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ABSTRACT

Macrophages are innate immune cells that are found ubiquitously in nearly all
human tissues, where they support host innate and adaptive immune responses in an
effort to maintain systemic homeostasis. They are inherently plastic in nature and can
dramatically modulate their functional phenotype according to pathogen and
microenvironmental stimuli. Previous studies have shown that macrophages are
particularly important for the resolution of inflammation in acute wound healing, which
is marked by a phenotypic transition of wound macrophages from pro-inflammatory to
anti-inflammatory. Chronic, or non-healing, wounds, such as diabetic, pressure, and
venous leg ulcers, feature a prolonged host inflammatory response due in part to aberrant
wound macrophage behavior. Non-healing in chronic wounds has also been shown to be
dependent upon the establishment of pathogenic biofilms, which are more resistant to
host defense mechanisms than planktonic, or free-floating, bacteria. Therefore,
investigating macrophage dysregulation in the presence of bacterial biofilms has gained
considerable interest.

Here, 1D *H NMR-based metabolomics was utilized to identify metabolic
pathways that are differentially modulated following primary human monocyte-derived
macrophage activation with pro-inflammatory or anti-inflammatory stimuli relative to
resting macrophages. Metabolic profiling of inflammatory macrophages indicated a
substantial increase in oxidative stress as well as a decrease in mitochondrial respiration.
These metabolic profiles also provided evidence that inflammatory macrophages divert
metabolites from de novo glycerophospholipid synthesis to inhibit oxidative
phosphorylation. In addition, we investigated which metabolic pathways are differentially
modulated following primary human monocyte-derived macrophage exposure to
Pseudomonas aeruginosa planktonic- and biofilm-conditioned media. Metabolic
profiling of PCM- and BCM-exposed macrophages indicated a significant depletion of
intracellular glucose without elevation of downstream glycolytic products. These
metabolic patterns suggest that PCM- and BCM-exposed macrophages potentially divert
glycolytic intermediates towards inositol phosphate metabolism. Overall, our studies
provide additional support to previous findings, generate novel results regarding
metabolic modulation of human M®s following activation and exposure to planktonic-
vs. biofilm-conditioned media, and contribute new insight to the field of
immunometabolism.
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CHAPTER ONE

INTRODUCTION

Metabolomics

Metabolomics is the global analysis of the metabolic profiles of organisms and the
identification and quantitation of intra- and extracellular metabolite levels, i.e. small
molecules derived from host, microbial, dietary, or other exogenous sources, within
complex biological samples, such as biofluids, tissues, and cells, to better understand and
establish how biochemical pathways are modulated in organisms as responses to changes
in their environment, which allows us to gain mechanistic insights into pathological,
physiological, and aberrant conditions, including diseased states [1-4]. Metabolites are
substrates and products of metabolism that drive and support cellular functions, including
the production and storage of energy, signal transduction, regulation of gene expression,
and apoptosis [5]. Rather than examining single compounds, reactions, cycles, and
kinetic properties, metabolomics entails the collection, processing, and quantitation of the
widest range of metabolites possible, aiming for comprehensive metabolome coverage, to
elucidate the metabolic dynamics underlying conditions of interest [6]. This methodology
allows for the investigation of the metabolic functional state of an organism, tissue, cell,
or biofluid at a specific point in time following exposure to stimuli [6]. Furthermore,
metabolic information nicely complements data derived from other -omics fields, such as
genomics, transcriptomics, and proteomics, by providing another level/perspective to the

systems biology approach employed to better understand disease pathophysiology and
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treatment outcomes [6]. Several disease states already have reported characteristic
metabolic signatures associated with Alzheimer’s disease [7], depression [8],
schizophrenia [9-11], breast cancer [12], hypertension [13], type 2 diabetes [14,15], and
pre-eclampsia [16]. Overall, metabolomics has a potentially broad range of applications
in biomedical research and practice due to its capability to yield vital information
concerning drug action, disease mechanisms, and organisms’ responses to pathogen

exposure or other environmental stressors.

NMR-Based Metabolomics

The two most common and powerful approaches utilized in metabolomics studies
are mass spectrometry (MS) [17,18] and nuclear magnetic resonance (NMR)
spectroscopy [19,20], and although each of these methods present their own advantages
and disadvantages [21,22], this section will solely focus on NMR-based metabolomics as
it has been the method employed for the dissertation work described herein.

While NMR suffers from more limited sensitivity, it possesses several advantages
over MS-based metabolomics, yet complements the MS approach nicely. For example,
NMR allows for the observation and quantification of the more abundant metabolites
present in cell/tissue extracts and biofluids without requiring complex sample pre-
processing, such as fractionation or derivatization. In addition, NMR can identify
compounds that may be difficult to ionize or those that exhibit identical masses. NMR
can also be used to investigate dynamic metabolite reactions, transformations, and
compartmentalization by way of stable isotope labeling [23,24]. In addition to its

guantitative power, NMR spectra are highly reproducible and data acquired on one
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spectrometer can be easily reproduced on another instrument of the same magnetic field
strength, facilitating inter-laboratory experimental replication.

One-dimensional (1D) *H NMR is used most frequently in NMR-based
metabolomics studies, particularly for the metabolic comparison of healthy subjects to
patients presenting with disease [24,25]. However, the limited spectral width,
approximately 10 ppm, of *H NMR spectroscopy may lead to resonance crowding and
overlapping *H signals, which contributes to metabolite assignment and identification
uncertainty. Conversely, 1D 3C NMR spectroscopy affords a much wider sweep width,
approximately 200 ppm; however, the analysis of 13C is challenging due to the intrinsic
lower sensitivity and natural abundance of 3C spins [21]. Nonetheless, *C NMR
sensitivity for metabolites, such as amino acids, can be enhanced using derivatization
methods as demonstrated by Shanaiah et al., who were able to improve quantitation of
amino acids from $3C NMR spectra acquired from inborn error in metabolism patients’
serum and urine samples using metabolite acetylation via the addition of **C-acetic
anhydride [26]. 1D 3P, which is 100% naturally abundant, NMR has been employed in
studies investigating the metabolite profiles and phospholipids modulating energy
metabolism [27,28]; however, this approach is fairly limited due to lower sensitivity,
compared to *H NMR spectroscopy, and the fact that *!P is not present in many
metabolites.

Whereas 1D *H NMR is a common approach in untargeted metabolomics, which
is a global metabolome quantitative analysis, due in part to its high throughput nature, its

capacity to verify metabolite identity is limited due to NMR resonance overlap and
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crowding as mentioned previously. In the absence of instrumental and data acquisition
time restrictions, two-dimensional (2D) NMR spectroscopy can be utilized to identify,
confirm, and validate metabolite annotation and identification [21]. Several 2D NMR
experiments have been employed in metabolomics studies, including heteronuclear single
quantum coherence (HSQC) [29], heteronuclear multiple bond correlation (HMBC) [30],
and homonuclear correlation spectroscopy methods, such as total correlation
spectroscopy (TOCSY) [31], correlation spectroscopy (COSY) [32], diffusion ordered
spectroscopy (DOSY) [33], and 2D J-resolved NMR spectroscopy (J-Res) [34]. If NMR
time is limited, 2D *H-3C NMR methods have been developed for high throughput
quantitation of biologically abundant metabolites [35]. Using this technique, Lewis et al.
were able to demonstrate enhanced metabolite molar concentration accuracy, compared
to 1D methods, in the analysis of mixtures of synthetic compounds and extracts from
Arabidopsis thaliana, Saccharomyces cerevisiae, and Medicago sativa, which required
experimental *H-*C NMR data acquisition times of only 12 minutes. Methods such as
this could be used as a practical alternative to 1D *H NMR metabolomics studies when

substantial extract dry weights, > 50 mg, are available.

Applications of NMR in Metabolomics

The majority of NMR metabolomics studies are based upon metabolite profiling
without the use of isotope tracers, which are molecules that are labeled with a radioactive
or stable isotope yet functionally and chemically identical to naturally occurring
molecules [36]; the application of which has been utilized in the diagnosis of diseases,

drug monitoring and risk assessment, and the investigation of metabolic perturbations
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resulting from a wide range of experimental conditions, such as diet, exercise, aging, and
mutation [24]. One of the first applications of NMR spectroscopy in metabolomics
involved the profiling of metabolites in tumor tissues and cells, because this technique
was notably effective for examining metabolic phenomenon such as the Warburg effect
and glycerophospholipid metabolism [37,38]. For example, Sitter et al. identified
glycerophosphocholine, phosphocholine, and choline as discriminatory metabolites in
malignant versus benign tumor tissues using high-resolution magic angle spinning (HR-
MAS) *H NMR spectroscopy; in addition, they determined that taurine, glycine,
glutamine, and glutamate are particularly important in differentiation of tumor types [39].
Furthermore, NMR-based metabolomics has been used to distinguish between different
types of inflammatory bowel diseases, such as ulcerative colitis (UC) and Crohn’s
disease (CD) [40]. Marchesi et al. established that diminished levels of methylamine,
trimethylamine, butyrate, and acetate were observed in UC and CD patients’ fecal
extracts relative to healthy controls; however, elevated glycerol, relative to UC patients
and healthy controls, was determined to be a specific biomarker of CD patients’
pathology [25].

