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Flow cytometry has a significant impact on the cellular metabolome

Aleksandra Binek'$, David Rojo?#, Joanna Godzien?, Francisco Javier Rupérez?, Vanessa

Nufiez!, Inmaculada Jorge®3, Mercedes Ricote?, Jesus Vazquez!3, Coral Barbas?*

1 Fundacién Centro Nacional de Investigaciones Cardiovasculares Carlos Ill, Madrid, Spain?
2 Centro de Metaboldmica y Bioanalisis (CEMBIO), Facultad de Farmacia, Universidad CEU
San Pablo, Campus Monteprincipe, Madrid, Spain

3 CIBER de Enfermedades Cardiovasculares (CIBER CV), Madrid, Spain

¥These authors contributed equally to this work

* Correspondence and requests for materials should be addressed to:

Coral Barbas (cbarbas@ceu.es)

Centro de Metaboldémica y Bioanalisis (CEMBIO), Facultad de Farmacia
Universidad CEU San Pablo, Campus Monteprincipe

Boadilla del Monte

28668 Madrid, Spain



22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

Journal of Proteome Research Page 2 of 48

ABSTRACT

The characterization of specialized cell subpopulations in a heterogeneous tissue is
essential for understanding organ function in health and disease. A popular method of cell
isolation is fluorescence-activated cell sorting (FACS) based on probes that bind surface or
intracellular markers. In this study, we analyse the impact of FACS on the cell metabolome
of mouse peritoneal macrophages. Compared with directly pelleted macrophages, FACS-
treated cells had an altered content of metabolites related to the plasma membrane,
activating a mechanosensory signalling cascade causing inflammation-like stress. The
procedure also triggered alterations related to energy consumption and cell damage. The
observed changes mostly derive from the physical impact on cells during their passage
through the instrument. These findings provide evidence of FACS-induced biochemical
changes, which should be taken into account in the design of robust metabolic assays of

cells separated by flow cytometry.

KEYWORDS

Sorting, sorted cells, metabolome profile, fluorescence activated cell sorting (FACS), LC-

MS, CE-MS, GC-MS, metabolomics, multiplatform analysis
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INTRODUCTION
The functional properties of any tissue are always the product of the contributions of its
specialized cells. Analysing the molecular profiles of these cell types usually requires the
isolation of functionally homogeneous cell subpopulations using methods compatible with
subsequent analytical approaches. Fluorescence-activated cell sorting (FACS) is one of the
most routinely used and well-established procedures for isolating and counting cell
populations before further procedures such as cell culture'-3, metabolic assay’ 2, mRNA
expression analysis® >, phenotypic characterization? 4, and other high-throughput
approaches®’. Since its introduction in the 70s8, the research applications of FACS have
been broad, and have recently included metabolic characterization? % %12, The core cell
phenotype assays include the assessment of glycolytic activity from glucose
concentrations, together with functional evaluations (cell motility, accumulation or
distribution), and mRNA/protein expression quantifications. Enhanced glycolysis has been
shown to influence endothelial-cell glucose availability in FACS-sorted hypoxic tumour-
associated macrophages harvested from tumour-bearing mice?. In another example of
metabolic characterization, the levels of ribose-5-phosphate, ribulose-5-phosphate, and
glutathione (with detection of significant changes in all 3 metabolites) were measured in
sorted CD8+ T cells by high throughput metabolomic profiling®. Despite the ability of FACS
to isolate specific cell populations, it remains unclear to what extent the sorting process
itself induces changes in cell function.

The cell metabolome responds rapidly and dynamically to external alterations, and

metabolomics is thus the most suitable approach to assessing the effect of FACS-triggered
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stimuli. Using cellular cultures, two studies have partially evaluated the impact of FACS on
cell metabolism?!3 14, Roci et al. (2016)*3 have focused on the traceability of certain polar
isotopically labelled-metabolites, comparing extracted cell from a dish, pelleted cells and
sorted cells. Meanwhile, oxidative stress has been the centre of the research by Llufrio et
al. (2018)*, comparing quick quench, delayed-quench and sorted cells. Here, we present
a systematic evaluation of the impact of FACS analysis on cell metabolism, using
peritoneal macrophages from mice as a cell model, which better mimics the
circumstances applicable in an in vivo experiment. We used a multiplatform mass
spectrometry (MS) approach, maximizing metabolite coverage by combining liquid
chromatography (LC), capillary electrophoresis (CE), and gas chromatography (GC) as
separation techniques. We show that, compared with direct pelleting of peritoneal lavage,
FACS sorting of peritoneal macrophages alters around 10% of metabolic features, most of
them associated with the flow cytometry process and not the immunostaining. Changes
observed in our data could be attributed to the physical stress of cell sorting, which in turn
might induce a mechanosensory signalling cascade that alters the abundance of
glycerophospholipids, fatty acyls, fatty acid esters, amino acids (and derivatives),
glycerolipids, and sphingolipids. The overall effect can be interpreted as a mechanically
induced inflammatory-like status involving calcium (Ca?*) signalling?®-1° and
mechanosensitive phospholipase A2 (PLA2) translocation to the cell membrane?% 2!
together with energy consumption and cell damage, potentially compromising cell

homeostasis. These and previous studies® 14 22 results demonstrate that the cell sorting
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83  process itself induces marked changes in the cell machinery that may interfere with the
84  molecular processes being analysed.

