seahorse XF Cell Mito Stress Assay

Oligomycin 63 630 mL 100 mM

FCCP 72 720 mL 100 mM

Rotenone+Antimycin A 27 (each) 540 mL 50 mM

AgilentTM Seahorse XF Real-Time ATP Rate Assay Kit

Oligomycin 63 420 mL 150 mM

Rotenone+Antimycin A 27 (each) 540 mL 50 mM

AgilentTM Seahorse XF Glycolysis Stress Assay Kit

Glucose 300,000 3000 mL 100 mM

Oligomycin 72 720 mL 10 mM

2-DG 1,500,000 3000 mL 500 mM
Each compound reconstitution was completed with the assay medium specific to the assay.
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2.9 Agilent™ Seahorse Extracellular Flux
Assay and data normalization

Parameter setting and calibration. The Seahorse XF/XFe

Analyzer was turned on one hour prior to running the assays to

stabilize. The Seahorse Wave Controller software (Agilent, Version

2.6) was opened on the computer, and the appropriate template file

was selected (i.e.: Seahorse XF Cell Mito Stress Test, Glycolysis

Stress Test, or Real-Time ATP Rate Assay). Under Assay

Navigation, the option Group Definitions was selected and then

Groups to create sample names. Sample names were determined

based on the cytokine stimulations. A map of the conditions in the

cell culture plate was generated under Plate Map, where wells

labeled A1, A12, H1, and H12 were excluded to account for

background signal. The sample names under Group were selected

and applied to the generated plate map. A Project Name was created

under Run Assay to identify the type and date of the assay, followed

by Start Run to begin the calibration process. When the software

prompted Load Calibrant Utility Plate, the sensor cartridge was

removed from the CO2-free incubator and placed in the Seahorse

XF/XFe Analyzer by selecting Open Tray. The option I’m Ready was

selected to begin calibration which lasted approximately

20 minutes.

Seahorse data acquisition.When calibration was complete, the

lid of the sensor cartridge was retained by the machine, and the base

of the sensor cartridge was removed from the loading tray and

replaced with the base of the cell culture microplate. The well
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labeled A1 in the cell culture microplate was aligned with the top-

left corner of the loading tray and the option Load Cell Plate was

selected to close the loading tray. The appropriate assay was chosen

in the software to begin the assay. During the runtime of the assay,

the Seahorse XF/XFe Analyzer automatically performed a timed

injection of the relevant compound from the corresponding port in

the lid of the sensor cartridge and into the cell culture plate below.

The message Unload Sensor Cartridge signaled that the assay was

complete, and the lid of the sensor cartridge was removed from the

machine. Eject was selected to remove the cell culture microplate

from the Seahorse XF/XFe Analyzer. The prompt Assay Complete!

appeared on screen and the file was saved for viewing results after

data normalization.

Cell viability data acquisition. The cell culture microplate was

immediately used for cell viability quantification via flow cytometry

to perform data normalization from the Seahorse assays. A volume

of 5 mL of 7-AAD viability dye was added directly to each well, the

cells were resuspended and transferred to a 5 mL FACS tube. Each

sample was acquired using an Aurora Spectral Flow Cytometer

(Cytek Biosciences) until 20,000 events were recorded. After sample

acquisition, the files were exported in .fcs format from FACSDiva

(BD Biosciences) and analyzed using FlowJo software (BD

Biosciences, Version 10.10.0). Debris, doublet, and dead cells (7-

AAD+) were excluded via flow cytometry gating and the number of

live, single cells were exported as an Excel file (Microsoft

Corporation, Version 16.88) in .xls format. Due to the nature of

the assays interrupting metabolic processes and the length of time
TABLE 4 The working concentration solutions and volumes of each compound for the AgilentTM Seahorse XF Cell Mito Stress Assay, Real-Time ATP
Rate Assay, and Glycolysis Stress Assay.

Reagent
Stock

Solution
Volume

Assay
Media Volume

Loading
Concentration

(10X)

Volume Added
to Port

Final
Concentration

(1X)

AgilentTM Seahorse XF Cell Mito Stress Assay

Oligomycin 450 mL 2550 mL 15 mM
20 mL

(Port A)
1.5 mM

FCCP 600 mL 2400 mL 20 mM
22 mL
(Port B)

2.0 mM

Rotenone/
Antimycin A

300 mL 2700 mL 5 mM
25 mL

(Port C)
0.5 mM

AgilentTM Seahorse XF Real-Time ATP Rate Assay

Oligomycin 450 mL 2550 mL 15 mM
20 mL

(Port A)
1.5 mM

Rotenone/
Antimycin A

300 mL 2700 mL 5 mM
22 mL
(Port B)

0.5 mM

AgilentTM Seahorse XF Glycolysis Stress Assay

Glucose 3000 mL 0 mL 100 mM
20 mL

(Port A)
10 mM

Oligomycin 300 mL 2700 mL 10 mM
22 mL
(Port B)

1.0 mM

2-DG 3000 mL 0 mL 500 mM
25 mL

(Port C)
50 mM
Each working concentration solution was made with the assay medium specific to the assay. The working concentrations were loaded into each port at a 10X concentration, achieving a 1X
concentration after the timed injection during the assay runtime.
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required to run the experiment, cell viability was lower than prior to

the beginning of the assays.

Seahorse data normalization and export. The number of live,

single cells were imported to a spreadsheet under Normalize in the

Wave software. The Seahorse assay data was normalized according

to the viability data by selecting Apply. To generate the data output

from the assay, the Results tab was selected, followed by selecting the

file of interest. In the Functions tab, Export was selected, and an

Excel document was generated for each assay by selecting either

Seahorse XF Cell Mito Stress Test Report Generator, Seahorse XF

Glycolysis Stress Test Report Generator, or Seahorse XF Real-Time

ATP Rate Assay Report Generator. Each Excel file was reviewed,

and the three most consistent technical replicates (out of the five)

were chosen from the dataset and transferred to GraphPad for

graph configuration and statistical analyses (Section 2.13).
2.10 Agilent™ Seahorse Extracellular Flux
Assay metric calculations

The following rationale and equations were used to quantify the

rate of ATP production in ILC2s for both the oxidative

phosphorylation (OXPHOS) and glycolytic metabolic pathways

(Section 3.8). All equations, calculations, and contextual

information were provided by the Agilent™ Seahorse XF Real-

Time ATP Rate Assay Kit User Guide.

