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I  Abbreviations 

AcCoA   acetyl coenzyme A 

AD    Alzheimer’s disease 

AD-CSF cerebral spinal fluid of patients with Alzheimer’s 

disease 

ATP    adenosine triphosphate 

AX    anion exchange 

Aβ    beta-amyloid 

BCSFB   blood-cerebral spinal fluid barrier 

CCM  central carbon metabolism 

CNS    central nervous system 

CON-CSF   cerebral spinal fluid of healthy donors 

CSF    cerebral spinal fluid 

dMRM   dynamic multiple reaction monitoring 

EBV    Epstein–Barr virus 

EIC-    extracted ion chromatogram in negative mode 

EDTA    ethylenediaminetetraacetic acid 

F6P    fructose-6-phosphate 

FA-CoA   fatty acyl-coenzyme A 

FADH2   dihydro-flavine-adenine dinucleotide 

GC    gas chromatography 

HILIC    hydrophilic interaction liquid chromatography 

HPLC    high-performance liquid chromatography 

HPLC-ESI-QQQ-MS high-performance liquid chromatography coupled 

by electrospray ionisation to triple quadrupole 

HPLC-MS/MS high-performance liquid chromatography coupled 

with tandem mass spectrometry 
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IFN-γ  interferon-γ 
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LC    liquid chromatography 

LPS  lipopolysaccharide 

MACS  magnetic-activated cell separation 

MM    mixed-mode chromatography 

MS    mass spectrometry 

MS/MS   tandem mass spectrometry 

MScl    multiple sclerosis 
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sclerosis 
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PBMC    peripheral blood mononuclear cell 
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PPP    pentose phosphate pathway 

QQQ    triple quadrupole 

RP    reversed-phase chromatography 

TCA    tricarboxylic acid 
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1  Introduction and Aim of the Project  

Alzheimer’s disease (AD) and multiple sclerosis (MScl) are two of the most 

studied pathologies of the central nervous system to their devastating 

consequences in terms of life quality, worldwide spread, and cost for the 

healthcare systems. 

In 2019, 55 million people worldwide were diagnosed with dementia, 

whereby 60-80% are attributable to AD. This number is destined to increase to 

78 million in 2030. The cost of care and treatment for dementia is estimated to 

be above 1.3 trillion dollars annually and is expected to rise to 2.8 trillion dollars 

by 2030 [1]. The human cost in suffering, for both patients and caregivers, is 

way more devastating and cannot be reduced to a number. Similarly, 

2.8 million people were diagnosed worldwide in 2020 with MScl [2]. Although 

these two diseases differ in course, onset, and pathophysiology, they have 

aspects in common. Both, for instance, present neuroinflammation and 

activation of immune cells, including microglia/macrophages, in the central 

nervous system (CNS), possibly initiating neurodegeneration. Despite 

numerous studies, both diseases remain uncured. Furthermore, their aetiology 

remains largely unknown. Therefore, every piece of information is a step 

forward in unfolding their complexity. 

As mentioned above, a common trait of AD and MScl is neuroinflammation 

and, with it, the impairment of the barrier between blood and cerebral spinal 

fluid (BCSFB) together with infiltration of immune cells from the bloodstream. 

This project aims to study the alterations in the metabolism of monocytes 

recruited from the bloodstream into the cerebral spinal fluid (CSF) during 

neuroinflammation and evaluate possible differences between AD and MScl. 

With this purpose, a method has been developed, optimised, and validated for 
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the analysis of glucose metabolites using high-performance liquid 

chromatography (HPLC) hyphenated with mass spectrometry (MS). 

1 .1  Alzheimer ’s disease  and multiple  sclerosis  

AD is a chronic neurodegenerative disorder that causes the decline of the 

cognitive functions of the patient. Ageing is not the only high-risk factor in 

developing the disease. Also, but not limited to, genetic predisposition, severe 

head injury, or cerebrovascular disease may have a role in it [3]. The typical 

clinical features of AD include a progressive loss of memory, topographical and 

spatial difficulties, and behavioural alterations. Cognitive impairment increases 

with the progress of the disease and neurodegeneration. This causes a complete 

loss of autonomy, the mobility of the patient becomes compromised, and 

seizures may occur at a late stage. Death usually comes 8.5-10 years after 

symptom manifestation [4, 5]. 

The aetiology is still under debate, and the pathophysiology picture is far 

from complete. Still, it is widely accepted that abnormalities relative to the 

proteins beta-amyloid (Aβ) and Tau are two fundamental hallmarks of AD [6-

8]. The overproduction and failure in the clearance of the Aβ lead to an 

accumulation of the protein into fibrils which lead to plaques, causing 

impairment of synaptic functions. Similarly, the hyperphosphorylated Tau 

protein aggregates in neurons, forming neurofibrillary tangles (NFT) and 

reducing neuronal activity [3, 7]. The third and equally important hallmark of 

AD is microglial activation and neuroinflammation. This chronic inflammation 

is not only a reaction to the formation of plaques and NFT but becomes part of 

the pathogenesis itself [9]. Microglia are the resident macrophages of the brain 

responsible for the immune response in case of brain injury or infection. When 

in a resting state, they have a characteristic ramified structure optimal for 

scanning the CNS. Once an inflammatory disease or environmental factors 

disrupt the homeostasis of the brain, the microglia get activated in a process 
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called “microglial priming”. They change morphology into an amoeboid form 

able to quickly move towards the injury or infection site and release pro- and 

anti-inflammatory cytokines and other inflammatory mediators [10]. 

MScl is a chronic disease of the CNS characterised by neuroinflammation 

and progressive demyelination. The disease course leads to an increasing 

impairment of neurological functions and neurodegeneration. It occurs in 

young adults (20-40 years of age) and is a polysymptomatic disease. The most 

common clinical features include optic neuritis, spinal cord and brainstem 

syndromes, sensory disorders, and ataxia [11-13]. As for AD, the causes of MScl 

are not yet clear, however, some factors have been recognised as risk drivers. 

The list includes deficiency of vitamin D, Epstein–Barr virus (EBV) infection, 

obesity, smoking, and genetic susceptibility [14-16]. 

The pathology of MScl is characterised by neuroinflammation that causes 

multifocal lesions in the white and grey matter with demyelination plaques and 

progressive axonal damage [11, 17]. Neurodegeneration diffuses with the 

progression of the disease, causing brain atrophy and hypoxia-like injuries [18]. 

As previously mentioned for AD, with MScl also microglia get activated and 

undergo microglial priming, releasing a variety of pro- and anti-inflammatory 

cytokines and mediators [19]. 

AD is a neurodegenerative disease, whereas MScl is primarily 

neuroinflammatory. The course, the pathology, and the affected population of 

the two conditions present many differences. Nevertheless, as briefly 

mentioned above, they have several aspects in common: both disorders show 

neuroinflammation, microglial activation, and neurodegeneration. Another 

commonality, and starting point of this research work, is the infiltration of 

myeloid cells into the CSF caused by the disruption of the BCSFB. This integrity 

loss, driven by both diseases and their subsequent neuroinflammation, is 

shown in Figure 1 and has been previously reported [20-25]. 
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Figure 1: Barrier between CSF and blood in the choroid plexus in healthy individuals (upper pane) and patients with 

AD or MScl (lower pane). In the case of diseased people, the tight junctions of the epithelium lose their integrity, 

allowing the passage of myeloid cells into the CSF [26-29] (figure created with BioRender.com). 

The role of immune cells (monocytes, dendritic cells, and macrophages) in 

infiltrating the CSF is still under debate. Understanding their function in the 

diseases is necessary not only for prognostic but also for potential therapeutics 

purposes. It is essential to evaluate how the compartment change and the new 

microenvironment affect the monocytes and to obtain a clear picture of their 

function in the CSF. 

1 .2  Cell  metabolism 

The metabolism regulates every aspect of cellular life. The well-being or 

distress, every biosynthetic process, phenotypic alterations, the energy 

consumption or production, all these processes are strictly correlated to glucose 

catabolism. Moreover, the disruption of the homeostasis of the metabolic 
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system can be a red flag for starting or ongoing inflammation [30]. Assessment 

of metabolic changes is a valuable tool for estimating the effect of a change in 

environment on a cell. Reprogramming a cell phenotype, or cell activation and 

release of cytokines, requires a rewiring of the metabolism to support the 

adaptive changes of the cell to the new role or environment. 

The major metabolic pathways of a cell (Figure 2) include: 

• glycolysis (A): catabolism of glucose for producing energy and 

pyruvate. It takes place in the cytosol of a cell. The overall process 

transforms a six-carbon molecule (glucose) into two three-carbon 

molecules (pyruvate), two molecules of adenosine triphosphate (ATP) 

—the energy storage and source of a cell—, and two molecules of 

reduced nicotinamide-adenine dinucleotide phosphate (NADPH). 

• pentose phosphate pathway (PPP) (B): branch of the glycolysis that 

produces ribose-5-phosphate, the sugar necessary for synthesising 

nucleotides. It takes place in the cytosol, where is one of the first 

sources of NADPH production. 

• glutamate/glutamine metabolism (C): necessary to maintain nitrogen 

balance in the cell. Glutamate is produced from α-ketoglutarate 

(intermediates of the tricarboxylic acid (TCA) cycle) and glutamine 

from glutamate. Glutamine is crucial for synthesising purine and 

pyrimidines, while glutamate is for gamma-aminobutyric acid, folic 

acid, proline, and glutathione. Glutamate is also an excitatory 

neurotransmitter, but if present in concentrations too elevated, it may 

cause neuronal damage. Therefore, it may be converted into glutamine. 

If necessary, glutamine and glutamate can fuel the tricarboxylic acid 

cycle. 

• tricarboxylic acid (TCA) cycle (D): is an aerobic pathway for the 

metabolism of glucose-derived acetyl coenzyme A (AcCoA). It occurs 

in the mitochondria and produces three molecules of NADPH, one of 
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dihydro-flavine-adenine dinucleotide (FADH2), and one of ATP. The 

molecules of NADPH and FADH2 generated with the TCA cycle are 

the electron carriers for oxidative phosphorylation and the consequent 

production of energy in the form of ATP. 

• lactate metabolism (E): is the transformation of pyruvate into lactate. 

Lactate is an end-product of glycolysis in both anaerobic and aerobic 

conditions. Lactate production increases when the metabolic demand 

per time for ATP is higher or under stressful conditions. 

• serine/glycine metabolism (F): glycine derives from serine, and serine 

comes from the intermediate of glycolysis 3-phosphoglycerate. The 

conversion between serine and glycine is reversible and, as amino 

acids, they are both building blocks of proteins. Serine is crucial in the 

cycles of folate and methionine, in cell proliferation, and in the 

synthesis of phosphatidylserine and sphingolipids. In the brain, they 

both have essential roles in neurotransmission. 
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Figure 2: Major metabolic pathways of a cell. A: glycolysis; B: pentose phosphate pathway (PPP); 

C: glutamate/glutamine metabolism; D: tricarboxylic acid (TCA) cycle; E: lactate metabolism; F: serine/glycine 

metabolism (figure created with BioRender.com). 
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2  Methods 

2 .1  In  vitro  metabolic  studies  

Investigation of metabolic alterations in CNS cells is complex. First, like 

every metabolism study, it is a multivariate question, and it is challenging to 

understand the cause of the overall variation. Second, obtaining certain sample 

types (i.e. CSF) is difficult, particularly from healthy individuals. Third, the 

number of available cells is meagre for some specimens like CSF. 

There are mainly two approaches for addressing an in vitro cell (metabolism) 

study, depending on the aim of the research [31]. 

• immortalised cell lines: do not require ethical approval, are easy to 

use, provide an unlimited source of cells, and are cost-friendly. 

Moreover, they are a single and pure cell population, guaranteeing 

reproducible results. Certain immortalised cell lines may present a 

loss of metabolising enzymes after multiple passages, thus affecting 

the validity and reproducibility of the experiments [32, 33]. Due to 

genetic manipulation, they may not maintain the same functional, 

physiological, and reactive features as their corresponding primary 

cells [31]. They are mainly used to test drugs, their metabolism and 

cytotoxicity, optimise and produce vaccines and antibodies, and 

biotechnological syntheses [34-36]. 

• primary cells: need the ethical committee approval and incubation 

may be challenging. They are a limited source and are more 

expensive. These cells are more responsive towards stimulations and 

are a more accurate model for biochemical, metabolic, and 

pathophysiological studies [37]. They mimic the in vivo physiology 

and state more truthfully than their corresponding immortalised cell 

lines. Therefore, the results obtained are biologically more relevant. 
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Primary cells can proliferate for a limited time before undergoing 

genetic transformation. These cells are typically used for biological 

and preclinical studies, metabolism, intracellular communication, and 

disease-related mechanisms [38]. 

This research focuses on studying the alterations in the immunometabolism 

related to AD and MScl. Therefore, ex vivo peripheral blood mononuclear cell 

(PBMC)-derivated monocytes were incubated alone or in the presence of CSF of 

healthy individuals, AD or MScl patients, to mimic the compartment change 

(from the peripheral blood into the CSF) and the characteristics of the 

environment presented by the different diseases.  

2 .2  Isotopic tracing metabolic  s tudies  

To better understand towards which pathways monocytes rewire their 

metabolism under different stimuli, isotopically labelled tracers are powerful 

tools. They provide a complete overview of the preferential biochemical 

pathway and metabolic changes associated with cell activation and function 

under various conditions (e.g. CSF microenvironment of AD or MScl patients). 

The most commonly used tracer for in vitro studies of cell metabolism is 

glucose. Incubating the cells in the presence of labelled glucose as the only 

source of nourishment can give an insight into their physiological state. 

Moreover, the use of different isotopologues of glucose (e.g. [U-13C]glucose 

(uniformly labelled with 13C), [1-13C]glucose, or [1,2-13C2]glucose) offers multiple 

and sometimes complementary data. For instance, incubating cells with 

[1,2-13C2]glucose instead of [U-13C]glucose provides specific information on the 

synthetic pathway of ribose-5-phosphate (oxidative and non-oxidative PPP) 

and fructose-6-phosphate [39-41] or lactate [42, 43], thanks to different 

isotopomeric or isotopologues distributions. Figure 3 shows an example of the 

results obtained by incubating cells with [1,2-13C2]glucose as substrate: 
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fructose-6-phosphate and lactate present different isotopologues depending on 

the formation pathway. 

 

Figure 3: Metabolism (glycolysis and pentose phosphate pathway (PPP)) of [1,2-13C2]glucose. The isotopic 

distribution of labelled carbons makes it possible to distinguish between the formation pathways of fructose-6-

phosphate (green squared frames) and lactate (orange squared frames). G6P: glucose-6-phosphate; F6P: fructose-6-

phosphate; FBP: fructose-1,6-biphosphate; G3P: glyceraldehyde-3-phosphate; DHAP: dihydroxyacetone phosphate; 

LAC: lactate; 6PGL: glucono-1,5-lactone-6-phosphate; 6PG: gluconate-6-phosphate; Ru5P: ribulose-5-phosphate; 

R5P: ribose-5-phosphate; X5P: xylulose-5-phosphate; S7P: sedoheptulose-7-phosphate; E4P: erythrose-4-phosphate 

(figure created with BioRender.com). 

13C-Glucose isotopologues are the most commonly used but are not the only 

isotopic tracers available. Depending on the focus of the study, there are 

different possible solutions. [U-13C]Glutamine, for example, has been used to 

elucidate the TCA cycle metabolites [44-46]. [U-13C]xylose was used for the 

investigation of the PPP [47, 48]. For studies on amino acids, glutathione 

metabolism, and pyrimidine nucleotide synthesis, however, the use of 15N2-

glutamine has been reported [49]. 

Ultimately, it is necessary to plan the experiments carefully before the 

incubation. Many metabolic substrates (e.g. glucose, glutamine, xylose), 
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different stable isotopes (e.g. 13C, 15N, 2H), and isotopologues or isotopomers can 

be used. The aim of the research and the targeted pathway must guide the 

selection of the most suitable isotopic tracer or tracers. 

In this research, [1,2-13C2]glucose was selected as an isotopically labelled 

tracer to comprehensively overview the general metabolism of monocytes while 

keeping track of each specific pathway (as illustrated in Figure 3). 

2 .3  Analysis  of  the metaboli tes and their  analytical  

challenges  

The most common approach for analysing the alterations of the metabolism 

is liquid chromatography (LC) or gas chromatography (GC) coupled to mass 

spectrometry (MS). By hyphenating these techniques, it is possible to take full 

advantage of both: the resolution power and selectivity of chromatography and 

the high sensitivity and selectivity of MS. This is critical, especially in the case 

of limited samples (e.g. monocytes and CSF) or complex matrices. GC is mainly 

used for volatile or derivatised analytes, while LC is preferred for non-volatile 

and for both polar and non-polar compounds [50]. 

The targeted analysis of several labelled and non-labelled metabolites has 

been optimised and performed in this research. Due to heterogeneous 

physicochemical properties (e.g. different polarity, pKa, stability, solubility) 

among the analytes, LC hyphenated with a triple quadrupole (QQQ) analysis is 

the technique of choice. In fact, QQQ tandem mass spectrometry (MS/MS) is 

considered the most suitable choice for targeted metabolomics [51-53]. The 

analysed unlabelled metabolites are summarised in Table 1. As can be inferred 

from the chemical structures, the metabolites are all either polar or very polar 

substances. The high polarity of an analyte can be a challenge for 

chromatographic separation. In this case, the most common chromatographic 

approaches (combined with MS detection) are mainly three: reversed-phase 
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(RP), mixed-mode (MM), or hydrophilic interaction liquid chromatography 

(HILIC). 

Table 1: Metabolites (displayed as unlabelled form) of the major metabolic pathways targeted in this study (structures 

created with ChemDraw Professional 15.1) 

 
   

glycine pyruvic acid lactic acid serine 

   

glutamine glutamic acid 
glyceraldehyde-3-

phosphate 

  

3-phosphoglyceric acid citric acid 

  

ribose-5-phosphate fructose-6-phosphate 

  

adenosine monophosphate adenosine triphosphate 

 

acetyl coenzyme A 
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• Reversed-phase chromatography: it is characterised by a non-polar 

stationary phase, such as C18 or fluoro-phenyl, and a polar mobile 

phase (usually water and organic solvents like methanol or 

acetonitrile). Due to the insufficient retention of very polar analytes on 

the column, RP is not feasible unless ion pairing agents (IP) 

(e.g. alkylsulfonic acids, alkylamines, fluorinated carboxylic acids) are 

added to the eluents. The use of IP, though, can affect the sensitivity of 

the analysis due to ion suppression and can contaminate the system 

causing a persistent carry-over. Moreover, some IP are not suitable for 

MS analysers [54, 55]. 

• Mixed mode chromatography: it is a combination of two (or more) 

different retention modes (e.g. C18 and anion exchange (AX), ion 

exchange (IEX) and neutral polar) and, therefore, mixed stationary 

phases. The composition of the mobile phase depends on the typology 

of the column. In practice, though, often only one separation mode 

can be used at a time, depending on the ratio of mobile phases [56, 57]. 

• HILIC: is the most commonly used mode for very polar compounds 

when coupled to MS. It consists of a polar stationary phase and an 

organic-rich mobile phase (methanol or acetonitrile). The separation 

occurs thanks to the intermolecular interactions of the analytes with 

the aqueous layer formed on the surface of the stationary phase 

(e.g. H-bonding, dipole-dipole interaction, electrostatic). HILIC 

coupled with MS usually allows a better sensitivity than RP for polar 

analytes since no IP are needed, and the polar organic-rich mobile 

phases are more volatile [58]. Moreover, it enables the separation of 

anions, cations, and polar neutral compounds in one analytical run. 

The limitations of HILIC separation are mainly four. First, the sample 

must be soluble in an organic-rich mobile phase; second, the choice of 

the sample solvent is critical; third, the high amount of organic 
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solvents in the mobile phase limits the use of buffers; four, the column 

requires a longer time to equilibrate. There is a wide variety of 

different HILIC stationary phases. 

One of the most used in targeted metabolomics is the zwitterionic HILIC 

(z-HILIC) [59-61], which adds the zwitterionic interaction with those mentioned 

above for partitioning the analytes between the mobile phases and the aqueous 

layer. 

There is one last point to consider when analysing metabolites of the central 

carbon metabolism. Most of the targeted compounds contain vicinal hydroxylic 

or phosphate groups, which can cause severe peak tailing and sometimes solute 

adsorption. Examples include citric acid and all the analytes containing a 

phosphate group, like adenosine triphosphate (ATP) or fructose-6-phosphate 

(F6P). This effect is caused by the interaction or non-specific adsorption of the 

solute with the metallic components of the instrument [62-66]. It is known that 

phosphates [67, 68] and citrate [69, 70] have a coordinating affinity towards Fe3+. 

The resulting peak broadening can be extreme, making the integration difficult 

or sometimes impossible. Figure 4A depicts an example (ribose-5-phosphate) of 

the effect on retention of the chelating interaction between the analyte and the 

metallic parts of the instrument. 

There are different approaches to overcome this problem. Pesek et al. used 

ethylenediaminetetraacetic acid (EDTA) in aqueous normal phase analysis. 

They 1) added it to the mobile phases in low concentrations, 2) injected a 

significant volume, highly concentrated, before the beginning of the analysis of 

each batch, or 3) used it as part of the sample solvent [71]. Since EDTA is highly 

ionisable, significant signal suppression has been highlighted in all three 

options. The most effective approach was the continuous, low-concentrated 

perfusion of EDTA through the mobile phases. A similar method was used by 

Myint et al. [72] with HILIC nano-column. 
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Another additive used in HILIC [60, 73, 74] and RP-LC [75] analysis is 

medronic acid. Similarly to the first method, adding a competing, more 

appealing, and constant chelating agent into the mobile phases results in a 

better peak shape. Medronic acid has the advantage of causing minimal ion 

suppression. The optimised peak is shown in Figure 4B. 

 

 

Figure 4: Chromatographic peaks of ribose-5-phosphate (R5P). A: chromatogram of R5B with no additives in the 

mobile phases. The peak is broad due to the coordinating interactions of the phosphate group of the analyte with the 

metallic parts of the instrumentation (iron cations). B: chromatogram of R5B with medronic acid as additive in both 

the mobile phases (method detailed in Manuscript I). The peak shape is optimised, allowing the identification and 

quantification of the analyte. Column: Agilent InfinityLab Poroshell 120 HILIC-Z, 2.1 x 100 mm, 2.7 µm; extracted 

ion chromatograms in negative mode (EIC-) of ribose-5-phosphate ([M-H]- m/z 229.0). 

A

B
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Another possibility is the substitution of all the capillaries, tubing, and 

sample loop with inert polyether ether ketone (PEEK) and the use of metal-free 

or bioinert systems [65, 76]. This method is probably the most effective but is 

also not a real solution for laboratories where bioinert systems are not available. 

In this study, intracellular and extracellular key-role metabolites were analysed 

with high-performance liquid chromatography coupled with tandem mass 

spectrometry (HPLC-MS/MS) to overview the metabolic profiles 

comprehensively. Medronic acid was used to optimise the peak shape with a 

z-HILIC column. 

 



Manuscripts 

 

17 

3  Manuscripts 

3 .1  Manuscript  I :  “Isotopic  tracing of  glucose 

metaboli tes in human monocytes  to  assess 

changes  in  inflammatory conditions ”  

Ginevra Giacomello, Chotima Böttcher, and Maria Kristina Parr 

 

STAR Protocols; 3 (2022) 101715 

DOI: 10.1016/j.xpro.2022.101715 

 

Abstract: Differences in metabolic profiles can link to functional changes of 

immune cells in disease conditions. Here, we detail a protocol for the detection 

and quantitation of 19 metabolites in one analytical run. We provide the 

parameters for chromatographic separation and mass spectrometric analysis of 

isotopically labeled and unlabeled metabolites. We include steps for incubation 

and sample preparation of PBMCs and monocytes. This protocol overcomes the 

chromatographic challenges caused by the chelating properties of some 

metabolites. 
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SUMMARY
Differences in metabolic profiles can link to functional changes of immune cells in 
disease conditions. Here, we detail a protocol for the detection and quantitation 
of 19 metabolites in one analytical run. We provide the parameters for chromato
graphic separation and mass spectrometric analysis of isotopically labeled and 
unlabeled metabolites. We include steps for incubation and sample preparation 
of PBMCs and monocytes. This protocol overcomes the chromatographic chal
lenges caused by the chelating properties of some metabolites.

BEFORE YOU BEGIN
Institutional permissions
The protocol involves human immune cells and, therefore, the approval of the ethical committee is 
necessary before starting the analysis. The study was registered and approved by the Ethics Com
mission of Charité-Universitâtsmedizin Berlin (Ethikkommission der Charité-Universitâtsmedizin 
Berlin; registration number EA1/187/17), Berlin, Germany.

This protocol can be applied to the incubation of different cell types. The following paragraphs will 
show its application to the analysis and quantitation of the metabolites extracted from peripheral 
blood mononuclear cells (PBMCs) and monocytes.

Metabolic pathway(s), related metabolites, and cell type of interest should be identified before per
forming an experiment. It should be taken into consideration that different cell types require 
different culture conditions including the incubation time. For example, human cell lines are in gen
eral more stable than human primary cells (e.g., human PBMCs) and thus can commonly be longer 
incubated in vitro.