85
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METHODS

Study design. Four experimental group of thioglycollate-induced peritoneal macrohpages
were prepared, with 5 biological replicates each (n=20) (Figure 1). In total, 20 animals (10
females and 10 males) were sacrificed to produce sufficient peritoneal macrophages for
metabolome fingerprinting (Supplementary Table S1). Sample size was chosen based on
the number of cells necessary to perform high quality metabolite extraction and
multiplatform MS analysis. Samples were normalized by adding an extraction volume
proportional to the mass of the cell pellet. The cell number necessary to perform the
metabolomics experiments was estimated to produce a dry cellular pellet weight within
the range 30-100mg, an amount that represents the protocols applied by different
groups?3-26, The exact cell number used for the metabolite extraction is specified in
Supplementary Table S1. No animal randomization was performed in assigning
experimental groups. The control experimental group (Ctrl) was composed of peritoneal
lavage pelleted cells immediately snap-frozen in liquid nitrogen (lig. N,) upon isolation.
The antibody sample group (Ab) consisted of peritoneal macrophages subjected to
immunostaining and subsequently stored in lig. N, without sorting. The sorted sample
(Sort) consisted of freshly isolated macrophages immediately analysed by flow cytometry
without antibody labelling and with sorting of the complete cell population into the
collection tube. For the antibody-stained and sorted sample (Ab+Sort), the freshly isolated
cells were immunostained and then sorted by flow cytometry, with collection of the
complete cell population. No subpopulations were isolated in order to ensure that sample

composition remained comparable to the Ctrl and Ab groups and to identify biochemical
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changes induced solely by the sorting process. After collection, cells from the Sort and
Ab+Sort group were pelleted, frozen in lig. N,, and stored at -80°C until fingerprinting
analysis.

Animals. C57BL/6 mice were provided by Charles River. Mice were housed under identical
environmental conditions, including feeding, light, and temperature. All animal
procedures were approved by the Experimental Animal Use Committee of the Instituto de
Salud Carlos Ill and were in accordance with the EU Directive 86/609.

Peritoneal macrophages isolation and flow cytometry. The isolation protocol and flow
cytometry are detailed in Supplementary Methods.

Reagents and standards for metabolomics. Reagents and standards are detailed in
Supplementary Methods.

Metabolite extraction and sample treatment. Since biological replicates differed slightly
in cell number, the extraction solvent volume was calculated according to the cell pellet
mass, thus ensuring between-sample normalization of metabolite concentrations
(Supplementary Table S1). On the day of analysis, cell pellets were thawed and doubly
extracted by sequential additions of i) MeOH:MTBE (4:1, v/v) and ii) MeOH:H,0 (4:1, v/v).
Each solvent addition was followed by 3 cycles of freeze/thawing (lig. N, /cold-water bath,
10 s), sonication (15 W, 6 min), vortexing (1 min), and centrifugation (16,000 g, 10 min,
4°C). Equal volumes of the supernatants from i and ii were then mixed and aliquoted for
subsequent analysis. Details about the sample treatment per analytical platform can be

found in Supplementary Methods.

ACS Paragon Plus Environment
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Preparation of quality controls (QCs). QC samples are required at the beginning of the
sequence to stabilize the system and throughout the analytical runs at periodic intervals
to monitor variations in signals over time. Individual QC samples were therefore prepared
independently for each analytical platform by pooling and mixing equal volumes of each -
sample. After gentle vortexing, the mixes were transferred to analytical vials. Detailed
information about the injection order and the number of blanks and QCs used to stabilize
each analytical platform can be found in Supplementary Methods.

Metabolomic fingerprinting. To maximize metabolite coverage, samples were run on 3
analytical platforms: general and lipidomic (adapted from Whiley et al. (2012)?’) LC-ESI-
QTOF-MS methods, CE-ESI-TOF-MS, and GC-EI-Q-MS (using the FiehnLib2® and NIST 14
libraries). Detailed methodology can be found in Supplementary Methods.

Metabolomic data treatment, statistical analysis, and identification. In LC-MS and CE-
MS, data were deconvoluted with the Molecular Feature Extraction algorithm in the
MassHunter Qualitative Analysis software (B.06.00, Agilent). Raw data were aligned with
Mass Profiler Professional (version 13.0, Agilent). In GC-MS, deconvolution and
identification were performed using MassHunter Quantitative Unknowns Analysis
(B.07.00, Agilent), data were aligned with MassProfiler Professional (version 13.0, Agilent)
and peaks were integrated using MassHunter Quantitative Analysis software (version
B.07.00, Agilent). Metabolite identification was based on the FiehnLib?® and NIST 14
libraries.

In order to perform the differential analysis on the metabolomics data, in all the platforms

the raw variables were then filtered according to a modification of the filtering criteria
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proposed by Godzien et al. (2014)?°: variables present in at least 50% of the samples of
each experimental group and either i) present in at least 80% of the QCs that yielded a
variation coefficient <30% or ii) present in <20% of the QCs. Principal component analysis
(PCA) models (Supplementary Figure S1) were subsequently built using the SIMCA-P+
software (12.0.1.0, Umetrics, Sweden). For each PCA, R? (fraction of the explained
variance of the model) is reported in Supplementary Figure S1. Next, after replacement of
missing values by k-means nearest neighbour analysis according to the criteria of Armitage
et al. (2015)3°, the Mann-Whitney U test was used for all comparisons (i.e., Ctrl vs Ab; Ctrl
vs Sort; and Ctrl vs Ab+Sort) followed by the Benjamini-Hochberg post hoc correction (p <
0.05). Missing values were imputed and statistical comparisons made using in-house built
scripts for MATLAB (7.10.0.499, MathWorks, Natick, MA, USA). In LC-MS and CE-MS, the
resulting list of accurate masses that significantly differed between groups was searched