Glycolytic ATP production rate calculation. The Agilent™

Seahorse XF Real-Time ATP Rate Assay permits the measurement

of the extracellular acidification rate (ECAR), determined by the

extrusion of protons (H+) from the cells into the extracellular

environment. The oxygen consumption rate (OCR) is measured

simultaneously by the Seahorse XF/XFe Analyzer under basal

conditions and continues to measure with each consecutive

addition of mitochondrial inhibitors (oligomycin and rotenone/

antimycin A). Pathway-specific information about mitochondrial

or glycolytic ATP production (mitoATP and glycoATP, respectively)

can be determined by transforming the ECAR and OCR data to

ATP production rates (Section 3.8). In the glycolytic pathway, 2

molecules each of ATP, H+, and lactate are produced during the

conversion of one glucose molecule:

Glucose + 2  ADP + 2   Pi  

→ 2   Lactate + 2  ATP + 2  H2O + 2  H+ (1)

Understanding the balance of Equation 1 and implementing the

validated method previously described by Agilent™ (32) we can

conclude, as shown in Equation 2, that the rate of ATP production

in the glycolytic pathway (glycoATP) is equal to the Glycolytic

Proton Efflux Rate (glycoPER):

glycoATP   Production  Rate   (   pmol  ATP=min   )

= glycoPER   (   pmol  H+=min   ) (2)

Mitochondrial ATP production rate calculation. To calculate

the ATP production rate associated with OXPHOS in the

mitochondria (Equation 3), the difference is taken between the
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basal OCR and the OCR that is specifically inhibited by the ATP

synthase inhibitor (oligomycin; OCROligo):

OCRATP   (   pmolO2=min   )

= OCR   (   pmolO2=min   ) − OCROligo(   pmolO2=min   ) (3)

In turn, the OCRATP needs to be transformed to the rate of

mitochondrial ATP production (Equation 4). A multiplication of 2

is used to convert molecules of O2 to the number of oxygen (O)

atoms consumed. This product is multiplied by the P/O ratio which

represents “the number of molecules of ADP phosphorylated to

ATP per atom of O reduced by an electron pair flowing through the

electron transfer chain” (32). Agilent™ recommends an average

value of 2.75, a standard P/O value for these calculations that was

previously validated and accurately represents cell experimental

conditions:

 mitoATP   Production  Rate   (   pmol  ATP=min   )

= OCRATP   (   pmolO2=min   )� 2(   pmolO=min   )

� P=O   (   pmol  ATP=pmolO   ) (4)

The total cellular ATP production (Equation 5) can finally be

determined as the sum of both the glycolytic (Equation 2) and the

mitochondrial (Equation 4) ATP production rates:

ATP Production Rate   (pmol ATP=min)

      = glycoATP Production Rate   (pmol ATP=min)

      +mitoATP Production Rate   (pmol=min)

(5)
2.11 SCENITH analysis of murine bone
marrow-derived Group 2 Innate
Lymphoid Cells

Single Cell ENergetic metabolism by profilIng Translation

inHibition (SCENITH) analysis was performed with bone

marrow-derived ILC2.

Reagent preparation. Glucose metabolism was inhibited with

the glucose analog 2-Deoxy-D-Glucose (2-DG; Sigma Aldrich,

Catalog No. D6134-25G) which was stored at -20°C at a stock

concentration of 2 M (25 g crystalline powder in 76.14 mL dH2O).

Mitochondrial ATP synthesis was inhibited with the antibiotic

oligomycin (Sigma Aldrich, Catalog No. 75351-5MG) which was

stored at -20°C at a stock concentration of 1 mM (5 mg lyophilized

powder in 6.32 mL dH2O). The antibiotic puromycin (Sigma

Aldrich, Catalog No. P7255-25MG) was used as a proxy for

measuring protein synthesis, which was stored at -20°C at a stock

concentration of 50 mg/mL (25 mg lyophilised powder in 500 μL

dH2O). Immediately prior to experiments, each of these reagents

were prepared as an intermediate 4X concentrated solution in

complete cell culture media (Table 2). 2-DG was prepared at a

concentration of 400 mM (1:5 dilution), oligomycin at 4 μM (1:250

dilution), and puromycin at 40 μg/mL (1:1250 dilution).
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1545790
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Krisna et al. 10.3389/fimmu.2025.1545790
Metabolic inhibition and sample preparation. After 24 hours

of cytokine stimulation, the cells were resuspended and transferred

to a conical-bottom 96-well plate. The plate was centrifuged (450*g,

5 minutes, 4°C) and 100 μL of media was removed from each well,

excepting the control wells which only removed 50 μL. In turn, 50

μL of the 4X concentrated solutions of either 2-DG, oligomycin, or a

combination of the two were added to the respective wells for a total

volume of 150 μL and incubated for 30 minutes at 37°C in 5% CO2.

After incubation, 50 μL of the 4X puromycin was added to each well

(excluding the negative control wells) for a final volume of 200 μL

and incubated for an additional 15 minutes at the same conditions

described above. The final 1X concentrations of 2-DG, oligomycin,

and puromycin in the 200 μL volume were 100 mM, 1 μM, and 10

μg/mL, respectively.

Antibody staining for puromycin (protein synthesis proxy)

detection. The cells were washed twice with DPBS (450*g, 5

minutes, 4°C) and then stained for viability with the fixable APC-

eFluor780 dye, as described in Section 2.6. In brief, the cells

incubated with the dye for 30 minutes on ice in the dark,

fol lowed by fixation, permeabil izat ion, washes in 1X

permeabilization buffer, and blocking in 2.4G2 hybridoma. The

anti-puromycin antibody (Millipore-Sigma, Catalog No.

MABE343-AF488) was di luted 1:1000 from its stock

concentration of 0.5 mg/mL to 0.5 mg/mL. After incubation, the

cell culture plate was centrifuged (600*g, 5 minutes, 4°C) and the

supernatant was discarded. A volume of 100 mL of antibody dilution
was added to the appropriate wells, excluding unstained controls,

and incubated for 30 minutes on ice in the dark. The stained cells

were washed twice with 1X permeabilization buffer (600*g, 5

minutes, 4°C) and the supernatant was discarded. The cells were

resuspended in 200 mL of FACS buffer and transferred to a 5 mL

FACS tube for flow cytometric acquisition.

Flow cytometry. Each sample was acquired using an Aurora

Spectral Flow Cytometer (Cytek Biosciences) until 20,000 events

were recorded. The directly conjugated anti-puromycin (493/522

nm) was acquired using the 488nm laser and APC-eFluor780 (756/

785 nm) with the 633 nm laser. After sample acquisition, the files

were exported in .fcs format from FACSDiva (BD Biosciences) and

analyzed using FlowJo software (BD Biosciences, Version 10.10.0).

Debris, doublet, and dead cells (APC-eFluor 780+) were excluded

via flow cytometry gating. Anti-puromycin and forward-scatter

were analyzed on the x- and y-axes, respectively. Cell viability

was slightly lower than prior to the assay due to the interruption of

metabolic processes, however the short exposure time (30 minutes)

to metabolic inhibition did not severely compromise ILC2 integrity.
2.12 SCENITH metabolic calculations

The puromycin fluorescence (gMFI) in the cells measured by

flow cytometry represents protein synthesis, and this output

changes based on the presence of inhibitors that interrupt specific

ATP producing processes. Due to the energy-demanding nature of

protein synthesis, these data can be interpreted in terms of ATP

production. Cells treated with 2-DG (DG) represent the ATP

production when glycolysis is interrupted, oligomycin (O)
Frontiers in Immunology 10148
represents ATP production when OXPHOS is interrupted, and

cells treated with both inhibitors (DGO) represent ATP production

when ATP synthesis is fully inhibited. These fluorescent signals are

used in combination with control (Co) samples to calculate the

specific dependencies and capacities of ILC2s.