Another aspect to take into consideration is that if the analysis involves a labeled precursor, an 
enrichment of isotope-labeled metabolites is generally required. In this protocol, we were 
interested in assessing glucose metabolism in human PBMCs and monocytes (primary cells) using 
13C-labeled glucose. Therefore, the cells had to be cultured in 12C-glucose-free medium supple
mented with 13C-glucose for 4-6 h (an exact incubation time should be first validated) for an

•m«« STAR Protocols 3, 101715, December 16, 2022 © 2022 The Authors. 1
This is an open access article under the CC BY license (http://creativecommons.Org/licenses/by/4.0/).

https://doi.org/10.1016/j.xpro.2022.101715
http://creativecommons.org/licenses/by/4.0/


20 Manuscripts

€<* CelPress
OPEN ACCESS

STAR Protocols
Protocol

enrichment of l3C-labeled metabolites derived from glucose. Of note, every metabolic pathway re
quires a specific time to convert the precursor into related metabolites. The glycolytic intermediates 
are usually produced within minutes from the introduction of labeled glucose, while those of the 
tricarboxylic acid (TCA) cycle will need several hours (Buescher et al,, 2015).

Finally, it is also challenging to distinguish metabolites that are present both in the culture medium and 
intracellular compartment, such as amino acids (Shlomi et al., 2014), pyruvate, or lactate (Qiiek et al., 
2016). This continuous exchange between extra- and intracellular compartment may interfere with the 
incorporation of the labeled precursor and, therefore, in the determination of the metabolic fluxes.

Regarding glucose metabolism, some of the metabolites involved in the TCA cycle, glycolysis, and 
pentose phosphate pathway are phosphorylated substances and, therefore, are good chelating 
agents. The same applies to citric acid. In terms of analytics, that means a broad chromatographic 
peak, when even a chromatographic peak is obtainable. To overcome this issue, it is necessary to 
passivate the entire system with a phosphoric acid wash, as will be described in step-by-step method 
details. In addition, the InfinityLab deactivator (medronic acid) must be added to both mobile phase 
constituents. The use of alternative chelating additives to improve the peak shapes of metal-sensi
tive analytes has been reported, especially EDTA and other ion-pairing reagents. These alternatives, 
however, present some problems such as ion suppression or longer persistence in the column and 
the HPLC system (Hsiao et al., 2018; Pesek et al., 2011).

12C-glucose-free medium supplemented with 1r2-13C2-glucose

® Timing: 5 min

1. Add 10% fetal bovine serum (FBS) to Dulbecco's Modified Eagle's Medium (DMEM), without 
glucose, pyruvate, glutamine, and phenol red (e.g., for the incubation of 40 million PBMCs, 
add 1 mL of FBS to 9 mL of DMEM).

2. Add 1,2-13C2-D-glucose in 1. to a final concentration of 4.5 g/L.

Culture medium with unlabeled glucose

© Timing: 5 min

3. Add 10% FBS in DMEM, without glucose, pyruvate, glutamine, and phenol red.
4. Add unlabeled glucose (12C-glucose)tothe culture medium (3) to a final concentration of 4.5 g/L.

Passivation solution: 0.5% phosphoric acid wash

® Timing: 10 min

5. Add 0.5% ortho-phosphoric acid (H3PO4) to 90% acetonitrile (ACN) and 10% water.

To obtain 0.5 L of phosphoric acid washing solution, mix 450 mL of ACN, 50 mL of H?O, and 2.5 mL 
of H3PO4 (85%).

A CRITICAL: Ortho-phosphoric acid (H3PO4) 85% causes severe skin burns and serious eyes 
damages. Use suitable chemical protection gloves and goggles while handling it. It is also 
corrosive to metals, avoid contact.

A CRITICAL: ACN is toxic by oral ingestion, dermal contact, and inhalation. It also causes eye 
Irritation. Always use gloves, google, and lab coat and work under fume hood while 
handling it.

2 STAR Protocols 3, 101715, December 16, 2022
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Ammonium acetate (CH3COONH4) buffer stock solution

® Timing: 15 min

6. Prepare a 100 mM solution of CH3COON H4 in H7O. To obtain 0.5 L of buffer stock solution weigh 
3.85 g of CHgCOONH/] and bring to volume in a 0.5 L volumetric flask.

7. Adjust pH with ammonia solution (NH3) to pH 9.

A CRITICAL: NH3 causes severe skin burns and eye damage. Always wear gloves, google, 
and lab coat while handing it. It may cause respiratory irritation. Work under fume 
hood. It may be corrosive to metals, avoid contact. It is very toxic to aquatic life and 
with long lasting effects. Avoid release to the environment.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

PBMCs The German Red Cross www.drk.de

Chemicals, peptides, and recombinant proteins

Infinity Lab Deactivator Additive Agilent Cat#5191 -3940
RPMI 1640 Medium Gibco™ Cat#21875034

DMEM, no glucose, no glutamine, 
no phenol red

Thermo Fisher Scientific Cat#A1443001

Acotyl-Coonzymc A Trilithium
Salt BioChcmica

PanRcac AppliChom
ITW Reagents

Cat#A3753

[V-13C] Adenosine 5'-monophosphate
{disodium salt)

Omicron Biochemicals, Inc. Cat#N CT-001

Adenosine 5'-monophosphate monohydrate Sigma-Aldrich Cat#A2252

Adenosine 5'-tri ph os ph ate 
{ATP) di sodium salt hydrate

Sigma-Aldrich Cat#A1852

Citric acid Sigma-Aldrich Cat#251275
D-Fructose 6-phosphate disodium salt hydrate Sigma-Aldrich Cat#F3627

D-Glucose Sigma-Aldrich Cat#G7021-1 KG
D-Glucose-1,2-l3C? Sigma-Aldrich Cat#453188
DL-Glyceraldehyde 3-phosphate solution Sigma-Aldrich Cat#G5251

Glycine Sigma-Aldrich Cat#94119
Glycine (2-l3C, 99%) Eurisotop Cat#CLM-l36
L-Glutamic acid (1,2-IJC.. 99%) Cambridge Isotope 

Laboratories, Inc,
Cat#CLM-2Q24-PK

L-Glutamic acid hydrochloride Sigma-Aldrich Cat#G2128
L-Gljtamlne (1,2- 1SC2, 99%) Cambridge Isotope 

Laboratories, Inc.
Cat#CLM-2001-PK

Glutamine United States Pharmacopeia 
(USP) Reference Standard

Cat#1294808

Sodium L-lactate Sigma-Aldrich Cat#L7022

Sodium pyruvate Sigma-Aldrich Cat#P5280
Sodium pyruvate-2,3- 3C2 Sigma-Aldrich Cat#486191
D-{ )-3-Phosphoglyceric acid (disodium salt) Sigma-Aldrich Cat#P8877

D-Ribose 5-phosphate disodium salt dihydrate Sigma-Aldrich Cat#83875
DL-Serine Sigma-Aldrich Cat#68353

Acetonitrile (LC-MS grade >99.9%) Fisher Scientific Cat#326810025
Ammonium acetate (>99%) VWR Chemicals Cat#84885.180

Ortho-phosphoric acid 85% Merck Cat#1.00563
NH3 solution 25% for LC-MS LiChropur® Merck Cat#5330030050

Benzonase nuclease Sigma-Aldrich Cat#E1014-25KU
Monensin solution (1000x) BioLegend Cat#420701

{Continuée/ on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

FBS (heat inactivated) Gibco™ Cat#10082147
LPS from E. coli 0111:84 Sigma-Aldrich Cat#L4391-1MG

PBS (DPBS, no calcium, no magnesium) Gibco™ Cat#14200-067

Critical commercial assays

MACS (Pan Monocyte Isolation Kit (human)) Miltenyi Biotec Cat#130-096-537

Software and algorithms

MassHunter 10 Quantitative
Analysis program G3336

Agilent Technologies https://www.agilent.com/

MassHunter 10 Acquisition software G3335 Agilent Technologies https://www.agilent.com/

ChemDraw Professional 18,0 Perkin Elmer https://www.perkinelmer. 
com/category/chemdraw

Prism 9 GraphPad https://www.graphpad.com/ 
u pda te s/ pri sm -900- re lea se- n ote s

Other

1290 Infinity II LC System Agilent Technologies N/A
InfinityLab Poroshell 120 HILIC-Z,
2.1 x 100 mm, 2.7 pm, PEEK lined

Agilent Technologies Cat#67 577 5-924

1290 Infinity II in-line filter, 0.3 pm, 2 mm ID, SST Agilent Technologies Cat# 5067-6189

6495 QqQ with AJS-ESI source Agilent Technologies N/A
Water purification system LaboStar™ 2-DI/-UV LaboStar® Cat#2206/2207
Membrane filter, non-sterile, nylon, 0.2 urn, 47 mm Thermo Scientific Cat#DS0215-4020
Syringe filters ROTILABO®, cellulose 
acetate (CA), 0,2 jim, 25 mm, sterile

Roth Cat#KC70,1

MATERIALS AND EQUIPMENT
LC-MS setting
For this protocol an Agilent 1290 Infinity II HPLC system was hyphenated to an Agilent 6495 QqQ 
mass spectrometer (MS) with an Agilent jet stream source with electrospray ionization (AJS-ESI), 
both controlled by MassHunter Data Acquisition software (Agilent, Waldbronn, Germany). For the 
separation of the metabolites, an Agilent Infinity La b Poroshell 120 HILIC-Z column (PEEK-lined, 
2.1 x 100 mm, 2.7 pm) was used.

Table 1 shows the HPLC conditions and Table 2 the MS parameters. Fragmentation and source 
parameters were optimized using Agilent Optimizer and Agilent Source Optimizer software. The 
acquisition was conducted in dynamic multiple reaction monitoring (dMRM) mode in both, positive 
and negative mode.

Table 1♦ HPLC conditions

Autosampler temperature 4'C
Column temperature 30:C
Injection volume 1 H-L
Total run time 21 min

Flow 0.3 mL/mirt
Mobile phase A 10 mM CH3COONH4 (from stock solution "before you

begin 6.-7."} in H2O + 5 tiM InfinityLab deactivator additive

Mobile phase B 10 mM CH3COONH4 (-From stock solution "before you
begin 6.-7.") in ACN + 5 |iM InfinityLab deactivator additive

Gradient min Solvent A (%) Solvent B (%)
0 10 90
2 10 90

12 40 60
14 40 60
15 10 90

20 10 90
Post-run (1 min) 10 90

4 STAR Protocols 3, 101715, December 16, 2022
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Agilent 6495 QqQ

Table 2. MS parameters

Ionization mode Positive Negative

Sheath gas flow (L/min) 12 12

Sheath gas temperature f'C) 350 350

Capillary voltage (V) 4500 3500

Nozzle voltage (V) 750 □

Drying gas temperature f C) 210 210

Drying gas flow (L/min) 20 20
Nebulizer (psi) 30 30

Funnel High P RF 190
Low P RF40

High P RF 110
Low P RF 60

STAR Protocols 3, 101715, December 16, 2022 5

STEP-BY-STEP METHOD DETAILS
This protocol can be applied to different cell cultures. Conditions of cell incubation will need previ
ous evaluation and adjustment.

We show here, the protocols used for the incubation of PBMCs and monocytes.

Two different conditions were used in both cases: with labeled (1,2-13C2~D-glucose) and unlabeled 
glucose.

PBMC incubation

©Timing: 8-9 h

This part describes experimental steps starting with about 40 million PBMCs.

1. Thawing of PBMCs and preparation for the incubation.
a. Warm 10 mL washing medium (10% FBS in Roswell Park Memorial Institute (RPMI) 1640 me

dium) in a falcon tube to 37"C in a water bath.
b. Warm 5 mL washing medium containing benzonase (25 U/mL) at 37°C in a water bath.
C. Thaw frozen PBMCs (max of 40 X 106 cells) in a water bath (37I!C). When almost completely 

thawed, transfer the cells under sterile condition to the falcon tube containing 10 mL washing 
medium (a., without benzonase).

d. Centrifuge at 300 X g for 10 min at room temperature, then remove the supernatant.
e. Gently resuspend each cell pellet in 1 mL of warmed medium with benzonase (b.), then 

add another 4 mL of benzonase medium. Mix well and incubate at 37<;C in a water bath 
for 5 min.

f. Centrifuge at 300 x g for 10 min at room temperature, then remove the supernatant.
2. PBMC incubation in an ultra-low attachment 6-well plate.

a. Sterile-filter (with 0.2 pm filter) the medium supplemented with either unlabeled or 1,2-13Ca- 
D-glucose (see the paragraph "before you begin" points 1.-2. or 3.-4).

b. Warm the culture medium (2.a.) to 37* l 2'C in a water bath.
c. Gently resuspend each cell pellet (1 .f.) in the sterilized, warm medium (2.b.) and adjust the cell 

concentration to 1 X 106/100 pL.
d. Transfer about 5 x 106 cells (about 500 pL) into an ultra-low attachment surface 6-well plate, 

add culture medium to a final volume of 1,800 pL.
e. Incubate for 2 h at 37 ’C, 5% CO2.
f. Add 200 pL of PBS (negative control) or 200 pL of lipopolysaccharide (LPS) solution 

(100 ng/mL, as a stimulant). The final volume is 2,000 pL/well.
g. Incubate at 37'C, 5% CO2 for another 4 h.
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3. Cell harvest.
a. Transfer cell suspension into 2 mL Eppendorf tubes.
b. Centrifuge at 300 X g, for 10 min at 4!'C.
c. Transfer the supernatant into new tubes, then centrifuge at 15,000 X gt for 10 min at 4CC. Take 

out 1 mL of supernatant and store at —80JC until measurement.
d. Shock freeze the cell pellet in liquid N2 and leave it for 5 min.
e. Take out frozen cell pellet from liquid N2, then add 100 pL of H2O:ACN (1:1). Vortex thor

oughly and incubate on ice for 5 min.
f. Centrifuge at 15,000 X g, for 10 min at 4°C.
g. Carefully take 75 pL of the supernatant, without disturbing the cell pellet. Store the cell lysate

at -80"C.

& CRITICAL: All cell culture experiments should be carried out under laminar flow hood un
der a sterile condition.

A CRITICAL: The use of human cells for research purposes underlies to ethical restrictions. It 
is necessary to obtain appropriate approvals before starting the research.

A CRITICAL: Incubation time should be validated prior to experiment (i.e., the incubation 
time in 2.e. and g. can be varied and tested).

Note: After isolation, PBMCs were stored in liquid N2 until the experiment.

Optional: In step 2.f other stimulants may be applied instead of LPS.

Monocyte incubation

©Timing: 9-10 h

This step begins with about 40 million PBMCs.

4. Thawing of PBMCs.
a. Warm 10 mL of medium (10% FBS in RPMI 1640 medium) in a falcon tube to 37"C in a water 

bath.
b. Warm 5 mL of washing medium containing benzonase (25 U/mL) at 37' C in a water bath.
c. Thaw frozen PBMCs (max of 40 x 106 cells) in a water bath (37C'C). When almost completely 

thawed, transfer the cells under sterile condition to the falcon tube containing 10 mL washing 
medium (a., without benzonase).

d. Centrifuge at 300 x g for 10 min at room temperature, then remove the supernatant.
e. Gently resuspend each cell pellet in 1 mL of warmed medium with benzonase (b.), then add 

another 4 mL of benzonase medium. Mix well and incubate at 37"C in a water bath for 5 min.
f. Centrifuge at 300 X g for 10 min at room temperature, then remove the supernatant.

5. Separation of monocytes with the magnetic-activated cell sorting (MACS) (negative selection 
approach using Pan Monocyte Isolation Kit, human).
a. Prior to MACS sorting, put the LS column at —20"C, to minimize unspecific binding.
b. Wash the cell pellet (4.f.) with 1 mL of MACS buffer (0.5% BSA in PBS containing 2mM EDTA) 

and transfer to 1.5 mL Eppendorf tubes.
c. Centrifuge at 300 X g, for 10 min at 4'C, then take out the supernatant.
d. Resuspend the cell pellet in 400 pL of MACS buffer (for 5 x 106 cells).
e. Add 100 pL of FcR blocking reagent (for 5 x 106 cells).
f. Add 100 pL of biotin-antibody cocktail (for 5 x 106 cells).
g. Mix well and incubate for 5 min in the refrigerator (2,:C—8 ’C).
h. Add 300 pL of MACS buffer (for 5 x 106).

6 STAR Protocols 3, 10171 5, December 16, 2022
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i. Add 200 pL of anti-biotin micro beads (for 5 X 10  cells).6
j. Mix well and incubate for 10 min in the refrigerator (2i'C-8iC).
k. Wash with 1 mL of MACS buffer.
l. Centrifuge at300 x g, for 10 min at4tC, take outthe supernatant, and then resuspend the cell 

pellet with 500 pL MACS buffer.
m. Place the LS column in the magnetic field of a MACS separator.
n. Precondition the column by rinsing with 3 mL of MACS buffer.
o. Load the cell suspension (I.) onto the column through the pre-separation filter.
p. Collect flow-through, which contains unlabeled cells, representing the enriched pan

monocytes.
q. Wash column with 3 X 3 mL of MACS buffer and combine all four flow-through,
r. Take an aliquot of 10 pL for cell count, then centrifuge the remaining cells at 300 x g, for 

10 min at 4:'C and remove supernatant.
6. Monocytes incubation in an ultra-low attachment 24-well plate.

a. Sterile-filter (with 0.2 pm filter) the medium supplemented with either unlabeled or 1,2- Cp- 
D-glucose (see the paragraph "before you begin").

13

b. Warm the culture medium to 37°C in a water bath.
c. Gently resuspend each cell pellet (5.r.) in the sterilized, warm medium (6.b.) and adjust the cell 

concentration to ca. 8 X 105/100 |iL.
d. Transfer about 8 X 10’’ cells (about 100 pL) of cell suspension into an ultra-low attachment 

surface 24—well plate and add culture medium to a final volume of 300 pL.
e. Add 0.3 ,uL of Monensin per well.
f. Incubate for 5 h at 37cC, 5% CCfo

7. Cell harvest.
a. Transfer cell suspension in 2 mL Eppendorf tubes.
b. Centrifuge at 300 X g, for 10 min at 4"C.
c. Separate the supernatant from the cell pellet (attention not to disturb cell pellet: do not 

aliquot the entire volume of supernatant). To analyze the culture medium, centrifuge it at 
1 5,000 x g, for 10 min at 4”C before LC-MS analysis.

d. Shock freeze the cell pellet into liquid Ny and leave it for 5 min.
e. Take out from liquid N2 and add 100 |iL of H2O:ACN (1:1).
f. Vortex thoroughly and incubate on ice for 5 min.
g. Centrifuge at 15,000 x g, for 10 min at 4CC.
h. Carefully take 75 pL of the supernatant, without disturbing the cell pellet to obtain the samples 

of cell extract.
i. Put the samples at —80fIC or on dry ice.

A CRITICAL: The incubation of monocytes is particularly delicate in a culture medium 
without pyruvate and glutamine. Verify regularly during the Incubation the well-being 
of the cells and consider that reaching the isotopic steady state might be challenging.

A CRITICAL: All cell culture experiments should be carried out under laminar flow box in a 
sterile environment.

A CRITICAL: The use of human cells for research purposes underlies to ethical restrictions. It 
is necessary to obtain appropriate approvals before starting the research.

Note: After collection and before the incubation, PBMCs from where monocytes were ex
tracted, were stored at -80:::C.

Optional: In step 6.e different stimulants can be used, for instance, LPS to simulate different 
incubation conditions.

STAR Protocols 3. 101715, December 16, 2022 7
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Preparation of mobile phases

© Timing: 15 h

8. Deactivation solution A (mobile phase A: 10 mM CH3COONH4 in H2O + InfinityLab deactivator 
additive).
a. To obtain 1 L of mobile phase A, add 100 mL of CH3COONH.4 stock solution ("before you 

begin") to 900 mL of milli-Q water.
b. Add 1 mL of InfinityLab deactivator additive per liter of mobile phase (final concentration of 

5 pM).
c. Let it rest overnight at room temperature.
d. Filter with a 2 pm filter (non-sterile, nylon, 0.2 pm, 47 mm).
e. Sonicate the mobile phase for 5-10 min to degas.

9. Deactivation solution B (mobile phase B: 10 mM CH3COONH4 in ACN + InfinityLab deactivator 
additive).
a. To obtain 1 L of mobile phase B, add 100 mL of CH3COONH4 stock solution ("before you 

begin") to 900 mL of LC-MS grade ACN.
b. Add 1 mL of InfinityLab deactivator additive per liter of mobile phase (final concentration of 

5 piM).
c. Let it rest overnight at room temperature.
d. Filter with a 2 pm filter (non-sterile, nylon, 0.2 pm, 47 mm).
e. Sonicate the mobile phase for 5-10 min to degas.

A CRITICAL: There might be some precipitation in the mobile phases, especially in the 
organic one (B). It is recommended to add the buffer stock solution slowly to the ACN, 
and only after 10-15 min the InfinityLab deactivator additive.

A CRITICAL: ACN is toxic by oral ingestion, dermal contact, and inhalation. It also causes 
eye irritation. Always use gloves, google, and lab coat and work under fume hood while 
handling it.

Passivation and conditioning of the system

© Timing: 18-19 h

The passivation and conditioning of the system was conducted accordingly to Agilent's protocol for 
the use of the InfinityLab deactivator (Agilent Technologies, 2018).

10. Phosphoric acid wash.
a. Put milli-Q water as mobile phase for both channels.
b. Purge the system for 5 min at 5m L/min directly to waste, Ifthe system does not have a purge 

valve, momentarily detach the column, and put the inlet capillary to a waste container.
c. Set the flow of milli-Q water to 0.25 mL/min and run for 30 min through the system and the 

column.
d. Change the flow rate to 0 mL/min.
e. Take out the spray needle from the MS source and fix it vertically in a waste container (Fig

ure 1). Do not inject phosphoric acid wash in the MS.
f. Switch the solvent in both channels to the 0.5% phosphoric acid wash ("before you begin: 

passivation solution: 0-5% phosphoric acid wash").
g. Purge the system, for 5 min at 5 mL/min with the phosphoric acid wash.
h. Set the flow of 0.5% phosphoric acid wash to 0.1 mL/min and run for 14 h.
i. Change the flow rate to 0 mL/min.
j. Switch the solvent in both channels to milli-Q water.

8 STAR Protocols 3, 101715, December 16, 2022
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Figure 1. Waste container and holder for the spray needle during the passivation of the HPLC-MS system

k. Purge the system at 5 mL/min for 10 min with milli-Q water.
l. Set the flow of milli-Q waterto 0.25 mL/min and run for 1 h through the system and the column.
m. Change the flow rate to 0 mL/min.
n. Switch the solvent to mobile phase A and B ("mobile phases preparation").
o. Purge the system with mobile phases A and B (50:50) at 5 mL/min for 5 min.
p. Reinstall the spray needle into the MS.

A CRITICAL: Take out the spray needle from the MS during the phosphoric acid wash. Do not 
inject phosphoric acid into the MS.

A CRITICAL: During the passivation keep the spray needle in a vertical position, as shown in 
Figure 1, and let the sheath gas flow to prevent the formation of persistent drops of phos
phoric wash along the capillary.

11. Column conditioning.
a. Set the flow of the mobile phase to 0.2 mL/min (60% A - 40% B) and run for 30 min through 

the system and column.
b. Set the flow of the mobile phase to 0.3 mL/min (60% A - 40% B) and run for 15 min through 

the system and column.
c. Change the composition to 50% A - 50% B and run for 30 min through the system and column.
d. Change the composition to 10% A - 90% B and run for at least 1 h through the system and 

column.

A CRITICAL: The step-by-step increase of the percentage of mobile phase B, minimizes the 
risk of precipitate formation in the system.