using the CEU Mass Mediator search tool (http://biolab.uspceu.com/mediator; error £ 5

ppm) to obtain tentative identifications, taking into account mass accuracy, possibility of
ion formation and adducts formations. Each identification was then manually curated
based on MS adducts3! for lipids identified by LC-MS (MS/MS validated criteria3?) and on
the in-source fragmentation pattern33 for metabolites identified by CE-MS. When
appropriate, the elution order was considered in order to discard spurious identifications.
The number of hits per analytical platform that passed each step is listed in
Supplementary Table S2. The biological role of identified compounds was evaluated and
irrelevant identifications such as pesticides, drugs, or impossible chemical structures were

excluded. In the final list (Supplementary Table S3), metabolites are reported according to
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the criteria of the Metabolomics Standards Initiative'> 34, with a confidence level in grade
1 (identified metabolites) (GC-MS) or grade 2 (putatively annotated compounds) (LC-MS
and CE-MS). Variation between experimental conditions is reported as log, FC, always
relative to control, and will be referred to as FC in the rest of the text.

To assess the complete metabolite profile, in all the platforms the raw variables were then
filtered based on a 100 % presence per group and the subsequent list searched using the

CEU Mass Mediator search tool (http://biolab.uspceu.com/mediator; error + 5 ppm) for

LC-MS and CE-MS data. This dataset was considered the full detected metabolic profile.
The number of annotated hits per analytical platform is listed in Supplementary Table 2.
Hierarchical clustering analysis (HCA) The MetaboAnalyst online platform

(http://www.metaboanalyst.ca/)3> was used for HCA analysis of the metabolites

represented in Figure 3 and Supplementary Figures S4 and S5. No normalization algorithm
was applied to the data. The datasets were scaled using the auto scaling feature in the
program (mean-centred and divided by the standard deviation of each variable) and
graphically represented as heatmaps.

Metabolic pathways over-representation analysis The MetaboAnalyst Pathway Analysis

node (http://www.metaboanalyst.ca/)3> was used to perform the analysis. The selected

analysis method of over-representation was hypergeometric test.
Data availability. Mass spectrometry data from this study were deposited to the

publically available Metabolights repository (https://www.ebi.ac.uk/metabolights) with

the data set identifiers MTBLS633, MTBLS634, MTBLS631 and MTBLS629.

10
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RESULTS AND DISCUSSION
Overall impact of flow cytometry on the metabolome

A multiplatform fingerprinting experiment was conducted to assess if the
immunostaining and flow cytometry induced metabolic alterations in mouse peritoneal
macrophages. To assess the effect of each possible source of alterations individually, we
designed an experiment to evaluate the effect of immunostaining (Ab), flow cytometry
(Sort), and the both elements in combination (Ab+Sort) with respect to control (Ctrl)
(Figure 1). Principal components analysis (PCA) established a major distinction between 2
sample blocks respectively integrated by i) Ab and Ctrl and ii) Sort and Ab+Sort
(Supplementary Figure S1).

Studying the sample clustering following a deduction approach3®, the grouping of
the Ab experimental group with Ctrl in sample block i suggests that immunostaining has
only a minor impact on the metabolome. Only PCA of capillary electrophoresis-mass
spectrometry (CE-MS) data (Supplementary Figure S1c) revealed a slight distinction
between them. Conversely, the clustering in sample block ii indicates that similar
metabolic alterations take place in the Sort and Ab+Sort experimental groups, suggesting
an effect of the flow cytometer instrumentation. A total of 4418 annotable metabolic
features were detected, present in all samples in each group; of the total, 409 features
showed alterations (9%). Relative to Ctrl samples, Ab samples showed induced changes in
only 8 features, whereas Sort altered 290 features and Ab+Sort 268. Details on the
number of the metabolic features passing each filtering criteria are shown in

Supplementary Table S2. The PCA analysis revealed that the main origin of the metabolic
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disturbances was the flow cytometry procedure and not the immunostaining
(Supplementary Figure S1g). The numbers of altered metabolites with an annotated
identification in each analytical platform were as follows: LC-MS (positive and negative
polarity, general and lipidomic gradient), 340 (225 Ctrl vs Sort, 225 Ctrl vs Ab+Sort); CE-
MS, 57 (8 Ctrl vs Ab, 57 Ctrl vs Sort, 31 Ctrl vs Ab+Sort); and GC-MS, 12 (8 Ctrl vs Sort, 12
Ctrl vs Ab+Sort). Note that the differences in the number of metabolites detected are
related to the technical specification and data treatment workflow of each analytical
platform.

Flow cytometry caused changes in around 10% of the identifiable metabolites,
most of them produced by exposure of cells to the intrinsic mechanical stimuli related to
the hydraulic system of the instrument, including stretch, pressure, and osmotic changes.
Multiplatform analysis validation

The robustness of the multiplatform analytical approach was demonstrated by the
tight clustering of the quality controls (QCs) in the nonsupervised PCA models (plotted in
Supplementary Figure S1). This confirms that among-group separation was due to real
biological variability and not analytical variance. Moreover, samples are almost evenly
clustered across analytical platforms.