Although metabolism and metabolic networks are often thought of and depicted
in a linear manner, this is not biologically realistic. For instance, glycolysis is defined as
the oxidation of glucose to form pyruvate; yet, glycolytic intermediates can be directed
towards and utilized in other metabolic and regulatory pathways, including the
tricarboxylic acid (TCA) cycle, the pentose phosphate pathway (PPP), glycolytic

regulatory networks, the synthesis of hexosamines and lipids, and many more [41,42].
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While metabolic profiling by NMR and/or MS yield information regarding the metabolic
state of a biological sample, these methods remain incomplete for the deconvolution of
metabolic perturbations, regulation, and dynamics that govern steady-state systems, given
the redundancy and complexity of metabolic networks and the cross talk between
metabolism, cell signaling, gene expression and regulation, and cells’ immune responses
[43].

The utilization of isotope tracers is crucial for the investigation and resolution of
metabolic pathway dynamics. Even though radiotracers have been widely used in
research since the 1950s [44,45], stable isotope tracers, such as 3C and °N, are currently
preferred due to advancements in biological NMR [46-48], coupled with the fact that,
unlike radionuclides, biologically relevant stable isotopes are NMR active and non-
hazardous [23]. Using uniformly 3C-labeled glucose (U-'3Cs-glucose), 3C1-3-lactate,
and 3C-2,3-alanine tracers, *H{*3*C}- HSQC NMR, and gas chromatography (GC)-MS,
Fan et al. were able to establish the impact of lithium chloride, a bipolar disorder
therapeutic, on glial and neuronal cell metabolism; furthermore, the trafficking of
metabolites between these two cells types was also elucidated. Their findings indicate
that the therapeutic efficacy of lithium treatment may be due to enhanced support of the
glutamine/glutamate cycle between neurons and astrocytes [49]. Gaining novel insights
regarding the metabolic flux and interactions occurring within complex biological
systems would not be possible without the use of isotope tracer labeling and subsequent

isotopomer analysis by NMR.



Current Challenges

Although the metabolomics field has advanced substantially over the past few
decades [50], some major challenges, such as metabolite identification, validation, and
the ability for the scientific community to translate their metabolic findings into
biologically relevant stress- and disease-induced mechanisms, persist.

A considerable amount of effort, focus, and importance in metabolomics research
has been given to the identification of biomarkers that can be correlated to environmental
and disease factors. However, metabolite identification and validation are vital in order to
associate a particular metabolic biomarker (metabotypes) with a biological phenotype [5].
Most metabolomic profiling studies utilize an untargeted approach, with only a minor
subset of the metabolites detected being definitively identified. VValidation of metabolite
identification has been improved with the expansion of metabolite databases [51], such as
the Human Metabolome Database (HMDB) [52], development of in silico tools [53], and
synthesis of novel metabolite standards [54]. Nevertheless, researchers need to be more
cognizant of the challenges regarding unambiguous validation of biomarkers and follow-
up their initial untargeted approaches with more targeted experiments; in addition, studies
must have some way to account for inter-patient variability due to genetic and
environmental factors, which confound clinical biomarker identification [55,56].

Translating experimental biomarkers and metabolic signatures into biological
mechanisms is conceivably the greatest hurdle currently facing metabolomics research.
To obtain a thorough understanding of systematic biological disease-induced

perturbations correlated with specific metabolites or biomarkers, their function and
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interconnectivity within metabolic pathways must be determined using follow-up in vitro
patient-derived primary cell mechanistic studies where environmental factors can be
controlled [57]. Yet, comprehensive elucidation of metabolite interactions is quite
challenging; current maps detailing metabolic networks contain thousands of metabolites
and are often incomplete as novel, previously unknown metabolites are frequently
discovered [58]. Integration of multi-omics datasets acquired from the same biological
samples allows for a deeper systems-level analysis of metabolic networks, changes in
metabolite pools, and molecular interactions during disease [59]. Furthermore, additional
metabolomics approaches, such as stable isotope analysis, which yields important
information concerning metabolite utilization and metabolic flux should be employed

more regularly [60].

Macrophages

Macrophages (M®s) are a vital cellular component of the innate immune system.
They perform countless immunological roles ranging from host defense to the
maintenance and regulation of tissue homeostasis [61]. M®s express a wide array of cell
surface markers, including phagocytic, scavenger, and pattern recognition receptors, that
enable them to be particularly adept at perceiving and responding to pathogenic invasion
and infection [62,63]. In addition, their inherent phagocytic system can serve multiple
homeostatic functions, including the clearance of apoptotic cells, foreign debris, and
lipoproteins [64,65]. Therefore, M®s are innate immune cells which are critical for the

coordination and support of immune responses under both pathological and homeostatic



conditions.

The classical understanding of M® ontogeny and function suggests that M®s are
derived from the hematopoietic system, lack any further proliferative potential, and
demonstrate either pro-inflammatory (M1) or anti-inflammatory (M2) phenotypes
[66,67]. Consequently, M® characterization has been restricted by this discrete M1/M2
M® model, and it has been assumed that M®s undergo continuous replenishment from
monocytes originating from bone marrow-derived myeloid progenitor cells [66].
However, recent studies have demonstrated that tissue-resident M®s are generated and
maintained by unique precursor populations, which are supplied from either bone-
marrow derived myeloid cells or embryonic hematopoietic cells [68]. Aside from this
ontogenic diversity, recent evidence has also indicated that M®s display remarkable
plasticity, which resembles a spectrum of functional M® phenotypes beyond the

traditional bimodal dogma traditionally utilized in immunological research [67].

M® Functions and Plasticity

One of the pivotal characteristics of M®s is their exceptional functional diversity
[69]. These functions include, but are not limited to, phagocytosis, remodeling of tissues,
metabolism, inflammation, and immunoregulation, which are very briefly discussed
below. Phagocytosis is perhaps one of the most well-known M® functions concerning
host defense, which involves the engulfment and elimination of bacterial pathogens,
apoptotic cells, and cellular debris [70]. These processes also support immunoregulation
in that M® phagocytosis of dead cells has been demonstrated to shift M®s to an anti-

inflammatory phenotype [71]. M®s are also known to produce multiple factors, including
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colony stimulating factor 1 (CSF1), vascular endothelial growth factor (VEGF), matrix
metalloproteinase 9 (MMP9), and interleukin 8 (IL-8), which stimulate tissue remodeling
and repair mechanisms, such as fibrosis and angiogenesis [72]. Metabolic regulation is
another essential function demonstrated by M®s. For example, foamy M®s in
atherosclerosis have been shown to regulate cholesterol efflux and fatty acid uptake [73].
M®s also initiate the activation and infiltration of other immune cells during
inflammation by way of pro-inflammatory cytokine expression in response to bacterial
stimuli [69]. However, M®s can also assist in dampening an inflammatory immune
response as a result of their immunoregulatory functions [74]. For instance, anti-
inflammatory M®s express lipid mediators, including resolvins and lipoxin, which
promote the resolution of inflammation [74,75]. Collectively, these examples emphasize
the significance of M® functional plasticity to biological system maintenance and
homeostasis.

Although the phenotypic malleability of M®s is invaluable for enabling balanced
innate immune responses to variable microenvironmental stimuli, M® plasticity has been
identified as a particularly influential element in disease progression. Pathologies linked
to obesity, including diabetes, metabolic syndrome, and insulin resistance, are known to
be in part driven by chronic inflammation [76]. Adipose tissue contains multiple types of
cells, including endothelial cells, adipocytes, lymphocytes, and adipose-tissue M®s
(ATMs). Under normal conditions, ATMs support homeostasis in adipose tissue;
however, obese conditions prime ATMs to promote inflammation, which contributes to

the development of metabolic disease [77, 78]. Previous studies have established that IL-
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4 secreted by adipocytes in lean murine models shifts M®s to an anti-inflammatory (M2)
phenotype to inhibit inflammation. Yet obese adipose tissue demonstrates elevated M®
infiltration, and obese ATMs exhibit multiple pro-inflammatory (M1) characteristics,
including increased expression of tumor necrosis factor (TNF) and inducible nitric oxide
synthase (iNOS) [79,80]. Notably, ATMs also display plasticity and functional
heterogeneity. For example, influx of anti-inflammatory (M2) M®s into adipose tissue is

associated with increased lipolysis and chronic weight loss in murine models [81].