HPLC-MS analysis

©Timing: 21 min per run

12. After conditioning of the analytical column, it is possible to start the analysis.

STAR Protocols 3, 101715, December 16, 2022 9
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Table 3. dMRM method details for target analytes

RT Quantifier Qualifier CE
Compound Ionization (min) (transition) CE (eV) (transitions) (eV)

2,3-13C2 pyruvate [M-HF 1,48 89.1 45.2 4
pyruvate [M-H] 1.48 87.0 > 43.2 4
1.2-13C2 lactate [M-H] 2.15 91.1 45.2 8 91.1 —• 44.2 8

91.1 -* 43.1 32

lactate [M-H]’ 2,15 89.0 - 43.2 8 89.0 - 'H.1 32
2-,3C glycine [M+H]1 4.64 77.1 — 30.4 12
glycine [M+H] 4.64 76.0 30.3 12
2,3-13C2 serine11 [M+H]* 4.77 108.1 -» 62.0 12 108.1 -» 44.2 28

108.1 — 31.3 28
2,3-13C2 serine-l [M-H]’ 4.77 106.1 -» 75.0 8
serine [M+H]* 4.77 106.1 -» 60.2 12 106.1 -» 42.2 28

106.1 -» 30.3 28
serine" [M-H]- 4.77 104.0 > 74.0 8
1,2-13C2 glutamine [M+H]* 4.79 149.1 -» 85.0 16 149.1 -» 131.8 8

149.1 -» 57.1 36
1,2-13C? glutamine' [M-H]’ 4.79 147.1 -» 128,9 8 147.1 -+ 42.1 36

glutamine [M+H]+ 4.79 147.1 -» 84.0 16 147.1 -» 130.0 8
147.1 -» 56.0 36

glutamine'3 [M-H] 4.79 145.0 > 126.9 8 145.0 > 42.1 36
1,2-15C2 glutamic acid [M+H]* 6.51 150.1 -» 85.1 16 150.1 -» 102.9 8

150.1 -» 57.1 32
150.1 -» 42.1 28

1,2-13C2 glutamic acid" [M-HF 6.51 148.1 - 130.0 8 148.1 - 104.0 12

glutamic acid [M+H]* 6.51 148.0 — 84.0 16 148.0 — 101.9 8
148.0 -» 56.1 32

glutamic acid'1 [M-H]- 6.51 146.0 -» 102.0 12 146.0 -» 128.1 8
1-'3C AMP [M+H]* 683 349.1 -» 135,9 16 349.1 -» 118.9 64

349.1 -» 98.0 32
1-I!C AMP" [M-HF 6.83 347.1 -» 79.0 28 347.1 -» 133.9 36

347.1 - 97.0 24

AMP [M+H]* 6.83 348.0 -» 135.9 16 348.0 -» 118.9 64
348.0 -+ 96.8 32

AMP3 [M-H]’ 6.83 346.0 -» 79.0 28 346.0 -» 133.9 36
346.0 -» 97.0 24

1-13C acetyl CoA [M+H]* 7.57 811.2 > 3Û4.1 20 811.2 > 428.1 20
811.2 > 158.8 64
811.2-» 135,8 48

acetyl CoA [M+H]+ 7.57 810.1 -» 303.1 20 810.1 -» 428.1 20
810.1 -» 158.8 64
810.1 > 135.8 48

1-13C ribosc-S-phosphato^ [M-H] 7.53 230.1 — 96.9 16 230.1 — 138.9 12
230.1 -» 79.0 40

ribose 5-phosphate [M-H]’ 7.53 229.0 -» 96.9 16 229.0 -» 138.9 12
229.0 — 79.0 40

ribose 5-phosphate3 [M+H]* 7.53 231.0 — 97.0 12
2,3-13C2 glyceraldehyde [M+H]* 7.67 173.0 > 99.0 20
3-phosph ateLl

2,3-'3C? glyceraldehyde [M-H]’ 7.67 171.0 -» 79.1 20
3-phosph atea,h

glyceraldehyde [M+H]1 7.67 171.0 -» 99.0 20
3-phosph ate

glyceraldehyde [M-H] 7.67 169.0 -» 79.1 20
3-phosph ate“
1,2-13C? fructose [M-H]’ 7.78 261.1 -» 97.0 20 261.1 169.0 8
6-phosphate 261.1 -» 139.0 12

261.1 — 78.9 52

fructose 6-phosphatc [M-H] 7.78 259.0 > 97 20 259.0 > 169.0 8
259-0 139,0 12
259.0 -> 78.9 52

(Continued on next page)
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Table 3. Continued

Compound Ionization
RT
(min)

Quantifier 
(transition) CE (eV)

Qualifier
(transitions)

CE
(eV)

1,2-13Ca phosphoglyceric [M+H]* 8.50 189.0 -> 98.9 16 189.0 80.9 44
acid 189.0 -a 64.9 76
1,2-13C2 phosphoglyceric [M-H]' 8.50 187.0 78.9 40 187.0 96.8 12
acicF

phosphoglyeerie acid [M+H]* 8.50 187.0 > 98.9 16 187.0 > 80.9 44
187.0 -* 62.9 76

phosphoglyceric acid1' [M-H] 8.50 185.0 -+ 78.9 40 185.0 96.8 12
1-I3C ATP [M + H]* 8.38 509.1 136.0 24 509.1 411.0 16
1-,3C ATP" [M-H] 8.38 507.1 -+ 158.6 32 507.1 -+ 409.0 20

507.1 -> 134.0 40
ATP [M + H]1 8.38 508.0 -»• 136.0 24 508.0 410.0 16

ATPd [M-H] 8.38 506.0 158.6 32 506.0 407.9 20
506.0 134.0 40

1,2-13C2 citric acid [M-H] 8.54 193.1 -+ 87.0 12 193.1 -+ 113.0 12
193.1 -> 87.0 16
193.1 -> 85.0 12
193.1 67.0 24

citric acid [M-Hf 8.54 191.0 > 111.0 12 191.0 > 87.0 16
191.0 > 85.0 12
191.0 > 67.0 24

'Transition/transitions used only for confirmation, not for quantitation.
bTransition/transitions were not experimentally confirmed due to a lack of appropriate reference material but hypothesized 
from the fragmentation pattern of the relative unlabeled compound.

Table 3 shows the details of the dMRM method.

A CRITICAL: Always run a couple of blanks before starting the analysis to be sure that the 
column is well conditioned and the pressure stable. Be aware that analysis with HILIC 
needs longer column conditioning.

A CRITICAL: There might be some precipitation in the mobile phases. To our knowledge 
there is no suitable pre-column for both conditions of phosphoric wash and pH 9 analysis, 
thus the use of an in-line filter is recommended to preserve the column.

Troubleshooting 'I —» Problem 1: Precipitation in the mobile phases.

If precipitation occurs in the mobile phases (particularly in B) there will be some drops in the pressure 
curve of the instrument. Seethe protocol section "troubleshooting, problem 1" for more details.

EXPECTED OUTCOMES
Data were obtained from the incubation of PBMCs and monocytes. Figure 2 shows the metabolic 
pathways considered, and the intermediate metabolites highlighted in red were identifiable and 
quantifiable in this study. The incubation of 5 million PBMCs was conducted in two different condi
tions: with unlabeled glucose and 1,2-13C2 labeled glucose. The amounts of the above-mentioned 
metabolites after incubation with glucose are shown in Figure 3 (unlabeled glucose) and Figure 4 
{labeled glucose). As result, most of the labeled glucose was transformed into lactate and barely 
reached the TCA cycle. As discussed before, the labeled glucose may require several hours to reach 
the TCA cycle.

The incubation of 5 million PBMCs with unlabeled glucose (Figure 3) allowed for the detection and 
quantitation in the cell lysate of pyruvate, glycine, serine, glutamine, glutamic acid, AMP, 1-13C 
AMP, fructose 6-phosphate, ATP, 1-13C ATP, phosphoglyceric acid, citric acid, and lactate. The 
presence of labeled AMP and ATP is expected and justified by the natural abundance of the 1JC

STAR Protocols 3,101 715, December 16, 2022 11
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Figure 2. Metabolic pathways considered in this study

The compounds highlighted in rod wore detectable and quantifiable.

isotope on earth. In fact, the higher number of carbons in ATP and AMP increases the probability of 
finding heavy isotope in these molecules. The incubation of 5 million PBMCs with 1,2-13C2 labeled 
glucose (Figure 4) allowed for the detection and quantitation in the cell lysate of pyruvate, glycine, 
serine, glutamine, 1,2-13C2 glutamine, glutamic acid, 1,2-13C2 glutamic acid, AMP, 1-13C AMP, fruc
tose 6-phosphate, 1,2-13C2 fructose 6-phosphate, ATP, 1-13CATP, phosphoglyceric acid, 1,2-13C2 
phosphoglyceric acid, citric acid, lactate, and 1,2-13C2 lactate.

Monocytes (N=8 x 105) were incubated in two different conditions: without a stimulation, therefore 
only with medium (CON) and with the addition of lipopolysaccharides (LPS). Both, cell extract and 
medium of the incubation, were analyzed.

These incubations allowed for the detection and quantitation in the cell lysate of pyruvate, glycine, 
serine, glutamine, 1,2-13C2 glutamine, glutamic acid, AMP, 1-13C AMP, ATP, lactate, 1,2-13C2 
lactate, and citric acid (Figures 5 and 6 show, respectively, the unlabeled and labeled analytes).

In the medium of incubation were detected and quantified pyruvate, 2,3-13C2 pyruvate, glycine, 
serine, glutamine, 1,2-13C2 glutamine, glutamic acid, AMP, 1-13C AMP, lactate, 1,2-13C2 lactate, 
and citric acid (Figures 7 and 8 show, respectively, the unlabeled and labeled analytes).

The presence of lactate, glutamine, and amino acids in the incubation medium is not unexpected. 
On the contrary, the detection of glutamic acid, pyruvate, and citric acid is a warning sign of the 
well-being of the cells. These compounds cannot pass through the cell membrane, and therefore, 
their presence in the medium is probably due to the disruption of the membrane after the death 
of the cells.

In conclusion, this protocol allowed the detection and quantitation of specific compounds that are 
necessary to have a general overview of the well-being or the metabolic alterations of the cells. De
pending on the focus of the future research and on the typology of cells used, the protocol might 
need adaptations. We gave an example of application to the analysis of PBMCs and monocytes, 
highlighting prosand cons of the method.

12 STAR Protocols 3, 101715, December 16, 2022
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■ labeled compounds
PBMC + 12C glucose O unlabeled compounds

Figure 3. Cell extract -from the incubation of PBMCs for 6 h with unlabeled glucose
The white bars show the amounts of unlabeled analytes quantified in the cell extract of 5 million PBMCs. The black 
bars on top of tho unlabolcd compounds, show the dotoctod labeled analytes. In this case only 1 -13C AMP and 1-15C 
ATP were detected because of their masses and the natural abundance of13C. The experiments were conducted in 
triplicates. Data are represented as mean + SD.

QUANTIFICATION AND STATISTICAL ANALYSIS
The method was validated based on the ICH guideline M10 on bioanalytical method validation 
(EMA, 2019).

Since the matrix used is rare (PBMCs and monocytes), the validation was performed in double blanks 
(ACNiEhO), except for the matrix effect and the recovery study. Therefore, stock solutions and

Figure 4. Cell extract from the incubation of PBMCs for 6 h with *1/2-13C2 labeled glucose

The white bars show the amounts of unlabeled analytes quantified in the cell extract of 5 million PBMCs. The black 
bars on top of the unlabeled compounds, show the corresponding labeled analytes detected and quantified. The 
experiment was conducted in one replicate.

STAR Protocols 3, 101715, December 16, 2022 13
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Figure 5. Concentration of unlabeled compounds in the cell lysate
The incubation was performed with 8 x 101' monocytes for 5 h with the addition of 1,2-1’’C2 glucose to the medium. The 

incubation was conducted in two different conditions: without stimulation {CON} and with the addition of LPS (LPS). 
The experiments were conducted in triplicates. All data points are illustrated in the graphic, and the bars represent 
the mean value ± SD.

quality control solutions (QCs) of each standard were prepared with a concentration of 1 mg/mL in 
ACN:H2O (1:1) and stored at -80*C.

Specificity/selectivity
The chromatographic run of 21 min and the fragmentation patterns permitted the separation of 19 
compounds between labeled and unlabeled: 2,3-13C2 pyruvate, pyruvate, lactate, 2-13C glycine, 
glycine, serine, 1,2-13C2 glutamine, glutamine, 1,2-13C2 glutamic acid, glutamic acid, 1-13C AMP, 
AMP, acetyl CoA, ribose-5-phosphate, glyceraldehyde-3-phosphate, fructose-6-phosphate, phos
phoglyceric acid, ATP, and citric acid.

Some of the targeted analytes, such as 1,2-13C2 lactate, 2,3-l3C2 serine, 113C acetylCoA, 1-13C 
ribose-5-phosphate, 2,3-13C2 glyceraldehyde, 1,2-13C2 fructose-6-phosphate, 1,213C2 phosphogly
ceric acid, 1 13C ATP, and 1,2-13C2 citric acid are not commercially available to our knowledge. It is 
assumed, that the retention times of the labeled compounds are the same of the corresponding

monocytes incubation 
labeled compounds 

CELL EXTRACT

Figure 6. Concentration of labeled compounds in the cell lysate
The incubation was performed with 8 x 105 monocytes for 5 h with the addition of 1 glucose to the medium. The 
incubation was conducted in two different conditions: without stimulation (CON} and with the addition of LPS {LPS). 
The experiments were conducted in triplicates. All data points are illustrated in the graphic, and the bars represent 
the mean value ± SD.
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monocytes incubation 
unlabeled compounds 

MEDIUM

Figure 7. Concentration of unlabeled compounds in the incubation medium
The incubation was performed with 8 x 10b monocytes for 5 h with the addition of 1 ,2-1jC2 glucose to the medium. The 
incubation was conducted in two different conditions; without stimulation (CON) and with the addition of LPS (LPS). 
The experiments were conducted in triplicates. All data points are illustrated in the graphic, and the bars represent 
the moan value _ SD.

unlabeled ones, allowing for the identification of the targeted analyte. The suitable transitions were 
hypothesized based on fragmentation patterns ofthe unlabeled analytes. Forsome ofthem (lactate, 
fructose-6-phosphate, phosphoglyceric acid, ATP) the fragmentation patterns were confirmed by 
the results of the cell extract of PBMCs.

Figure 9 shows the general chromatogram of the unlabeled substances. The retention times of 
the relative labeled substances are virtually the same. Those analytes that could not be chro- 
matographically separated could be distinguished by different MRM transitions as shown in Table 
3.

Some compounds present in the matrix show the same molecular weight and the same ion transi
tions and, therefore, cause interference in the identification and quantitation. This is the case for 
glucose-6-phosphate and fructose-6-phosphate that have the same precursor and the same product 
ions and the transitions are listed in Table 3. As shown in Figure 10 though, they are chromatograph- 
ically separated.

monocytes incubation 
labeled compounds

Figure 8. Concentrations of labeled compounds in the incubation medium
The incubation was performed with 8 X 105 monocytes for 5 h with the addition of 1glucose to the medium. The 

incubation was conducted in two different conditions; without stimulation (CON), with the addition of LPS (LPS) The 
experiments were conducted in triplicates. All data points aro illustrated in the graphic, and the bars represent the 
mean value — SD,

STAR Protocols 3,101 715, December 16, 2022 15
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Glyceraldehyde-3-phosphate presents two chromatographic peaks (Figure 11), probably due to the 
conversion to the enolic form as shown by the structures in Figure 12.

Glyceraldehyde and dihydroxyacetone phosphate (DHAP) have the same molecular weight and 
fragmentation pattern (m/z 169 —► 79.1, m/z 169 -> 96.9) but they are chromatographically sepa
rated as shown in Figure 13.

Calibration curve
For the calibration curves, at least 8 concentration levels of calibration standards were used, including 
lower limit quality control (LLQC), lower limit of quantitation (LOQ), middle quality control (MQC), and 
high quality control (HQC). The Mandel test was performed to assess the better fitting, linear or 
quadratic, the analysis of the variances was conducted, and the values of LOD and LOQ were calculated 
with the intercept ofthe linear regression (LOD= 3.3 x standard error intercept/slope; LOQ= 10x stan
dard error intercept/slope). Table 4 summarizes the regression data, the LOD, and the LLOQ.

Matrix effect
In electrospray ionization, matrix effect is a confounding factor that may have a strong impact on the 
peak areas due to variations of ionization yield ofthe individual analyte.

The matrix effect was evaluated for all the target analytes in PBMCs at three different concentrations: 
high, medium, and different low concentrations. The analytes are endogenous compounds; there
fore, their amounts were evaluated before (blank matrix) and after the spike (spiked matrix) at high,

STAR Protocols 3, 101715, December 16, 2022 17

Figure 12. Chemical structures of glyceraldehyde-3-phosphete and its possible isomer
(A) The (A) (left) shows the chemical structure of glyceraldehyde-3-phosphate-
(B) The (B) (right) shows the chemical structure of the enol Izod form of glycoraldchydo-3-phosphato.

C® CelPress
OPEN ACCESS

Figure 11. Chromatographic double peaks of glyceraldehyde-3-phosphate
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Counts (%) vs Acquisition time (min)

Figure 13. Chromatographic separation of DHAP and glyceraldehyde-3-phosphate (G3P)

medium, and low concentrations to calculate the matrix effect. The spiked double blanks are in 
H2O:ACN (1:1).

. „ ,n., spiked matrix — blank matrix ,
matrix effect (% = —-------———-— ------ X 100

■ spiked double blank

Results are shown in Figure 14 for the unlabeled compounds and in Figure 15 for the labeled 
compounds.

Recovery
The recovery was evaluated for all the target analytes in PBMCs at three different concentrations: 
10 ng/mL (HIGH), 5 ng/mL (MEDIUM), and different low concentrations (LOW): 0.01 .ug/mL for acetyl 
CoA, 13C AMP, ATP; l3C glutamic acid, 0.05 pg/mL for 13C glutamine, 13C glycine, 0.1 pg/mL for 
glutamic acid and glutamine, 0.25 ug/mL for pyruvate and 13C pyruvate, 0.5 p.g/mL for citric acid, 
fructose-6-phosphate, glyceraldehyde-3-phosphate, glycine, phosphoglyceric acid, 1 pg/mL for 
ribose-5-phosphate, serine, and lactate. The results obtained are shown in Figure 16 for the unla
beled compounds and in Figure 17 for the labeled compounds.

Accuracy and precision
Intra-day and inter-day precision and accuracy were evaluated for all compounds. Four concentra
tions (LLQC, LQC, MQC, HQC) were injected in quintuplicates three times on the same day (intra 
day) and on three different days (inter-day). The results were within ±15% for CV% (precision) 
and ± 15% for RE% for all the concentration levels. Details are reported in Table 5.
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Table 4. Summary of the regression data. the LOD, and the LLOQ of the targeted analytes

Substance
Calibration curve 
range (ng/mL)

Calibration
curve Weight

Coefficient of 
correlation

LOD 
(pg/mL)

LLOQ
(ng/mL)

2r3-13C2 pyruvate 0.23-50' quadratic 1/x 0.9989 0.23 0.88

pyruvate 0.18-50 quadratic 1/x 0.9947 0.18 0.3
lactate 0.42-100 quadratic 1/x 0.9980 0.42 1.29
2-,sC glycine 0,14-50 quadratic 1/x 0,9989 0.14 0.43
glycine 0.05-50 quadratic 1/x 0.9981 0.05 0.75
serine 0.34-50 quadratic 1/x 0.9982 0.34 0.45
1,2-13C2 glutamine 0.025-50 quadratic 1/x Û.9998 0.025 0.04
glutamine 0.11 quadratic 1/x 0.9994 0.11 0.2
1,2-13Cz glutamic acid 0.076-50 quadratic 1/x 0.9996 0.076 0.1
glutamic acid 0.22-50 quadratic 1/x 0.9995 0.22 0.5
1-,JC AMP 0.04-50 quadratic 1/x 0,9993 0.04 0.05
AMP 0.028-50 quadratic 1/x 0.9986 0.028 0.045
acetyl CoA 0.07-50 linear 1/x 0.9984 0-07 0.085
ribose-5-phosphate 1-50 linear 1/x 0.9919 1 1.9

glyc©raldehydo-3- 
phosphatc

0.1-50 Linear 1/x 0.9995 0.1 1.2

fructosc-6-phosphatc 0.1-50 Linear 1/x 0.9939 0.1 0.2

phosphoglyceric acid 0.05-50 Linear 1/x 0.9978 0.05 0.08
ATP 0,025-50 Quadratic 1/x 0,9983 0.025 0.077

citric acid 0.1-20 Quadratic 1/x 0.9926 0.1 0.25

The analyzed compounds did not show carry-over.

Stability
The stability of the analytes was evaluated in triplicate and different conditions: at room temperature 
(0 h, 4 h, 8 h), at 4'C (0 h, 8 h, 24 h, 48 h, 168 h), and at —80c‘C (1 week, 4 weeks, 6 months, 1 year).

MATRIX EFFECT 
unlabeled compounds □ LOW

□ MEDIUM 
a HIGH

Figure 14. Matrix effect for the targeted unlabeled compounds
The standards were spiked at three different concentrations, high (10 ng/rnL), medium (5 ng/mL}, and low: 0.01 pg/mL 
for acetyl CoA, ATP, 0.05 jig/mL for AMP, 0.1 gg/mL for glutamic acid and glutamine, 0.25 pg/mL for pyruvate,
0.5 ng/rnL for citric acid, fructose-ó-phosphate, glyceraldehyde-3-phosphate, glycine, phosphoglyceric acid, 1 jig/mL 
for ribose-5-phosphate, serine, and lactate. All measurements were conducted in sextuplícate. Data are represented 
as mean + SD.
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RECOVERY 
labeled compounds

Figure 17. Recovery studies for the targeted labeled compounds
The standards were spiked at three different concentrations, high (10 jig/mL), medium (5 ng/mL], and low: 1 -1 :C AMP; 
1,2-i3C? glutamic acid, Û.0S ^ig/mL for 1,2-1jC? glutamine, 2-1jC glycine, 0.2b pg/mL 2,3-’3C? pyruvate. All 
measurements were conducted in sextuplícate. Data are represented as mean ± SD.

□ LOW
CO MEDIUM

□ HIGH

This protocol describes an in vitro study; therefore, it is a model that might differ from the meta
bolism in vivo. This aspect must be taken into consideration while evaluating the data.

TROUBLESHOOTING
Problem 1
Precipitation in the mobile phases.

After some days, if the temperature of the laboratory is not highly controlled, the formation of pre
cipitate in the mobile phases may be observed. As a result, the pressure of the system will show a 
general increase and some quick and temporary pressure drops as shown in Figure 18. After a while, 
these drops will become more frequent and longer.

Since there is not a pre-column capable to resist both pH, acidic for the passivation and basic for the 
analysis, the introduction of an in-line filter with a pore size of 0.2 jim or 0.3 pm is recommended to 
prevent the possible occlusion of the column due to precipitation in the mobile phases.

Potential solution
The best way to solve these pressure drops is to clean the system with pure water for 15-30 min and 
redo the passivation of the system afterwards.

Problem 2
Citric acid peak is difficult to integrate.

Potential solution
It is extremely important to use as much as possible steel-free capillaries, column fittings, and con
nectors. Another possible solution, not yet tested, is the use of a bioinert system.

Problem 3
Some cells, like monocytes, show some vulnerability during the incubation in a medium without 
glutamine and pyruvate and start to die already after 4-5 h.

Potential solution
Do not plan very long incubation of these vulnerable cells or optimize the incubation conditions in 
advance. Remember also that the incorporation of labeled glucose into the TCA cycle takes a longer 
time, and the use of labeled glutamine instead might be considered.
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Precision

Table 5. Intra-day and inter-day precision and accuracy for the targeted compounds

LLQC LQC MQC HOC

Cone Intra-day Inter-day Cone Intra-day Inter-day Cone Intra-day Inter-day Cone Intra-day Inter-day

Substance pg/mL CV% CV% ng/rnL CV% CV% jjg/mL cv% CV% P-g/mL CV% CV%

2,3-13C2 pyruvate 1 3.9 4.1 1.5 2.9 4.9 10 2.2 3.2 50 3.9 6.3

pyruvate 0.3 0.6 2.1 0.7 0.6 0.4 10 0.9 2 50 1.5 7
lactate 1.5 3.5 2.1 3 6.2 7.9 50 1.4 4.6 100 1.7 6.5
2- 'C glycine 0.4 2.9 5.4 0.6 4.5 9.6 10 1.7 6.7 50 3.9 10.7

glycine 0.75 0.2 0.4 1.5 0.3 0.3 10 5.0 6.0 50 2.1 12.2
serine 0.45 0.4 0.2 2 1.0 0.8 10 1.5 4.2 50 1.5 6.8
1,2-13C2 glutamine 0.04 5.0 1.8 0.055 1.8 5.1 10 3.2 4.2 50 2.2 10.9
glutamine 0.2 2.1 2.4 0.3 1.7 3.5 10 2.9 3.3 50 3.0 11.3
1r2-13C2 glutamic acid 0.1 5.5 7.0 0.14 7.0 10.7 10 3.9 9.8 50 4.2 12.6
glutamic acid 0.5 3.5 1.7 1 2.5 2.5 10 3.5 7.0 50 4.1 14.2
1-1SC AMP 0.05 14.9 14.5 0.18 3.2 4.4 10 3,5 5.1 50 6.1 10.2
AMP 0.045 6.9 12.7 0.065 3.0 3.3 10 3.6 11.9 50 4.4 9.6

acetyl CoA 0.085 4.5 10.6 0.45 2.6 1.1 10 3.2 6.1 50 5.8 10.2
ri b ose-5-phosp hate 1.9 1.4 1.2 2.8 5.4 1.8 10 9.2 6.8 50 7.8 7.3

glyccraldchydc-
3-phosphate

1.2 8.2 7.6 1.5 9.4 3.6 10 5.0 7.4 50 3.1 6.4

fructose-6-phosphate 0.2 1.8 1.1 0.7 3.4 0.5 10 8.4 8.5 50 5.5 6.3

phospho glyceric acid 0.08 0.6 0.6 0.1 2.2 2.8 10 2.6 6.8 50 2.9 7.2
ATP 0.08 11 7.9 0.25 6.4 7.1 10 4.2 4.0 50 5.3 10.6

citric acid 0.25 0.3 0.6 0.8 0.3 0.3 10 4.5 3.7 50 2.6 1.6

Accuracy

LLQC LQC MQC HQC

Cone Intra-day Inter-day Cone Intra-day Inter-day Cone Intra-day Inter-day Cone Intra-day Inter-day

Substance ttg/mL RE% RE% |xg/mL RE% RE% jig/m L RE% RE% |j.g/mL RE% RE%

2.3-13C2 pyruvate 1 2.4 3.9 1.5 2.4 1.2 10 2.8 1.6 50 2.3 0.8
pyruvate 0.3 1.4 0.8 0.7 0.3 0.7 10 2.8 1.7 50 1.4 0.6
lactate 1.5 2.2 3.1 3.0 13.1 6.6 50 4.0 5.6 100 14.2 2.2
2-1oC glycine 0.4 6.4 1.1 0.6 6.1 10.9 10 3.0 4.2 50 8.6 5.3
glycine 0.75 0.1 0.2 1.5 0.0 0.2 10 7.7 1.8 50 14.9 1.7

serine 0.45 0.2 0.1 2.0 1.5 1.1 10 2.6 2.6 50 1.4 1.4
1,2-13C2 glutamine 0.04 0.1 2.6 0.055 2.9 6.5 10 5.3 5.9 50 9.1 2.1

glutamine 0.2 3.1 1.1 0.3 2.4 4.1 10 5.2 5.5 50 7.6 0.2
1,2-13C2 glutamic acid 0.1 2.3 4.6 0.14 0.9 2.0 10 3.7 2.1 50 5.4 2.9

glutamic acid 0.5 0.6 0.2 1 2.8 1.2 10 1.3 9.5 50 2.8 1.2
1-I3C AMP 0.05 5 6.2 0.18 0.0 0.1 10 1.0 4.4 50 0.1 0.6

AMP 0.045 13.2 7.7 0.065 1.5 1.0 10 2.2 6.3 50 4.1 1.9

acetyl CoA 0.085 3.3 5.8 0.45 -0.2 1.0 10 1.7 -5.1 50 -3.2 -6.2

ribose-5-phosphate 1.9 1.6 1.1 2.8 8.4 1.1 10 0.1 9.4 50 15.6 17.6
glyceraldehyde-
3-phosphate

1.2 1.7 9.1 1.5 0.1 2.2 10 11 1.2 50 0.8 1.6

fructose-6-phosphate 0.2 0.6 2.0 0.7 -0.7 0.1 10 0.1 -7.6 50 2.6 4.9

phosphoglyceric: acid 0.08 0-2 0.1 0.1 5.7 4.9 10 7,3 3.9 50 0.5 -2.9

ATP 0.08 -1.2 0.7 0.25 -0.7 -0.7 10 2.5 -1.9 50 15 8.0
citric acid 0.25 0.2 0.6 0.8 0.5 0.6 10 8.4 3.7 50 -0.4 1.2

Problem 4
Some chromatographic peaks, like citric acid, might need manual integration to obtain the correct 
quantitation.
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Figure 18. Troubleshooting due to the formation of precipitate in the mobile phases: The pressure line of the pump shows a sudden decrease

Potential solution
Carefully review every data and integrate manually, if necessary. Be consistent, in calibration curves 
and samples, to obtain a correct quantitation.