Of the 409 altered metabolite features (Supplementary Table S2), 31 were found in
2 or 3 analytical platforms (Supplementary Figure S2). The LC-MS platforms detected 26
altered metabolites in common, the CE and LC platforms detected 5, and the GC and LC
platforms detected just 1. Only 2 compounds were co-detected by all 3 analytical

platforms. The detection of 345 altered metabolites (84%) with a single analytical

12
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technique shows the importance of maximizing metabolite coverage with a multiplatform
approach. All co-detected metabolites (per comparison) confirm the trend of change (log,
fold change (FC)) between analytical platforms, validating the multiplatform results
(Figure 2, complete set of box plots in Supplementary Figure S3). As demonstrated in
Figure 2, the metabolites were selected to illustrate several changes in various metabolite
classes with distinct physical and chemical properties. These results provide inter-platform
validation of downregulated high energy metabolism compounds (creatine, linoleyl
carnitine), nucleic acid metabolism (hypoxanthine, IMP) as well as an example of cellular
membrane structural components (lysophospholipids).
Biochemical nature of flow cytometry-induced metabolite alterations

Most of the alterations (71% of significantly changed metabolites) were directly
related to the sorting procedure (Supplementary Figure S1g), whereas 29% resulting from
the combined effect of immunostaining and FACS. Peptides (subgroup of the Human
Metabolome Database (HMDB) Sub Class amino acids, peptides, and analogues) were
excluded from this dataset and from further biochemical interpretations because peptide
abundances may be randomly affected by the partial deproteinization during metabolite
extraction (Figure 3b), which should be considered a potential limitation. The 10 most
abundant altered HMDB metabolite subclasses in the Sort vs Ctrl comparison were
glycerophospholipids, amino acids and derivatives, fatty acid esters, sphingolipids,
glycerolipids, carboxylic acids and derivatives, fatty acyls, fatty acids and conjugates,
purine ribonucleotides, and eicosanoids (Figure 3c). Similarly, the combination of Ab+Sort

vs Ctrl influenced the same biochemical classes in slightly different proportions (Figure 3c).

13



261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

Journal of Proteome Research Page 14 of 48

Mechanosensitivity translates into cell stress

The most prominent changes detected in the Sort and Ab+Sort conditions involve
bioactive lipid mediators, phospholipases, membrane excision by-products, and their
potential precursors. Arachidonic acid (AA), a 20-carbon omega-6 polyunsaturated fatty
acid (20:4, n-6) is esterified to glycerol in cell membranes, and its enzymatic hydrolysis
mediates the release of signalling and regulatory molecules. The Sort and Ab+Sort groups
showed alterations in AA-derived eicosanoids, including cyclooxygenase (COX)-derived
prostaglandins (PGs) and lipoxygenase (LOX)-derived leukotrienes (LTs), as well as fatty
acyl and lineolic acid derivatives. FACS increased PG and LT precursors as well as other AA
oxygenation pathway products (eicosanoids of exact masses: 312.1739 Da, 322.2503 Da,
336.2297 Da, 338.2453 Da, 396.2876 Da, 405.2864 Da and 571.474 Da with the same
trend), suggesting consumption of the AA intermediate pool for further modifications in
lipid mediator pathways (Figure 4 and Supplementary Table S3). Moreover, the Sort group
showed abundance changes in linoleic acid (LA) (18:2, n-6), another major lipid mediator
precursor (Figure 4). LA is processed into bioactive molecules by various COXs and LOXs
through a series of oxidations and stereoisomeric conversions3”.

The phospholipid hydrolysis induced by mechanical PLA2 activation liberates not
only AA, but also a variety of polyunsaturated fatty acids (PUFAs) such as
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), leaving lysophospholipids
(LysoPC) as a by-product3®. DHA was found increased by sorting (Figure 4 and
Supplementary Table S3). The detected increased abundance of LysoPC (20:4) (Figure 4

and Supplementary Table S3) in the Ab-Sort group can also be considered a major source

14
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of AA, which then can be enzymatically scavenged further through the activity of
lysophospholipase (LPL) as one possible AA metabolic pathway.

Our results also show an effect of sorting on the activity of other phospholipases.
While PLA2 releases AA in a single-step reaction, phospholipase C (PLC) and D (PLD)
produce the AA-containing lipid products diacyglycerols (DG) and phosphatidic acids (PA),
respectively. Sorting decreased the abundance of the DG family members DG(44:12)
(depleted in Ab+Sort), DG(36:5) (FC -1.52), DG(36:2) (FC -1.64), DG(38:5) (FC -1.59),
DG(40:4) (FC-1.40), DG(42:8) (FC-1.60), DG(36:8) (FC -0.95), DG(P-32:1) (depleted in
Ab+Sort), DG(34:2) (FC -1.58), DG(36:4) (depleted in Ab+Sort), DG(38:7) (FC-1.39),
DG(38:4) (FC-1.54), DG(40:7) (FC-1.48), DG(42:10) (FC-1.32), DG(40:3) (FC-1.18), and
increased species DG(32:3) (appeared in Ab+Sort, when absent in Ctrl), DG(34:5) (FC 1.09
in Sort), altogether possibly reflecting PLC and DG lipase activity. PLC activity was
previously found to depend upon periodic mechanical stress, electrostatic potential, and
elastic stress of lipid membranes3%4!, The observed increase in DG consumption in FACS
sorted macrophages might be associated with PLC and DG lipase activities, which are
crucial in the biosynthesis of 2-arachidonoylglycerol (2-AG)*% 43, the AA precursor in the
endocannabinoid signalling pathway*3. The outcome is an inflammatory-like status
featuring increased energy consumption and cell damage, potentially compromising cell
homeostasis. The Sort and Ab+Sort groups also showed decreases in several PUFAs,
including anandamide (20:4, n=6) (AEA) (FC -3.87), anandamide (20:5, n=3) (EPEA) (FC -

3.88), and increase in anandamide (20:1, n=9) (FC 0.97). Moreover, Ab+Sort showed an

15
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increase in the antiinflammatory mediator resolvin. These findings might suggest an effort
of cells to cope with inflammation-like conditions induced by the sorting process.