Glucose dependence. The percentage of glucose dependence

quantifies how dependent are translation levels on glucose

oxidation. This is calculated as the difference in protein synthesis

between control cells and those treated with 2-DG, divided by the

difference between control cells and complete inhibition of ATP

production (Equation 6):

Glucose  Dependence   ( % ) = 100�  
Co − DG
Co − DGO

 

� �
(6)

Mitochondrial dependence. The percentage of mitochondrial

dependence quantifies how much translation is dependent on

OXPHOS, which is defined as the difference in protein synthesis

between control cells and those treated with oligomycin, divided by

the difference between control cells and complete inhibition of ATP

production (Equation 7):

Mitochondrial  Dependence   ( % ) = 100�  
Co − O

Co − DGO
 

� �
(7)

Fatty acid oxidation (FAO) and amino acid oxidation (AAO)

capacity. The FAO & AAO capacity is defined as the capacity to use

fatty acids and amino acids as sources for ATP production in the

mitochondria when glucose oxidation is inhibited, including

glycolysis and glucose-derived acetyl-CoA by OXPHOS (Equation

8):

FAO  &  AAO  Capacity   ( % ) = 100 − (100� (
Co − DG
Co − DGO

)) (8)

Glycolytic capacity. The percentage of the glycolytic capacity is

defined as the maximum capacity to sustain protein synthesis levels

when mitochondrial OXPHOS is inhibited. Subtracting from 100

generates the value of how much ATP would be from glycolysis,

without OXPHOS (Equation 9):

Glycolytic  Capacity   ( % ) = 100 − (100� (  
Co − O

Co − DGO
  )) (9)
2.13 Flow cytometric and statistical analysis

Flow cytometry analysis was performed using FlowJo software

(BD, Version 10.10.0). Geometric mean fluorescence intensities

(GeoMFI or gMFI) of the signals were calculated, triplicates were

averaged per stimulatory condition and presented in bar graphs

with all flow cytometry data represented as mean ± standard

deviation (SD). Histograms and bar graphs were created using

FlowJo and Prism softwares (Graphpad, Version 9) respectively.

Statistical analysis was performed as ordinary one-way ANOVA

and post-hoc Tukey’s multiple comparison tests to obtain statistical

significance (p-values) between experimental conditions. p-values

below 0.05 were defined as statistically significant (*p ≤ 0.05, **p ≤

0.01, ***p ≤ 0.001, ****p ≤ 0.0001).
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3 Results

The fine-tuning of metabolic pathways is critical for

maintaining ILC2 homeostasis and the regulation of cellular

fitness and effector functions. We therefore aimed to establish a

comprehensive set of rapidly applicable experimental approaches

to study metabolic activities of ILC2 using flow cytometry-based

assays in combination with the Seahorse Analyser (Figure 1). The

applied methods here detail the level of glucose uptake, the

magnitude of energy production obtained by glycolysis and

oxidative phosphorylation, as well as the plasticity of ILC2

metabolic programming of these respective pathways.

Furthermore, we addressed numerous facets of mitochondrial

involvement in ILC2 metabolism including mitochondrial

biogenesis, the total mass of mitochondria per cell, the

respiration of mitochondria, and the performance of

that respiration.
3.1 Determining glucose uptake by ILC2

To study the metabolic activities of ILC2, we obtained primary

murine sort purified bone marrow-derived ILC2 (Figure 1,

Supplementary Figure 1) that were further expanded in vitro as

previously described (33, 34). IL-33 has been established as a key

driver of ILC2 activation (35). IL-7 and IL-2 secreted by tissue-

resident non-hematopoietic stromal cells as well as innate and

adaptive immune cells, respectively, have been shown to act

synergistically with IL-33 to induce proliferation and cytokine

production (33, 36, 37). However, the effects of these cytokines

(IL-2, IL-7, IL-33) alone or in synergy (IL-2+IL-33, IL-7+IL-33) as

they perta in to glucose metabol ism in ILC2 remain

incompletely understood.

We first aimed to establish glucose uptake by ILC2 at defined

steady and activation states using 2-(N-(7-Nitrobenz-2-oxa-1,3-

diazol-4-yl)Amino)-2-Deoxyglucose (2-NBDG), a fluorescent

glucose analogue (Figure 2). To investigate how activating

cytokines impact glucose uptake, bone marrow-derived ILC2

were incubated with IL-7, IL-2, IL-33 alone, or in combinations

of IL-7+IL-33 or IL-2+IL-33. After 24 hours of cytokine

stimulation, 2-NBDG was added to the cells, incubated for 30

minutes, and subsequently analyzed by flow cytometry. Bone

marrow-derived ILC2 treated with IL-7 (Figures 2A, B) or IL-2

alone (Figures 2C, D) exhibited moderate levels of exogenous

glucose uptake, which considerably increased when treated in

combination with IL-33. ILC2 treated with IL-33 alone displayed

a higher uptake of exogenous glucose compared to IL-7 alone

(Figures 2A, B), but not in regards to IL-2 alone (Figures 2C, D).

In fact, the combination of IL-2+IL-33 exhibited the highest

uptake of glucose compared to IL-33 or IL-2 alone (Figures 2C,

D). Collectively, these observations demonstrate that ILC2 are

actively acquiring exogenous glucose at steady state but were

found to take up the most glucose when synergistically activated

by IL-2+IL-33.
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3.2 Quantification of
mitochondrial biogenesis

Mitochondria are biosynthetic and bioenergetic organelles that

also act as critical signaling platforms instructing decisions about

cell proliferation, death, and differentiation. Mitochondria sustain

immune cell phenotypes and functions, and depending on

metabolic demands they can switch from being primarily

catabolic ATP-generating organelles to anabolic organelles that

produce the critical building blocks needed for macromolecule

synthesis (38). Immune cells typically exhibit quiescent levels of

metabolic activity at steady state and can shift to being highly

metabolically active during the activation phase (5). This high

energy demand triggers mitochondrial biogenesis to stimulate the

production of more mitochondria and to replace mitochondria

damaged by oxidative stress (39). The co-activator peroxisome

proliferator-activated receptor gamma coactivator 1 alpha (PGC-

1a) is characterized as a master regulator of mitochondrial

biogenesis and oxidative metabolic pathways at both the

transcriptional and post-translational levels (40). To investigate

how cytokines known to drive ILC2 effector functions influence

mitochondrial biogenesis, we first evaluated the expression levels of

PGC-1a using intracellular flow cytometry. Bone marrow-derived

ILC2 were incubated with IL-7, IL-2, IL-33 alone, or in

combinations of IL-7+IL-33 or IL-2+IL-33. After 24 hours of

cytokine stimulation, the cells were fixed, permeabilized, and

labeled using a directly conjugated antibody for PGC-1a followed

by flow cytometric analysis. ILC2 treated with IL-7 (Figures 3A, B)

or IL-2 alone (Figures 3C, D) exhibited moderate levels of PGC-1a
expression, which considerably increased in the presence of IL-33.