Problem 5
If PBMCs are obtained from blood donations, they might not be checked for infectious diseases.

Potential solution
Be sure to handle the samples with the right laboratory equipment: always wear gloves, lab coat, and 
googles.

RESOURCE AVAILABILITY
Lead contact
Further information and requests for resources and reagents should be directed to and will be ful
filled by the lead contact, Maria K. Parr (maria.parr@fu-berlin.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This study did not generate original code.
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Myeloid cells are suggested as an important player in Alzheimer's disease 
(AD). However, its continuum of phenotypic and functional changes across 
different body compartments and their use as a biomarker in AD remains 
elusive. Here, we perform multiple state-of-the-art analyses to phenotypically 
and metabolically characterize immune cells between peripheral blood 
(n = 117), cerebrospinal fluid (CSF, n = 117), choroid plexus (CP, n = 13) and 
brain parenchyma (n = 13). We find that CSF cells increase expression of mar
kers involved in inflammation, phagocytosis, and metabolism. Changes in 
phenotype of myeloid cells from AD patients are more pronounced in CP and 
brain parenchyma and upon in vitro stimulation, suggesting that AD-myeloid 
cells are more vulnerable to environmental changes. Our findings underscore 
the importance of myeloid cells in AD and the detailed characterization across 
body compartments may serve as a resource for future studies focusing on the 
assessment of these cells as biomarkers in AD.

Alzheimer's disease (AD) is the most common neurodegenerative 
disease that is recognized as one of the top devastating diseases 
worldwide, due to its high costs caused by patient care and manage
ment The amyloid cascade hypothesis, a widely accepted hypothesis 
referring to AD pathogenesis, proposes amyloid plaques or the 

p-amyloid (Ap)-peptides as the direct cause of progressive neurode
generation, A cascade initiated by Ap deposition progressively leads to 
Tau pathology, synaptic dysfunction, neuronal loss and ultimately 
dementia1. However, collective evidence obtained from patients with 
familial AD have questioned the linearity of the amyloid cascade in AD 
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pathology, particularly regarding the gradual evolution of the disease 
in humans2 4. In addition, it is imperative to accommodate the complex 
compensation mechanisms of multiple cell types in a hypothesis. The 
empirical observations of (i) microglial activation in the brain5 6, (ii) 
increased production of inflammatory mediators in the brain, per
ipheral blood and cerebrospinal fluid (CSF), which are related to the 
blood-CSF barrier (BCSFB) disruption7-^ and (¡ii) differential myeloid 
and lymphoid cell responses in the peripheral blood and CSF10,11 leads 
to a hotly debated theory of the two poles of AD, (immune-driven) 
neuroinflammation and neurodegeneration. According to this theory, 
neurodegeneration could be promoted by microglia/macrophages 
that respond to an increased inflammatory environment in the 
pathological brain12-14, or vice versa neuroinflammation could be 
initiated by the local neurodegeneration in the brain. Results obtained 
from studies in mouse models of AD suggest that multiple myeloid cell 
populations in different body compartments significantly modify the 
disease outcome via different mechanisms. For example, microglia 
play a dichotomous role which alternates between protective clear
ance of f)-amyloid and debris, and detrimental neurotoxic effects14,15. 
The CNS-associated macrophages (CAMs) are key immune cells 
involved in the regulation of cerebral amyloid angiopathy (CAA) and 
thus modify the disease burden in AD16-18, whereas the hematogenous 
myeloid cells1619 do not seem to significantly modify the disease out
come in mouse models of AD. However, studies in humans showed 
that the CD33 AD-risk allele is linked to higher expression of CD33 on 
monocytes, and an expression quantitative trait locus (eQTL) study in 
patients with autoimmune or neurodegenerative diseases revealed 
that the AD susceptibility alleles are significant eQTLs only in mono
cytes, suggesting an involvement of this cell type in human AD 
pathology20-21. Unlike studies in mouse models, technical limitations of 
studies using human specimens, especially the difficulties in procuring 
human specimens from different body compartments, have confined 
the understanding of the continuum of myeloid cell diversity to 
functional changes towards the CNS and/or AD pathology. Using mass 
cytometry, we could demonstrate the phenotypic differences between 
human immune cells in the CSF and those in the peripheral blood, and 
the unique phenotypic signatures of human microglia, in comparison 
to the circulating immune cells22. Whether these phenotypic and 
functional diversities in different body compartments are more pro
nounced in neurological disorders or associated with any soluble 
mediators (i.e. biomarker) remain to be investigated.

In this study, we employed a combination of multiple state-of-the- 
art technologies such as high-dimensional mass cytometry (CyTOF), 
Seahorse, Luminex and tandem mass spectrometry to comprehen
sively characterize immune cells (with a particular emphasis on mye
loid cells) in different body compartments including the peripheral 
blood, CSF, brain parenchyma (frontal cortex) and choroid plexus 
(CP). Specifically, we compared the cellular composition, phenotypes 
and metabolic responses of myeloid cells from AD patients with con
trol individuals and patients with other neurodegenerative or neu
ropsychiatric disorders. Our findings showed differences in marker 
expression and phenotypes of myeloid cells between body compart
ments, associated with an activation of the immune response including 
changes in cytokine/chemokine expression and cell metabolism, as 
well as responses to acute inflammation. In line with the previously 
published studies2324, we did not detect gross phenotypic difference 
between diseases within each compartment but the disease-associated 
phenotypic differences became more pronounced after in vitro 
environment and stimulation. Some of these differences were found 
enhanced in AD patients. Results obtained from our studies demon
strate different compositions of myeloid cells between different 
compartments, and suggest that responses of this cell population in 
AD might be related to the more compartmentalized inflammation in 
and/ortowards the CNS. Creating such a bird's-eye view of phenotypic 
and functional changes of myeloid cells and other immune cells in 

different compartments will aid better understanding of the patho
physiology of AD at the systems-level, and potentially help improve the 
diagnosis and treatment of the disease.

Results
Differential phenotypes between peripheral blood and CSF 
myeloid cells
CSF and peripheral blood samples allow a more precise diagnosis as 
well as follow-up analyses on the same patients to monitor disease 
progression and/or treatment efficacy. Therefore, general knowledge 
of immune cell heterogeneity as well as inflammatory mediators 
detected in these two compartments is important for evaluating 
disease-associated alterations. To compare the different phenotypes 
of circulating immune cells in the CSF and peripheral blood, we 
simultaneously profiled peripheral blood mononuclear cells (PBMCs) 
and immune cells from the CSF that were isolated from the same 
donors with no neurological disorders (referred to as a control group, 
CON) and from patients with neurodegenerative disorders (i.e. AD, 
mild cognitive impairment (MCI) and Huntington's disease (HD)) 
(Supplementary Table 1). The immune phenotypes were characterized 
using our previously validated CyTOF workflow with some optimiza
tion (see Methods for more details)22. Briefly, the samples were first 
stained with an antibody panel (35 antibodies. Panel 1; Supplementary 
Table 2), which was designed to encompass the major circulating 
immune cell subsets (i.e. T & B cells, myeloid cells (i.e. monocytes, 
macrophages and dendritic cells), natural killer (NK) cells), activity- 
related markers, chemokine receptors and cell subset markers. After 
CyTOF acquisition, the data were pre-processed as previously descri
bed, including the steps of de-barcoding, compensation, and quality 
control (Supplementary Fig. la)22,25 2/. The multi-dimensional scaling 
(MDS) plot25 showed overall differentia] marker expression between 
CSF cells and PBMCs (Fig. la). This phenotypic variance may mainly be 
explained by differential expression of CD3, CD14, MRP14, CDSa, CD4, 
CD61, CDllc, CD35, CD38 and CCR5 as shown by the MDS-based non
redundancy score (NRS)25 of each sample (Fig. lb). Differences in cell 
compositions between CSF and blood can be illustrated in the UMAP 
plot (Fig. 1c). To further evaluate the phenotypic differences of 
immune cells between the two compartments, we performed the 
clustering analysis using the FloiuSOM- and ConsensusClusterPlus^ 
algorithms. To achieve a robust phenotypic differentiation between 
the single cells, we selected lineage markers and the top ten highest 
NRS markers (Fig. lb) as input (i.e. embedding markers) for the clus
tering analysis. These markers (here referred to as "TYPE" markers) 
mainly determined phenotypic differences between the cell clusters. 
The rest of the markers were left as "STATE" markers, which were then 
used to analyze differential marker expression of each cluster between 
conditions,

A total of twenty clusters were identified (Fig. Id, e and Supple
mentary Fig. lb, c). Comparing the peripheral blood with the CSF 
compartment, we detected fifteen differentially abundant clusters 
between the two compartments, including myeloid cells (Clusters 4,9, 
13,15 and 16) and NK cells (Clusters 2, 3, 8 and 20) as well as T cells 
(Clusters 7,14,17 and 19) and B cells (Cluster 5 and 6) (Fig. If). The CSF- 
enriched dusters were mainly identified as myeloid cells (Clusters 13 
and 15). In addition, the proportion of CD8 and CD41 T cells in the CSF 
was also found higher than in the peripheral blood (Clusters 7,17 and 
19) (Fig. if and Source Data). Compared to classical monocytes (Cluster 
16), CSF-enriched myeloid cells (Cluster 13 and 15) showed different 
expression of markers involved in inflammatory responses, phagocy
tosis and metabolism such as increased CD16, CCR5, CXCR3, CD115, 
CD74, CPR56, C3, ApoE and CD61 expression, whereas CD38, IL-6, TNF, 
CD35, CD369 (Clec7A), CD14, EMR1 and MRP14 were detected at a 
lower level (Fig. lg; Supplementary Fig. Id and Source Data). However, 
we detected no differences in myeloid cell heterogeneity, when com
paring myeloid cells in CSF or peripheral blood between conditions
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(Le, CON, MCI, AD and HD) (Fig. lh). Small phenotypic differences in 
CSF myeloid cells (Cluster 15) were detected between conditions 
(Fig. li). In addition, we also observed increased expression of TNF in 
blood CD4 cells (Cluster 17) of patients with MCI, AD and HD, as well 
as increased CD130, TREM2 and CD33 expression in CSF double
negative (DN) T cells (Cluster 14) of AD and MCI patients (Fig. li).

Increased proportion of P2Y12-expressing myeloid cells within 
the CSF compartment
Recently, the studies30,31 using single-cell R NA sequencing (scRNA-Seq) 
reported a rare population of myeloid cells in the CSF with a tran- 
scriptomic signature matching microglia. These microglia-like cells 
were proposed to be found only in the CSF of subjects with
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Fig. 11 Deep immune profiling of human mononuclear cells from blood 
(PBMCs) and cerebrospinal fluid (CSF)-PanelL Results were from 38 biologically 
independent PBMCs (control (CON), n -11; Alzheimer’s disease (AD), n = 8; Mild 
cognitive Impairment (MCI), n = 7 and Huntington's disease (HD), n = 12) and 28 
biologically independent CSF samples (CON, n = 7; AD, n=5; MCI, n = 6 and HD, 
n = 10). a MDS plot for PBMC (green dots) and CSF (pink dots) samples, b The plot 
shows NRS for each marker. Each dot represents the per-sample NR scores. Boxes 
extend from the 25th to 75th percentiles. Whisker plots show the min (smallest) and 
max (largest) values. The line in the box denotes the median. The empty black 
circles are mean NR scores, c UMAP projections of CD+5’ cells from PBMCs and CSF 
samples, coloured by compartment ID. Each dot represents one cell, d UMAP 
projection, colouring indicates 1-20 clusters, e Heacmap cluster depicting the 
median expression levels of TYPE and STATE markers. Heat colours of expression 
levels have been scaled for each marker individually (to the 1st and 5th quintiles) 

(black, high expression; white, no expression), f Frequency plots of the fifteen 
differentially abundant clusters (mean ±SD). An FDR-adjusted p-value < 0,05 was 
considered statistically significant, determined using the EdgeR test for differential 
cluster abundance included in the dffiyt package for R (*p< 0.05: **p< 0.01;
***p < 0.001, adjusted). Each dot represents the value of each sample. Data dis
played as meaniSD. g Line graph of the arcsinh marker expression (mean + SD) 
between CSF-enriched myeloid cell clusters (€13 and C15) and the classical 
monocytes (C16) (FDR-adjusted Mann-Whitney ¿/-test, two-sided, adjusted, two
sided). h Mosaic plots depicting cluster proportion and cell count per cluster.
i Median expression (with arcsinh transformation) of markers found differentially 
expressed between conditions using LMM (linear mixed-models) included in the 
d&fcyr package for R; *p< 0.05; **p< 0.01; ***p< 0.001, adjusted. Data displayed as 
mean ± SD. Raw data (for f, g and i) are provided as Source Data.

neuroinflammation. However, due to the limited number of cases and 
the lack of proper controls, conclusions about this neuroin flammation- 
restricted microglla-like cells in the CSF cannot readily be drawn from 
these datasets. To prove the existence of this rare cell population, we 
performed another CyTOF measurement of CSF cells and PBMCs from 
the same individuals (as in Fig, 1) using an antibody panel including 
microglia markers such as the P2Yi2 receptor and markers involved in 
cell activation (Panel 2,35 antibodies, Supplementary Table 3). Similar 
to results obtained from the antibody Panel 1 (Fig. 1), CSF cells and 
PBMCs were phenotypically different, as shown in the UMAP illustra
tion (Fig. 2a) and MDS plot (Supplementary Fig. 2a). The clustering 
analysis using lineage markers and the top ten NRS markers (Supple
mentary Fig. 2b) including P2Yi2 as embedding parameters revealed 
twenty clusters (Fig. 2b, c and Supplementary Fig. 2c, d). With this 
antibody Panel2, we detected thirteen differentially abundant clusters 
between the two compartments, including myeloid (Clusters 4, 8,13, 
16,17,18 and 20), lymphoid (Clusters 1,2,3,11 and 14) and NK (Cluster 
5) cell subsets (Fig. 2d and Source Data). In line with the previous 
studies with scRNA-Seq5IMI, we detected a strong difference in the 
abundance of CCR2l0WP2Y12t (Cluster 16) and CCR2+P2Y12I° (Cluster 20) 
myeloid cell subsets, which were enriched in the CSF (Fig. 2d, e). 
However, these myeloid cell subsets were not restricted to the CSF as 
has been previously proposed3031, CCR2|OWP2Y12+ myeloid cells could 
be found also in the peripheral blood at a lower proportion (Cluster 16; 
mean ±sd: CSF, 4.95 ± 6.08, PBMCs, 0.40 + 0.38). Our findings suggest 
that these cells should be cautiously termed "neuroinflammation- 
associated microglia-like cells", as these cells were also present in the 
CSF of healthy donors. When compared to the CD16’CCR2hi classical 
blood monocytes (cluster 15), this CSF-enriched CCR2|OWP2Y12+ cluster 
(Cluster 16) showed differences in marker expression including higher 
level of CD91, CDllc, HLA-DR, CD16, CD68, MS4A4A, and AXL but 
lower level of OPN, CCR2, CD163 and CD64 (Fig. 2f and Source Data). 
However, when compared with CD16 CCR2knv non classical (cluster 13) 
P2Y12l0/" blood monocytes, cluster 16 show higher expression of most 
of the markers including HLA-DR, CD16, CCR2, CDllb, CD169, CD64, 
CD91, CD68 and MIP-lp (Fig. 2f and Source Data). We also observed 
differential marker expression between the two P2Y12l0W/+, CSF- 
enriched myeloid cell subsets (Cluster 16 and 20; Fig. 2g and Source 
Data), suggesting two different myeloid cell subsets/states.

Similar to the results obtained from Pane/1, we did not detect any 
major changes in cell composition between diseases and also between 
CON and disease CSF cells (Fig. 2h). However, some differential marker 
expressions (mainly within the myeloid cell subsets) could be found 
between CON and HD PBMCs (Fig. 2i). Of note, although it was not 
significantly different, similar changes in phenotypes were found in 
PBMCs from AD and MCI, when compared to CON PBMCs (Fig. 2i).

Changes in glucose metabolism of CSF-treated myeloid cells 
Differences in metabolic profiles can link to functional changes of 
myeloid cells 2. We next evaluated changes In cellular bioenergetics of 

myeloid cells after exposure to CSF. Myeloid cells from a healthy 
individual were isolated from PBMCs using magnetic activated cell 
sorting (MACS), and subsequently treated with CSF of CON individuals 
or of patients with AD or MCI. Bioenergetics was measured by Sea
horse. Shortly after exposure to CSF, myeloid cells increased the 
extracellular acidification rates (ECARs), whereas plasma-treated cells 
showed comparable ECARs between conditions including the PBS- 
treated cells. The oxygen consumption rate (OCR) was slowly changed 
after treatment with CSF (Fig. 3a). Interestingly, myeloid cells treated 
with CSF of patients with AD showed slightly but significantly higher 
ECARs when compared with cells treated with PBS or CSF from CON 
individuals. ECARs were comparable between the treatment with AD- 
CSF and MCI-CSF. The OCR was found comparable between disease 
conditions. When the cells were treated with plasma, no significant 
differences were observed between the groups. These results 
demonstrate changes in metabolism (possibly in glycolysis) of myeloid 
cells after exposure to the CSF environment, which was enhanced in 
AD. Next, to precisely evaluate the alteration of glucose metabolism, 
we cultured pre-sorted monocytes (from the same healthy individual 
as in the Seahorse experiment) in the presence of l,2-13C2-glucose and 
CSF from CON or AD patients, with or without LPS. 13C2-glucose- 
derived metabolites were then quantified using HPLC-MS/MS (Fig. 3b). 
Similar to the findings mentioned above, we observed significantly 
increased glycolysis in monocytes treated with AD-CSF, determined by 
an increase of i3C2-pyruvate production (Fig. 3c, d). However, the 
conversion of 13C2-pyruvate to1 ’C-lactate was significantly decreased in 
AD-CSF-treated monocytes, whereas no differences were found in 
CON-CSF in comparison to untreated monocytes (Fig. 3c, e). Further
more, we also detected decreased conversion of 13C2-glucose to 13C2- 
serine in AD-CSF-treated monocytes (Fig. 3c, f). These findings sug
gested an increased glycolysis in myeloid cells after exposure to CSF 
(compared with no CSF treatments), possibly resulting in an increased 
level of metabolites downstream of pyruvate metabolism.

Changes in phenotypes and immune responses of myeloid cells 
after exposure to cerebrospinal fluid
Next, we investigated whether these metabolic changes relate to CSF- 
enhanced activation phenotypes of myeloid cells. A comparative 
measurement of pro- and anti-inflammatory mediators in the plasma 
and CSF from patients with AD, compared with healthy control and 
patients with other neurological disorders such as MCI, HD, as well as 
frontotemporal lobar degeneration (FTLD), depression and schizo
phrenia (SCZ). The Luminex assay targeted 12 proteins including IL-8, 
IL-6, IL-10, CCL2, TNF, as well as IP-10 (CXCL10) and Macrophage 
Inflammatory Protein (MIP)-cc and -0, the chemokine receptor ligands 
of CXCR3 and CCR5 respectively. Of note, both CXCR3 and CCR5 
were found up-regulated in the CSF myeloid cells (as shown in Fig. 1). 
The Luminex assay revealed a higher concentration of IL-8, MIP-a, 
MIP-0, CCL2 (MCP-1), IL-6 and IP-10 in the CSF, whereas the level of 
the TNF and Rantes (CCL5) were higher in plasma (Fig. 4a).

Nature Communications | (2022)13:7210 4



48 Manuscripts

NK cells

CD4"T cells

CCF^-Galanin'" Myeloid

CD16 Myeloid
HLA-DR*CD4" Lymph.

HLA-DR"*CD16-Myeloid

HUVDR-CD4- Lymph. 
P2Y,./Myeloid 

CD4-T cells

Article

Cluster ID
CCR2bP2Y,s’ Myeloid 116 ■ 

CD 16' Myeloid |13| 
CD16-Myeloid I

CCR21" P2Y.J»Myeloid | 2C ||
GDI6* Myeloid

Interestingly, a potent chemotactic factor for myeloid cells, IL-8 (or 
CXCL8) and a CCR5-ligand MIP-ot were both detected at a higher level 
in AD-CSF, compared to the CON- and HD-CSF, which is well corre
lated with the finding described above (i.e. Fig. 1) of an increased 
CCR5 expression on CSF-enriched myeloid cells. A previous study has 
demonstrated that, after exposure to plasma from patients with AD, 

the human monocytic cell line THP-1 increased glycolysis and the 
expression of inflammatory molecules such as IL-8 and TNF33. Of 
note, IL-8 level in AD-CSF was also slightly higher than that in MCI- 
CSF, whereas MlP-a levels were comparable between AD- and MCI- 
CSF (Fig. 4b). The plasma concentration of all mediators was not 
significantly different between the conditions. Increased IL-8 level in 
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Fig. 2 I Deep immune profiling of human mononuclear cells from blood 
(PBMCs) and CSF-Pane/2. Results shown in a-i were obtained from 38 biologi
cally independent PBMCs (CON, n= 11; AD. fl = 8; MCI, n = 7 and HD, n = 12) and 28 
biologically independent CSF samples (CON, n = 7; AD, n = 5; MCI, n = 6 and HD, 
n = 10). a Two-dimensional projections of single-cell data generated by LfMAP of 
PBMCs (green dots) and CSF (pink dots) cells. Each dot represents one cell, b UMAP 
plot of all samples. The colouring indicates 20 clusters representing diverse 
immune cell phenotypes, defined by the FlowSOM algorithm, c Phenotypic heat
map of cluster identities depicting the expression levels of 12 TYPE markers used 
for the cluster analysis and 24 STATE markers. Heat colours of expression levels 
have been scaled for each marker individually (to the 1st and 5th quintiles) (black, 
high expression; white, no expression), d Frequency plots of the thirteen differ
entially abundant clusters between the CSF and blood compartments. Data

displayed as mean ± SD. An FDR-adjustedp-value < 0.05 was considered statistically 
significant, determined using the edgeR test for differential cluster abundance 
Cp < 0,05; < 0.01; ***p < 0,001, adjusted). Each dot represents the value of each
sample, e Overlaid UMAP plots of all samples showing scaled expression of P2Yi2 
receptor and CCR2. f, g Line graph of the arcsinh marker expression (mean±SD) 
between CSF-enriched myeloid cell cluster (C16) and the classical monocytes (C15) 
(f) and CCR2’P2Y12I” (Cluster 20) (g) (FDR-adjusted Mann-Whitney U-test, two

sided, adjusted, two-sided), h Mosaic plots depicting cluster proportion and cell 
count per cluster for PBMC and CSF cells, i Median expression (with arcsinh 
transformation) of markers found differentially expressed between conditions 
(CON, MCI, AD and HD) using LMM (linear mixed-models) included in the diffeyt 
package for R; *p < 0.05; **p < 0.01; &**p< 0.001. adjusted. Data displayed as 
mean ± SD. Source data (for d, f, g and 1) arc provided as a Source Data file.

a

jrimary monocyle

Fig. 3 I Alterations in glucose metabolism after exposure to CSF. a Seahorse 
analysis of extracellular acidification rate (ECAR, right and left plot) and oxygen 
consumption rate (OCR, middle plot) in monocytes treated with either PBS, CSF or 
plasma from CON (fl =5, biological replication), MCI (/? = 5, biological replication) 
or AD (n = 5, biological replication). Data displayed as mean ±SD. Two-way AN0VA 
with Tukcy's multiple comparisons: *p< 0.05, **p < 0.01, < 0.001 and

0.0001. The results are from three different experiments, b Schematic 
representation of sample processing, ex vivo experiment and measurement. 
Reference PBMCs from a healthy donor were isolated, monocytes were pre-sorted 
using the magnetic activated cell separation (MACS). Cells were then cultured in the 

presence of l,2j3C2-glucose and treated with different conditions. Cells were then 
harvested and analyzed with HPLC-MS MS. (c-i) The 1,2 nC2-glucose metabolism 

(c) showing metabolites obtained from monocytes treated either with PBS or CSF 
from CON (fl = 3, biological replication) or AD (n = 3, biological replication) that 
were quantified using HPLC-MS-MS. Red asterisk indicates significantly increased 
metabolite, whereas the blue asterisk labels significantly decreased metabolites. 
The ba r graphs show concentration of 1,2-! t2-glucose-derived 13C-pyruvate (d), the 
nC-pyruvate-to-BC-lactate conversion (e) or 13C2-glucose-derived l3C-serine (f). Data 
displayed as mean ± SD. Kruskal-Wallis test, *p<0.05 and **p< O.OL Source data 
(for a, d, e and f) are provided as a Source Data file.