Another key finding is the marked change in the phospholipid profile of the cell
membrane. The decreased glycerophospholipid content in the Sort and Ab+Sort groups
could be explained by mechanical rupture of the plasma lipid bilayer and the activation of
phospholipases possibly hydrolysing the membrane phospholipid pool to release stress-
activated bioactive lipid mediators. For example, the decreased abundance in Sort and
Ab+Sort samples of highly unsaturated PC and PI species (>4 double bonds: PC(36:5)
(depleted in Ab+Sort), PC(38:4) (FC -0.43), PC(38:7) (FC -3.20), PC(40:6) (FC -0.67), PC(40:7)
(FC-3.36), PC(42:6) (depleted in Ab+Sort), PC(44:6) (FC -1.03), PI(38:5) (FC -0.65), P1(40:4)
(FC-7.82), PI(42:4) (FC -1.06), and PI(36:5) (FC -1.02)) could be related to PLA2-mediated
intracellular cleavage of AA. In resting human monocytes, PC and PE typically constitute
the major reservoirs of AA (43% and 39% of total phospholipid AA, respectively), with a
lower AA content in PI (18%)*. In a recent study, Balgoma et al. (2010) reported that
monocyte activation decreased the content of AA-containing PC and Pl species while
having no effect on PE species*’. In another study, Shamsuddin et al. (2015) found that PI
are the primary source of AA-derived signalling eicosanoids*. The observed changes in PC
and Pl species in our study point into a direction of a possible consumption of highly
unsaturated phospholipids mediated by phospholipase activity. However, sorted mouse
peritoneal macrophages also showed decreased abundance of several PE species (PE(36:5)
(FC -0.64), PE(38:4) (FC-0.99), PE(38:5) (FC -0.80), PE(38:6) (FC -0.84), PE(38:7) (FC-0.93),

PE(40:4) (FC -1.15), PE(40:5) (FC -1.10), PE(40:6) (FC -0.84), PE(40:7) (depleted in Sort), and

16
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PE(40:9) (depleted in Sort)). These results were also confirmed in the biological pathways
over-representation analysis that showed phosphatidylcholine and
phosphatidylethanolamine biosynthesis pathways being substantially impacted by sorting
(Supplementary Figure S4). Several lyso-PE and lyso-PC forms were also altered, with a
general tendency to decrease (Figure 4 and Supplementary Table S3). Lysophospholipids
are produced by the enzymatic action of membrane phospholipases. Interestingly, Lyso-
PE(24:6) was the only PE species increased in the Sort and Ab+Sort groups and was
completely absent in Ctrl macrophages (Figure 4), it might be considered as a potential
new intermediate source of PUFAs. In addition to PE, PIl, and PC species and lysolipids,
sorting also induced a marked downregulation in several phosphatidylserine (PS) species
(Figure 4 and Supplementary Table S3). PS are glycerophospholipids, accounting for 10%-
20% of the total phospholipid content of the plasma membrane and playing crucial roles
in nonspecific electrostatic interactions*® and apoptosis*’.

The flow cytometry procedure also triggered depletion of several gangliosides and
sphingomyelins (SM) (Figure 4 and Supplementary Table S3). Gangliosides are
glycosphingolipids with a sugar side chain that modulates cell signal transduction events in
the cell plasma membrane®®. The abundance decrease in several SM species (SM(d40:2),
SM(d40:3), SM(d42:1) and SM(d44:2)) may be related to sphingomyelinase (SMase)
mechanoactivation, which is known to initiate the generation of ceramides (Cer)*° >,
Consistent with this idea, the decreased abundance of SM(d40:2), SM(d42:1)) in the Sort
group coincided with increased abundance of in the corresponding ceramides Cer(d40:2)

Cer(d42:1) (Figure 4 and Supplementary Table S3). Ceramides play roles in the
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biosynthesis of glycosphingolipids and gangliosides, lipid bilayer components and are
important inducers of apoptosis®! >2. Another FACS-upregulated lipid species was
phytosphingosine (FC 2.34), which is involved in diverse cell processes, including cell-cell
interaction, proliferation, differentiation, and apoptosis>.
Depleted cell energy generation and storage