There was no significant elevation in PGC-1a expression between

IL-33 alone and the combination of either IL-7+IL-33 (Figures 3A,

B) or IL-2+IL-33 (Figures 3C, D). However, these synergistic

combinations of activating cytokines displayed higher levels of

PGC-1a expression compared to IL-7 (Figure 3B) or IL-2 alone

(Figures 3C, D). These data suggest that the presence of IL-33

primarily influences PGC-1a expression to drive mitochondrial

biogenesis rather than relying on the synergistic activation of

cytokines known to influence ILC2 effector functions.
3.3 Quantification of mitochondrial mass
and active mitochondria

We next aimed to investigate mitochondrial metrics directly

through the use offluorescent functional dyes to be analyzed by flow

cytometry. With the development of dyes such as MitoTracker™

Deep Red, it is possible to label all mitochondria within living cells

and quantify the total mass produced by ILC2 at defined steady and

activation states. MitoTracker™ Deep Red is a lipophilic

carbocyanine-based dye that permeates the cell membrane to

covalently bind thiol-reactive chloromethyl groups within the

mitochondrial membrane, permitting all mitochondria to be

fluorescently labeled (41). When glucose is acquired exogenously
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by the cell, the glucose is utilized by the mitochondria either

through glycolysis or oxidative phosphorylation to produce

energy in the form of adenosine triphosphate (ATP). While

anaerobic glycolysis generates two ATP per glucose molecule, the

aerobic process of oxidative phosphorylation produces 36 molecules

of ATP (42). In brief, oxidative phosphorylation utilizes the electron

transport chain (ETC) to drive protons (H+) against their

concentration gradient out of the inner mitochondrial membrane

space (42). This accumulation of H+ in the intermembrane space

can then flow back through the ATP-generating component of the

ETC, completing the energy production cycle (43). This difference

in H+ concentration effectively creates both a pH and electrical

gradient to generate a membrane potential in the mitochondria

(42). This membrane potential, or polarization, can be exploited to

label actively respirating mitochondria with other functional dyes,
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such as tetramethylrhodamine methyl (TMRM). TMRM is similar

to MitoTracker™ Deep Red in that they are both lipophilic cationic

dyes so they will both be drawn into mitochondria across this

charged gradient, however, TMRM exhibits a low binding affinity to

mitochondrial proteins and functional groups (43). Effectively,

MitoTracker™ Deep Red labels all mitochondria that are present,

whereas TMRM preferentially labels actively respirating

mitochondria, and neither interacts with damaged mitochondrial

membranes where this gradient is impaired.

To further analyze whether mitochondrial biogenesis was

replacing potentially damaged mitochondria or increasing the

overall mass during activation states, we optimized a flow

cytometry-based protocol to rapidly quantify the total mass of

mitochondria in live bone marrow-derived ILC2. To investigate

how activating cytokines impact the overall mass of mitochondria
FIGURE 2

Group 2 innate lymphoid cells (ILC2) increase glucose uptake upon stimulation with activating cytokines. Bone marrow-derived group 2 innate
lymphoid cells (ILC2) were stimulated with either IL-7 only, IL-33 only, or a combination of IL-7 and IL-33 (A, B), or IL-2 only, IL-33 only, or a
combination of IL-2 and IL-33 (C, D). All cytokines were applied at 10 ng/mL. 2-NBDG was added after 24 hours of cytokine stimulation and
incubated for 30 minutes to assess capacity of glucose uptake by flow cytometric analysis, determining the geometric Mean Fluorescence Intensity
(gMFI). ILC2 that were not incubated with 2-NBDG served as negative control (Unstained). Data reporting the treatment with IL-33 are the same for
(A-D). Data are shown as average ± standard deviation (SD) and are representative of three independent experiments. Statistical analysis was
performed using one-way ANOVA followed by Tukey’s multiple comparisons test (p < 0.05 = *, p < 0.01 = **).
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synthesized by ILC2, cells were incubated with IL-7, IL-2, IL-33

alone, or in combinations of IL-7+IL-33 or IL-2+IL-33. After 24

hours of cytokine stimulation, the mitochondrial dyes

MitoTracker™ Deep Red and TMRM were added to the cells,

incubated for 30 minutes, and ILC2s were subsequently analyzed by

flow cytometry (Figure 4A). To investigate mitochondrial mass, we

first analyzed ILC2 positive for MitoTracker™ Deep Red. ILC2

treated with IL-7 (Figure 4B) or IL-2 alone (Figure 4E) exhibited

moderate levels of mitochondrial mass, which considerably

increased in the presence of IL-33 alone. While there was no

significant elevation in mitochondrial mass between IL-7 alone

and the synergistic combination of IL-7+IL-33 (Figure 4B), there

was a slight increase between IL-2 alone and IL-2+IL-33

(Figure 4E). Interestingly, the mitochondria mass decreased

between IL-33 alone and IL-7+IL-33 (Figure 4B). These results
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suggest, similarly to the PGC-1a expression levels, that IL-33

influences the mitochondrial mass produced by ILC2 more than

the synergistic effects of activating cytokines.

In addition, we sought to understand how active this mitochondrial

mass was by investigating their membrane polarization as an indicator

of mitochondrial respiration. To further understand how cytokines

known to activate ILC2 impact mitochondrial respiration and activity,

we analyzed bone marrow-derived ILC2 positive for TMRM to assess

mitochondrial membrane polarization. Bone marrow-derived ILC2

treated with IL-7 (Figure 4C) or IL-2 alone (Figure 4F) exhibited low

levels of membrane polarization, which considerably increased in the

presence of IL-33. Furthermore, combined cytokine treatment of IL-7

+IL-33 (Figure 4C) or IL-2+IL-33 (Figure 4F) markedly increased

polarization of the mitochondrial membrane compared to either IL-7,

IL-2, or IL-33 alone. These observations demonstrate that ILC2 exhibit
FIGURE 3

Group 2 innate lymphoid cells (ILC2) elevate expression of PGC-1a upon stimulation with activating cytokines. Bone marrow-derived group 2 innate
lymphoid cells (ILC2) were stimulated with either IL-7 only, IL-33 only, or a combination of IL-7 and IL-33 (A, B), or IL-2 only, IL-33 only, or a
combination of IL-2 and IL-33 (C, D). All cytokines were applied at 10 ng/mL. After 24 hours of cytokine stimulation cells were harvested and the
protein expression levels of the peroxisome proliferator–activated receptor gamma coactivator-1 alpha (PGC-1a) were assessed by intracellular flow
cytometric analysis, determining the geometric Mean Fluorescence Intensity (gMFI). Isotype antibody stainings served as control (Isotype). Data
reporting the treatment with IL-33 are the same for (A-D). Data are shown as average ± standard deviation (SD) and are representative of three
independent experiments. Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple comparisons test (p < 0.05 = *, p <
0.01 = **, p < 0.001 = ***).
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FIGURE 4

Stimulation of Group 2 innate lymphoid cells (ILC2) with activating cytokines augments mitochondrial mass and mitochondrial membrane
polarization. Bone marrow-derived group 2 innate lymphoid cells (ILC2) were stimulated with either IL-7 only, IL-33 only, or a combination of IL-7
and IL-33 (A, B-D), or IL-2 only, IL-33 only, or a combination of IL-2 and IL-33 (A, E-G). All cytokines were applied at 10 ng/mL. After 24 hours of
cytokine stimulation cells were harvested and stained with Mitotracker and TMRM to quantify by flow cytometric analysis mitochondrial mass as well
as mitochondrial membrane potential, respectively. ILC2 not stained with MitoTracker and TMRM were used as negative control (Unstained). Flow
cytometric contour plots are depicted in (A) with gates set on TMRM+ (y-axis) and MitoTracker+ (x-axis) double-positive populations. From gated
populations geometric Mean Fluorescence Intensities (gMFI) for Mitotracker (B, E) and TMRM (C, F), as well as frequencies of Mitotracker+TMRM+

double-positive populations (D, G) were determined. Data reporting the treatment with IL-33 are the same for (A–G). Data are shown as average ±
standard deviation (SD) and are representative of three independent experiments. Statistical analysis was performed using one-way ANOVA followed
by Tukey’s multiple comparisons test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001).
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low levels of mitochondrial polarization at steady state, actively increase

their polarization upon treatment with IL-33, but especially when

synergistically activated by IL-2+IL-33, or IL-7+IL-33.