AD-CSF was positively correlated with IL-6 and MIP-a (Fig. 4c), sug
gesting that the CSF-conditions potentially facilitated changes in 
myeloid cell phenotypes towards the CNS. Of note, the level of the 
cytokine expression did not correlate with the age in patients with AD 
and MCI (Fig. 4d). We detected gender-related differences in the CSF 
IL-8 level in CON (higher level in males) and MCI (higher level in 
females) samples (Supplementary Fig. 3a). The level of CSF MIP-la 

was comparable between genders in all conditions (Supplemen
tary Fig. 3b).

To determine the impact of IL-8 or MIP-la on phenotypic changes 
of blood immune cells, PBMCs isolated from CON donorsand patients 
with AD and MCI were cultured in the presence of either paired CSF 
(from the same individual) or IL-8 or MIP-a, using our previously 
validated protocol34. PBS-treated culture served as a control for the
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Fig. 4 | Differential concentration of inflammatory mediators between plasma 
(n = 117, biological replication) and CSF (n = I17, biological replication) deter
mined using Luminex protein array. These are CON individuals (n = 21) and 
patients with MCI (n = 7), AD (n = 18), HD (n = 46), depression (n = 11), FTLD (n = 5) 
and SCZ (n = 9) individuals, a Heatmap showed the expression of IL-8, IL-6, MIP-10, 
CCL2, fP-10,TNF, Rantes (CCLS) and MIP-la that were quantified in plasma and CSF. 
b Bar graphs show differential concentrations (pg/ml) ofiL-8 and MIP-a in the CSF 
of patients with AD, compared to CON individuals and patients with other diseases. 
Each dot represents the value of each sample. Data displayed as mean ± SD. One
way ANOVA with the Tukey’s multiple comparisons; *p < 0.05, “p< 0.01 and 
***p < 0.001. c Scatter plots showing correlation between mean CSF-concentration 
of IL-8 and MIP-a or IL 6 of all groups. 0.05, **/>< 0.01 and 0.001, non
parametric Spearman correlation test (r), two-sided, d Scatter plots showing

correlation between mean IL-8 and MIP-la or IL-6 concentration and age of all 
groups. 7*< 0.05, *T< 0.01 and ***p < 0.001, nonparametric Spearman correlation 
test (r), two-sided, e, f Results obtained from in vitro experiments, in which PBMCs 
from CON (n = 4, biological replications), AD (n = 4, biological replication) and MCI 
(n =4, biological replication) individuals treated with either PBS, CSF, IL-8 or MIP- 
la. Flow cytometry analysis revealed increased frequency of CD14 HLA-DR' cells (% 
of total live cells, e) and P2Y12 cells (% of HLA-DR CD141 cells, f) in AD-PBMCs after 
in vitro incubation (PBS) or after treatments (CSF IL-8 and MlP~la). Boxes extend 
from the 25th to 75th percentiles. Whisker plots show the min (smallest) and max 
(largest) values. The line in the box denotes the median. Each dot represents the 
value of each sample. Ordinary one-way ANOVA; *p< 0.05, **p< 0.01, ***p < 0.001. 
Source data (for b. c, d, e and f) are provided as a Source Data file. 
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in vitro environment. Flow cytometry analysis (Supplementary Fig. 4) 
revealed higher proportion of the CD14HLADR4 myeloid cell subset in 
AD-PBMCs in vitro, compared to CON- and MCI-PBMCs. However, this 
difference was comparable between AD-PBMCs treated with CSF, IL-8, 
MIP-lct and PBS (Fig. 4e), suggesting that AD-PBMCs are more vul
nerable to environment changes such as transferring cells to an in vitro 
environment or possibly from the peripheral blood to the CSF. Inter
estingly, this CD14+HLA-DR" cell population in AD showed higher 
proportion of P2Yi2+ cells, compared to CON and MCI, but the pro
portion remained comparable between treatments (Fig. 4f). To in
depth characterize phenotypic and functional changes of myeloid cells 
after exposure to CSF, we performed another in vitro experiment using 
PBMCs isolated from CON individuals, and patients with AD and MCI. 
The PBMCs were treated with either only paired-CSF or both paired 
CSF and lipopolysaccharide (LPS), and labelled with a CyTOF-antibody 
panel (see Supplementary Table 4 for the panel of 37 antibodies). The 
CD3’CD19" cell population was first pre-gated and analyzed using the 
data analysis workflow as described above (Figs. 1, 2 and Supplemen
tary Fig, la). The MDS plots showed no completely clear phenotypic 
differences between conditions (i.e. no stimulation, CSF and CSF +• 
LPS) or between diseases (i.e. CON, MCI and AD) (Fig. 5a, b). Using 
clustering analysis, 20 clusters were identified (Fig. 5c, d). Similar to 
results obtained from flow cytometry analysis, we detected increased 
proportion of CD14+HLADR4 cells (cluster 1) In AD-PBMCs, compared 
to the CON-PBMCs, especially in AD-PBMCs treated with CSF and LPS 
(Fig. 5e). These cells are characterized as CD144HLADR4CD164CCR2|W 
CD68hiCDllc"CD14rcCRó4 (Fig. 5d), which have a similar phenotype as 
the CCR2lcwCD68hiCDllc4HLADR4D164 CSF-enriched myeloid cells 
(cluster 16 in Fig, 2). Interestingly, the expression of P2Y12 receptor, IL- 
8, MIP-10,TNF and CXCR3 in this cluster were found to be increased 
after exposure to CSF and after treatment with LPS, especially in 
PBMCs from patients with AD (Fig. 5f). These findings support our 
results shown in Figs. 1-2 (i.e. increased activation phenotype of 
myeloid cells after exposure to CSF), The results also strengthen our 
hypothesis that the P2Y121 myeloid cells detected in CSF may be 
derived from the peripheral blood myeloid cells (possibly from 
CD144CD164CCR210" monocytes), which increase P2Y12 expression 
upon entry to the CSF compartment. Furthermore, our findings 
demonstrated that AD-PBMCs are more vulnerable than CON- or MCI 
PBMCs to inflammatory stimulation. In addition, we also detected an 
increased abundance of CD56'CDllc' NK cells (cluster 4, Fig. 5g and 
Source Data) in MCI-PBMCs, compared with CON- and AD-PBMCs 
(Fig. 5h). But the proportion of this population was comparable 
between treatments (i.e. no stimulation, CSF and CSF + LPS). However, 
we detected increased expression of CXCR3 of CD564CDllc4 cells after 
exposure to CSF and CSF + LPS (Fig. 5i), suggesting phenotypic chan 
ges also in the NK cell population.

Next, we treated PBMCs isolated from a healthy donor with CSF 
obtained from six control individuals or six patients with AD. In addi 
tion to CSF, PBMCs were also stimulated with LPS (similar to the 
experiment shown in Fig. 5). Cells were analyzed using CyTOF work
flow as described above. Twenty clusters were identified (Fig. 6a; 
Supplementary Table 5 for the panel of 40 antibodies used in Fig. 6). 
An MDS plot showed small changes in phenotype of myeloid cells after 
co-incubation with CSF, compared to non-stimulated cells (Fig. 6b). As 
expected, cells treated with LPS and both CSF and LPS (CSF + LPS) 
showed distinct overall phenotypes, compared with no stimulation 
and CSF-treated groups (Fig. 6b). We detected increased proportions 
of two small clusters with mixed phenotypes (cluster 6 and 15) in CSF 
and CSF + LPS-treated PBMCs (Fig. 6c, d). Compared with all other cell 
subsets, these two clusters expressed higher level of CD69, CD49d and 
IL-10 (Fig. 6e). Similar to CD14 CD16CCR2,tnv CSF-enriched myeloid 
cell subsets described above (Figs. 2 and 5), CD14" cluster 15 showed 
different phenotypes when compared to the CD14 CCR2' monocytes 
(Cluster 19). These differences include a higher expression level of

P2Y12 and CD16r but a lower CCR2 expression (Fig. 6fr g). In addition, 
myeloid cell subsets (Cluster 8, 16, 18 and 19) in CSF + LPS-treated 
samples showed consistently higher expression of inflammatory 
cytokines such as TNF, MIPl-p and IL-13 (Fig- 6h), in compa rison to LPS- 
treated PBMCs. Of note, no differences in phenotypes and responses 
to LPS were detected between cells treated with AD-CSF and those 
treated with CON-CSF.

Together, we detected big changes in metabolic profiles of mye
loid cells after exposure to CSF in vitro (as shown in Fig. 3), but only 
small changes in phenotypes and responses to LPS of these cells could 
be detected after CSF treatment (as shown in Figs. 5 and 6). Incubating 
myeloid cells from patients with AD in the presence of the paired CSF 
(with and without LPS) could induce more phenotypic changes than 
when healthy myeloid cells were treated with CSF (with and without 
LPS). Our findings suggest that myeloid cells of patients with AD may 
already be primed in the peripheral blood (possibly without significant 
changes in phenotypes), and thus are more vulnerable to LPS 
stimulation.

Differential myeloid cell phenotypes in choroid plexus (CP) and 
brain parenchyma
Next, we characterized differences in phenotypes and abundant clus
ters of myeloid cells between the brain barrier (i.e. choroid plexus, CP) 
and the brain parenchyma (i.e, gyrus frontalis medial is, GFM), Since the 
brain tissue of AD patients is only available post-mortem, we were not 
able to perform the investigation in the same individuals as were used 
for the blood and CSF determination. Furthermore, it should be 
mentioned that this study is limited to the changes at the late state of 
the disease (i.e. post-mortem).

We performed CyTOF analyses with pre-sorted CD451 cells iso
lated from post-mortem CP and GFM of AD and non-neurological 
donors (Supplementary Table 1 and Supplementary Fig. 5). First, we 
characterized isolated cells using an antibody panel (PanelA), focusing 
on known immune cell populations (see Supplementary Table 6 for the 
list of 35 antibodies used). The UMAP plots of the obtained CyTOF data 
showed different cellular compositions between CP and GFM com
partments (Fig. 7a). The downstream clustering analysis of all data 
together (i.e. across all cells of all CP and GFM samples) revealed a total 
of 14 distinct cell clusters (Fig. 7b, c). Higher proportion of macro
phages, monocytes and lymphocytes was detected in CP, whereas 
IRF8hi (Cluster 9,10 and 12) microglia/macrophages were the majority 
in GFM (over 80% of total cells. Fig. 7d). Similar to previous study in 
mouse CNSM, we detected a small population of CP-macrophages (i.e. 
border-associated, Kolmer's epi-plexus macrophages, CPcp'-BAM) 
whose phenotypic signature reminiscent of microglia, and were clus
tered together with GFM microglia (Cluster 10: IRF8l,iCDIlc'HLA DR 
EMR1GPR564). Compared with the GFM-microglia, CPcpi-BAM 

expressed a higher level of markers involved in phagocytosis and cell 
activation including CD206, CD64, HLA DR, CD44, CCR5, CD68, 
MS4A4A, CD32 and CD14 (Fig. 7e and Source Data). Although we could 
not detect differences in cellular compositions within the CP com
partment between the CON and AD groups, we detected some markers 
differentially expressed in both myeloid and lymphoid cell populations 
between the groups. Collectively, we found lower expression of EMR1, 
IRF8, CD14, CD86 and C3 in myeloid cells from AD donors, whereas 
ABCA7, CD61 and CCR5 were found increased (Fig. 7f). Analogous to 
the CP, no differences in cluster abundance were found between AD- 
GFM and CON-GFM. Also in line with the results from CP analysis, 
myeloid cell clusters (cluster 1 and 7) in AD GFM showed higher 
expression of CCR5 and CD61. The microglia cluster, cluster 12, of AD- 
GFM expressed lower level of CXCR3 and CD4. To further characterize 
myeloid cells in these two compartments, we have utilized the anti
body PanelB (Supplementary Table 7, a total of 35 markers) consisting 
of functional markers such as the thrombospondin 1 receptor CD47 (a 
“don't eat me" signal, the extracellular ligand of CD172a) and M1P-13
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(CCL4, a CC chemokine with specificity for CCR5)> Similar to the results 
shown in Fig. 7, the cellular composition of CP was different from that 
of GFM, as shown by UMAP plots (Fig. 8a). Among the 14 defined 
clusters (Fig. 8b, c), we detected a higher proportion of P2Y12low/ 
myeloid cells in CP, compared with GFM, whereas P2Yi2hi microglia/ 
macrophages (Clusters, 10 and 13) were mainly found in GFM (Fig. 8d).

The results obtained from the antibody Pane/ 8 confirmed the simi
larity between GFM microglia and the CPepi-BAM (Cluster 8: 
P2Yi2+CDllc"CD64+Glut5+, Fig, 8d, e, Source Data). Similar to the Panel 
Ar we could not detect differentially abundant clusters between CON 
and AD in both compartments using the antibody PanelB. Comparing 
AD-CP macrophages with those in CON-CP revealed increased 
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Fig. 5 | Assessment of paired CSF-induced phenotypic changes in the myeloid 
cells from patients with AD (rt-5, biological replications) and MCI (ri-5, bio
logical replications), in comparison with CON (n = 5, biological replications) 
cells, a MDS plot for all PBMCs at different conditions, b MDS plots for each 
treatment, colour-coded by condition (CDN, MCI or AD). Each dot represents a 
sample and dot size depicts total number of cells per sample, c The overlaid UMAP 
plot of all samples. The colouring indicates 20 clusters representing diverse 
immune cell phenotypes, defined by the FlowSOM algorithm, d Phenotypic heat
map of duster identities depicting the expression levels of 16 TYPE markers used 
for the duster analysis and 21 STATE markers. Heat colours of expression levels 
have been scaled for each marker individually (to the 1st and Sth quintiles) (black, 
high expression; white, no expression), e Proportion of Cluster 1 (Cl) between 
groups and conditions. Kruskal-Wallis test; *P< 0.05, *T< 0.01, ***p< 0.001 and 

♦***> < 0.0001. f Differences in marker expression of P2Y]2, CXCR3, IL-8, MIPbeta in 
cells from Cluster 1 between conditions. Ordinary one-way ANOVA; *P< 0.05., 
**P< 0.01, ***p< 0.001 and s***p < 0.0001. g Line graph of the arcsinh marker 
expression (mcan± SD) between Cluster 1 and Cluster 4 (FDR-adjusted 
Mann-Whitney ¿/-test, two-sided, adjusted, two-sided), h Proportion of C4 (% of 
CD3 CD19 cells) between groups and conditions. Kruskal Wallis test; *P< 0.05, 
**P< 0.01 **><0.001 and **‘*p < 0.0001. i Difference in marker expression of 
CXCR3 in cells from Cluster 4 between conditions. All boxes extend from the 25th 
to 75th percentiles. Whisker plots show the min (smallest) and max (largest) values. 
The line in the box denotes the median. Each dot represents the value of each 
sample. Ordinary one-way ANOVA; *P< 0.05, *T< 0.01, ***p< 0.001 and
****p < 0.0001. Source data (for e, f. g. h and i) are provided as a Source Data file.

expression of CD206, CD163, CD9L CD33, CD172a (SIRPa, the receptor 
of CD4-7) and Clecl2A, whereas CD64, CD68, CD18 and CD47 were 
downregulated in AD-CP (Fig. 8f). These changes may reflect an inef
ficient or even suppressed phagocytosis in macrophages isolated from 
AD-CP. Both microglia subsets (cluster 10 and 13) from AD-GFM 
showed a higher level of the inflammatory mediator MIP-lp (CCL4, a 
CC chemokine with specificity for CCR5), whereas CD64 and CD172a 
were found downregulated in AD-microglia (Fig. 8f). The macrophage 
subsets (cluster 4,6 and 9) of AD-GFM showed higher expression level 
of CD172a, CDllb, CD18, Clecl2A and the thrombospondin 1 receptor, 
CD47 (Fig. 8f), suggesting increased phagocytic phenotypes of the 
Infiltrating macrophages detected In AD-GFM, whereas microglia at 
this late stage of disease were rather a source of chemoattractant for 
monocytes and macrophages.

Discussion
Myeloid cells including monocytes, macrophages and microglia have 
long been suggested as key players in neuroinflammation and neuro
degeneration like AD636. Numerous findings in rodent models of AD 
highlight the importance of diverse myeloid cells including microglia, 
monocytes and monocyte-derived macrophages616 in the pathology. 
However, these models only partially replicate the complexity of the 
rare familial AD, our understanding of how myeloid cells either 
respond or contribute to the pathogenesis of human AD including 
sporadic AD is still limited. In this study, we characterized and com
pared myeloid cells isolated from the peripheral blood, CSF, CP and 
GFM of either control individuals (i.e. without neurological diseases), 
or patients with AD, MCI or HD. Using multiple state-of-the-art analy
tical methods, we identified differences in myeloid cell composition 
and phenotypes, as well as their bioenergetic pathway across different 
compartments (i.e. blood and CSF) and diseases. Our findings showed 
that myeloid cells alter their activation phenotypes and inflammatory 
responses across different compartments, and this continuum of 
phenotypic changes and functional responses may be more pro
nounced in neuropathology such as AD. Overall, we could consistently 
detect in the CSF an increased proportion of myeloid cells with 
changes in activated, inflammatory and/or phagocytic phenotypes, 
which was characterized by increased expression of markers involved 
in these processes including P2YI2 receptor, CD16, CCR5, ApoE, CDllc, 
HLA-DR, CD169 (SIGLEC-1),CD91 and MS4A4A. Although differences in 
phenotypes and responses of myeloid cells between different condi
tions (i.e. CON vs diseases) were small within the peripheral blood and 
CSF compartment, we have detected phenotypic and metabolic 
changes in AD compared to the CON and/or other diseases in the CP 
and brain parenchyma as well as in vitro. These differences were more 
pronounced in AD-myeloid cells after additional stimulation with LPS, 
suggesting that myeloid cells from AD patients are more likely vul
nerable to environment change. These results are in agreement with 
previous studies dismissing major phenotypic changes in unstimu
lated PBMCs from AD donors but that have found significantly chan
ged upon response to stimulation24. On the basis of our findings, 

microglia in the GFM showed less phagocytic but more inflammatory 
phenotypes, in comparison to the infiltrating macrophages at this late 
stage of the disease (i.e. post-mortem). Nonetheless, due to the lim
itations of our study (e.g. low cell number in the CSF, high biological 
variation between individuals and availability of multiple body com
partments from the same individuals), the findings should be inter
preted with caution.

Upon entry to the CSF compartment, myeloid cells including 
monocytes increased the expression of markers associated with the 
inflammatory process including P2Y12 receptor, CCR5, ApoE, CD169 
and its co-activator M54A4A37. Interestingly, CD169 (or Siglecl) was 
proposed as an indicator of the activity in an inflammatory CNS, due to 
the results showing that CD169-expressing myeloid cells were abun
dantly located in an active inflammatory site of the CNS, including in 
active multiple sclerosis lesions, acute infectious and malignant dis
eases. Such cells were suggested to support the activation of adaptive 
immune responses28. Soluble triggering receptor expressed on mye
loid cells 2 (sTREM2) in CSF is hypothesized to increase in response to 
microglial activation due to neurodegenerative processes and is ele
vated in AD3iW. MS4A4A is a key modulator of sTREM24i. Targeting 
MS4A4Aatthe molecular or protein level was sufficient to significantly 
reduce STREM2, thus can potentially be used for AD therapy. We 
hypothesize that myeloid cells are recruited into the CSF and become 
inflammatory, which may be a mechanism to regulate the adaptive 
immune responses in this compartment barrier. Together with an 
increased expression of IL-8 (a potent chemotactic factor for myeloid 
cells) in the AD CSF, which is positively correlated with IL-6 and MIP-la 
(CCL3, a ligand of CCR5) expression, we propose that, in AD, CCR5- 
expressing myeloid cells including monocytes are recruited into the 
CSF, become activated and associated to the activation of adaptive 
immune cells. In mouse models of AD, it has been shown that Ap could 
stimulate the production of IL-8 and MIP-la from monocytes or 
microglia. The MlP-la-/CCR5-signalling pathway that was induced by 
Aj3 could result in increased lymphocyte transendothelial migration to 
the brains. Interestingly, studies In 5xFAD mice have shown that 
knocking out CD33 and TREM2, both known risk factors for sporadic 
AD, induce changes in IL-6 and IL-8 expression by microglia, and that 
downregulation of both signalling molecules is associated with 
increased neurodegeneration42.

In the CNS, the purinergic P2Y12 receptor (an adenosine dipho
sphate responsive G protein-coupled receptor) is widely recognized as 
a marker that is selectively expressed on microglia. In the periphery, 
this receptor can however be detected in multiple cell types Including 
eosinophils43, platelets, osteoclasts, vascular smooth muscle cells, 
dendritic cells44 and macrophages45. Moreover, during chronic neu
roinflammation, CNS-infiltrating macrophages also acquire P2Y12 
receptor45, thus caution should be taken in the strict definition of 
microglia specific marker and plasticity of myeloid cells in the niche of 
different body compartments. In our previous study, we have also 
shown low P2Y12 expression on brain CD206 macrophage”. In 
the brain, P2Y12-expressing macrophages/microglia were found
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significantly reduced in multiple sclerosis and AD26'46. However, its role 
in neuroinflammation or neurodegeneration remains largely unclear. 
In contrast to previous studies showing that these P2Y12! cells were 
microglia-like cells that are solely found in the CSF of patients with 
neuroinflammation30 31, we identified these cells in both CSF (with 
much higher abundance) and the peripheral blood of both healthy

donors and patients with neurological disorders. Furthermore, we 
could also demonstrate that some subsets of blood monocytes 
increased P2Yj2 expression after exposure to the CSF, and thus provide 
an alternative hypothesis for the origin of P2Y12' cells in the CSF, 
namely that they may be derived from blood monocytes that respond 
to (most likely) soluble factors in the new environment. Interestingly,
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Fig. 6 | Phenotypic changes in healthy PBMCs after treatment with CSF from 
CON (n = 6, biological replication) or AD (n = 6, biological replication) patients, 
a UMAP plots from all cells coloured by cluster ID for 1-20 clusters determined 
using the FlowSOM algorithm, phenotypic heatmap of median marker expression 
per cluster, b MDS plot for myeloid cells (light blue dots) obtained from all con
ditions, i.e. no stimulation (purple dots) or CSF (blue dots), CSF + LPS (green dots) 
and LPS (red dots), c, d Proportion (%ofCD45' cells) of Cluster 6 (c) or Cluster 15 (d) 
between treatments. All boxes extend from the 25th to 75th percentiles. Whisker 
plots show the min (smallest) and max {largest) values. The line in the box denotes 
the median. Each dot represents the value of each sample. Ordinary one-way 
ANOVA; *p< 0,05, e Mean signal intensity levels ofCD69, CD49d and IL-10 staining 
in cluster 6 and 15, compared to the other cells (rest) (black lines show mean ± sd

values of the datasets). Kruskal-Wallis test, < 0.05 and < 0.0001. f Scatter 
plots show the differential expression of CCR2, PZYu and CD16 of Cluster 15, 
compared to CD14+CD16’ classical monocytes (Cluster 19). Data displayed as 
mean ± SD. Kruskal-Wall is test, < 0.01 and ****p < 0.0001. g Line graph shows
different marker expressions (arcsinh) (mean ±SD) between Cluster 15 and Cluster 
19. h Volcano plots show differential expression of all markers in myeloid cell 
clusters (Cluster 8,16,18 and 19) after AD-CSF + LPS or CON-CSF + LPS treatment, in 
comparison to LPS treatment. Red dots indicate markers with significantly 
increased expression: blue dots the markers with significantly decreased expres
sion, whereas black dots are non-significant markers, determined using 
Mann-Whitney C-Test, two-sided (p< 0,05 is statistically significant). Source data 
(for c, d, e and f) are provided as a Source Data hie.

treating PBMCs from AD-patients with the paired CSF in vitro resulted 
in increased proportion of myeloid cells showing a similar phenotype 
as CSF enriched myeloid cells, characterized as P2Y12 CD14 CD16+C- 
C2|OW. This change was more significant when the cells were addition
ally stimulated with LPS. Furthermore, we showed that this cluster 
produced more IL-8 and inflammatory MIP-lp after exposure to CSF 
and LPS, suggesting a possible source of IL 8-expressing myeloid 
cells in CSF.