Energy metabolism is directly linked to the maintenance of cell homeostasis. Our
analysis indicated that FACS induces consumption of ATP and ADP (in agreement with
Llufrio et al. (2018)4), correlating with AMP accumulation (FC 0.55) and depletion of
adenosine, creatinine (FC -1.62), and creatine (FC -2.2), the main compounds involved in
ATP recycling (Supplementary Table S3). These alterations were also reflected in the
metabolic pathways over-representation analysis that indicated FACS impact on purine
metabolism (Supplementary Figure S4). An increased energy demand in Sort and Ab+Sort
groups is also suggested by an imbalance in the tricarboxylic-acid cycle, with decreased
levels of citrate/isocitrate (FC 1.44), aconitate (depleted), malate (FC -1.62), fumarate (FC -
5.31), and related compounds as succinic semialdehyde (FC -1.91) and succinic anhydride
(depleted). Moreover, FACS also decreased peritoneal macrophage levels of glucose (FC -
1.47) and maltose (FC -2.18), consistent with consumption of the polysaccharide
precursors UDP-glucose, UDP-galactose, and UDP-galactofuranose (FC -1.43). The parallel
depletion of niacinamide (FC -2.19) (also in Llufrio et al. (2018)#) could indicate its
potential use to synthesize NAD. Sorted cells also showed a clear alteration in lipid B-

oxidation, manifested as a depletion in 12 and significant decrease in additional 11
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carnitine-conjugated species (FCs in Supplementary Table S3 and in metabolic pathways
over-representation analysis, Supplementary Figure S4).
Signatures of cell damage

Sorting increased the cell content of ADP-ribose, which is involved in the detection
and signalling of single-strand DNA breaks typically caused by metabolic or chemical
damage or radiation exposure>*. This was matched by accumulation of the ribose
derivatives, ribose 1-P and ribose 5-P which are structural components of DNA and RNA.
Possible damage to the genetic material was also supported by the observed decrease of
acetyl adenylate levels (FC -1.91), a metabolite involved in non-enzymatic histone
acetylation®>. In addition, sorting probably induced an increase in cellular oxidative stress.
Glutathione, the main cellular antioxidant agent, was found decreased (FC -2.4), as were
ornithine (FC -1.06), proline (FC -1.2), citrulline (FC -1.39), acetylspermidine (FC -2.08) and
S-glutathionycysteine (FC -1.88), all of which are necessary for glutathione synthesis via
the polyamine pathway. Consistent with these findings, sorting also decreased histidine
(FC-1.36), whose imidazole ring has the capacity to scavenge reactive oxygen species
(ROS)?%>%, Moreover, many PC and PE species were detected in their oxidized forms (sn-1
position ether bond) in sorted macrophages (PE-O and PC-O species FCs in Supplementary
Table S3). Increased PC and PE oxidation could indicate upregulated synthesis of carboxy-
ethyl-hydroxy-chroman (alpha and gamma-CEHC) (FC 0.80 and FC 3.38) antioxidants (for
complete list of all PC and PE species see Supplementary Table S3). The overall imbalance
in nucleic-acid related metabolites and the potential oxidase/antioxidant imbalance

suggest cell damage due to increased ROS production upon exposure of cells to laser

19



391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

Journal of Proteome Research Page 20 of 48

radiation during FACS. These findings are in agreement with Llufrio et al. (2018)4, who
have detected that FACS significantly increases the ratio of oxidized/reduce glutathione as
well as ROS.
Sorting vs Ab-Sorting

In general, the Ab+Sort procedure had substantial impact on macrophage
metabolism beyond that induced by sorting alone (see Figure 3a and 3c). Of the 251
annotated metabolites significantly altered by Ab+Sort, 142 are also affected in the Sort
group (Supplementary Figure S1g). A closer inspection clearly revealed a shared pattern of
change within this group of annotated metabolites in the Ab+Sort and Sort groups,
identifying 2 highly characteristic clusters (Figure 3a and Supplementary Figure S5). In
both comparisons, metabolites showing a decrease in the Ab+Sort and Sort groups are
generally related to energy metabolism, including energy source catabolism, storage, and
transfer. This subset includes carnitine and its derivatives (butyrylcarnitine,
hexadecenoylcarnitine, hexanoylcarnitine, octanoylcarnitine, and eicosanoyl carnitine)
from the carnitine shuttle, which is responsible for transferring long-chain fatty acids
across the inner mitochondrial membrane to access the beta-oxidation enzymes.
Moreover, this cluster includes energy sources such as DG compounds (DG(38:4),
DG(40:7), DG40:3), DG(38:7), etc.) and ADP and membrane-integrity-related
glycerophospholipids (PE(40:5), PE(34:1), PC(40:6, PS(32:0), and others), Figure 3a and
Supplementary Figure S5.

A second large cluster of annotated metabolites showed sorting-induced increases

in both comparisons. These metabolites include AMP (derived from ATP hydrolysis) and
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propionyl carnitine (formed by the action of carnitine acetyltransferase during the B-
oxidation of odd-numbered fatty acids), possibly reflecting the accumulation of energy
consumption by-products. Sorting also upregulated a group of AA metabolites involved in
LT synthesis. These metabolites derive from PUFAs that undergo series of oxidations
through the action of COX and LOX. Since the lipid mediator precursors of these pathways
are rapidly converted, it is likely that the two metabolites share similar activities.
Upregulation of these annotated metabolites reflects activation of cell inflammatory
responses. The second cluster also included several glycerophospholipids (LysoPE(24:6),
PC(0-44:5), PC(36:4), PC(36:6)), sphingolipids, 2 ceramides (Cer(d40:2) and
Cer(d46:0(20H))/Cer(t46:0)), and a few short-chain and medium-chain fatty acids (4-oxo02-
nonenal, 2-aminotridecanoic acid, 11-aminoundecanoic acid), Figure 3a and
Supplementary Figure S5.