M® Immunometabolism

Immunometabolism is a growing field of study that examines how metabolic
reactions and pathways modulate effector function in immune cells, including M®s. A
brief review of the current literature concerning the utilization of glycolysis, the PPP, the
TCA cycle, oxidative phosphorylation, fatty acid synthesis and oxidation, and amino acid
metabolism is detailed herein. M1 M®s are known to heavily rely upon aerobic
glycolysis as their primary source of energy, whereas M2 M®s utilize oxidative
phosphorylation for adenosine triphosphate (ATP) production [82-84]. In fact, several
studies have shown that hallmarks of M1 M® activation, including pro-inflammatory
cytokine production, phagocytosis, and ROS generation, are inhibited upon
administration of 2-deoxyglucose, a glucose derivative [85-87]. In addition, M1 M®s
exhibit upregulation of glucose transporter 1 (GLUTL1) expression to facilitate rapid
glucose consumption in support of their elevated glycolytic flux [85,88]. Regulation of
the PPP in M®s is governed by carbohydrate kinase-like protein (CARKL). M®s

upregulate CARKL expression in response to IL-4, which then suppresses PPP flux in
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M2 M®s [89]. However, CARKL expression is reduced in LPS-stimulated, or M1, M®s,
with subsequent upregulation of the PPP, reduced oxygen consumption, and increased
extracellular acidification [89-91]. Therefore, CARKL downregulation is a critical
metabolic switch for the diversion of glucose from glycolysis to the PPP in M1 M®s.
Disruption of the TCA cycle at distinct enzymatic steps has been well-established in M1
M®s; consequently, the accumulation of particular TCA cycle intermediates, including
succinate, citrate, and itaconate, occurs in M1 M®s [91,92]. On the other hand, resting
(MO0) and M2 M®s utilize an intact TCA cycle for the production of ATP using oxidative
phosphorylation [91]. Notably, previous studies have also shown that fumarate
accumulation in M1 M®s leads to epigenetic alterations and is important for the
induction of trained innate immunity in M®s [93]. While the electron transport chain
(ETC) and oxidative phosphorylation is dysregulated in M1 M®s, which are known to
generate the majority of their ATP from glycolysis, M2 M®s maintain their ETC and
oxidative phosphorylation mechanisms in order to produce ATP using ATP synthase
[91]. Overexpression of PPARY coactivator-1B (PGC-18), which has been shown to
induce the upregulation of oxidative phosphorylation in IL-4 treated M®s, suppresses
pro-inflammatory cytokine production. Furthermore, inhibition of PGC-1p impairs
metabolic characteristics of M2 M® activation, including arginase activity and fatty acid
oxidation [94]. Increased fatty acid synthesis has been linked to M1 M® effector
functions. Feingold et al. determined that elevation of glycolysis and resultant glucose-
derived carbons were favorably assimilated into sterols and fatty acids [95]. In addition,

foam M®s, which are associated with the pathogenesis of atherosclerosis and other
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chronic inflammatory disorders, are known to accumulate cholesterol esters and
triglycerides [96,97]. To the contrary, M2 M®s rely upon lysosomal acid lipase (LAL)-
mediated lipolysis for the liberation of fatty acids to fuel mitochondrial oxidative
phosphorylation [94,98]. Branched chain amino acid transaminase 1 (BCAT1), the
enzyme that catalyzes the initial step of branched-chain amino acid (BCAA) metabolism,
inhibition in human M®s has been shown to reduce O> consumption, immune-responsive
gene 1 (IRG1) protein expression, intracellular itaconate levels, and glycolytic flux [99].
Previous studies have also shown that branched-chain ketoacids (BCKAs), which are a
product of BCAA catabolism, can suppress phagocytosis in tumor-associated M®s
(TAMs) [100]. Moreover, arginine consumption by M®s, for nitric oxide (NO)
production, has been demonstrated to inhibit tumor growth [101,102]. The rapidly
expanding field of immunometabolism has established novel roles for metabolic
intermediates and pathways in the modulation of immune cell effector functions. Many
inquiries have yet to be investigated and answered, but further immunometabolic studies
will contribute new knowledge towards the discovery and development of future

therapeutics for immunometabolic-related pathologies.

M®s in Acute Wound Healing

The three overlapping phases of acute wound healing consist of inflammation,
proliferation, and tissue remodeling [103-105]. Upon tissue injury, activated platelets
induce clot formation to prevent additional blood loss. In addition, platelets secrete
chemokines that promote the migration of circulatory immune cells to the site of injury,

which initiates the inflammatory phase. Neutrophils are the first innate immune cells to
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infiltrate the wound, where they secrete proteases, pro-inflammatory cytokines, and
reactive oxygen species (ROS) to disinfect the site. Following neutrophil arrival, blood
monocytes migrate into the wound and differentiate into M®s [106]. After neutrophils
have sanitized the wound, they undergo apoptosis and are phagocytosed by M®s, which
will also engulf other debris and bacteria to further cleanse the wound bed in preparation
for proliferation [104,107]. During this phase, fibroblasts, endothelial cells, and
keratinocytes proliferate and begin to repair damaged tissues by generating granular
tissue (GT), which is a vascularized extracellular matrix. Keratinocytes then migrate
across the wound until it is closed in a process known as re-epithelialization. The final
phase of tissue remodeling includes GT and collagen maturation in an effort to reclaim
tissue tensile strength [108]. Once tissue remodeling is complete, vascular cells and
myofibroblasts within the collagen-rich scarred region undergo apoptosis [109].

M®s are essential regulators in wound healing processes, where they serve
distinct roles to ensure that healing occurs in a timely and orderly manner. M® phenotype
is known to evolve throughout the progressive phases of wound healing [110,111].
During the inflammatory phase, M1 M®s clear the wound of apoptotic cells, foreign or
cellular debris, and bacteria. However, upon the resolution of inflammation, these M®s
shift to an M2 phenotype, and as a result they promote the proliferation and infiltration of
cells that repair and regenerate the epidermis, vasculature, and dermis, including
keratinocytes, endothelial cells, and fibroblasts, respectively. In addition, M®s aid in re-
vascularization by supporting the fusion and stabilization of new blood vessels [112,113].

M®s also secrete MMPs, which are crucial for the maturation and remodeling of
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transitional GT in order to increase tensile strength in wounded tissues [114]. Although it
is well-established that M® phenotype changes during wound healing, several M®
subtypes have since been defined based upon their functions, cell surface marker

expression, and cytokine production, which are beyond the discrete M1/M2 model [67].

Chronic Wounds

The majority of tissue lacerations, injuries, and surgical incisions are classified as
acute wounds, which generally heal with little to no complications. Venous, diabetic, and
pressure ulcers are the most common types of chronic, or non-healing, wounds that fail to
progress through the normal stages of wound healing in a timely manner [109,115].
Prolonged inflammation is a shared characteristic across all chronic wound types, which
prevents the wound from progressing into the proliferative and remodeling stages of
wound healing [107,109]. Concurrent with the steady growth of obese, elderly, and
diabetic populations, the incidence of chronic wounds is rising at rates of 6-9% annually
[115]. Recent studies have reported the global number of venous, diabetic, and pressure
ulcer wound patients to be upwards of 24 million [115]. Unfortunately, the development
and implementation of novel effective therapies for chronic wounds is not occurring at a
complementary accelerated rate.

Chronic wounds are an enormous burden, not only upon the patients whom are
afflicted but also the health care staff and systems tasked with their treatment. Annual
costs associated with chronic wound care in the U.S. alone are in excess of $25 billion

[116]. Average chronic wound treatment patient costs in the U.S. and England for
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pressure ulcers were reported as $4000 and $8000, respectively [117,118]. In the event
that tissue damage and bacterial infection within chronic wounds is not responsive to
standard care and treatment options, limb amputation is performed [116]. These surgical
amputation procedures are quite expensive, often costing more than $35,000, and can be
devastating to the patient [116,119,120]. Understanding chronic wound pathophysiology
and progression is critical for the informed development and advancement of treatments

and interventions to resolve inflammation and restore healing in chronic wounds.

M® Dysregulation in Chronic Wounds

As previously mentioned, M®s are critical innate immune cells in the regulation
of wound healing progression, particularly in the transition from inflammation to
proliferation [111,113]. Notably, chronic wounds feature an excessive and prolonged
inflammatory response, which prevents them from progressing to the proliferative phase
of wound healing where tissue repair and regeneration occurs [107,109]. Chronic diabetic
and venous ulcers have been shown to contain significantly higher numbers of M®s at
wound edges and in the dermis than acute wounds [121,122]. Correspondingly, previous
studies have also found that chronic wound exudate exhibits 100-fold increased levels of
interleukin-1p (IL-1B) and TNF-a, both of which are pro-inflammatory cytokines
[123,124]. Elevation of MMP levels, especially MMP2 and MMP9, have also been
demonstrated in chronic wound fluids [125]. Since M®s and blood monocytes are known
to produce MMPs, which degrade proteins, extracellular matrices, and reduce growth
factor bioactivity, upon pro-inflammatory stimulation, M®s have been further implicated

as potential culprits that contribute to the exorbitant inflammation seen in non-healing,
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chronic wounds [123,126,127].