In addition to phenotypic changes in the myeloid cells of the CSF, 
results obtained from Seahorse and -glucose tracing experiment 
showed that blood monocytes are more glycolyticaUy active after 
exposure to the CSF, suggesting an inflammatory response rather than 
anti-inflammatory phenotype, which would more likely increase 
mitochondrial respiration33. Upregulation of glycolytic metabolism 
was proposed to support phagocytotic function via ATP production32.

Besides brain macrophages and microglia, myeloid cells in CP 
have been also proposed as one of the key players in human AD 
pathology. CP is a unique organ exposed to peripheral blood and CSF, 
forming the blood-CSF-barrier (BCSFB), which effectively separates 
the brain parenchyma from the peripheral blood, and regulates neu
ronal homoeostasis. CP allows efficient exchange of essential gases, 
nutrients and waste products of metabolism between blood, CSF and 
interstitial fluid of the brain47. This barrier also efficiently removes cell 
debris and larger waste products including p-amyloid45. The CP inner 
stroma is richly irrigated by fenestrated capillaries, which facilitate the 
passage of circulating macromolecules and immune cells into this 
compartment. However, under healthy conditions this BCSFB restricts 
immune cell entry into the CSF and the brain parenchyma49. Dys
function of this system may play an aetiological role in neurological 
disorders including AD, thus the analysis of cellular and molecular 
composition in CSF and peripheral blood in comparison with the CNS 
system provides invaluable information to biological and/or disease 
processes of AD.

At the late stage of AD (post-mortem), we detected increased 
expressions of markers involved in phagocytosis in the CP macro
phages, whereas myeloid cells in the GFM increased the don't eat me 
signal CD47 and its receptor CD172a (SIRPa). At this stage, microglia 
served most likely as a source of MIP-lp (CCL4), a ligand for CCR5 and 
chemoattractant inducing migration of phagocytic macrophages into 
the brain. Our findings are in line with the concept of dystrophic 
microglia in late-onset AD, in which microglia are unable to remove 
aggregated amyloid, present as an exhausted phenotype and with 
exacerbated aging-dependent microglia deterioration50.

In conclusion, based upon our findings, we propose that myeloid 
cells in the CSF present activation phenotypes (e.g. changes in bioe
nergetic pathways, phenotypic changes and increase phagocytic 
activity) which may help our system to defend against pathologic sti
muli and/or to regulate the activation of adaptive immunity. Once this 
process becomes dysregulated (such as in AD), it could lead to chronic 
inflammation in different compartments, which could further harm the 
system, such as dysregulation of T cell activation and colonization51. At 

the late stage of the disease (post-mortem), we detected increased 
inhibitory signalling on myeloid cells and exhausted microglia with 
inflammatory phenotypes. However, numerous open questions remain 
unanswered, including (1) what is the biological function of P2Yi2+ 
myeloid cells in the CSF and CP, and whether these cells are recruited 
from the brain or the peripheral blood? (2) Which soluble factors in CSF 
and/or CP drive the differentiation of the myeloid cell population? On 
one hand, these open questions can be hardly answered by using ani
mal models, due to large differences in immune cell regulation and 
differentiation between species, on the other hand, solving these 
questions using human systems is ethically and technically challenging. 
To our opinion, development of a proper ex vivo/in vitro model of 
human system (such as organoid culture) consisting of circulation 
would serve as a promising system for studying this complex interac
tion between the peripheral and the central system.

Methods
This study complies with all relevant ethical regulations and was 
approved by the Ethics Commission of Charite-Universitatsmedizin 
Berlin (Ethikkommission der Charite-Universitatsmedizin Berlin; regis
tration number EA1/187/17 and EA1/241/17), Berlin, Germany. All study 
participants provided informed consent before any study related pro
cedures were undertaken. All participants received no compensation.

Human blood and CSF samples
Venous blood and lumbar cerebrospinal fluid (CSF) samples 
{n-117) were obtained from control individuals (fl = 21) or patients 
with AD (n = 18), MCI (n = 7), HD (fl = 46), depression (fl = 11), FTLD 
(n = 5) and SCZ (« = 9) (Supplementary Table 1). PBMCs were iso
lated from EDTA-blood (20 ml) within 1 h of the blood draw through 
Biocoll (Biochrom GmbH, Berlin, Germany) density centrifugation 
at 1200 xg for 20 min at room temperature. The blood mono
nuclear cell fraction was recovered and washed twice in phosphate- 
buffered saline (PBS; Biochrom GmbH) at 300 x g for 10 min. For the 
isolation of CSF cells, CSF was centrifuged once at 300xg for 
10 min (4 °C). The cell pellet (PBMCs or CSF cells) was then fixed 
with fixation/stabilization buffer (SmartTube) and frozen at -80 °C 
until analysis by mass cytometry. PBMCs and CSF cells of a total of 
eleven CON, eight AD, seven MCI and twelve HD out of those 
117 samples were used for CyTOF analysis.

Human brain autopsy
Human brain tissue was obtained through the Netherlands Brain 
Bank (www.brainbank.nl). The Netherlands Brain Bank received 
permission to perform autopsies and to use tissue and medical 
records from the Ethical Committee of the VU University medical 
center (VUmc, Amsterdam, The Netherlands), All donors have given 
informed consent for autopsy and use of their brain tissue for 
research purposes. Generally, the autopsies of frontal lobe (Gyrus 
frontalis medius, GFM) and choroid plexus were performed within 
4-10 h after death (Supplementary Table 1). Brain tissue collected
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Fig. 71 Differential heterogeneity of CD454 immune cells in CP and CFM of AD 
donors, compared to the CON donors, determined by using Panel A (CPi CON, 
n = 7; AD, n = 4, GFM: CON, n = 7; AD, n = 5, biological replication), a Overlaid 
UMAP plots of CP and GFM samples from AD (green dots) and CON (purple dots) 
donors, b UMAP plots of all samples. The colouring indicates 14 clusters repre
senting diverse immune cell phenotypes, defined by the FlowSOM algorithm, 
c Phenotypic heatmap of cluster identities depicting the expression levels of 14 
TYPE markers used for the cluster analysis and 22 STATE markers. Heat colours of 
expression levels have been scaled for each marker individually (to the 1st and Sth 
quintiles) (black, high expression; white, no expression), d The bar graphs show 
differentially abundant clusters between CP and GFM. Data displayed as mean ± SD, 

An FDR-adjusted p-value < 0.05 was considered statistically significant, determined 
using the edgeR test for differential cluster abundance (*/?< 0.05; **/?< 0.01; 
***p < 0.001). e The graphs showed differential marker expression (mean ± sd) 
between the CF'"-BAM in CP and microglia in GFM (both are defined as cluster 10). 
FDR-adjusted Mann-Whitney ¿/-test, two-sided; *p< 0.05 is considered significant, 
f The Box plots shows differential marker expression of immune cells in CP or in 
GFM of AD donors, compared with the CON donors, using Mann-Whitney ¿/-Test, 
two-sided. The p-value < 0.05 (*) is considered statistically significant. Boxes extend 
from the 25th to 75th percentiles. Whisker plots show the min (smallest) and max 
(largest) values. The line in the box denotes the median. Each dot represents the 
value of each sample. Source data (for d. e and f) are provided as a Source Data file.

for this study was from the donors whose post-mortem CSF was 
between pH 5.9 and 6.9 (Supplementary Table 1). An overview of the 
donor information and post-mortem variables is summarized in 
Supplementary Table 1.

Human brain immune cell isolation
The isolation was started within 2-25 h after autopsy. Approximately, 
2-10 grams tissue was first mechanically dissociated through a metal 
sieve in a glucose-potasstum-sodium buffer (GKN-BSA; 8 g/l NaCI,
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Fig. 8 | Differential heterogeneity of CD45* immune cells in CP and GFM of AD 
donors, compared to the CON donors, determined by using Panel 8 (CP: CON, 
n = 7; AD, n = 3r GFM: CON, n = 7; AD, n = 4, biological replication), a Overlaid 
UMAP plots of CP and GFM samples from AD (green dots) and CON (purple dots) 
donors, b UMAP plots of all samples. The colouring indicates 14- clusters repre
senting diverse immune cell phenotypes, defined by the FlowSOM algorithm, 
c Phenotypic heatmap ofcluster identities depicting the expression levels of 10 
TYPE markers used for the cluster analysis and 25 STATE markers. Heat colours of 
expression levels have been scaled for each marker individually (to the 1st and Sth 
quintiles) (black, high expression; white, no expression), d The bar graphs show 
differentially abundant clusters between CP and GFM. Data displayed as mean ± SD.

An FDR-adjusted p-valuc< 0.05 was considered statistically significant, determined 
using the edgeR test for differential cluster abundance (*p< 0.05; **p < 0.01; 
***/?< 0.001). e Line graphs showing differential marker expression (mean ± sd) 
between the CP1 pi-BAM in CP and microglia in GFM (both are identified as cluster 8). 

FDR-adjusted Mann-Whitney D-test, two-sided; *p < 0.05 is considered significant, 
f The Box plots shows differential marker expression of immune cells in CP or in 
GFM of AD donors, compared with the CON donors, using Mann-Whitney (/-Test, 
two-sided. Thep-value< 0.05 (*) is considered statistically significant. Boxes extend 
from the 25th to 75th percentiles. Whisker plots show the min (smallest) and max 
(largest) values. The line in the box denotes the median. Each dot represents the 
value of each sample. Source data (for d, e and f) are provided as a Source Data file.
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0.4 g/l KC1,1.77g/l Na2HPO4.2H2O, 0.69g/l NaH2PO4.H2O, 2g/1 D-(l)- 
glucose, 0.3% bovine serum albumin (BSA, Sigma-Aldrich); pH 7.4).The 
samples were then supplemented with collagenase Type I (3700 units/ 
ml; Worthington, Lakewood, NJ, USA) and DNase I (200pg/ml; Roche 
Diagnostics GmbH) for 1 h at 37 °C while shaking. Cell suspension was 
put over a 100 pM cell strainer and washed with GKN-BSA buffer before 
the pallet was resuspended in 20 ml GKN-BSA buffer. Next, 10 ml of 
Percoll (Amersham, GE Healthcare) was added dropwise and tissue was 
centrifuged at 3220 xg for 30 min (4 °C). Three different layers 
appeared: upper layer containing myelin, a lower erythrocyte layer and 
the middle layer containing all cell types including microglia. The 
middle layer was carefully taken out without disturbing the myelin 
layer and washed first with GKN-BSA buffer, followed by cell sorting 
using flow cytometry.

Fluorescence-activated cell sorting
The single-cell suspension was incubated with an FC receptor blocking 
reagent (Miltenyi Biotec, 5170126102) (1:20) and anti-CD45 
(eBioscience, 11-9459) antibodies (1:20) at 4 °C for 15 min. Cells were 
washed twice and suspended in glucose-potassium -sodium buffer 
(GKN-BSA; 8g/L NaCI, 0.4g/L KCI, 1.77 g/L Na2HPO4.2H2O, 0.69 g/L 
NaH2PO4.H2O, 6g/L D-(l)-glucose, pH 7.4) with 0.3% BSA. 7-AAD (BD 
Biosciences, 5168981E) (1 pg/mL) was added for cell death detection. 
Cells were filtered over a 70 pm cell strainer before sorting. Cells were 
sorted/gated that were alive, single, and CD45+with the FACSArialll. 
The sorted CD45" fraction (Supplementary Fig. 5) was placed on ice, 
centrifuged at 300xg for 5 min, supernatant removed, and pellet 
was fixed with fixation/stabilization buffer (SmartTube) and stored 
at -80 °C.

Barcoding
Live cell barcoding. Individual CSF samples (0.5-1 *104 cells) were 
pelleted and stained with S9Y-CD45 (Fluidigm) for 30 min at 4 °C. Cells 
were then washed and pooled with PBMCs from the same individual.

Intracellular barcoding. After fixation and cryopreservation (at 
-80 °C), cells were thawed and subsequently stained with premade 
combinations of six different palladium isotopes: 102Pd, 104Pd, L05Pd, 
I06Pd, L08Pd & "°Pd (Cell-ID 20-plex Pd Barcoding Kit, Fluidigm). This 
multiplexing kit applies a 6-choose-3 barcoding scheme that results in 
20 different combinations of three Pd isotopes. After 30 min staining 
(at RT), individual samples were washed twice with cell staining buffer 
(0.5% bovine serum albumin in PBS, containing 2mM EDTA). Total of 
up to 20 samples were pooled together, washed and further stained 
with antibodies.

Antibodies. Anti human antibodies (Supplementary Table 2-7) were 
purchased either pre conjugated to metal isotopes (Fluidigm) or from 
commercial suppliers in purified form and conjugated in house using 
the MaxPar X8 kit (Fluidigm) according to the manufacturer's 
protocol.

Surface and intracellular staining
After cell barcoding, washing and pelleting, the combined samples 
were resuspended in 100 pl of antibody cocktail against surface mar
kers (Supplementary Table 2-7) and incubated for 30 min at 4 °C. 
Then, cells were washed twice with cell staining buffer. For intracellular 
staining, the stained (non-stimulated) cells were then incubated in 
fixation/permeabilization buffer (Fix/Perm Buffer, eBioscience) for 
60 min at 4 °C. Cells were then wash twice with permeabilization buffer 
(eBioscience). The samples were then stained with antibody cocktails 
against intracellular molecules (Supplementary Table 2-7) in per
meabilization buffer for Ih at 4°C. Cells were subsequently washed 
once with permeabilization buffer, then were washed again with PBS 
before overnight incubation in 2% methanol-free formaldehyde 

solution (FA). Fixed cells were then washed and resuspended in 1 ml of 
500 nM iridium intercalator solution (Fluidigm) for 1 h at RT. Next, the 
samples were washed twice with cell staining buffer and then twice 
with ddH2O (Fluidigm). Cells were pelleted and kept at 4 °C until 
CyTOF measurement.

Mass cytometry data processing and analysis
As described previously2226-27, Cytobank (www.cytobank.org) was used 
for initial manual gating on single cells and boolean gating for de
barcoding. Nucleated single intact cells were manually gated accord
ing to DNA intercalators 191lr/193lr signals and event length. For de
barcoding, Boolean gating was used to deconvolve individual sample 
according to the barcode combination. All de-barcoded samples were 
then exported as individual FCS files for further analysis. Each FCS file 
was compensated for signal spillover using the R package CATALYST52 
and transformed with arcsinh transformation (scale factor 5) prior to 
data analysis. For further analysis we used a previously described 
scripts and workflows25. Only samples with >50 cells were considered 
for the downstream data analysis. For a first assessment of the data we 
obtained multi-dimensional scaling (MDS) plots based on median 
marker expression from all markers in order to assess overall simila
rities between samples and/or groups/conditlons. We next obtained a 
marker ranking identified by the PCA-based non-redtindancy score 
(NRS) which can give us an idea of which markers explain most of the 
variability among samples. For following analysis, we selected the ten 
highest scoring NRS markers plus other lineage markers not included 
among this, and defined them as "TYPE" makers, thus the ones which 
will be used for unsupervised clustering. The rest of the markers were 
defined as "STATE" markers, which will be used to better describe the 
different populations and further assess differences in cell activation 
status between groups. Unsupervised clustering was performed using 
the FlowSOM^/ConsensusClusterPIus29 algorithms which are included 
in the CATALYST package. We then selected the number of meta
clusters used for further analysis based on the delta area plots (which 
asses the "natural" number ofclusters that best fits the complexity of 
the data) together with visual inspection on the phenotypic heatmaps 
with an aim to select a cluster number with consistent phenotypes that 
would also allow us to explore small populations. For dimensionality
reduction visualization we generated UMAP representations using all 
markers as input and down sampled to a maximum of 1000 cells per 
sample.

Cell culture and stimulation
PBMCs were resuspended in ImL of RPM11640 (Biochrom GmbH, 
Berlin, Germany) containing 10% heat-inactivated foetal calf serum 
(FCS) (Sigma-Aldrich, St Louis, USA), penicillin (lOOU/mL; Biochrom 
GmbH, Berlin, Germany) and streptomycin (100 pg/ mL; Biochrom 
GmbH, Berlin, Germany). Cell concentration was adjusted to - 2 * 106 
cells/ mL. About 2 x 10s cells (per well) were transferred into ultra-low- 
attachment 96-well plate (Corning, New York, USA). Cells were treated 
with either PBS, CSF (20% v/v), IL-8 (50 ng/ml), MIP-la (10 ng/ml), LPS 
(lOOng/mL) or both CSF and LPS. To inhibit protein transport from 
Golgi apparatus to the endoplasmic reticulum, monensin (5pg/mL: 
BioLegend, San Diego, USA) was also added. After 4-6 h incubation, 
cells were harvested, fixed and stored at -80 °C until CyTOF analysis.

Flow cytometry analysis
Cryopreserved and fixed PBMCs (4x CON, 4x MCI and 4x AD) were 
thawed and washed twice in staining buffer {PBS containing 0.5% BSA 
and 2 mM EDTA). The cells were incubated in Fc Block for 10 min at 
4 °C. Cells were then stained for CD14 (PerCP-Cy5.5, clone HCD14), 
HLA-DR (APC-Cy7, clone L243), CX3CR1 (FITC, clone 2A9-1) and P2Y12- 
Biotin for 20 min at 4 °C in staining buffer. Cells were washed once in 
staining buffer and then incubated in PE-Cy7-Streptavidin for 20 min at 
4 °C. For the intracellular staining, the samples were washed once with 
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staining buffer, then fixed in 2% FA for 30 min at 4 °C. After incubation, 
the samples were washed with permeabilization buffer (eBioscience), 
and subsequently stained with IL-8 (PE, clone E8N1), MIP-la (APC, 
clone CCL3) and TNF (BV421, clone Mabll) for 30 min at 4 °C in per
meabilization buffer. Stained cells were subsequently washed once 
with staining buffer. Cellular fluorescence was assessed with Cantoll 
(BD FACSDiva Software 6.1.3; BD Biosciences) and data were analyzed 
with Flowjo software (10.4.2) (TreeStar) and GraphPad Prism 9. For
ward- and side-scatter parameters were used for exclusion of doublets 
from analysis (Supplementary Fig. 4).

Luminex
Cytokine levels in plasma and CSF were measured using cytokine 
protein multiplex assay (MILLIPLEX® Multiplex Assays, Merck KGaA) 
on a Luminex 200 platform and Bio-Plex Manager 6.2 software (Bio
Rad Laboratories GmbH) according to the manufacturer's instructions. 
Plasma and CSF samples (n = 117) of control individuals (n = 21) or 
patients with AD (n = 18), MCI (n = 7), HD (n = 46), depression (n = 11), 
FILD (n = 5) and SCZ (n = 9) were used for Luminex analysis (Supple
mentary Table 1).

Monocyte isolation and l,2-13C2-glucose experiment
Frozen human peripheral blood mononuclear cells (PBMCs) were 
thawed, washed and pooled in MACS buffer (0.5% BSA in PBS con
taining 2mM EDTA). Monocytes were isolated using negative 
selection, pan-monocyte Isolation Kit (Miltenyi Biotec, Bergisch 
Gladbach, Germany) according to manufacturer's specifications. 
Briefly, PBMCs were resuspended in MACS buffer. FcR blocking 
reagent and biotin-antibody cocktail were added, mixed thoroughly 
and incubated at 4 C. After 5 min incubation, MACS buffer and anti
biotin micro beads were added and incubated at 4 C for 10 min. 
Stained cells were then washed with MACS buffer and pelleted (4 °C, 
300 xg, 8 min). The pellet was then resuspended in MACS buffer 
and loaded onto the MACS column. The column was then washed 
twice with MACS buffer. The flow-through and washed fraction 
containing unlabelled monocytes was collected. Cell number and 
viability were determined by 0.2% trypan blue staining. Monocytes 
were cultured and stimulated in the presence of l,2-L3c2-glucose 
using the protocol described above. Cells were then harvested, 
pelleted and shock-frozen in liquid nitrogen. A100 pl of a mixture of 
acetonitrile and water (H2O:ACN (1:1)) was then added to the frozen 
pellet and incubated on ice for 5 min. Cell lysate was then cen
trifuged at 15,000 x g for 10 min (4 °C). A 75 pl of supernatant was 
stored at -80 eC until HPLC-MS/MS analysis.

HPLC-MS/MS
Cell lysate in H2O:ACN (1:1, as described above) was thawed and 
measured by HPLC-MS/MS. To reduce the chelating interactions 
between citrate or phosphates, and a broadening of the chromato
graphic peaks, which is caused by the metallic part of the instrument, 
the passivation of the system was performed prior to the analysis of 
targeted metabolites with HPLC-MS/MS. To do so, the whole system 
was washed with 0.5% H3PO4 in ACN:H20 (9:1) overnight, followed by 
1 hr of H2O and 2 hr of column conditioning with the chosen mobile 
phases (mobile phase A: 10 mM CH3COONH4., pH 9 in H2O with 5 pM 
Agilent InfinityLab deactivator additive; mobile phase B: 10 mM 
CH3COONH4 <aq.) pH 9 in ACN with 5pM Agilent InfinityLab deacti
vator additive). Both mobile phases were filtered before use with a 
0.2 pm filter.

The analysis was conducted with an Agilent 1290 Infinity II HPLC 
system, coupled with an Agilent 6495 QqQ mass spectrometer, with 
an Agilent jet stream source with electrospray ionization (AJS-ESI). 
Method: dynamic multiple reaction monitoring (dMRM). Ionization 
mode: positive and negative. Sheath gas flow: 12 L/min for both, positive 

and negative modes. Sheath gas temperature: 350 °C for both, positive 
and negative modes. Capillary: 4500 V for positive mode and 3500 V 
for negative. Nozzle voltage: 750 V for positive mode and OV for 
negative. Drying gas temperature: 210 °C for both, positive and negative 
modes. Drying gas flow: 20 L/min for both, positive and negative 
modes. Nebulizer 30 psi for both, positive and negative modes. Funnel: 
High P RF190 and Low P RF 40 for positive mode and High P RF110 and 
Low P RF 60 for negative. Acquisition software: MassHunter 10 Acqui
sition software G3335 (Agilent Technology, Waldbronn, Germany).

The chromatographic separation was performed with an Agi
lent Poroshell 120 HIL1C-Z peek-lined column, at 30 °C, and with a 
gradient starting from 90% B to 60% B in 10 min and a total run time 
of 21 min. The autosampler was kept at 4 °C to preserve the samples 
and the injection volume was IpL. The MS parameters and the tar
geted transitions were optimized and analysed with the Agilent 
MassHunter Optimizer software (MassHunter 10 Acquisition soft
ware G3335, Agilent Technology), and the chosen acquisition mode 
was dMRM to increase the sensitivity. An external calibration curve 
of standards in H2O:ACN (1:1) with at least 8 levels was injected 
before the analysis of the samples as well as QCs every 10-15 
injections to evaluate the stability of the system during the analysis. 
The method was validated based on the ICH guideline MIO on 
bioanalytical method validation. The quantitation was performed 
by external calibration of standards in H2O:ACN (1:1), as mentioned 
above. We evaluated the specificity and the selectivity, the 
matrix effect and the recovery in peripheral blood mononuclear 
cells (PBMCs), the accuracy and the precision, the carry-over, 
and the short- and long-term stability. The detailed procedure of 
13C2-glucose tracing experiment and HPLC-MS/MS quantification 
was recently published and freely available53.

Statistics and reproducibility
No randomization and blinding strategies were applied in this study. 
However, data processing and analysis, as well as statistical testing 
were carried out in an unsupervised manner. Quantitative data are 
shown as independent data points with median or Box-Whisker-Plot. 
Differential analysis of cell population abundance between groups 
were performed using EdgeRu available through the R package 
diffcyt’5 (with default parameters, and filtering parameters set to 
minimum number of cells = 3 in at least minimum number of sam
ples = number of samples in each group) and false discovery rate (FDR) 
adjustment (at 5% using Benjamini-Hochberg procedure) for multiple 
hypothesis testing. Unless otherwise stated, significant differences 
in marker expression between clusters or between groups were cal
culated using Mann-Whitney ¿/-test (5% FDR) in GraphPad Prism 
(version 9).

Reporting summary 
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The CyTOF data generated in this study have been deposited in the 
FlowRepository database under accession code fr FCM-Z5XD. The 
HPLC-MS/MS data generated in this study have been deposited in the 
refubium database (https://refubium.fu-berlin.de) under accession 
link https://doi.org/10.17169/refubiurn-36351. Source data are pro
vided with this paper as Source Data file. Source data are provided with 
this paper.