A total of 109 annotated metabolites were significantly altered only in the Ab+Sort
group (Supplementary Figure S1g). This compound subset may reflect a synergistic effect
of the immunostaining protocol and mechanical impact of the instrument on cell
metabolism. Clustering analysis revealed that metabolites that were significantly
decreased in Ab+Sort showed the same tendency in Sort, but with lower significance
(Supplementary Figure S6). The decreased metabolite cluster in Ab+Sort included carnitine
derivatives, DG compounds, fatty acids, and glycerophospholipids (Supplementary Figure
S6). The Ab+Sort and Sort groups thus show a similarly severe downregulation of energy
producing processes, but with the changes more pronounced in the Ab+Sort group

(Supplementary Figure S6, FCs in Supplementary Table S3). Another cluster of annotated
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metabolites was principally increased in the Ab+Sort group (top block in Supplementary
Figure S6). The subset of signalling lipid molecules in this cluster differs slightly to that
increased in Sort. This effect may reflect the binding of antibodies in the Ab+Sort group to
a type C tyrosine protein phosphatase receptor (PTPRC or CD45)); interaction of the
antibody-bound receptor with the cell membrane could cause additional stress and

enhance signalling activity in the vicinity of the membrane.
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CONCLUSIONS

Our results provide strong evidence that FACS analysis alters cell metabolism,
triggering several phenomena linked to the physical stress cells undergo during sorting,
inducing increased energy consumption and eventual cell damage that may also be
related with the cellular starving caused by the resuspension of the cells in a pour nutrient
media during the flow cytometry. The plasma membrane is the sole physical barrier
separating cell components from the external environment and is an important reservoir
of signalling molecules, mechanosensitive Ca?* channels, and other membrane receptors
and receptor-coupled accessory proteins. During FACS, although the instrument-derived
mechanical stimuli do not markedly compromise bilayer integrity, the cleavage of several
membrane lipids is activated, triggering multiple stress-related pathways (Figure 5).
Several of the altered biochemical pathways involve phospholipases activated in response
to the mechanical stress exerted on the cell membrane. Translocation of
mechanosensitive PLA2 to the cell membrane?® 2! is trigged both by mechanical pressure
and by increases in cellular Ca?*, indicating tight interconnection between Ca?* signaling
and AA metabolism. Ca?* is required for the enzymatic activation of the main PLA2
isoform. Cytosolic PLA2 associates with cell membranes in response to physiological Ca?*
increases and selectively hydrolyses arachidonyl phospholipids®’.

Tension in the lipid bilayer plays a crucial role in sensory mechanotransduction and
directly activates a series of eukaryotic calcium-permeable cell membrane channels,
including members of the transient receptor potential (TRP) protein family®-1%, Many TRP

family Ca?* channels are activated by osmotonicity and stress through their ability to sense
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fluid flow>%-%3, TRP channels are also directly activated by AA and its metabolites®4%7,
completing the link between mechanical stimuli, AA signalling, and Ca?* signalling.
Intracellular Ca?* concentrations increase upon modulation of mechanically gated
membrane channels in response to physical stress, providing the necessary ion
environment for PLA enzymatic activity?? 6% 69,

All these pathways are linked to changes in cytosolic Ca?* concentration, produced
by the activation of Ca?* membrane channels by the osmotonic and mechanical stress
imposed during the passage of cells through the hydraulic system of the flow cytometer.
Moreover, our data suggests that sorting induces Cer release from the SM reservoir. SM is
an abundant constituent of the outer leaflet of the plasma membranes of mammalian
cells’®. SM hydrolysis by neutral SMase produces phosphocholine and Cer and has been
suggested as a major route for stress-induced Cer production’?. The sorting-induced
changes in the SM and Cer pool thus might take place via the induction of plasma
membrane-bound, Mg?*-dependent, mechanosensitive SMase, which has been postulated
as an intracellular promoter of apoptosis®’'>2 and has also been linked to the extracellular
signal-regulated kinase 1 cascade and proinflammatory responses.

Our results highlight the need to include internal controls in FACS experiments to
assess the impact of cell sorting on the cells being isolated. To minimize the impact of
FACS influence on cell phenotype, control and experimental groups should undergo the
same technical procedures, and particular attention should be paid to the technique-

sensitive compounds identified here, especially when they form the focus of the research.
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Supplementary Figure S6. Hierarchical clustering analysis of annotated metabolites

significantly altered only in the Ab+Sort group. (PDF)

Supplementary Figure S7. FACS analysis of the peritoneal macrophage population isolated

from thioglycollate-injected BLC6 mice was performed with 5 biological replicates. (PDF)
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FIGURE LEGENDS

Figure 1. Simplified workflow for the metabolomic study of FACS-sorted peritoneal
macrophages. C57BL/6 mice received thioglycollate injections in the peritoneal cavity, and
macrophages were collected after 72 h. Cells were counted under a microscope and
divided in to 4 equal samples. The cell pellet of the Ctrl experimental group was snap-
frozen immediately after isolation. Cells in the Ab samples were resuspended in blocking
buffer and incubated with anti-CD16/CD32 and PerCP-Cy5.5-labeled anti-CD45, followed
by washing and snap-freezing in liquid N2. The Sort and Ab+Sort samples were prepared
according to the protocols for the Ctrl and Ab groups, respectively, but before the final
snap-freezing step the cells these 2 experimental groups were subjected to flow
cytometry. Metabolites were extracted from all cell pellets with i) MTBE:MetOH and ii)
MetOH:H20, and the resulting supernatants were analysed by GC-EI-QMS, CE-ESI-TOF-MS,
and LC-ESI-QTOF-MS in positive and negative ionization modes in 2 chromatographic
gradients (general and lipid). Five biological replicates were injected. Quality control (QC)
samples were prepared by pooling equal volumes of all metabolite extracts and injected in
between blocks of 4 samples until the end of the run to ensure analytical reproducibility.
Image courtesy of Servier Medical Art (SMART) PowerPoint image bank

(https://smart.servier.com/).