Diabetic murine models are often used in the investigation of chronic wound
development and progression, because they display deferred healing and characteristics
similar to human chronic wounds [128,129]. Mirza and Koh demonstrated that M1 M®s
persist longer in diabetic murine wounds; therefore, these findings suggest that diabetic
wound M®s are inefficient at transitioning to the pro-resolving, M2 M®, phenotype
compared to wild-type controls [130]. Moreover, this study determined that diabetic
murine wound M®s retained pro-inflammatory features, including elevated IL-1p and
MMP-9 gene expression and suppressed growth factor production, even after
transitioning to an anti-inflammatory, or M2, phenotype [130]. M1 M®s in chronic
wounds have also been shown to contain elevated levels of intracellular iron, which is
derived from erythrocytes in wound tissues [131]. Furthermore, administration of
intravenous iron in murine wound models leads to the production of hydroxyl radicals
and TNF by wound M®s, fibroblast senescence, and consequent delayed wound closure
[131]. Previous studies have demonstrated differential iron regulation in the context of
M® activation, where M1 M®s store intracellular iron as ferritin, and M2 M®s secrete
iron into the extracellular microenvironment using ferroportin transmembrane channels
[131,132]. Overall, these examples indicate that aberrant M® behavior in chronic wounds

contributes to complications observed during the wound healing process.

Biofilm Formation in Chronic Wounds

Biofilms are immobile, structured bacterial communities that adhere to biotic and

abiotic surfaces [133,134]. Bacteria growing in biofilms are more resistant to host
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defense mechanisms and antibiotics than planktonic bacteria [135,136]. Chronic wounds
have been shown to be inherently vulnerable to microbial infection due to delayed re-
epithelialization [137], hypoxia [138], reduced blood flow, and attenuated host immune
responses [121,114]. Previous studies have determined that bacteria residing in chronic
wounds are primarily in the biofilm mode of growth [139]. In fact, porcine model wounds
inoculated with bacteria exhibit biofilm formation within 48 hours [140]. Furthermore,
colonization of wounds by biofilms has been implicated as a major contributor to
chronicity and delayed healing [141]. Since the contribution of biofilm formation to
chronic wound pathogenesis has been well-established, their interaction and cross talk
with host innate immune cells must be investigated further.

Although biofilms in chronic wounds are composed of a diverse flora of microbial
species, the most prominent bacteria in pressure, diabetic, and venous ulcers include
Staphylococcus, Pseudomonas, Peptoniphilus, Enterobacter, Stenotrophomonas,
Finegoldia, and Serratia spp [142]. Notably, the chronic wound microbiome fluctuates
significantly between individuals and wound types, with most chronic wounds
demonstrating microbial colonization by multiple species [142]. This underlying
complexity confounds the elucidation of specific innate immune responses and
corresponding culpable bacterial secretory products. Therefore, to gain insight and further
our understanding of the role of biofilms in chronic wound pathogenesis, a single
opportunistic human pathogen, Pseudomonas aeruginosa, was investigated in the
dissertation work described herein. While P. aeruginosa is only found predominantly in

chronic venous leg ulcers, it is quite a virulent pathogen [142]. Chronic P. aeruginosa
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infections have been correlated with worsened disease progression and prognosis, and
increased mortality and morbidity [143,144]. Previous studies conducted in the Center for
Biofilm Engineering (CBE) here at Montana State University (MSU) have established
that biofilm-conditioned media (BCM), containing soluble, secretory bacterial products,
induces distinct changes in fibroblasts and keratinocytes, including altered cytokine
production, decreased viability, and the promotion of apoptosis, relative to planktonic-
conditioned medium (PCM) [145,146].

Innate Immune Responses
to P. aeruginosa Biofilms

P. aeruginosa is a Gram-negative, rod-shaped bacterium that is typically found in
aqueous and soil environments. However, P. aeruginosa is also known to cause diverse
opportunistic human infections, particularly in immunocompromised individuals [147].
P. aeruginosa biofilm formation has also been previously demonstrated in chronic wound
infections [142]. Over the past few decades, the increasing prevalence of drug-resistant
strains of P. aeruginosa has made antibiotic control and treatment of acute and chronic
infections quite challenging [148]. Consequently, studies investigating host innate
immune responses to P. aeruginosa infections have garnered considerable interest.

Recent evidence has shown that innate immune cells are essential for host
response to P. aeruginosa biofilms [149,150]. Previous studies using murine and human
models have established that activated host neutrophils surround and significantly
accumulate in close proximity to P. aeruginosa biofilms [151,152]. Furthermore,

exposure of isolated primary human neutrophils and M®s to P. aeruginosa biofilms
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induces strong inflammatory responses in both innate immune cells types, including
respiratory burst, degranulation, and phagocytosis [153,154]. However, prior studies have
found that the antimicrobial function of neutrophils and M®s is greatly attenuated in the
presence of P. aeruginosa biofilms. Neutrophils exposed to P. aeruginosa biofilms
generate a significantly reduced respiratory burst, -4-fold, compared to that detected upon
exposure to planktonic bacteria [155]. Moreover, P. aeruginosa upregulates rhamnolipid
expression in the presence of neutrophils as a defense mechanism, in order to impair
neutrophil chemotaxis and induce necrotic cell death [156,157]. Specific M® responses
to P. aeruginosa biofilms are not as well-characterized. Yet, Leid et al. determined that
alginate, an extracellular polysaccharide component of P. aeruginosa biofilm matrices,
contributes to biofilm protection from killing by M®s [154]. In addition, compared to
their equivalent planktonic counterparts, P. aeruginosa biofilms induce a more robust
inflammatory response in M®s. Presence of human M®s or M®-associated secretion
products has been found to surprisingly enhance P. aeruginosa biofilm growth,
maturation, and virulence factor production [149,158].These examples indicate that cross
talk between bacterial biofilms and host cells is essential for P. aeruginosa biofilm

evasion of host defense mechanisms and warrants further investigation.

Research Questions, Hypotheses, and Aims

The two main research questions addressed in the dissertation work described
herein were, (1) “does human M® metabolism change during activation and/or exposure

to bacterial secretory products?”” and (2) “which metabolic pathways are modulated in
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human M®s during activation and/or exposure to bacterial secretory products?”” Several
hypotheses were established prior to the commencement of and over the course of this
dissertation project. These included, (1) differentially-activated Mds (M1 vs. M2) will
exhibit disparate metabolic strategies, (2) M1 M®s will preferentially utilize glycolysis,
whereas M2 M®s will rely on the TCA cycle for energy production, (3) M®s exposed to
P. aeruginosa BCM will display a unique metabolic signature when compared to M®s
exposed to P. aeruginosa PCM, and (4) M®s exposed to P. aeruginosa BCM will fail to
exhibit metabolic hallmarks and characteristics which are reflective of M1 M®
activation.

The aims of this dissertation research included the detailed metabolic
characterization of distinct primary human monocyte-derived M® activation states using
established cytokine stimuli and the metabolic shift of human M0 M®s upon exposure to
P. aeruginosa PCM versus BCM. Preceding the onset of these aims, a considerable
amount of optimization regarding metabolite extraction, 1D *H NMR data acquisition,
and validation of human M® phenotypes by flow cytometry was conducted.
Optimization of metabolite extraction from primary human M®s was performed in order
to achieve sufficient signal-to-noise ratios in resulting 1D *H NMR spectra; in addition,
Dr. Brian Tripet, MSU NMR facility manager, determined that shimming problems,
which can greatly affect downstream metabolite quantitation in NMR metabolomics,
encountered while using the ‘noesyprld’ pulse sequence could be alleviated by switching
to the excitation sculpting (ES)-based ‘zgesgp’ pulse sequence [159,160]. Furthermore,

our in vitro generated human M0, M1, and M2a M®s were evaluated by flow cytometry
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to confirm and compare our M® phenotypes, which were found to be consistent with
previously established M® phenotypic and cell surface marker expression profiles
reported in the literature [161]. These various optimization steps enabled for the detailed
investigation and interpretation of differential modulation of metabolic pathways within
several human M® activation states, including M0, M1, and M2a M®s.

Once the initial metabolic characterization of discrete cytokine-induced primary
human monocyte-derived M® activation states had been accomplished, the subsequent
aim of this dissertation research was to characterize the temporal metabolic impact of
exposure to P. aeruginosa PCM versus BCM on primary human monocyte-derived MO
M®s. Although in vivo research is prominent in studies concerning host-pathogen
models, the simplicity and validation of network interactions offered by in vitro models
has been acknowledged. In vitro studies often provide complementary information to
gain molecular insights into observation made in in vivo infectious disease models
[162,163]. *H NMR metabolic profiling with subsequent multivariate statistical analysis,
modeling, and correlation analysis has been demonstrated as a valuable approach to
investigate host-pathogen interactions at the molecular level. This approach enables the
assessment of host-pathogen metabolic communication networks and allows for unique
insights into pathogen specific effects and systemic metabolic modulation in the host
[164,165]. Further knowledge and understanding of immunometabolic processes and
host-pathogen interactions can thus be achieved using NMR metabolomics methods.