Code availability
Codes used for CyTOF data analysis in this study are previously pub
lished by Crowell H et al. 2022 and available on https://github.com 
[https://github.com/HelenaLC/CATALYST],
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peripheral immune cells into cerebrospinal fluid (CSF) and the central nervous 

system (CNS). It has been shown that the diversity of phenotypic changes in 

monocytes in CSF relates to neuroinflammation. It remains to be investigated 
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active glycolysis and tricarboxylic acid (TCA) cycle and reduced production of 
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and/or disease-related. Moreover, the levels of serine differ between AD and 
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Abstract: Neuroinflammation is one of the common features in most neurological diseases including 
multiple sclerosis (MScl) and neurodegenerafive diseases such as Alzheimer's disease (AD). It is 
associated with local brain inflammation, microglial activation, and infiltration of peripheral immune 
cells into cerebrospinal fluid (CSF) and the central nervous system (CNS). It has been shown that the 
diversity of phenotypic changes in monocytes in CSF relates to neuroinflammation. It remains to be 
investigated whether these phenotypic changes are associated with functional or metabolic alteration, 
which may give a hint to their function or changes in cell states, c.g., cell activation. Tn this article, 
we investigate whether major metabolic pathways of blood monocytes alter after exposure to CSF 
of healthy individuals or patients with AD or MScl. Our findings show a significant alteration of 
the metabolism of monocytes treated with CSF from patients and healthy donors, including higher 
production of citric add and glutamine, suggesting a more active glycolysis and tricarboxylic acid 
(TCA) cycle and reduced production of glycine and serine. Those alterations suggest metabolic 
reprogramming of monocytes, possibly related to the change of compartment (from blood to CSF) 
and/or disease-related. Moreover, the levels of serine differ between AD and MScl, suggesting 
different phenotypic alterations between diseases.

Keywords: monocytes; metabolism; cerebrospinal fluid; glycolysis; tricarboxylic acid cycle; multiple 
sclerosis; Alzheimer; metabolites; ncuroinflammation

1. Introduction

Neurodegenerative and inflammatory diseases such as Alzheimer's disease (AD) and 
multiple sclerosis (MScl) are continuously gaining focus from the scientific and public 
audience due to the high incidence and devastating consequences in terms of life quality 
and care-need of patients. Although the course, symptoms, causes, and characteristics of 
these neurological diseases are highly heterogeneous, some aspects are in common, i.e., the 
presence of neuroinflammatory features. Both diseases are characterized by microglial

Chit, issues Mol. Biol. 2023,45, 765-78’1. https://doi.org/10.3390/cimb450W051 h ftps: / / w w vv.m d pi.com /jouma I / cim b
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activation [1-4], increased production of pro- and anti-inflammatory cytokines [5-8], and 
infiltration of peripheral immune cells from the bloodstream into the cerebrospinal fluid 
(CSF) due to the impairment of the blood-CSF barrier [9-12], However, it remains largely 
unknown to what extent changing the compartment environment (e.g., from blood to CSF) 
influences the phenotypes and functions of this myeloid cell population. Previous studies 
demonstrated the phenotypic diversity of CSF infiltrating monocytes [13—17], but little is 
known about related changes in functions and/or changes in the metabolism of these cells 
compared to their counterparts in the peripheral blood. Changes in metabolism, e.g., glu
cose metabolism, can give a hint on cell activation and/or responses to pathology [18-20], 

One of the hypotheses is that once the monocytes enter the CSF through the choroid 
plexus (CP), they undergo phenotypic changes and take part in the inflammatory response 
to eventually help the resolution of the innate inflammation [21,22]. The first reaction 
is to contribute to neuroinflammation to regulate adaptive immunity. Why, in chronic 
neuroinflammation such as AD or MScl, the resolution of the inflammation does not happen 
and causes neuronal damage needs to be further investigated. Similarly, whether this is 
caused by the aggravated impairment of the barrier between CSF and blood, by the disease, 
or is caused by both, needs additional investigation. Varvel et al. proposed as beneficial 
the inhibition of the entrance of monocytes into the brain to mitigate the inflammation 
occurring after seizures in status epilepticus [23], but since the function of myeloid cells, in 
normal conditions, is also to remove waste products ((3-amyloid included), a pathologic 
environment may also play a role in it. Many studies have focused lately on recruited 
myeloid cells to better understand their role in acute or chronic neuroinflammation, and to 
evaluate the changes that they undergo once they change the compartment.

To have a more complete overview of the changes that CSF-infiltrating monocytes 
undergo, it is necessary to also consider immunometabolism and its alterations. Lately, it 
has been pointed out as fundamental in the regulation between pro- and anti-inflammatory 
profiles ]24], The metabolism of cells is reported to regulate energetic production, intra
cellular signaling, the well-being of tire cells, and the synthesis of amino acids and other 
metabolites. Furthermore, glycolysis is an essential metabolic pathway for the differentia
tion of macrophages [25] and the activation of immune cells during inflammation [24], To 
study phenotypic and metabolic changes in circulating immune cells under different condi
tions including experimental settings, several state-of-the-art technologies can be used such 
as mass cytometry (CyTOF) [26-29], cell bioenergetic analysis (Seahorse) [30-33], multiplex 
immunoassay (Luminex) [28,34,35], nuclear magnetic resonance (NMR) [36-38], high
performance liquid chromatography (HPLC), or gas chromatography (GC) hyphenated 
with mass spectrometry (MS) or tandem mass spectrometry (MS/MS) [39-42], In-depth 
characterization of the metabolic pathway is achieved using HPLC- or GC-MS(/MS). The 
use of stable isotopic tracing methods (e.g., 13C-glucose tracing) increases confidence in 

identifying the metabolites affected by the study conditions or experimental manipulations.
Tn our previous study [21], we characterized the phenotypic alterations of infiltrating 

myeloid cells in the CSF of healthy individuals and patients with neurological disorders 
such as AD, mild cognitive impairment (MCI), and Huntington's disease. Our findings 
suggested activation and inflammatory response of myeloid cells as well as metabolic 
changes after exposure to CSF, with a slightly increased phenotypic alteration in the case 
of AD-CSF [21], Using Seahorse assays, we evaluated the extracellular acidification rate 
(ECAR), a value linked to glycolysis, and the oxygen consumption rate (OCR), connected 
to cell respiration, of myeloid cells in different conditions: without stimulation or with the 
stimulation of CSF of healthy donors or patients with AD or MCI. The results showed an 
increased ECAR when the cells were incubated in the presence of CSF [21,43]. It is tempting 
to speculate that, with higher intensity of neuroinflammatory conditions such as in MScl, 
strong changes in phenotypes and metabolism will be detectable, which can possibly be a 
drawback to functional changes in these cells in CSF.

We also showed, using the previously validated l,2-13C2-glucose tracing experiment [44], 

how the presence of CSF of AD patients in the incubation of monocytes could cause 
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a decrease in the conversion of 13C pyruvate to 13C lactate and a reduced production 

of serine [21],
In this study, we aim to comparably evaluate the overall metabolism of monocytes 

in CON and AD individuals in comparison to MScl with more pronounced neuroinflam
mation. We performed a 1,2-~°C-> glucose tracing experiment on monocytes targeting 
key-role metabolites of the major metabolic pathways of the cell (glycolysis, pentose-5- 
phosphate pathway, serine and glycine production, tricarboxylic acid (TCA) cycle, lactate 
production from pyruvate, and glutamine/glutamic acid metabolism). Intracellular and 
secreted unlabeled and 13C glucose-derived metabolites were identified and quantified 

using HPLC-MS/MS. In this study, we identified tire rewiring of the glucose metabolism of 
monocytes after CSF treatment, and the differential metabolic alterations in neuroinflamma- 
tory conditions such as MScl (MScl-CSF treatment) in comparison with neurodegeneration 
conditions such as AD (AD-CSF treatment).

2. Materials and Methods

This study was registered and approved by tire Ethics Commission of Charité— 
Universitatsmedizin Berlin (Ethikkommission der Charité—Universitatsmedizin Berlin; 
registration number EA1/187/17), Berlin, Germany.

2.7, Primary Human Monocyte Isolation and Incubation

PBMCs were obtained from the German Red Cross and stored at —80 °C until incuba
tion. Monocytes were then isolated from PBMCs with MACS (Pan Monocyte Isolation Kit 
(human), Miltenyi Biotec, Bergisch Gladbach, Germany).

After isolation, monocytes were incubated in a 24-well/plate in four different condi
tions with three biological replicates for each group: medium only without stimulation 
(3 x NS), with the addition of 30% in volume of CSF of healthy individuals (3 x CON), 
with the addition of 30% in volume of CSF from AD patients (3 x AD), and with the 
addition of 30% in volume of CSF of MScl patients (3 X MScl). Before use, pH values of all 
CSF samples were measured. Only CSF with a pH of about 7 was used in this study.

The monocytes were incuba ted for 5 h at 37 °C, with 5% CCL, in a medium without glu
cose, pyruvate, glutamine, and phenol red (DMEM, Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) added with labeled glucose (D-1,2-13C2 glucose, Sigma Aldrich, Taufkirchen, 
Germany) to a final concentration of 4.5 g/L, and with 10% FBS (heat-inactivated, Gibco™, 

NY, USA). As the incubation of monocytes in a medium without pyruvate, glutamine, and 
phenol red may be challenging, the well-being of the cells needs to be monitored with a 
microscope at regular time intervals.

Details of isolation and culture of monocytes are described elsewhere [44].

2.2. Metabolite Extraction and Sample Preparation

2.2.1. Culture Medium

After the incubation, the cell suspension was transferred to Eppendorf tubes and 
centrifuged for 10 min at 4 °C at 300 x g. Then, the supernatant (cell-free culture medium, 
representing the secreted level of metabolites) was separated from the cell pellet and 
centrifuged at 15,000x g, for 10 min at 4 °C before the analysis with HPLC-MS/MS.

2.2.2. Cell Extract

After shock-freezing of the cell pellets using liquid nitrogen 100 |i l of I LO: acetonitrile 
(ACN) (1:1, v:v) were added for the extraction. After thorough vortexing and incubation 
on ice for 5 min, the samples were centrifuged at 15,000 x g for 10 min at 4 °C. Aliquots of 
75 |tL of the supernatant without disturbing the cell remainder were used to obtain the cell 
extract (representing an intracellular level of metabolites). Samples were stored at —80 'C 
until the HPLC-MS/MS analysis.

Details of monocyte extraction and sample preparation are previously described in 
detail [44],
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2.3. HPLC-MS/MS Setup and Analysis

The chromatographic conditions, the MS/MS parameters, and the dynamic multi
ple reaction monitoring (dMRM) method were optimized and validated. Details of the 
analytical method are reported previously [44],

Standard solutions for calibration levels and quality controls (QCs) were prepared in 
serial dilution from stock solution (1 mg/mL) in Milli-Q HjO:ACN (1:1).

Analyses of samples, QC, and calibration levels were conducted with an Agilent 1290 
Infinity IIHPLC system coupled with an Agilent 6495 QqQ mass spectrometer (MS/MS) 
with an Agilent jet stream source with electrospray ionization (AJS-ESI), both controlled by 
MassHunter 10 Data Acquisition software (Agilent Technologies, Waldbronn, Germany). 
For the separation of the metabolites, an Agilent InfinityLab Poroshell 120 HILIC-Z column 
(PEEK-lined, 2.1 mm x 100 mm, 2.7 gm) was used. To optimize the chromatographic 
peak shape of citric acid and phosphates, passivation of the system was needed with an 
overnight wash of the system with 0.5% H3PO4 in ACNJ-LO (9:1). Mobile phase A was 
10 mM CH3COONH4 in IPO with the addition of InfinityLab deactivator additive (Agilent 
Technologies, Waldbronn, Germany). Mobile phase B was 10 mM CH3COONH4 in ACN 
with the addition of InfinityLab deactivator additive (Agilent Technologies). We added 
1 mL of additive for 1 L of mobile phase. HPLC separation was achieved by running 
a linear gradient from 10% to 40% to 10% mobile phase A in 20 min. The optimized 
dynamic multiple reaction monitoring (dMRM) was conducted by applying both positive 
and negative ionization mode.

For further specifications on HPLC conditions, MS parameters, and mobile phase 
preparation, refer to Giacomello et al. [44].

2.4. Data Analysis

Chromatographic and spectrometric results were evaluated with MassHunter 10 
Quantitative Analysis program G3336 (Agilent Technologies, Waldbronn, Germany). For 
graphical summaries, Prism 7 (GraphPad) was used.

For the statistical analysis, OriginPro 2021b (OriginLab) was used. Normal distribu
tion and equality of variances were evaluated with Shapiro-Wilk test and Levene's test, 
respectively. For the evaluation of the significant variation between groups, a one-way 
ANOVA was conducted for normally distributed groups and Kruskal-Wallis for those not 
normally distributed. To determine which group was significantly different, a Tukey's test 
or a Dunn's test (non-parametric) was conducted.

3. Results

Using our validated method [44], unlabeled pyruvate, lactate, glycine, glutamine, 
serine, glutamic acid, and citric acid, as well as 2,3-13C2 pyruvate, 1,2-13C2 lactate, 2-13C 
glycine, and 1,2-I-’C2 glutamine produced by human primary monocytes, incubated in vitro 

without stimulation or with the addition of CSF of healthy donors or patients with AD 
or MScl, were successfully quantified. Of note, the concentrations of 2,3-l;C2 serine and 
1,2-I3C2 citric acid were lower than the limit of quantitation (LOQ), and thus they were 

considered detectable but not quantified metabolites. This confirmed the integration and 
conversion of the supplemented 1,2-13C2 glucose into the glucose metabolism of the primary 

monocytes. ATP, AMP, acetyl coenzyme A (AcCoA), fructose-6-phosphate, glyceraldehyde- 
3-phosphate, phosphoglyceric acid, and ribose-5-phosphate concentrations were below 
the limit of detection (LOD) under our in vitro experimental conditions. These results are 
summarized in Figure 1.
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Pyruvate

/ AcCoA

Figure 1. A common glucose metabolism in the cells. Metabolites that are detectable and quantifiable 
in this study are labeled in red (i.e., whose concentrations are at or higher than LOD and LOQ).

Citrate,-

As common in HILIC separation [45—47] and as already reported previously [44], it is 
not possible to chromatographically separate and, therefore, unambiguously distinguish 
between citric and isocitric acid under our measurement conditions. Thus, hereafter citric 
acid refers to a mixture of tire two isomers. The individual concentrations of all the 
analytes (labeled and unlabeled) that have been quantified in cell lysate and medium are 
summarized in Supplementary Table SI.

3.1. Increased Glucose. Conversion in Monocytes after Exposure to CSF

As shown in Figure 2, increased intracellular concentrations of citric acid (p = 0.0073), 
glutamine (p = 0.0004), and pyruvate (p = 0.0387) were detected in monocytes after treat
ment with CSF (i.e., CON-, AD-, and MScl-CSF) in comparison to non-stimulated (NS) 
monocytes. In contrast, serine (p = 0.0356) and glycine (p = 0.0166) were quantified at a 
lower concentration compared to the NS group. These observations were partly confirmed 
with post hoc tests (Tukey's test for normally distributed and Dunn's test for non-normally 
distributed data), i.e., the concentrations of intracellular citric acid and glutamine were 
significantly increased in monocytes after exposure to CON-CSF, AD-CSF, and MScl-CSF 
in comparison with the NS group, whereas pyruvate concentration was significantly in
creased only in the CON-CSF-treated group compared with NS. Intracellular serine and 
glycine concentrations were finally significantly different only between AD-CSF-treated 
and MScl-CSF-treated monocytes, each compared to the NS group.
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Figure 2. Concentrations of unlabeled analytes detected and quantified in the cell extract (intracellular 
amounts) of 8 x IO5 monocytes/ well, incubated for 5 h in four different conditions: non-stimulation 

(NS, 1), treatment with CSF from, heal thy donors (CON, 2), patients with AD (3), or MScl (4). The figure 
shows the p-values of all four groups obtained with one-way ANOVA for data normally distributed or 
Kruskal-Wallis test for data non-normally distributed (* p < 0.05; ** p < 0.01; *** p < 0.001). Tukey's 
test or Dunn's test (non-parametric) were performed as post hoc tests.

Similar to the unlabeled endogenous glucose metabolites, the majority of 1,2-13C2 
glucose-derived compounds were 2,3-15C2 pyruvate and 1,2-13C2 lactate. A small amount 
of 13C-glutamine was quantified in CSF-treatcd monocytes (>LOQ), while its concentration 

was below LOQ in untreated monocytes (Figure 3).
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Figure 3. Incorporation of ,3C starting from 1,2-I3C2 glucose into glucosc-metabolites in the analytes 
quantified from the cell extract after 5 h of incubation of 8 x 105 monocytes/well. In this case, no 

significant differences were found between the treatment groups (one-way ANOVA for data normally 
distributed or Kruskal-Wallis test for data non-normally distributed), with an exception made for 
labeled glutamine that was not quantifiable in. NS. <LOQ; the concentration of the analyte was less 
than the limit of quantitation.

3.2. Differential Concentration of Secreted Glucose-Derived Metabolites

Next, the same analysis was performed with the cultured medium to quantify glucose
derived metabolites that were secreted into the culture medium. This information gave an 
overview of the overall conversion of glucose as well as ^C-glucose into its metabolites 
under the applied experimental conditions. The concentrations of unlabeled and Re

labeled metabolites are shown in Figures 4 and 5, respectively
Similar to the results obtained from cellular fraction (i.e., intracellular metabolites), 

significant differences in the level of citric acid (p = 3.2 x 10 6), glutamine (p = 9.0 x 10 7), 
pyruvate (p = 6.9 x TO _0), serine (p = 1.5 x IO-10), and glycine (p = 1.3 x 10 6) were detected 
between the NS and the CSF-treatment groups (Table 1). Glutamic acid (p = 4.6 x 10“5) 

shows significant variations in concentrations only between NS and CSF of patients (AD 
and MScl). There are also some significant differences between CSF-treated groups. Lactate 
(p = 0.0125), serine, and glutamic acid displayed a significant variation between CON and 
AD, whereas lactate, glutamine, and glutamic acid differed between CON and MScl and 
glutamine, and serine between AD and MScl (Figure 4).
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Citric acid-

Glutamic acid-

Serine-

MONOCYTES: medium 
unlabeled compounds
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Figure 4. Concentrations of analytes detected and quantified in the culture medium (extracellular 
amounts) of 8 x 105 monocytes/well. The figure shows the p-values for all four groups obtained 

with one-way ANOVA for data normally distributed or Kruskal-Wallis test for data non-normally 
distributed (* p < 0.05; *** p < 0.001). Tukey's test or Dunn's test (non-parametric) were performed as 
post hoc tests.
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Figure 5. Incorporation of 13C starting from 1,2-13C2 glucose into glucose-metabolites in the analytes 
quantified in the cell incubation, medium, after 5 h of incubation of 8 x 105 monocytes /well. In. the 

figures are shown the p-values obtained with one-way ANOVA for data normally distributed or 
Kruskal-Wallis test for data non-normally distributed (* p < 0.05; *** p < 0.001). 'lukey's test or 
Dunn's test (non-parametric) were performed as post hoc tests. <LOQ: the concentrations of the 
analytes were less than the limit of quantitation.

Determination of tire incorporation of 13C from 1,2-13C2 glucose revealed the majority 
was converted to pyruvate (2,3-13C2 pyruvate) and lactate (1,2-13C2 lactate), and only in 
small amounts to glutamine (1,2-13C2 glutamine) and glycine (2-13C glycine), as shown 
in Figure 5. 2,3-13C2 serine and 1,2-13C.2 citric acid were detected in all samples, but the 

concentrations were lower than LOQ, and thus they are not shown in Figure 5. Furthermore, 
1,2-13C2 glutamine could only be quantified in the monocytes treated with CSF and 2-I3C 
glycine only in the NS group. Differential abundances of 2,3-l3C2 pyruvate and 1,2-*3C2 
lactate were significantly increased in CSF-treated monocytes (p-values of 7.9 x 10 5 and 

0.0318, respectively).
To summarize the significant differences between all groups, Table 1 reports the 

p-values obtained with the one-way ANOVA (for normally distributed) or the Kruskal- 
Wallis test (non-parametric) and the results of the Tukey's or Dunn's tests to establish the 
differences between each group.
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Table 1. Significant differences between groups. The p-values were obtained with the one-way ANOVA test for normally distributed data or with the Kruskal-Wallis 

test for non-normally distributed data. The asterisks show which group was significantly different from the other. Results were obtained with post hoc tests (Tukey's 

test for normally distributed and Dunn's test for non-parametric).

Analyte Cell Lysate Incubation Medium

p-value NS vs. CON NS vs. AD NS vs. MScl CON vs. AD CON vs. MScl AD vs. MScl p-value NS vs. CON NS vs. AD NS vs. MScl CON vs. AD CON vs. MScl AD vs. MScl

Pyruvate 0.0387 # 6.9 x 10 5 # # #

2,3-nC2 
pyruvate

0.3611 7.9 x 10-5 # # #

Lactate 0.4955 0.0125 # #

1,2-uC2
lactate

0.3963 0.0318 #

Glycine 0.0166 • * 1.3 x io 6 • * *

1,2-«C2 
glutamine

0.2199 0.0665

Glutamine 0.0004 # # * 9.0 x I0"' # # # *

Serine 0.0356 * * 1.5 x
io-iO * * * • #

Glutamic 
acid 0.7333 4.6 x 10 5 * * * *

Citric acid 0,0073 # # 3.2 x 10 6 # # #

# Significantly different with the post hoc tests. Tire first term of comparison is lower than the second. * Significantly different with the post hoc tests. The first term of comparison is 
higher than the second.
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3.3. Endogenous Glucose-Derived Metabolites in CSF

We took into consideration that there are some naturally abundant metabolites in CSF, 
e.g., lactate, pyruvate, and glutamine. These compounds were also detected and quantified. 
In Figure 6, we compare these CSF-metabolites to the metabolites detected in monocytes 
and the medium after incubation. Here, we considered only glutamine, citric acid, lactate, 
and pyruvate, the metabolites that were significantly different between the groups as shown 
above. The total amounts of intracellular and secreted metabolites arc much higher than 
those naturally present in CSF, confirming the metabolic activity of monocytes and the 
further production of these compounds (he., both unlabeled and 13C-labeled) during the 

incubation. Tire concentration of glucose in CSF of healthy individuals or patients with 
AD or MScl is reported to be similar [48-51]. Moreover, the total concentrations of glucose 
(labeled and not labeled) during the incubation are quite similar between groups (i.e., NS, 
CON, AD, and MScl).

MONOCYTES
cell extract + medium vs CSF

Figure 6. Comparison of the amounts of the endogenous metabolites detected in CSF with the 
sum of intra- and extracellular. CSF MScl: pig of analytes quantified in the CSF of MScl patients; 
MScl (cell + medium): sum of the |ig of analytes quantified in the cell lysate and medium of mono
cytes incubated with MScl-CSF; CSF AD: pg of analytes quantified in the CSF of AD patients; AD 
(cell + medium): sum of the pg of analytes quantified in the cell lysate and medium of monocytes 
incubated with AD-CSF; CSF CON: pg of analytes quantified in the CSF of healthy donors. CON 
(cell + medium): sum of the pg of analytes quantified in the cell lysate and medium of monocytes 
incubated with CON-CSF. The values are the mean of three biological replicates — SD.
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4. Discussion
The incorporation of13C from labeled glucose into its metabolites allows insights into 

the metabolic pathway that was preferentially taken during in vitro stimulation. Further 
to small amounts of the remaining endogenous glucose present in the monocytes or tire 
CSF, the only source of glucose was l,2-13C2-glucose added to the glucose-free medium. 

Primary human monocytes isolated from the peripheral blood of healthy individuals 
were used in this study. The main limitation of our study was the number of monocytes 
obtained from a limited volume of the peripheral blood, which in turn resulted in low 
amounts of detected metabolites. However, the feasibility to apply this method to study 
changes in cellular metabolism (i.e., glucose) in a small sample of human primary cells 
was demonstrated. Although not all glucose-derived metabolites could be detected due 
to the limitation mentioned above, an increased level of both unlabeled and/or labeled 
citric acid, glutamine, and pyruvate in CSF-treated monocytes and in the culture medium 
was consistently detected, whereas serine and glycine were consistently reduced after 
treatment with CSF. Our findings suggest the rewiring of the glucose metabolic pathway 
in monocytes after treatment with CSF, possibly due to an increased cellular activation. 
Commonly, activation of human innate immunity requires alteration of cellular metabolic 
pathways largely to favor glucose metabolism [52-56].

The significant increase in the citric acid concentration, once monocytes came into 
contact with CSF no matter from which group, follows the increase in pyruvate mentioned 
above, suggesting a more active tricarboxylic acid (TCA) cycle as well. Due to the limited 
amount of labeled pyruvate, and the preferential pathway towards the formation of lactate, 
it is not a surprise that other labeled compounds of tire TCA cycle were not quantifiable. 
Moreover, rate-limiting in tire TCA cycle is the citrate synthase catalyzed step [44]. As 
labeled citric acid could be detected but not quantified (>LOD but <LOQ), the analysis of 
other labeled metabolites of the TCA cycle is difficult. Furthermore, it must be considered 
that the TCA cycle will undergo multiple cycles within 5 h of incubation. Thus, it is reason
able to expect a fast interconversion and consumption of the other metabolic intermediates 
and a production of a variety of labeled metabolites. Since the aim of this study was to 
gain an overview of the metabolic trends, only the analysis of the first labeled product 
is considered. The results of the 1,2-13C2 citric acid are displayed in neither Figure 3 nor 

Figure 4 since they were <LOQ. Comparing the chromatographic peak areas, though, a 
similar trend as for the unlabeled citric acid was observed.