Independent analysis of MitoTracker™ Deep Red and TMRM

yielded information about the total mitochondrial mass and the

total mitochondrial membrane polarization present within each

cytokine stimulation, respectively. However, the information

regarding what proportion of the total mitochondrial mass was

actively respirating during defined steady and activation states

remained unknown. Through the implementation of gating

strategies (Figure 4A), we identified mitochondria that were

positive for both MitoTracker™ Deep Red and TMRM to

elucidate this ratio. Approximately 80% of the mitochondrial

population was active in IL-7 (Figure 4D) or IL-2 alone

(Figure 4G), which significantly increased to roughly 90% in the

presence of IL-33. Similarly, compared to stimulations with IL-7

(Figure 4D) or IL-2 alone (Figure 4G), a marked elevation in the

proportion of active mitochondria was found when ILC2 were

activated by IL-7+IL-33 (Figure 4D) or IL-2+IL-33 (Figure 4G).

However, while there was a significant increase in the proportion of

active mitochondria between IL-33 alone and IL-2+IL-33

(Figure 4G), this was not the case when comparing stimulations

of IL-33 with IL-7+IL-33 (Figure 4D). Collectively, these

observations suggest that while mitochondrial mass production

plateaus during peak ILC2 activation states, the mitochondrial

membrane potential and overall activity increases when

synergistically activated by IL-2+IL-33.
3.4 Determining cell density for Seahorse
Extracellular Flux Assays

We next set out to complement flow cytometry-based assays

with the Agilent™ Seahorse XF technology to assess specific

inquiries about ILC2 glucose metabolism using the Mito Stress

Assay, the Glycolysis Stress Test, and the Real-Time ATP assay.

These approaches generate incredibly useful data that cover a

myriad of metrics; however, they are also extremely sensitive

assays that are heavily influenced by cell density. As such, the

number of cells present in each well play a significant role in the

detection of specific measurements, as well as the consistency

between replicates. If the cellular confluence within the well is too

dense, this will translate to measurements that are beyond the

Seahorse XF/XFe Analyzer’s detection range resulting in inaccurate

readings. Likewise, cellular confluence that is too sparse will result

in measurements too low to be within the detection threshold. The

primary measurement that is acquired in the Mito Stress Assay is

called the Oxygen Consumption Rate (OCR), and implements the

use of four compounds that modulate and probe mitochondrial

functions: oligomycin, carbonyl cyanide-4 (trifluoromethoxy)

phenylhydrazone (FCCP), rotenone, and antimycin A. In brief,

the basal OCR is measured before the injection of oligomycin, the

maximum OCR value is measured after the injection of FCCP, and

the lowest OCR is measured after the injection of rotenone and

antimycin A. According to Agilent’s user guide Characterizing Your

Cells: Using OCR Values to Determine Optimal Seeding Density, a
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cellular confluence between 50-90% and a basal OCR range of 20-

160 pmol/min is recommended for optimal results. However, these

recommendations are general and not specific to ILC2. Here, we

implemented the Mito Stress Assay to determine the optimal

seeding density for OCR detection, even at the ILC2s highest and

lowest OCR measurements across all cytokine stimulations.

We performed a titration of three different cell concentrations

that were seeded and incubated for 24 hours with either IL-7, IL-

2, IL-33 alone or combinations of IL-7+IL-33, as well as IL-2+IL-

33. The cell seeding densities of 50,000, 75,000 or 100,000 cells

per well were used in the Mito Stress Assay to obtain OCR values

(Figure 5). The seeding density of 50,000 cells/well resulted in

OCR values that were either not detectable or just above the

detection threshold for all cytokine stimulations (Figures 5A–E,

right). Similarly to 50,000 cells/well, the seeding density of 75,000

cells/well yielded OCR values that were not consistently

detectable for IL-7 alone stimulations (Figure 5A, right), and

were just above the detection threshold for IL-2 (Figure 5B, right),

IL-33 (Figure 5C, right), IL-7+IL-33 (Figure 5D, right), and IL-2

+IL-33 treatments (Figure 5E, right). The only cell seeding

density that gave OCR values consistently within the detection

range across all cytokine stimulations was 100,000 cells/well.

Furthermore, this seeding density was also the closest to the

recommended basal OCR range of 20-160 pmol/min and

presented with a post-cytokine stimulation confluency of 80%

(Figures 5A–E, left). As such, 100,000 cells/well was the cell

seeding density chosen for all metabolic assays conducted in

this paper (Figures 5A–E, left).
3.5 Quantification of Mito Stress
Assay metrics

As previously addressed in Section 3.4, the Mito Stress Assay is

a metabolic assay to evaluate mitochondrial respiration and

function. Mitochondrial respiration is driven by the electron

transport chain (ETC); a series of five protein complexes (I, II, III,

IV, V) located at the interface of the mitochondrial matrix and

intermembrane space (39, 42). Through the implementation of

compounds such as oligomycin, FCCP, rotenone, and antimycin A,

various elements of the ETC can be manipulated to modulate

mitochondrial respiration and evaluate individual metrics. The

Mito Stress Assay can measure six metrics in total: basal

respiration, ATP production, proton (H+) leak, maximal

respiration, spare respiratory capacity, and nonmitochondrial

respiration. Each of the metrics are calculated in reference to the

OCR measurements acquired by the Seahorse XF/XFe Analyzer at

specific timepoints, and in response to the compound injections

that disrupt or facilitate elements of mitochondrial respiration.

According to the Seahorse XF Cell Mito Stress Test Kit User Guide

the (i) basal respiration is measured first and represents the oxygen

consumption required to meet the energetic demand of the cell at

baseline conditions. (ii) ATP production specifically shows the

amount of ATP produced by mitochondrial respiration to meet

cellular energy demands. This metric is measured when oligomycin

is injected to inhibit ATP synthase (complex V), subsequently
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reducing the electron flow in the ETC and the subsequent OCR

values. (iii) Proton leak can be an indicator of mitochondrial

damage but can also be used mechanistically to regulate

mitochondrial ATP production. This metric is the difference

between the OCR values for basal respiration and ATP-linked

respiration. (iv) The maximal respiration demonstrates the

maximum rate of respiration that is possible for the cell to

achieve and is measured after the injection of FCCP which
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mimics a physiological “energy demand.” This compound acts as

an uncoupling agent that disrupts mitochondrial membrane

potential by collapsing the proton gradient, enabling the ETC to

operate at maximum capacity to oxidize substrates, such as glucose.