Figure 2. Selected boxplots representing the intensity of annotated metabolites (inosine
monophosphate, phenylalanine, linoleyl carnitine, hypoxanthine, alpha-CEHC, histidine,

creatine, and LysoPE(20:0)) codetected by different separation techniques. These
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metabolites were selected to illustrate distinct analytical situations and biochemical
classes. The selection covers downregulated metabolites involved in pathways of energy
generation, storage, and transfer (creatine, linoleyl carnitine), structural compounds
(lysophospholipids), nucleic acid metabolism (hypoxanthine, IMP), and others (alpha-
CEHC, histidine). Results are shown as box and whisker plots of minimum to maximum
values obtained in 5 replicates. * Indicates p value <0.05 versus baseline by Mann-

Whitney U test followed by Benjamini-Hochberg post hoc correction.

Figure 3. Biochemical classes altered in 3 experimental conditions with respect to the
control group (Ctrl): Ab, Sort, and Ab+Sort. (a) Hierarchical clustering analysis of
metabolites showing statistically significant alteration. (b) Direction of changes in the
subpopulations of amino acids, peptides, and analogues. (c) Biochemical categories (sub-
class in HMDB) of metabolites showing statistically significant alteration (Mann-Whitney U
test followed by Benjamini-Hochberg post hoc correction, p value < 0.05, n=5) with
manually curated identification. For details see Supplementary Figure S5 and

Supplementary Table S3.

Figure 4.
The heatmap represents the log, fold changes of individual samples intensities in each
condition with respect to Ctrl sample average intensity. Selected groups of metabolites

with manually curated identification show statistically significant alterations (Benjamini-
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Hochberg post hoc correction, p value < 0.05 in bold italics). For further details such as

individual intensities or separation techniques see Supplementary Table S3.

Figure 5. FACS affects cell metabolism. The figure represents some of the main stress
inputs, including a graphical summary of the mechanosensitive cascade triggered by
mechanical stimulus of the plasma membrane (inset). Image courtesy of Servier Medical

Art (SMART) PowerPoint image bank (https://smart.servier.com/).
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Figure 1. Simplified workflow for the metabolomic study of FACS-sorted peritoneal macrophages. C57BL/6
mice received thioglycollate injections in the peritoneal cavity, and macrophages were collected after 72 h.
Cells were counted under a microscope and divided in to 4 equal samples. The cell pellet of the Ctrl
experimental group was snap-frozen immediately after isolation. Cells in the Ab samples were resuspended
in blocking buffer and incubated with anti-CD16/CD32 and PerCP-Cy5.5-labeled anti-CD45, followed by
washing and snap-freezing in liquid N2. The Sort and Ab+Sort samples were prepared according to the
protocols for the Ctrl and Ab groups, respectively, but before the final snap-freezing step the cells these 2
experimental groups were subjected to flow cytometry. Metabolites were extracted from all cell pellets with
i) MTBE:MetOH and ii) MetOH:H20, and the resulting supernatants were analysed by GC-EI-QMS, CE-ESI-
TOF-MS, and LC-ESI-QTOF-MS in positive and negative ionization modes in 2 chromatographic gradients
(general and lipid). Five biological replicates were injected. Quality control (QC) samples were prepared by
pooling equal volumes of all metabolite extracts and injected in between blocks of 4 samples until the end of
the run to ensure analytical reproducibility.
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Figure 2. Selected boxplots representing the intensity of annotated metabolites (inosine monophosphate,
phenylalanine, linoleyl carnitine, hypoxanthine, alpha-CEHC, histidine, creatine, and LysoPE(20:0))
codetected by different separation techniques. These metabolites were selected to illustrate distinct

analytical situations and biochemical classes. The selection covers downregulated metabolites involved in

pathways of energy generation, storage, and transfer (creatine, linoleyl carnitine), structural compounds
(lysophospholipids), nucleic acid metabolism (hypoxanthine, IMP), and others (alpha-CEHC, histidine).
Results are shown as box and whisker plots of minimum to maximum values obtained in 5 replicates. *
Indicates p value < 0.05 versus baseline by Mann-Whitney U test followed by Benjamini-Hochberg post hoc

correction.
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Figure 3. Biochemical classes altered in 3 experimental conditions with respect to the control group (Ctrl):
Ab, Sort, and Ab+Sort. (a) Hierarchical clustering analysis of metabolites showing statistically significant
alteration. (b) Direction of changes in the subpopulations of amino acids, peptides, and analogues. (c)
Biochemical categories (sub-class in HMDB) of metabolites showing statistically significant alteration (Mann-
Whitney U test followed by Benjamini-Hochberg post hoc correction, p value < 0.05, n=5) with manually
curated identification. For details see Supplementary Figure S5 and Supplementary Table S3.
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identification show statistically significant alterations (Benjamini-Hochberg post hoc correction, p value <
0.05 in bold italics). For further details such as individual intensities or separation techniques see
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Figure 5. FACS affects cell metabolism. The figure represents some of the main stress inputs, including a
graphical summary of the mechanosensitive cascade triggered by mechanical stimulus of the plasma
membrane (inset).
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