While utilization of metabolomics in immune cell characterization is becomingly

increasingly more common with the recent emergence of immunometabolism, the use of
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physiologically relevant cells, such as primary human monocyte-derived M®s, is limited
[166]. Previous studies have reported metabolic distinctions between M1 and M2 M®s;
however, the majority of these findings have been derived from bone marrow-derived
murine M®s and immortalized human and murine cell lines [167], which minimize their
human health relevance. Murine M®s display notable metabolic distinctions from human
M®s, including expression of proteins involved in arginine metabolism, including
arginase 1 (Argl) and iNOS, which are not comparably expressed in human M1 or M2
M®s [168,169]. Furthermore, metabolic data derived from immortalized human cell lines
may be confounded by the prevalence of the Warburg effect in tumor cells [37]. Using
metabolomics to elucidate the metabolic signatures of primary human immune cells,
crucial information regarding the functional and biochemical discrepancies between
murine and human M®s and the modulation of metabolic pathways upon human immune

challenge can be accurately established.
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Abstract

Macrophages (M®s) are phagocytic immune cells that are found in nearly all
human tissues, where they modulate innate and adaptive immune responses, thereby
maintaining cellular homeostasis. M®s display a spectrum of functional phenotypes as a
result of microenvironmental and stress-induced stimuli. Evidence has emerged
demonstrating that metabolism is not only crucial for the generation of energy and
biomolecular precursors, but also contributes to the function and plasticity of M®s. Here,
1D H NMR-based metabolomics was employed to identify metabolic pathways that are
differentially modulated following primary human monocyte-derived M® activation with
pro-inflammatory (M1) or anti-inflammatory (M2a) stimuli relative to resting (M0) M®s.
The metabolic profiling of M1 M®s indicated a substantial increase in oxidative stress as

well as a decrease in mitochondrial respiration. These metabolic profiles also provide
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compelling evidence that M1 M®s divert metabolites from de novo glycerophospholipid
synthesis to inhibit oxidative phosphorylation. Furthermore, glycolysis and lactic acid
fermentation were significantly increased in both M1 and M2a M®s. These metabolic
patterns highlight robust metabolic activation markers of M® phenotypes. Overall, our
study generates additional support to previous observations, presents novel findings
regarding metabolic modulation of human M®s following activation, and contributes

new knowledge to the rapidly evolving field of immunometabolism.

Introduction

The rapidly expanding field of immunometabolism converges on the cross-talk
between metabolism and immune cell function, with recent findings bringing this area of
research to the forefront of immunology [1,2]. Metabolomics research aims to elucidate
cellular and/or systemic perturbations in biochemical pathways by identifying and
quantifying changes in small molecule metabolite profiles within complex biological
systems [3,4]. Notably, metabolites, such as succinate and itaconate, have been shown to
function as signaling molecules and to mediate macrophage (M®) cellular phenotypes, in
addition to providing metabolic precursors [5,6]. Studies have indicated that pro- and
anti-inflammatory M®s employ markedly different metabolic strategies with regard to
central carbon metabolic pathways, including glycolysis, oxidative phosphorylation, and
fatty acid metabolism, reinforcing the concept that immunometabolism is critical to
immune cell functions [7-9].

Pro-inflammatory, or classically activated, (M1) M®s play a vital role in host
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defense through clearance of bacteria, foreign particles, and cellular debris [10,11].
However, aberrant M1 M® function has been implicated in several pathologies, including
type 2 diabetes, atherosclerosis, colitis, and Crohn’s disease [12-15]. Succinate has been
discovered to be an inflammatory regulator and metabolic marker of M1 M®s, due in
part to its concentration-dependent effect on the inhibition of prolyl hydroxylases, the
stabilization of hypoxia-inducible factor 1o (HIF-1a), the upregulation of pro-
inflammatory cytokines, such as interleukin-1 (IL-1B), and the upregulation of pro-
inflammatory gene expression [5,6]. Furthermore, stabilized HIF-1o has been shown to
bind HIF-1p, which is a constitutively expressed protein subunit that initiates the
expression of additional target genes, including those encoding glycolytic enzymes and
glucose transporters [16,17]. An increased flow of intermediates through glycolysis has
been reported to be a characteristic metabolic signature of M1 M® activation, and
previous studies have demonstrated that a decreased flow of metabolites through
glycolysis downregulates M1 M® effector functions, including phagocytosis, the
capacity to generate reactive oxygen species (ROS), and the ability to generate pro-
inflammatory cytokines [18-20].

Anti-inflammatory, or alternatively activated, (M2) M®s clear apoptotic cells,
promote and regulate wound healing, and alleviate inflammatory responses [10,21].
Although M2 M®s are more favorably viewed than their M1 M® counterparts due to
their anti-inflammatory characteristics, they have been implicated in several pathologies,
including tumorigenesis, Tn2-driven allergic inflammation, and idiopathic pulmonary

fibrosis [10]. Numerous M2 M® subtypes, associated with distinct functional
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phenotypes, have also been identified, including M2a, M2b, M2c, and M2d [21].
However, M2a M®s, activated using interleukin-4 (IL-4) stimuli, are presently the best
characterized M2 phenotype [21]. Disparate from M1 M®s, M2a M® activation leads to
a metabolic switch from glycolysis to oxidative phosphorylation and fatty acid beta
oxidation for adenosine triphosphate (ATP) production and energetic homeostasis [1,7].
Using 1*C-labeled glucose and oleic acid stimulation, Vats et al. demonstrated that M2
M®s lower their glucose consumption, and increase fatty acid uptake and beta oxidation
to fuel mitochondrial oxidative phosphorylation, in addition to enhancing the expression
of fatty acid oxidation genes, relative to M1 M®s [7]. Moreover, Huang et al. determined
that lysosomal acid lipase (LAL)-mediated lipolysis is crucial for the generation of M2
M® activation hallmarks, including the promotion of oxidative phosphorylation and
increased respiratory capacity [22].

While previous studies have identified significant metabolic differences between
M1 and M2 M®s, the overwhelming majority of these studies have been conducted using
bone marrow-derived murine M®s and immortalized murine and human cell lines [17],
which limit their relevance to human health. Several inquiries have indeed highlighted
notable distinctions between human and murine M®s, including significant differences in
cell surface markers, nitric oxide (NO) production, NO synthase transcript expression,
arginine metabolism, and transcriptomic and proteomic profiles [10,23-25]. In particular,
metabolic enzymes involved in arginine metabolism, such as arginase 1 (Argl) and
inducible NO synthase (iNOS), are expressed in murine M®s; however, comparable

expression has not been observed in in vitro cultures of M1 or M2a human M®s [10,24].
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In addition, although primary human cells present more physiologically accurate
phenotypic and metabolic characteristics relevant to in vivo cellular environments, the
usage of such cell cultures in metabolomics studies is currently limited [26]. To further
understand and appreciate the potential biochemical discrepancies and functional
differences between murine and human M® responses, additional research is needed to
clearly establish the extent of human M® phenotypic heterogeneity, with a particular
emphasis on primary human M®s.

In this study, we sought to elucidate the metabolic consequences of pro-
inflammatory and anti-inflammatory stimuli on primary human monocyte-derived M®s,
using CD14" magnetic-activated cell sorting (MACS) technology, in vitro M®
differentiation and activation schemes, 1D *H NMR metabolomics, metabolite profiling
using Chenomx NMR Suite software, and multivariate statistical analysis. To generate
M1 and M2a M®s, naive cells were stimulated with M® colony-stimulating factor (M-
CSF) and a combination of lipopolysaccharide (LPS) and interferon-y (IFN-y) or IL-4,
respectively, for 72 hrs, whereas resting MO M®s were generated using M-CSF with no
additional stimuli. Subsequently, intra- and extracellular metabolites were extracted,
followed by 1D *H NMR acquisition and spectral profiling of resulting metabolite
mixtures. Results from this study highlight major metabolic pathways that are
differentially modulated in activated human M®s, including glycolysis, lactic acid
fermentation, the tricarboxylic acid (TCA) cycle, glutathione metabolism, oxidative
stress, and de novo glycerophospholipid synthesis within the Kennedy pathway. The

functional significance of the observed metabotypes (i.e., resulting metabolite profiles)
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found to be associated with M1 and M2a M® cellular phenotypes is also discussed.
Results
Quantitative Metabolic

Profiles Differentiate Between
M® Activation States

To identify characteristic metabolic patterns associated with M® activation
phenotypes, metabolite profiles of M0, M1, and M2a M®s cultured in vitro were
characterized using an untargeted *H NMR metabolomics approach. One-dimensional
(1D) *H NMR spectra of intra- and extracellular M® metabolite extracts (Figure S1) were
recorded on Montana State University (MSU)’s 600 MHz (*H Larmor frequency)
solution NMR spectrometer. This approach facilitated the deconvolution of complex
NMR spectral patterns [27] and the identification and quantitation of 51 metabolites in
these cell cultures.