(v) The spare respiratory capacity is the cell’s ability to respond to

energy demands, which can be used as an indicator for cellular

fitness and is calculated by subtracting the basal respiration from

the maximum respiration. (vi) Finally, nonmitochondrial
FIGURE 5

Determining cell seeding density for Seahorse metabolic assays. Bone marrow-derived group 2 innate lymphoid cells (ILC2) were seeded at three
different cell densities (100.000 (100k), 75.000 (75k) or 50.000 (50k) per well) into Seahorse XFe96 microplates and stimulated with either IL-7 only
(A), IL-2 only (B), IL-33 only (C), IL-7 and IL-33 (D), or with IL-2 and IL-33 (E). All cytokines were used at 10 ng/mL. After 24 hours of cytokine
stimulation the Mito Stress Test assay was performed using the Seahorse Analyzer and oxygen consumption rates (OCR) were determined.
Brightfield microscopy images of seeding densities of 100.000 cells/well are shown (A-E); size bars = 150mM. Data are shown as average ± standard
deviation (SD) and are representative of three independent experiments.
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respiration is the cellular respiration that continues after the

mitochondrial respiration has been inhibited through the

injection of rotenone and antimycin A which inhibit complexes I

and III, respectively.
Frontiers in Immunology 17155
To further understand the intricacies of mitochondrial

respiration during steady and activation states, we applied the

Seahorse Mito Stress Assay for sort-purified bone marrow-derived

ILC2 to evaluate their proton leakage, basal respiration, maximum
FIGURE 6

Group 2 innate lymphoid cells (ILC2) elevate oxygen consumption (OCR) rate upon stimulation with activating cytokines. Bone marrow-derived
group 2 innate lymphoid cells (ILC2) were seeded into Seahorse XFe96 microplates at a cell density of 100.000 cells/well and stimulated with either
IL-7 only, IL-33 only, or a combination of IL-7 and IL-33 (A-C), or with IL-2 only, IL-33 only, or a combination of IL-2 and IL-33 (D-F). All cytokines
were used at 10 ng/mL. After 24 hours of cytokine stimulation the Mito Stress Test assay was performed using the Seahorse Analyzer and oxygen
consumption rates (OCR) (A, D), proton leak (B, E), basal and maximal respiration as well as the spare respiratory capacities (C, F) were determined.
Data reporting the treatment with IL-33 are the same for (A-F). Data are shown as average ± standard deviation (SD) and are representative of three
independent experiments. Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple comparisons test (*p ≤ 0.05, **p ≤

0.01, ***p ≤ 0.001, ****p ≤ 0.0001).
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respiration, and spare respiratory capacity. ILC2 were incubated

with IL-7 (Figure 6A), IL-2 (Figure 6D), IL-33 alone (Figures 6A,

D), or with combinations of IL-7+IL-33 (Figure 6A) or IL-2+IL-33

(Figure 6D). After 24 hours of cytokine stimulation, ILC2 were

prepped for the Mito Stress Assay (Section 2.8) and evaluated on the

Seahorse XF/XFe Analyzer (Figure 6). The levels of proton leakage

in ILC2 treated with IL-7 alone were lowest of all tested cytokine

treatments (Figures 6B, E). There was a marked elevation in the

levels of proton leakage in the presence of IL-33 alone, as well as

with the combined treatment of IL-7+IL-33 (Figure 6B).

Furthermore, the combined treatment of IL-2+IL-33

demonstrated remarkably higher proton leakage in comparison to

IL-2 or IL-33 alone (Figure 6E). These observations demonstrate

that ILC2 exhibit minimal signs of mitochondrial damage at steady

state but were found to exhibit higher levels of proton leakage when

synergistically activated by IL-7+IL-33, but especially with IL-2

+IL-33.

We established in Section 3.3 that activation of ILC2 results in

increased fluorescence of the dye TMRM, a dye that is preferentially

acquired by mitochondria in the presence of an active membrane

potential. This membrane potential is generated through the ETC

during oxidative phosphorylation, and indicates mitochondrial

respiration is taking place. With the Mito Stress Assay, we were

then able to inhibit or facilitate specific elements of the ETC to

evaluate the basal respiration, maximal respiration, and the spare

respiratory capacity. These three metrics evaluated in ILC2 treated

with IL-7 alone presented with minute OCR levels compared to all

other cytokines (Figure 6C). There was a marked elevation in OCR

levels in the presence of IL-33 alone, as well as with the combined

treatment of IL-7+IL-33 (Figure 6C) for basal respiration, maximal

respiration, and space respiratory capacity. In contrast, ILC2 treated

with IL-2 alone already exhibited moderate OCR levels in regards to

these three respiratory metrics (Figure 6F). The combined

treatment of IL-2+IL-33 was significantly higher in basal

respiration OCR values in comparison to treatments with IL-2, as

well as IL-33 alone (Figure 6F). For both the maximal respiration

and the spare respiratory capacity, the OCR values in ILC2 treated

with IL-2 alone were lower in comparison to all other cytokine

treatments (Figure 6F). Furthermore, there was marked elevation in

the OCR values in the presence of IL-33 alone, as well as with the

combined treatment of IL-2+IL-33 for the maximal respiration as

well as the spare respiratory capacity. Collectively, these

observations demonstrate that ILC2 are utilizing mitochondrial

respiration at a minimum during steady state but were found to

increase their respiration most when synergistically activated by IL-

7+IL-33, as well as IL-2+IL-33.
3.6 Quantification of Glycolysis Stress
Test metrics

Glycolysis and oxidative phosphorylation are two major and

interconnected energy producing processes in the cell. Glycolysis

occurs when glucose is metabolized within the cell to generate two

molecules of pyruvate, followed by a reducing reaction to form
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lactate as NADH and then reoxidized to make NAD+ (44). This

reoxidization occurs in both anaerobic and aerobic glycolysis,

however under anaerobic conditions this process occurs in the

cytoplasm via lactate dehydrogenase (44). Under aerobic conditions

the NADH is first shuttled to the mitochondria and then converted

to NAD+ before participating in the ETC to generate ATP (44). In

either case, the production of lactate in the cytoplasm results in the

extrusion of H+ into the extracellular medium consequently raising

its pH (44). In the Glycolysis Stress Test Assay, the speed at which

the extracellular medium becomes acidic due this H+ accumulation

is measured directly as the Extracellular Acidification Rate (ECAR).

According to the Seahorse XF Glycolysis Stress Test Kit User Guide,

(i) glycolysis is measured first and represents the rate of glycolysis

under basal conditions. The ECAR is measured as the injected

glucose at saturated levels is converted into pyruvate while

producing water, CO2, NADH, H+, and finally ATP. (ii) The

glycolytic capacity is measured after the injection of oligomycin,

an ATP synthase inhibitor, effectively shutting down oxidative

phosphorylation and shifting energy production entirely to

glycolysis. This metric exhibits the highest ECAR measurement

and serves as an indication of the cells theoretical maximum rate of

glycolysis. (iii) The glycolytic reserve measures the potential or

ability of a cell to respond to an energy demand and is defined as the

difference between the glycolytic capacity and the glycolytic basal

rate. This is measured after the injection of a glucose analogue called

2-DG that inhibits glycolysis by competitively binding the first

enzyme in the glycolysis pathway, causing a decrease in the ECAR

measurement, which is necessary to prove that the ECAR produced

in the experiment was due to glycolysis.

To investigate how cytokines known to drive ILC2 effector

functions influence glycolysis during steady and activation states,

we optimized the Seahorse Glycolysis Stress Test for sort-purified

bone marrow-derived ILC2 to analyze basal glycolysis, glycolytic

capacity, and glycolytic reserve. To this end, ILC2 were incubated

with IL-7, IL-2, IL-33 alone, or with combinations of IL-7+IL-33 or

IL-2+IL-33. After 24 hours of cytokine stimulation, ILC2 were

prepped for the Glycolysis Stress Test (Section 2.8) and evaluated on

the Seahorse XF/XFe Analyzer (Figures 7A, B). The basal glycolytic

rate (Glycolysis; left) and the glycolytic capacity (center) in ILC2

treated with IL-7 (Figure 7C) or IL-2 alone (Figure 7D) were

significantly lower in comparison to all other cytokine treatments.