As highlighted in the introduction, monocytes undergo phenotypic changes and 
contribute to the progress of inflammation. As this requires more energy, metabolic repro
gramming is observed. The results shown in this study corroborate this hypothesis. In line 
with another study by Ren et al. [57], monocytes and macrophages increase their glycolysis 
during their phenotypic conversion, e.g., from homeostatic to inflammatory state [58-60]. 
The role of citric acid in CSF, though, is multifaceted. It is a good chelating agent (therefore, 
a challenging analyte for LC analysis) and many studies correlated its concentrations in 
CSF to calcium, magnesium, or zinc cations [61,62], Infantino et al. showed that citrate and 
the mitochondrial citrate carrier play a significant role in inflammation [63,64], However, 
at present, it is not possible to discriminate between potential reasons for increased con
centrations of citric acid in CSF-treated groups. Even if it is safe to hypothesize that there 
is increased glycolytic activity to support cell activation and phenotypic changes, it is not 
excluded that its role may be more complex and correlated to the new compartment-

increased glucose-derived glutamine (both unlabeled and 'C-labcled) in monocytes 

treated with CSF confirms an enhancement of the TCA cycle in CSF-treated monocytes. 
However, this amino acid is also present in CSF. Thus, it serves as an extra source of 
glutamine that is not present in the NS group, which was incubated in a glutamine-free 
medium. However, there is a clear increase in glutamine amounts in cell extract and 
medium compared with CSF only (Figure 6). Moreover, the MScl group presents significant 
differences also with CON in the cell extract (Figure 2), and with CON and AD in the 
medium (Figure 4), suggesting different activation phenotypes in monocytes from patients
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with neuroinflammatory conditions such as MScl to those with neurodegeneration such 
as AD. '

As shown above, the level of glutamic acid was significantly decreased in monocytes 
treated with CSF from patients with AD and MScl, whereas treatment with CON-CSF 
resulted in a similar level of glutamic acid. This supports the finding that, in the presence of 
CSF, monocytes show more likely reactive phenotypes, indicated by an increased glucose 
conversion via pyruvate and citric acid towards glutamine (possibly through the TCA 
cycle), especially for healthy individuals and, to a slightly lesser extent, for patients with 
lower neuroinflammatory conditions (AD). This also implies the need for energy (e.g., via 
ATP production) during phenotypic alteration and a differentiation in the metabolism 
rewiring between AD and MScl neuroinflammatory conditions. Figure 7 summarizes these 
changes; in red are highlighted the metabolites that present a decrease in concentration 
after the stimulation with CSF, and in blue are those that show an increase.

1,2-13C2 glucose

3PG —* serine* —* 2-13C glycine/
I glycine

2,3-13C2 pyruvate/ 1,2-13C2 lactate/ 
nvrnvate * lactate

citric acid —* glutamic acid —* ^2 Slutamine/
0 glutamine’'

Figure 7, Alteration of metabolic pathways of the cell. Tn red arc highlighted the metabolites that 
presented a significant decrease in the concentration when treated with CSF, and in blue, those 
that presented a. sign.ifi.cant increase. 13C citric acid and i3C glutamic acid were detectable but 
not quantifiable because of their fast interconversion towards 13C glutamine, and therefore, are 

not displayed. The metabolites highlighted with are significantly different between diseases 
(ADvsMScI), suggesting different activation phenotypes between AD and MScl.

Furthermore, glutamate is neurotoxic at certain concentrations in CSF, although it is 
essential for the homeostasis of the body. Conversion of glutamate to glutamine is one of 
the mechanisms to eliminate the excess of glutamate to maintain system homeostasis. Of 
note, MScl patients usually show elevated levels of glutamate in the brain, leading to exci- 
totoxicity [65-67]. However, as shown in this study, this is not the case for monocytes in the 
CSF environment. Moreover, low levels of glutamate in the parietal and cingulate regions 
and right hippocampus were correlated to loss of memory and cognitive impairment [68]. 
Moreover, glutamine/glutamate levels are connected to nitric oxide production. They may 
also contribute to the formation of glutathione and play a role in antioxidant defenses [69].

The CSF-stimulated groups exhibited lower concentrations of glycine and serine in 
comparison with NS. The pathway towards the production of these amino acids passes 
through 3-phosphoglyceric acid (3PG). Thus, monocytes, when stimulated with CSF, di
verge the metabolism of 3PG towards the production of pyruvate instead of glycine and 
serine. Under LPS-stimulation, glycine shows modulatory effects on cytokine production 
of monocytes, that is, a reduction in TNF-cx and IL-lp expression [70]. These results show' 
that, under the applied experimental conditions (with CSF treatment), monocytes adapted 
their reactive phenotypes by increasing glycolysis via pyruvate conversion to glutamine
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and reducing other metabolic pathways such as serine and glycine conversion. The levels 
of serine also differ between AD and MScl groups, suggesting again different phenotypic 
alterations between the considered diseases.

5. Conclusions

in summary, we report a significant alteration in the metabolism of monocytes when 
incubated with CSF. Overall, the metabolism showed a preference towards the TCA cycle 
and production of glutamine for the cells incubated with CSF, especially those from patients 
with AD and MScl. Other metabolic pathways such as serine and glycine production were 
down-regulated. These changes in glycolysis imply the alteration of monocyte phenotypes 
towards a reactive state. However, our study has some limitations, including: (1) it presents 
a limited number of biological replicates due to the rarity of the specimen CSF considered; 
(2) it uses an in vitro experimental model that may not completely explain the in vivo 
situation, and; (3) due to low cell numbers, some concentrations of the metabolites were 
lower than the limit of detection and/or limit of quantitation. Therefore, optimization and 
further development of the analytical methods are required, including the use of labeled 
glutamine for the parallel characterization of TCA cycle metabolites [71,72] and the use of 
a completely bioinert LC-MS/MS system.

Understanding how blood monocytes respond to the local environment (e.g., changing 
compartment from blood to CSF) at both phenotypic and functional/metabolic states will 
provide further insights on how to better regulate these cells, especially in neurological 
diseases, in which these cells play an important role [73,74].

Supplementary Materials: The following supporting information can be downloaded at: https:// 
www.mdpi.com/article/10.3390/cimb45010051/si, Table SI: Concentrations of the targeted analytes 
in cell lysate and culture medium. The reported concentrations are mean (± SD) values of three 
biological replicates.
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Table SI. Concentrations of the targeted analytes in cell lysate and culture medium. The reported concentrations 
are mean (± SD) values of three biological replicates.

Cell lysate Incubation medium

NS CON AD MSd NS CON AD MSd

pg/mL±SDpg/mL±SDpg/mL±SDfig/mL±SDgg/mL±SD^ig/mL±SDpg/mI-±SDpg/mL±SD

Pyruvate 1.3010.60 2.4810.09 23510.44 1.8710.45 3.4910.12 82110.65 83810.70 7.3910.98

2>13Q 
pyruvate

05510.19 0.7810.08 0.71010.14 0.623±0.19 1.4310.09 22510.13 23210.05 2.1610.19

Lactate 41.201832 43.7912.57 40.4016.05 35.4W.35 48.0013.04 41.6510.95 51.3614.63 54.1214.23

12-uCr lactate 7.2611.16 8.0410.84 6.7611.02 6.801126 8.0910.96 73610.85 7.8210.59 9.5310.56

2-^C glycine n.q. n.q. n.q. n.q. 0.15* n.q. n.q. nq-

Glycine 6.6811.63 4.7310.45 3.9610.55 3.9310.82 12.2210.14 8.7510.35 82210.19 8.9610.49

glutamine
n.q. 0.0510.01 0.0410.01 0.031 • nq 0.0910.01 0.0910.004 0.06*0.01

Glutamine 1.27=10.35 6.4010.94 536±0.9$ 3.7111.02 2.2410,07 123511.04 12.39*0.64 924*1.04

Serine 12.51 ±3.80 8.30±0.82 6.9710.96 6.9111.82 25.241020 17.4110.39 15.6510.09 16.95*0.19

Glutamic acid 7.6712.94 8.44*0.98 6.8111.05 7.431132 17.1210.51 163210.62 13.7710.79 12.8310.25

Citric acid 2.9912.51 10-8111.24 10.5812.76 7.781159 11.9011.87 40.9011.44 41.2711.91 34.1214.58

Only one sample over the three biological replicates presented the analyte; n.q. denotes "“not quantifiable".
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5  Discussion and Outlook 

This study provides an in-depth characterisation of the metabolic changes of 

blood monocytes exposed to the CSF of healthy individuals or patients with AD 

or MScl using the optimised and validated HPLC-MS/MS workflow described 

in Manuscript I. It provides an insight into the metabolic rewiring of myeloid 

cells in case of a compartment change due to an impaired BSCFB. This 

knowledge may assist the research investigating the characteristics and 

evolution of neuroinflammatory (MScl) or neurodegenerative (AD) diseases. 

Moreover, the developed analytical method can be applied to investigate the 

metabolic alterations in vitro of other primary cells (e.g. circulating immune 

cells like T and B cells or resident cells such as microglia, astrocytes, 

macrophages) or cell lines under various disease conditions as well as different 

experimental stimulations (e.g. lipopolysaccharide (LPS), CSF of patients with 

other neurological diseases, or interferon-γ (IFN-γ)). It may also have potential 

in investigating drug exposure and the resulting alteration in cell metabolism. 

Therefore, results obtained from this study will be of interest in a wide range of 

scientific areas, including but not limited to neuroscience, physiology, 

biochemistry, and analytical chemistry. 

Central carbon metabolism (CCM), previously described in Chapter 1.2, has 

a prominent role in evaluating the well-being of a cell [77-79]. Therefore, the 

availability of a suitable HPLC-MS/MS method for analysing metabolites of 

CCM, possibly in one analytical run, is essential. However, as highlighted in 

Chapter 2.3, the analysis of CCM metabolites is particularly challenging [80]. 

The results obtained in this project address these challenges and take a step 

forward toward a more comprehensive understanding of the interactions at the 

interface between blood and CNS. 
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Manuscript I describes a method for incubating primary cells and the 

optimisation and validation for the simultaneous analysis of key-role 

metabolites of glucose (Table 1) with HPLC coupled by electrospray ionisation 

to QQQ mass spectrometry (HPLC-ESI-QQQ-MS). Method development 

started from the HPLC method suggested by Hsiao et al. [60], which included 

the passivation of the system and the addition of medronic acid to the mobile 

phases. The protocol has been optimised for the targeted analytes and 

combined with the newly developed method for MS/MS with dynamic multiple 

reaction monitoring (dMRM). In Manuscript I, the whole procedure, its 

validation, and its successful application for quantifying the metabolites of the 

in vitro cultures of PBMCs (cell lysate) and monocytes (cell lysate and 

incubation medium) are detailed. In addition, as mentioned in Chapter 2.2, 

isotopically labelled tracers are a powerful tool for elucidating metabolic 

rewiring and studies of metabolomics [81-83]. The corresponding isotopologues 

of the targeted metabolites generated by the incubation with [1,2-13C2]glucose 

were also quantified in the same analytical run. The presented protocol may be 

of relevance for future investigations on the metabolism of PBMCs, including 

monocytes with or without [1,2-13C2]glucose as isotopic tracers. It provides, in 

fact, a method that can simultaneously analyse and quantify metabolites that 

are very different from each other for polarity, masses, and physicochemical 

properties. Moreover, the presented protocol overcomes the chromatographic 

challenges of phosphate and other chelating compounds. It can be easily 

applied to metabolic investigations on other cells and, hence, in several 

biochemical studies on CCM. One last aspect remains to be solved: the 

separation of the two isomers, citrate and isocitrate. So far, the method cannot 

fully separate the two peaks. 

Once the homeostasis of myeloid cells is altered, whether because of a 

change of compartment or/and due to the increased presence of inflammatory 

mediators in the surrounding microenvironment, the CCM may get affected as 
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well [84-87]. Indeed, these metabolic alterations can help to better understand 

cell activation or responses to neuroinflammation or diseases [88-90]. 

Manuscript II describes the effects that a change in environment and the 

presence of an activator, such as LPS, may have on the metabolism of 

monocytes in vitro. Monocytes isolated from PBMCs with magnetic-activated 

cell separation (MACS) were incubated with [1,2-13C2]glucose under different 

conditions to obtain six parallel in vitro models: three to simulate the change of 

compartment from the bloodstream into CSF of either healthy or diseased 

individuals (monocytes without stimulation, with the addition of CSF of 

healthy donors, and with CSF of AD patients), and three in the same conditions 

but with LPS as extra activation factor. The CSF-stimulated monocytes showed 

a significantly increased glycolysis and 13C2-pyruvate production, especially 

with CSF of AD patients (AD-CSF). Moreover, the conversion of [1,2-

13C2]glucose into [13C2]serine is significantly reduced in cells incubated with 

CSF. Lastly, the addition of LPS produced a slightly bigger variation in the 

metabolism of AD-CSF, suggesting an increased vulnerability of the monocytes 

of AD patients towards microenvironment changes.  

Different studies have already highlighted the importance of monocytes in 

neuroinflammation and neurodegeneration [91, 92]. This thesis aims to give a 

clearer picture of their fate with an impaired BCSFB. In fact, the results 

presented in Manuscript II and Manuscript III demonstrate how the blood-

derived monocytes rewire their bioenergetic pathways when in contact with 

CSF, activating the glycolytic pathway detrimental to serine production. These 

original findings provide further insight into how monocytes are regulated in 

different environments and conditions. Therefore, they are of interest to studies 

on neurological diseases, especially AD and MScl. 

Manuscript III takes a more comprehensive step further in describing the 

changes in the metabolism of infiltrating monocytes, considering not only AD 

but also a typically neuroinflammatory disease such as MScl. Chapter 1.1 gives 



Discussion and Outlook 

 

86 

a more in-depth description of the commonalities and differences between the 

two conditions reported so far. The relevant common aspects are briefly 

summarised to ease the discussion. Both diseases present, sooner or later, 

neuroinflammatory features such as microglial activation [93-96], increased 

production of pro- and anti-inflammatory mediators [97-100], and impaired 

BCSFB with consequent infiltration of monocytes [26-29]. In the study 

presented in this manuscript, the overall [1,2-13C2]glucose metabolism of 

monocytes has been evaluated for four different conditions: without 

stimulation, with the stimulation of CSF of healthy donors (CON-CSF), with 

AD-CSF, and with CSF of MScl patients (MScl-CSF). Both cell lysate and 

incubation medium have been analysed with the HPLC-ESI-QQQ method 

detailed in Manuscript I. 

The results show a more active glycolytic pathway and TCA cycle for 

monocytes incubated with CSF (CON-, AD-, MScl-CSF) with higher citrate, 

pyruvate, and glutamine concentrations in both cell extract and medium. The 

presence of labelled glutamine only in the CSF-treated groups confirms the 

more active and preferential pathway. Also in this case, as highlighted in 

Manuscript II, the production of serine and glycine is reduced. In addition, the 

only group that presented labelled glycine was the one without stimulation. To 

explain this metabolic rewiring, it was hypothesised in Manuscript III that it is 

necessary to support the phenotypic changes and activation that occur to 

monocytes in the shift of compartment. Several studies on the activation of 

human immune cells [101-105] and phenotypic conversion of monocytes and 

macrophages sustain this hypothesis [106-109]. There are also some differences 

between CSF groups, especially between CON-CSF and AD-, MScl-CSF 

(e.g. amounts of glutamic acid and lactate in the medium) or between AD-CSF 

and MScl-CSF (e.g. glutamine and serine) suggesting differences in the 

phenotypic activation profiles of monocytes between diseases. These results are 
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of interest to neurological and immunological studies that focus on bioenergetic 

alterations. 

In conclusion, this thesis provides a clear path in investigating the metabolic 

rewiring of immunological primary cells, such as PBMC-derived monocytes. 

First, it supplies an optimised and validated HPLC-ESI-QQQ-MS method for 

detecting and quantifying challenging, very polar analytes, such as the 

metabolites and intermediates of the CCM. Second, this method is applied to 

unwire the metabolic fate of infiltrating monocytes from the bloodstream into 

the CSF. The changes in metabolism are clearly highlighted thanks to stable 

isotopic tracing. Third, this work compares the immunometabolic alterations 

between healthy individuals and patients with AD or MScl. The presented 

results, therefore, provide an appropriate tool for bioenergetic studies in 

different neurological and immunological areas and a more in-depth insight 

into immunometabolism alterations related to neurological diseases, giving 

further knowledge to understand and possibly address the dramatic 

progression of AD and MScl.  

The studies of this thesis provide the basis for a future, broader investigation 

of the impact of neuroinflammatory or neurodegenerative diseases on 

immunometabolism. This approach is suitable for multiple cell metabolism 

studies, not only for immune cells and related to CNS pathologies. Moreover, it 

provides a tool to research the effects of potential drugs and treatments on the 

adaptive metabolism of the cells. The focus of the research can be shifted to 

other metabolic pathways by using different stable isotopic tracers (as 

highlighted in Figure 3), and a comprehensive overview of the metabolic 

alterations over time may be obtained with a multiple time points approach. 

Lastly, the list of phosphorylated or highly polar compounds can be extended, 

including other challenging analytes such as, inter alia, phosphopeptides, 

nucleotides, fatty acyl-coenzyme A (FA-CoA), and organophosphate pesticides.  
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6  Summary 

This thesis focuses on the study of the reprogramming of the 

immunometabolism of infiltrating monocytes during neuroinflammation. Three 

main results have been achieved. 

First, the development and validation of a method for analysing changes in 

the major metabolic pathways of cells. To do so, the analytical challenges 

presented by the high polarity of the targeted metabolites and the chelating 

properties of citrate and phosphates have been addressed and overcome. The 

developed method allows the simultaneous analysis of key-role metabolites 

with HPLC-ESI-QQQ-MS. It is a suitable tool for future studies to quickly, 

reliably, and reproducibly investigate the metabolism of cells in different 

conditions or under various stimulations. The proof of concept of this method is 

shown by the results of the following two points. 

Second, in vitro elucidation of monocyte metabolic alterations when 

infiltrating into the CSF from the bloodstream. These results provide an insight 

on the immunometabolism rewiring from the production of amino acids (serine 

and glycine) in normal conditions towards a more active TCA cycle and 

production of glutamine when stimulated with CSF. This knowledge gives a 

valuable overview of the effects caused by the compartment change of 

monocytes and provides the basis for understanding the metabolic adaptation 

of infiltrating immune cells under different conditions. 

Third, the display of the significant variations in the metabolism 

reprogramming of infiltrating monocytes in three study cases: in healthy 

individuals, in patients with AD and with MScl. These outcomes elucidate how 

a healthy donor CSF affects monocytes compared to that of patients. Moreover, 

it distinguishes the alterations caused by a disease more correlated to 
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neurodegeneration, such as AD, from those caused by a disease primarily 

neuroinflammatory like MScl. 

The results presented in this thesis are of relevance for a more in-depth 

understanding of the metabolic fate of monocytes in CSF and to build solid 

bases for further studies of their role in neuroinflammation. It is one step 

forward in elucidating the complexity of alterations that occur in our CNS in 

the case of neurodegenerative or neuroinflammatory diseases. 
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7  Zusammenfassung 

Diese Arbeit konzentriert sich auf die Untersuchung der 

Umprogrammierung des Immunstoffwechsels von infiltrierenden Monozyten 

während einer Neuroinflammation. Es wurden drei Hauptergebnisse erzielt. 

Erstens, die Entwicklung und Validierung einer Methode zur Untersuchung 

von Veränderungen in den wichtigsten Stoffwechselwegen von Zellen. Zu 

diesem Zweck wurden die analytischen Herausforderungen, die sich aus der 

hohen Polarität der Zielmetaboliten und den chelatbildenden Eigenschaften 

von Citrat und Phosphaten ergeben, angegangen und überwunden. Die 

entwickelte Methode ermöglicht die gleichzeitige Analyse von essentiellen 

Metaboliten mittels HPLC-ESI-QQQ-MS. Diese ist ein geeignetes Werkzeug für 

zukünftige Studien, um schnell, zuverlässig und reproduzierbar den 

Stoffwechsel von Zellen unter verschiedenen Bedingungen oder Stimuli zu 

untersuchen. Der Beweis für die Wirksamkeit dieser Methode wird durch die 

Ergebnisse der folgenden zwei Punkte erbracht. 

Zweitens, in-vitro-Aufklärung der metabolischen Veränderungen von 

Monozyten, die aus dem Blutkreislauf in den Liquor eindringen. Die Ergebnisse 

geben einen Einblick in die Umstellung des Immunstoffwechsels von der 

Produktion von Aminosäuren (Serin und Glycin) unter normalen Bedingungen 

auf einen aktivierten Tricarbonsäurezyklus und die Produktion von Glutamin, 

wenn die Zellen mit Liquor stimuliert werden. Diese Erkenntnisse geben einen 

wertvollen Überblick über die Auswirkungen des Übergang der Monozyten in 

ein anderes Kompartiment und bilden die Grundlage für das Verständnis der 

metabolischen Anpassung von infiltrierenden Immunzellen unter 

verschiedenen Bedingungen. 

Drittens, die Darstellung der signifikanten Unterschiede in der 

Reprogrammierung des Stoffwechsels der infiltrierenden Monozyten in drei 
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Studienfällen: bei gesunden Personen, bei Patienten mit Alzheimer und mit 

Multiple Sklerose. Diese Ergebnisse geben Aufschluss darüber, wie sich der 

Liquor eines gesunden Spenders auf die Monozyten auswirkt, im Vergleich zu 

demjenigen von Patienten. Darüber hinaus wird zwischen den Veränderungen 

unterschieden, die durch eine Krankheit verursacht werden, die eher mit 

Neurodegeneration korreliert, wie z.B. Alzheimer, und denen, die durch eine 

primär neuroinflammatorische Krankheit wie MScl verursacht werden. 

Die in dieser Arbeit vorgestellten Ergebnisse sind für ein tieferes Verständnis 

des metabolischen Schicksals der Monozyten im Liquor von Bedeutung und 

bilden eine solide Grundlage für weitere Studien über ihre Rolle bei 

Neuroinflammationen. Somit sind diese Erkenntnisse ein weiterer Schritt zur 

Aufklärung der komplexen Veränderungen, die in unserem zentralen 

Nervensystem bei neurodegenerativen oder neuroinflammatorischen 

Erkrankungen auftreten. 
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11  Appendix 

11.1  List  of  Figures  

Figure 1: Barrier between CSF and blood in the choroid plexus in healthy 

individuals (upper pane) and patients with AD or MScl (lower pane). 

In the case of diseased people, the tight junctions of the epithelium 

lose their integrity, allowing the passage of myeloid cells into the CSF 

[26-29] (figure created with BioRender.com). ........................................... 4 

Figure 2: Major metabolic pathways of a cell. A: glycolysis; B: pentose 

phosphate pathway (PPP); C: glutamate/glutamine metabolism; D: 

tricarboxylic acid (TCA) cycle; E: lactate metabolism; F: serine/glycine 

metabolism (figure created with BioRender.com). ................................... 7 

Figure 3: Metabolism (glycolysis and pentose phosphate pathway (PPP)) of [1,2-
13C2]glucose. The isotopic distribution of labelled carbons makes it 

possible to distinguish between the formation pathways of fructose-6-

phosphate (green squared frames) and lactate (orange squared 

frames). G6P: glucose-6-phosphate; F6P: fructose-6-phosphate; FBP: 

fructose-1,6-biphosphate; G3P: glyceraldehyde-3-phosphate; DHAP: 

dihydroxyacetone phosphate; LAC: lactate; 6PGL: glucono-1,5-

lactone-6-phosphate; 6PG: gluconate-6-phosphate; Ru5P: ribulose-5-

phosphate; R5P: ribose-5-phosphate; X5P: xylulose-5-phosphate; S7P: 

sedoheptulose-7-phosphate; E4P: erythrose-4-phosphate (figure 

created with BioRender.com). ................................................................... 10 

Figure 4: Chromatographic peaks of ribose-5-phosphate (R5P). A: 

chromatogram of R5B with no additives in the mobile phases. The 

peak is broad due to the coordinating interactions of the phosphate 

group of the analyte with the metallic parts of the instrumentation 

(iron cations). B: chromatogram of R5B with medronic acid as additive 

in both the mobile phases (method detailed in Manuscript I). The peak 

shape is optimised, allowing the identification and quantification of 

the analyte. Column: Agilent InfinityLab Poroshell 120 HILIC-Z, 2.1 x 

100 mm, 2.7 µm; extracted ion chromatograms in negative mode (EIC-

) of ribose-5-phosphate ([M-H]- m/z 229.0). ............................................ 15 
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11.2  List  of  Tables  

Table 1: Metabolites (displayed as unlabelled form) of the major metabolic 

pathways targeted in this study (structures created with ChemDraw 

Professional 15.1) ......................................................................................... 12 

 