Two-dimensional principal component analysis (2D-PCA) scores plots of intra-
and extracellular metabolite profiles (Figure 1A, B, respectively; see Figure S2 for
corresponding PCA loadings plots; see File S1 and File S2 for corresponding PCA
loadings) demonstrated that MO, M1, and M2a M®s are metabolically distinct from one
another, with the most striking separation observed between M0 and M1 M®s along the
principal component 1 (PC1) dimension of the 2D-PCA scores plot (Figure 1A) of the
intracellular metabolite profiles. The intra- and extracellular metabolite datasets were
subjected to hierarchical clustering analysis (HCA) and heatmap generation to visually
assess which metabolites contributed most significantly to the discrimination between

M® activation states (Figure 1C, D, respectively). The intracellular metabolite profiles of
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Figure 1. Multivariate statistical analysis reveals metabolic differences between M®
activation states. Two-dimensional principal component analysis (2D-PCA) scores plots
generated by analysis of metabolic profiles from intra- (A) and extracellular (B) M®
metabolite extracts (MO, red; M1, green; M2a, blue), with shaded regions illustrating
respective 95% confidence intervals. Hierarchical clustering analysis (HCA) and heatmap
visualization of metabolic profiles from intra- (C) and extracellular (D) M® metabolite
extracts was performed using a Euclidean distance calculated from metabolite abundance
and a Ward clustering algorithm. The upmost column bar is colored according to M®
activation state (MO, red; M1, green; M2a, blue), and the color scale represents the scaled
abundance of each metabolite, with yellow indicating high abundance and red indicating
low abundance. Particular sets of discriminatory metabolites are highlighted in boxed
regions on the heatmaps. Abbreviations denote: ADP, adenosine diphosphate; AMP,
adenosine monophosphate; ATP, adenosine triphosphate; G1P, glucose-1-phosphate;
GTP, guanosine triphosphate; NAD*, nicotinamide adenine dinucleotide; NADPH,
reduced nicotinamide adenine dinucleotide phosphate; NAM, niacinamide; OPEtn, o-
phosphoethanolamine; UMP, uridine monophosphate.
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each M® activation state presented a unique metabolic signature that was not observed in
the other activation states. These included increased concentrations of metabolites such as
ATP, niacinamide, quinolinate, phosphoethanolamine, choline, and taurine in M1 M®s,
adenosine diphosphate (ADP), guanosine triphosphate (GTP), adenosine monophosphate
(AMP), and L-acetylcarnitine in M2a M®s, and glycerol, acetoin, glucose, and glucose-
1-phosphate in MO M®s as indicated in Figure 1C. M® activation states were also
distinguishable based upon their extracellular metabolite profiles, with increased
concentrations of metabolites such as choline, 2-hydroxybutyrate, glutamine, proline, and
lactate in the extracellular milieu of M1 M®s, fumarate, arabinose, aspartate, glutamate,
and pyruvate in M2a M®s, and acetate, mannose, carnitine, and glucose in M0 M®s as
indicated in Figure 1D.
Glycolytic Activity and Lactic

Acid Fermentation are
Universal Markers of Activation

The metabolic profiling of intra- and extracellular M® metabolite extracts
revealed that M1 and M2a M® activation states induced significant metabolic changes,
especially with regard to glycolytic and lactic acid fermentation pathways (Figure 2A),
when compared to the metabolite profiles of MO M®s. M1 and M2a M®s exhibited
intracellular glucose levels that were -9.85 and -6.68-fold lower, respectively, and
intracellular lactate levels that were 1.79 and 1.66-fold higher, respectively, relative to
those found in MO M®s (Figure 2B and Table 1). These patterns were also reflected in
the extracellular metabolite profiles, where M0, M1, and M2a M®s displayed an average

deficit of -21.04, -42.21, and -30.55 pumol glucose/mg protein, and an average surplus of



50

A LDH
Glucose Pyruvate Lactate
ATP ATP  NADH
HK 77 B
Fructose " ADP
ATP G6P PEP
HK GPI I .0
ADP ENO
P F6P
MPI ATP 2-PG
PFK
M6P I PGAM
ADP
3-PG
ATP
ALDO
Mannose PGK
ADP
GAPDH
DHAP 4—>G3P47Y1,3-BPG
NAD*
+P,  NADH
+H
B
ATP Glucose Lactate NAD*
6.0 80 B 2307 1.2
= < PP e | < —— < L £ o T}
= 2454 . 2 454 £ 1904 o So94 o
3 9 5 e ' ] 2
o = = = =
£ 215 2 15 ' gno- _I' 20.34
= “oo "o "-I" o =t : “00
: ™ T T | — : | B |
MO M1 M2a MO M1 MZa M0 M1 M2a MO0 M1 M2a
Fructose Glucose Lactate Mannose
= -700 -10000 80000 50
© < . £ — < = = =
5 £ -800 A4 ©§-20000 Mg, uesooo == £ 20 %
3 & i: a — T g o dhnnnn
o o -900 @-30000 <E 50000 'E,‘ =-10 .
@ £ E 8 i:: = E oty
< S.10004 °* 2 -40000 2 35000 2 .40
- . E "I- E b E C D
~1100 =—— -50000 ~—T—F—T 20000 =——T— T0=——
MO M1 M2a MO0 M1 M2a MO0 M1 M2a MO M1 M2a

Figure 2. Increased glycolytic activity and lactate production are universal markers of
MO activation. Schematic diagram of glycolysis and lactic acid fermentation pathways
(A), and quantitative levels of corresponding metabolites (B) detected in intra- and
extracellular M® metabolite extracts (mean + SD). Unpaired parametric t-tests with
Welch’s correction (two-tailed; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
Abbreviations denote: 2-PG, 2-phosphoglycerate; 3-PG, 3-phosphoglycerate; ADP,
adenosine diphosphate; ALDO, aldolase; ATP, adenosine triphosphate; BPG,
bisphosphoglycerate; DHAP, dihydroxyacetone phosphate; ENO, enolase; F6P, fructose
6-phosphate; FBP, fructose bisphosphate; G3P, glyceraldehyde 3-phosphate; G6P,
glucose 6-phosphate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GPI,
glucose-6-phosphate isomerase; HK, hexokinase; LDH, lactate dehydrogenase; M6P,
mannose 6-phosphate; NAD, nicotinamide adenine dinucleotide; NADH, reduced
nicotinamide adenine dinucleotide; PEP, phosphoenolpyruvate; PFK,
phosphofructokinase; PGAM, phosphoglycerate mutase; PGK, phosphoglycerate kinase;
PKLR, pyruvate kinase L/R; TPI, triosephosphate isomerase.
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Table 1. Discriminatory metabolites in intracellular extracts associated with activation.

Metabolite M1 M®s M2a Mds
FC p-value FC p-value

2-oxoisocaproate -1.28 NS -1.88 faled
Acetate -1.66 * -2.11 el
ADP 1.05 NS 1.42 falaied
AMP 1.33 fal 243 Fkkx
Arginine 7.54 Fkokk 7.44 Fkkk
Aspartate -1.60 il -1.21 NS
ATP 9.14 Fokkk ND N/A
B-alanine 3.01 Fkokk 2.53 Fkk
Betaine 6.38 Fkkok 2.95 Fkkk
Choline 1.63 Fkk -1.18 NS
Creatine -1.24 ** 1.18 NS
Creatine phosphate 2.81 Fkkx 2.13 faleie
Fumarate -1.68 kel 111 NS
Glucose -9.85 faleled -6.68 *x
Glucose-1-phosphate -5.10 faleiaa -5.10 Fhkx
Glutamate -2.67 Fkk -1.22 NS
Glutamine 1.02 NS -1.33 *
Glutathione -1.81 ** -1.34 *
Glycerol -3.10 Fkk -2.53 Fkk
Glycine 1.27 fal 1.21 *
GTP -1.01 NS 1.48 Fkk
Lactate 1.79 faleiaa 1.66 Fhkx
Lysine -1.11 NS -1.25 *
myo-Inositol -2.43 folakele 1.88 il
NAD* -3.79 fakaiolel 1.07 NS
NADPH -2.40 el 1.34 *
Niacinamide 5.19 falalale ND N/A
O-phosphocholine -9.23 faiaiaie 1.03 NS
O-phosphoethanolamine 2.00 Hkk -1.02 NS
Propionate -1.13 NS -1.57 *
Quinolinate 25.90 Fkkk ND N/A
Serine -1.12 NS -1.67 *
Succinate -1.23 NS -1.82 *x
Taurine 1.23 * -1.18 *
Tyrosine -1.20 NS -1.50 *
UMP -1.67 ol -1.04 NS