There was a marked elevation in both metrics in the presence of IL-

33 alone, as well as with the combined treatments of IL-7+IL-33

(Figure 7C) and IL-2+IL-33 (Figure 7D). In contrast, while there

was no difference between IL-7 (Figure 7C) or IL-2 alone

(Figure 7D) compared to IL-33 alone when measuring the

glycolytic reserve values (right), the combined cytokine

treatments of IL-7+IL-33 (Figure 7C) and IL-2+IL-33 (Figure 7D)

were significantly higher in comparison to all other cytokine

treatments. These observations demonstrate that ILC2 are

utilizing glycolysis at a minimum and exhibit a low glycolytic

capacity during steady state (IL-7 or IL-2 only), but were found

to increase the glycolytic rate and capacity when stimulated with IL-

33, and the most when synergistically activated by IL-7+IL-33, or by

IL-2+IL-33.
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3.7 SCENITH analysis

We next took advantage of a recently described method referred

to as Single Cell ENergetic metabolism by profilIng Translation

inHibition (SCENITH), which enables us to determine metabolic

dependencies and capacities in their entirety at the single-cell level.

While SCENITH has been shown to be as reliable and comparable

to other well-established techniques such as Seahorse, it is an

especially well-suited approach to analyze rare cells like ILC2s, as

SCENITH requires far fewer cells and is less dependent on cell

density (45). SCENITH incorporates the detection of puromycin as

its primary readout, providing a proxy measurement for global

translation and protein synthesis (46). (45) The contribution of the
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glycolytic or OXPHOS metabolic pathways in terms of energy

production can be assessed by analyzing protein synthesis in the

presence of inhibitors, where glycolysis is inhibited by 2-

deoxyglucose (2-DG), OXPHOS with oligomycin, or both to

inhibit all energy production. Protein synthesis is an energy

demanding process, therefore SCENITH equates decreased

protein synthesis with the interruption of ATP production caused

by the addition of these inhibitors. In all, SCENITH quantifies four

metrics: glucose dependence, mitochondrial dependence, glycolytic

capacity, and fatty acid oxidation (FAO) and amino acid oxidation

(AAO) capacity (Section 2.12). While the total level of translation

correlates with the global metabolic activity of the cells, the

dependency parameters underline essential cellular pathways. In
FIGURE 7

Group 2 innate lymphoid cells (ILC2) increase glycolysis upon stimulation with activating cytokines. Bone marrow-derived group 2 innate lymphoid
cells (ILC2) were seeded into Seahorse XFe96 microplates at a cell density of 100.000 cells/well and stimulated with either IL-7 only, IL-33 only, or a
combination of IL-7 and IL-33 (A, C), or with IL-2 only, IL-33 only, or a combination of IL-2 and IL-33 (B, D). All cytokines were used at 10 ng/mL.
After 24 hours of cytokine stimulation the Glycolysis Stress assay was performed using the Seahorse Analyzer and extracellular acidification rates
(ECAR) (A, B), and the levels of glycolysis, glycolytic capacity as well as the glycolytic reserve (C, D) were determined (2-Deoxy-D-Glucose (2-DG)).
Data reporting the treatment with IL-33 are the same for (A - D). Data are shown as average ± standard deviation (SD) and are representative of
three independent experiments. Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple comparisons test (*p ≤ 0.05,
**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001).
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contrast, “capacity” is the inverse of dependency, which reveals the

maximum compensatory capacity to exploit alternative pathway/s

when one is inhibited.

The global level of translation was low in ILC2s stimulated with

IL-7 (Figures 8A, B) or IL-2 (Figures 8E, F) alone, gradually

increased when treated with IL-33 alone, but protein synthesis

was highest when ILC2s were stimulated with IL-7+IL-33

(Figures 8A, B) and IL-2+IL-33 (Figures 8E, F). These data also

revealed that ILC2s stimulated with IL-7+IL-33 (Figure 8C) and IL-

2+IL-33 (Figure 8G) exhibited a significantly lower dependence on

glucose and mitochondria compared to ILC2s treated with IL-7

(Figure 8C) or IL-2 (Figure 8G) alone. ILC2s treated with IL-33

alone presented a reduced dependence on glucose and

mitochondria compared to IL-7 (Figure 8C), whereas only a

reduced dependence on mitochondria was observed between IL-

33 treated cells and IL-2 (Figure 8G) alone. Similarly, ILC2s treated

with IL-2+IL-33 (Figure 8G) exhibited an even lower dependence

on glucose and mitochondria compared to IL-2 (Figure 8G),

whereas only a reduced dependence on mitochondria was

observed between IL-7+IL-33 treated cells and IL-33 (Figure 8G)

alone. Conversely, compared to the glycolytic capacity of ILC2

treated with IL-7 (Figure 8D) or IL-2 (Figure 8H), a marked

elevation was observed when cells were stimulated with IL-33,

and again when stimulated with IL-7+IL-33 (Figure 8D) or IL-2

+IL-33 (Figure 8H). When evaluating the FAO & AAO capacity,

ILC2s treated with IL-7 alone (Figure 8D) exhibited the lowest

capacity compared to all other cytokine conditions, whereas those

stimulated with IL-2+IL-33 (Figure 8H) exhibited a higher capacity

compared to all other conditions. Collectively, these data

demonstrate that ILC2s exhibit great metabolic flexibility in the

presence of IL-33, but even more so when stimulated with the

synergistic combination of activating cytokines IL-7+IL-33, as well

as IL-2+IL-33.
3.8 Characterization of ATP production via
Agilent™ Seahorse Real-Time ATP
Rate Assay

In our final analysis step, we aimed to quantify absolute ATP

production levels of ILC2 using the Agilent™ Seahorse XF ATP

Real-Time rate assay, which also measures and quantifies the rate of

ATP production from the glycolytic and mitochondrial system

simultaneously (Section 2.10). As expected, stimulations with IL-7

(Figure 9A) or IL-2 alone (Figure 9C) yielded low ATP production

rates. While treatment of ILC2 with IL-33 slightly increased ATP

production, a massive elevation of energy production was observed

when cells were activated with IL-7+IL-33 (Figure 9A) or IL-2+IL-

33 (Figure 9C). ATP generation by ILC2 stimulated by only IL-7

was largely driven by glycolysis (Figure 9B). In contrast, IL-2 as well

as IL-33-driven energy production comparably relied on OXPHOS

as well as glycolysis (Figures 9B, D). Compared to the IL-33

stimulation only, glycolysis-mediated ATP production frequencies

increased only slightly when ILC2 were treated with combinations

of IL-7+IL-33 (Figure 9B) or IL-2+IL-33 (Figure 9D). However, the

massive increase in ATP upon IL-7+IL-33 (Figure 9B) or IL-2+IL-
Frontiers in Immunology 20158
33 (Figure 9D) stimulation, compared to IL-7, IL-2, or IL-33 only

treatments, was driven by glycolysis as well as OXPHOS.
4 Discussion

ILC2 exert critical functions to ensure tissue barrier integrity,

driving and reinforcing immunological protection by orchestrating

innate as well as adaptive immune processes. However, when

deregulated, ILC2 have been shown to contribute to the

pathogenesis of several chronic inflammatory barrier disorders

through the release of large quantities of type 2 signature

cytokines including IL-4, IL-5 and IL-13. Although recent studies

started to uncover critical components of the metabolic wiring of

ILC2, many aspects remain elusive. This is largely due to the rarity

of ILC2 in tissues and their limited expansion in culture posing a

challenge on obtaining sufficient cell counts to carry out large-scale

experiments. Moreover, there is a lack of accessibility of rapid assays

to study the intricacies of metabolic pathways. Applying our

recently described protocol to expand murine bone marrow-

derived ILC2 (23, 33), we detail here a framework of

experimental approaches to study key immunometabolic states

ut i l i z ing flow cytometry , SCENITH, as we l l a s the

Seahorse platform.

We provide an in-depth protocol of how to use ILC2 for studies

applying the Seahorse platform, where drug treatments can be

delivered to the cells at specific targets and timepoints to further

elucidate the metabolic identities of ILC2. While the information

from Seahorse assays is valuable, they require special equipment as

well as proprietary kits and consumables, thereby limiting the

number of researchers accessing this platform due to financial

and accessibility restrictions. We therefore further detail flow

cytometry-based assays, including SCENITH, that can be rapidly

implemented for metabolic studies of ILC2. Seahorse and

SCENITH assays exhibit both a high degree of accuracy and

provided complementary insights into the metabol ic

programming of ILC2. Comparatively, the high values for

glycolytic and OXPHOS capacities in ILC2 treated with IL-7+IL-

33 and IL-2+IL-33 found in Seahorse were corroborated by those

found using SCENITH. In fact, the trend in values between single

cytokine stimulations and synergistic cytokine treatments were

consistent between the two platforms. In both Seahorse and

SCENITH approaches, the IL-2 alone conditions exhibited values

that were higher than the stimulations with IL-7 alone. Although

overall SCENITH is more user-friendly and accessible to the

research community, the Seahorse platform provides additional

insights that are highly specific. As such, we would recommend that,

if possible, researchers should use SCENITH to corroborate and

bolster insights revealed by Seahorse.

Our applied framework of experimental approaches combining

flow cytometry assays with proprietary metabolic platforms

demonstrates that the utilization of glucose is markedly elevated

upon cytokine-mediated activation of ILC2. In parallel, we reveal

increases in mitochondrial biogenesis (PGC-1a), mitochondrial

mass as well as mitochondrial membrane potential upon ILC2

activation. Our study reveals that ILC2 take up moderate levels of
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FIGURE 8

SCENITH analysis of group 2 innate lymphoid cells (ILC2). (A-F) SCENITH (Single Cell ENergetIc metabolism by profilIng Translation inHibition)
analysis was performed by stimulating bone marrow-derived group 2 innate lymphoid cells (ILC2) with either IL-7 only, IL-33 only, or a combination
of IL-7 and IL-33 (A-D), or IL-2 only, IL-33 only, or a combination of IL-2 and IL-33 (E-H). All cytokines were applied at 10 ng/mL. After 24 hours of
cytokine stimulation cells were either left untreated as control (Co) or incubated with 2-Deoxy-D-Glucose (2-DG), Oligomcyin (O), or a combination
of 2-DG and O (DGO) for 30 minutes. Subsequently, cells were treated for 15 minutes with puromycin followed by intracellular staining with an anti-
puromycin antibody. Cells that were not treated with puromycin were used as a negative control (-Puro). ILC2 were then analyzed by flow
cytometry (A, E), geometric mean intensities (gMFI) of the anti-puromycin staining acquired (B, F), and gMFI values used to determine glucose
dependence and mitochondrial dependence (C, G), as well as glycolytic and fatty acid oxidation (FAO) and amino acid oxidation (AAO) capacities (D,
H). Data reporting the treatment with IL-33 are the same for (A-H). Data are shown as average ± standard deviation (SD) and are representative of
three independent experiments. Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple comparisons test (*p ≤ 0.05,
**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001).
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glucose, exhibit low levels of mitochondrial respiration, and utilize

glycolysis at a minimum rate during steady state (IL-7 or IL-2

alone), but gradually increase their glucose metabolism, as well as

OXPHOS, upon activation with IL-33. Interestingly, while

glycolysis is not heavily utilized at steady state, the proportion of

ATP produced by ILC2 is almost exclusively from glycolysis in the

presence of IL-7. In contrast, IL-2 treated ILC2 consistently present

with a nearly 50:50 ratio of glycolysis- and OXPHOS-mediated ATP

production. Overall, mitochondrial respiration if highly elevated,

with OXPHOS producing more ATP than glycolysis. In fact, IL-2

+IL-33 exhibited the highest values for mitochondrial respiration

(TMRM) and basal respiration (Seahorse). Increased mitochondrial

respiration is typically correlated with an increased demand for

energy which can induce the production of ROS that damage

mitochondrial integrity, consequently stimulating mitochondrial

biogenesis. Concurrently, we observe that ILC2 treated with IL-2

+IL-33 present the highest degree of proton leak and mitochondrial
Frontiers in Immunology 22160
respiration. The mitochondrial mass in ILC2 treated with IL-33 was

higher than that of those treated with IL-7 or IL-2 alone. However,

this mass decreased in the synergistic combination of these

cytokines. It is possible that ILC2 treated with IL-33 increased

their mitochondria production to meet the energy demand, but the

increased respiration caused damage to the mitochondria and the

overall mass decreased as a consequence. While PGC-1a levels as

well as mitochondrial mass increased with IL-33 stimulation

compared to homeostatic cytokine treatments with IL-7 or IL-2

alone, synergistic cytokine activation did not yield an elevation of

values above those obtained with IL-33 only. In contrast,

stimulations with IL-7+IL-33 or IL-2+IL-33 markedly elevated

their mitochondrial potential, indicative of mitochondrial

respiration. These findings were further complemented by

Seahorse Real-Time ATP Rate analysis as well as SCENITH,

revealing that synergistic activation of ILC2 with IL-7+IL-33 or

IL-2+IL-33 led to markedly higher ATP production and protein
FIGURE 9

Group 2 innate lymphoid cells (ILC2) augment ATP production upon stimulation with activating cytokines. (A-D) To determine ATP production bone
marrow-derived group 2 innate lymphoid cells (ILC2) were seeded into Seahorse XFe96 microplates at a cell density of 100.000 cells/well and
stimulated with either IL-7 only, IL-33 only, or a combination of IL-7 and IL-33 (A, B), or with IL-2 only, IL-33 only, or a combination of IL-2 and IL-
33 (C, D). All cytokines were used at 10 ng/mL. After 24 hours of cytokine stimulation the Real-Time ATP Rate assay was performed using the
Seahorse Analyzer. ATP production from oxidative phosphorylation as well as glycolysis were analyzed and depicted as a proportion of 100% and as
absolute values. Data reporting the treatment with IL-33 are the same for (A-D). Data are shown as average ± standard deviation (SD) and are
representative of three independent experiments. Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple
comparisons test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001).
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synthesis and elevated glycolytic and FAO & AAO capacities.

Collectively, this demonstrates that the increase in mitochondrial

potential upon synergistic activation with IL-7+IL-33 or IL-2+IL-33

translates into elevated energy production, leading to synergistic

cytokine production and proliferation of ILC2 (23, 33).

Interestingly, SCENITH analysis further demonstrated that ILC2

treated with IL-7+IL-33 or IL-2+IL-33 have reduced glucose and

mitochondrial dependence, suggesting a high metabolic flexibility

of ILC2 when activated by IL-33, but especially when primed by IL-

7+IL-33, or IL-2+IL-33. Taken together, these findings indicate that

metabolic substrate accessibility and availability is a main driver in

the metabolic wiring of ILC2, which will need further experimental

interrogation in future studies.
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