Metabolites were selected based upon fold change (FC) of intracellular metabolite concentrations, and
statistical significance between activated M® subsets (M1 and M2a M®s; nmol/mg protein; calculated
from metabolite spectral fitting using the Chenomx NMR Suite software and the standard Chenomx 600-
MHz metabolite library; ND, not detected) relative to MO M®s. Fold changes were calculated relative to
MO M®s, whereby increases are shown as positive values and decreases are shown as negative values.
Statistical significance (p) was measured using two-tailed unpaired parametric t-tests with Welch’s
correction, whereby *, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001. Abbreviations denote:
NS, not statistically significant; N/A, not applicable; ADP, adenosine diphosphate; AMP, adenosine
monophosphate; ATP, adenosine triphosphate; GTP, guanosine triphosphate; NAD™, nicotinamide
adenine dinucleotide; NADPH, reduced nicotinamide adenine dinucleotide phosphate; UMP, uridine
monophosphate. Fold change (FC) values for arginine, ATP, betaine, glucose-1 phosphate, NAD",
niacinamide, and quinolinate in M1 M®s and arginine, betaine, and glucose-1 phosphate in M2a M®s
were calculated using limit of detection (LOD) values (see Table S1) determined from MO M®
intracellular metabolite extract 1D *H NMR spectra.
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29.47, 51.05, and 38.15 pmol lactate/mg protein, respectively (Figure 2B and Table 2),
relative to sham extracellular metabolite extract controls. Distinct metabolic
characteristics of M1 M®s included a significant, 9.14-fold, increase in intracellular ATP
levels, and a significant -3.79-fold decrease in intracellular nicotinamide adenine
dinucleotide (NAD") levels (Figure 2B and Table 1), relative to MO M®s. No significant
changes were observed with respect to extracellular fructose concentrations. However,
extracellular mannose concentrations were found to be significantly decreased in M1 and
M2a M®s, with M0, M1, and M2a M®s exhibiting average concentrations of 9.84, -
54.62, and -43.79 nmol mannose/mg protein, respectively (Figure 2B and Table 2),
relative to sham extracellular extract controls.

Significant differences in metabolite profile patterns were also established for M1
relative to M2a M®s. These included a 9.14-fold increase in intracellular ATP, and -1.47
and -4.06-fold decreases in intracellular glucose and NAD™ levels, respectively (Figure
2B and Table S2). In addition, the extracellular metabolite profiles of M1 M®s exhibited
significant increases in lactate and decreases in glucose and mannose, relative to the
extracellular metabolite profiles of M2a M®s (Figure 2B and Table 2). These results
support the notion that elevated glycolytic and lactic acid fermentation activities are
robust markers of M® activation, with M1 M®s displaying significantly greater
metabolic activity with respect to these specific pathways compared to M2a M®s.

M1 and M2a M®s Exhibit

Distinct Anaplerotic Trends
Corresponding to the TCA Cycle

M1 and M2a M®s presented significantly different metabolic trends with respect
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Table 2. Discriminatory metabolites in extracellular extracts associated with activation.

Metabolite Concentration (mean + SD) p-value
MO Mds M1 Mds M2a Mds M1 M2a M1 vs. M2a

2-hydroxybutyrate 48.65 + 13.52 132.89 +17.24 23.43+7.29 falaialed w* falaiaied
2-oxoisocaproate 60.64 +10.85 26.96 £5.31 2.81+292 halaid ek falaiaied
3-hydroxybutyrate -20.75+£13.78 -116.64 £ 8.81 -96.50 £ 3.85 el falalalel **
3-hydroisobutyrate 18.01 +3.36 16.87 +2.38 12.49+2.03 NS wx **
3-methyl-2- 108.34 + 49.08 61.13+9.68 21.34 £ 3.60 NS wx Hokok
oxovalerate
Acetate 39.73 £73.93 -150.67 + 13.89 -213.14 £ 27.60 ** halaid **
Alanine -60.54 +73.40 98.11£67.21 20.73 £35.65 ** * *
Avrabinose -107.36 + 12.28 -109.08 + 12.55 -75.83£4.50 NS Frx il
Arginine 852.67 +399.21 1349.61 + 290.20 788.70 +198.71 * NS **
Aspartate -791.19 £ 90.54 -797.31+£93.74 -573.21 £ 22.03 NS wx **
Carnitine 37.60 + 39.79 -10.46 £1.09 -9.89+£0.39 * * NS
Choline 13.83+12.57 52.20 £9.38 6.41+14.85 halaid NS el
Creatine 1.50 +4.85 -5.73£5.69 3.80 +3.65 * NS *x
Cysteine -147.54 + 22.37 -103.71+24.21 -125.00 + 11.15 ** NS NS
Cystine 183.44 +50.04 419.86 + 62.88 468.59 + 62.40 Ak | ok NS
Formate 140.60 + 46.15 195.50 + 61.22 228.89 + 66.43 NS * NS
Fumarate ND ND 9.51 +1.67 N/A Fkkk Fkrk
Glucose -21044.40 + 1478.98 | -42208.15 £ 4621.45 | -30552.65 + 1595.13 | **** falalalel **
Glutamate -674.75 £ 78.82 -595.54 + 116.43 -363.96 + 18.48 NS halaid **
Glutamine 1235.12 + 211.97 1976.33 + 320.59 731.62 £127.38 ** il falailel
Glycine 179.01 £ 122.04 404.88 + 106.51 501.91 +115.32 ** ool NS
Histidine 41.76 £ 24.39 98.44 £ 23.25 56.36 + 17.82 ** NS **
Isoleucine -78.84 £ 63.44 -13.97 £ 166.32 60.25 £ 54.71 NS ** NS
Lactate 29467.61 +2714.66 | 51046.16 +4806.45 | 38150.09 +2610.21 | **** halaid halaied
Leucine -141.51 + 88.78 28.65 + 126.92 19.93 +35.22 * wx NS
Lysine 25.26 £51.14 325.04 £43.60 209.60 + 20.31 falelalel il faialel
Mannose 9.84£12.78 -54.62 +7.85 -43.79 £7.40 el falalalel *
O-phosphocholine -81.15+20.78 -50.46 + 7.86 -42.20+2.26 * faad *
Phenylalanine 221+£11.13 26.02 +18.03 -9.66 +£9.85 * NS **
Proline -51.72 £ 53.94 60.38 + 54.56 -27.75+£21.10 ** NS **
Pyroglutamate 121.33 £345.73 -564.30 + 551.92 -386.27 + 161.22 * * NS
Pyruvate -642.79 + 67.35 -489.93 + 121.02 -336.50 + 17.62 * falalaied *
Serine -179.15 + 49.58 -45.09 £ 75.77 -284.36 + 89.47 ** * ekl
Urea -1521.10 + 205.87 -2142.83 + 454.07 -1152.24 + 159.89 * el **
Valine -25.75+27.43 89.95 + 97.95 10.00 + 50.05 * NS NS

Metabolites were selected based upon the statistical significance of extracellular metabolite concentrations between activated M®
subsets (M1 and M2a M®s; nmol/mg protein; calculated from metabolite spectral fitting using the Chenomx NMR Suite software
and the standard Chenomx 600 MHz metabolite library; ND, not detected) relative to MO M®s. Metabolite concentrations were
normalized to sham media controls, whereby increases are shown as positive values and decreases are shown as negative values.
Statistical significance (p) was measured using two-tailed unpaired parametric t-tests with Welch’s correction, whereby *, p < 0.05;
** p <0.01; *** p <0.001; **** p < 0.0001; NS, not statistically significant; N/A, not applicable. Limit of detection (LOD)
values for fumarate in MO and M1 M® extracellular metabolite extract 1D *H NMR spectra have been provided for reference (see

Table S1).

to TCA cycle intermediates and substrates (Figure 3A), relative to MO M®s. Initial

analyses focused on metabolites that can enter the TCA cycle at the acetyl-coenzyme A

(acetyl-CoA) entry point, including acetate, alanine, 3-hydroxybutyrate, and pyruvate

(Figure 3A). Intracellular acetate was significantly decreased in M1 and M2a M®s, -1.66
and -2.11-fold, respectively, relative to MO M®s (Figure 3B and Table 1). This trend was

also reflected in the extracellular metabolite profiles, where the spent medium of MO,
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Figure 3. M1 and M2a M®s exhibit contrasting substrate utilization strategies regarding
the tricarboxylic acid (TCA) cycle. Schematic diagram of metabolite flow through the
TCA cycle (A), and quantitative levels of corresponding metabolites (B,C) detected in
intra- and extracellular M® metabolite extracts (mean + SD). Unpaired parametric t-tests
with Welch’s correction (two-tailed; *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001). Abbreviations denote: ACAT, acetyl-CoA acetyltransferase; ACO, aconitase;
ACSS, acetyl-CoA synthetase; AGXT, alanine-glyoxylate transaminase; AMP, adenosine
monophosphate; ATP, adenosine triphosphate; BDH, 3-hydroxybutyrate dehydrogenase;
CoA, coenzyme A; CS, citrate synthase; FH, fumarate hydratase; GABA, y-
aminobutyrate; GDP, guanosine diphosphate; GLUD, glutamate dehydrogenase; GPT,
glutamate pyruvate transaminase; GTP, guanosine triphosphate; IDH, isocitrate
dehydrogenase; MDH, malate dehydrogenase; ME, malic enzyme; NAD™, nicotinamide
adenine dinucleotide; NADH, reduced nicotinamide adenine dinucleotide; OGDH,
oxoglutarate dehydrogenase; OXCT, 3-oxoacid CoA-transferase; PC, pyruvate
carboxylase; PDH, pyruvate dehydrogenase; Q, quinone; QH>, quinol; SDH, succinate
dehydrogenase; SUCL, succinate-CoA ligase; a-KG, a-ketoglutarate.
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M1, and M2a M®s contained average concentrations of 39.73, -150.67, and -213.14
nmol acetate/mg protein, respectively (Figure 3B and Table 2), relative to sham
extracellular extract controls. In addition, M1 M®s displayed a 1.27-fold increase in
intracellular acetate and significantly elevated concentrations of extracellular acetate
relative to M2a M®s (Figure 3B, Table 2, and Table S2). No significant changes were
observed with respect to intracellular alanine levels. However, extracellular alanine levels
were significantly increased in M1 and M2a M®s compared to MO M®s, with spent
culture medium of M0, M1, and M2a M®s possessing average concentrations of -60.54,
98.11, and 20.73 nmol alanine/mg protein, respectively (Figure 3B and Table 2), relative
to sham extracellular extract controls. Furthermore, M1 M®s secreted a significantly
greater amount of alanine into the media relative to M2a M®s (Figure 3B and Table 2).
Extracellular 3-hydroxybutyrate levels were significantly decreased in M1 and M2a M®s
relative to MO M®s, with M0, M1, and M2a M®s exhibiting average deficits of -20.75, -
116.64, and -96.50 nmol 3-hydroxybutyrate/mg protein, respectively (Figure 3C and
Table 2), relative to sham extracellular extract controls. M1 and M2a M®s also had
significantly increased levels of extracellular pyruvate relative to MO M®s, with M0, M1,
and M2a M®s displaying average deficits of -642.79, -489.93, and -336.50 nmol
pyruvate/mg protein, respectively (Figure 3C and Table 2), relative to sham extracellular
extract controls. However, M1 M®s consumed significantly greater amounts of 3-
hydroxybutyrate and pyruvate from the media compared to M2a M®s (Figure 3B and
Table 2). Altogether, these results suggest that M1 and M2a M®s preferentially utilize

acetate and 3-hydroxybutyrate as their extracellular carbon sources, compared to utilizing
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pyruvate, relative to MO M®s. Moreover, M1 M®s utilize 3-hydroxybutyrate to a
significantly greater extent than M2a M®s, and secrete greater amounts of alanine into
the cell culture medium than MO and M2a M®s, potentially due to preferred conversion
of pyruvate to alanine.

These data are consistent with published reports on the differential O
consumption of M® subtypes. For example, Oz consumption has been shown to decrease
in M1-activated M®s [5,6], which is consistent with our M® metabolic profiling data that
suggest that our M1 M®s are consuming 3-hydroxybutyrate from the extracellular cell
culture media without the need to invoke the de novo synthesis of 3-hydroxybutyrate
from ketogenic pathways.

Subsequent analyses were performed on metabolites that serve as TCA cycle
intermediates and which can participate in anaplerotic reactions to replenish critical
intermediates of the TCA cycle. Such metabolites included fumarate, glycine, glutamate,
and succinate (Figure 3A). M1 M®s demonstrated significantly decreased levels of
intracellular fumarate, -1.68 and -1.86-fold, relative to MO and M2a M®s, respectively
(Figure 3B, Table 1, and Table S2), whereas extracellular fumarate was only detected in
M2a M®s, at a level of 9.51 nmol fumarate/mg protein (Figure 3B and Table 2). M1 and
M2a M® metabolite profiles revealed significantly increased levels of intracellular
glycine, 1.27 and 1.21-fold, relative to MO M®s, respectively (Figure 3B and Table 1).
This trend is also distinct from the one observed for extracellular glycine levels, whereby
MO, M1, and M2a M® cultures contained average concentrations of 179.01, 404.88, and

501.91 nmol glycine/mg protein in their spent media, respectively (Figure 3B and Table
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2), relative to sham extracellular extract controls. Intracellular levels of glutamate were
significantly decreased in M1 M®s, amounting to -2.67 and -2.19-fold decreases, relative
to M0 and M2a M®s, respectively (Figure 3C, Table 1, and Table S2). In addition, M2a
M®s displayed -1.82 and -1.48-fold decreased levels of intracellular succinate relative to
MO and M1 M®s, respectively (Figure 3C, Table 1, and Table S2). These findings
support the notion that M1 M® activation leads to impaired conversion of succinate to
fumarate and to an increased requirement for metabolic reactions associated with the
generation of a-ketoglutarate (a-KG), such as those catalyzed by glutamate
dehydrogenase (GLUD), glutamate-pyruvate transaminase (GPT), or alanine--glyoxylate
transaminase (AGXT; Figure 3A) enzymes.

Activated M®s Undergo
Significant Oxidative Stress

M® activation resulted in intracellular metabolic adaptations associated with
glutathione metabolism and pathways involved in mitigating oxidative stress (Figure 4A),
which were significantly different from the metabolic pathways used preferentially by
MO M®s. The intracellular metabolite profiles of M1 and M2a M®s featured
significantly decreased levels of reduced glutathione (GSH), -1.81 and -1.34-fold,
respectively, relative to MO M®s (Figure 4B and Table 1). In addition, M1 M®s
contained significantly less intracellular GSH, -1.34-fold, compared to M2a M®s (Figure
4B and Table S2). Reduced nicotinamide adenine dinucleotide phosphate (NADPH) was
depleted in M1 M®s relative to MO and M2a M®s, amounting to -2.40 and -3.20-fold

decreases, respectively (Figure 4B, Table 1, and Table S2). On the other hand, M2a M®s
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Figure 4. Activation induces significant oxidative stress in M®s. Schematic diagram of
glutathione metabolism and oxidative stress pathways (A), and quantitative levels of
corresponding metabolites (B) detected in intracellular M® metabolite extracts (mean +
SD). Unpaired parametric t-tests with Welch’s correction (two-tailed; *p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001). Abbreviations denote: GSH, reduced glutathione;
GSSG, oxidized glutathione; NADP?*, nicotinamide adenine dinucleotide phosphate;
NADPH, reduced nicotinamide adenine dinucleotide phosphate; G6P, glucose 6-
phosphate; G6PD, glucose-6-phosphate dehydrogenase; GPX, glutathione peroxidase;
GSR, glutathione-disulfide reductase; MPO, myeloperoxidase; NOX, NADPH oxidase;
6PG, 6-phosphogluconate; PGD, phosphogluconate dehydrogenase; 6-PGDL, 6-
phosphoglucono-1,5-lactone; R5P, ribulose 5-phosphate; SOD, superoxide dismutase;
TauCl, taurine chloramine.

contained significantly more NADPH, 1.34-fold, compared to MO M®s (Figure 4B and
Table 1). M1 M®s also contained significantly increased levels of intracellular taurine
relative to MO and M2a M®s, amounting to 1.23 and 1.45-fold increases, respectively
(Figure 4B, Table 1, and Table S2), while M2a M®s had significantly less intracellular

taurine, -1.18-fold decrease, compared to MO M®s (Figure 4B and Table 1). Collectively,

these results demonstrate that M® activation induces oxidative stress in both M1 and
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M2a M®s. Furthermore, M1 M®s appear to consume NADPH to a greater extent than
MO or M2a M®s, possibly to generate substantial levels of reactive oxygen species
(ROS) as part of the M1 M® immune phenotype. Increased levels of taurine in M1 M®s

may also be used to compensate for or neutralize excessive or harmful ROS production.

M1 M®s Manipulate the Kennedy Pathway

Unexpectedly, M1 M®s exhibited distinct metabolic changes associated with the
choline and ethanolamine branches of the Kennedy pathway (Figure 5A), when compared
to MO and M2a M®s. The profiling of M® intracellular metabolite extracts revealed a
significant accumulation of choline and phosphoethanolamine in M1 M®s (Figure 5B),
where choline levels were increased 1.63 and 1.91-fold, and phosphoethanolamine levels
were increased 2.00 and 2.03-fold relative to MO and M2a M®s, respectively (Table 1
and Table S2). Furthermore, intracellular phosphocholine levels were significantly
decreased, -9.23 and -9.51-fold, in M1 M®s relative to MO and M2a M®s, respectively
(Figure 5B, Table 1, and Table S2). The profiling of M® extracellular metabolite extracts
revealed similar trends with respect to choline levels (Figure 5B), with M0, M1, and M2a
M® spent media containing an average surplus of 13.83, 52.20, and 6.41 nmol
choline/mg protein, respectively (Table 2), relative to sham extracellular metabolite
extract controls. Conversely, extracellular phosphocholine levels were significantly
higher in M1 and M2a M®s relative to MO M®s, and M2a M®s had significantly higher
levels of extracellular phosphocholine compared to M1 M®s (Figure 5B); this amounted
to average deficits of -81.15, -50.46, and -42.20 nmol phosphocholine/mg protein in the

spent media of M0, M1, and M2a M®s, respectively (Table 2), compared to sham
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Figure 5. M1 M®s have a distinct metabolic signature characterized by alterations of
metabolite flow within the Kennedy pathway. Schematic diagram of metabolite flow
through the Kennedy pathway (A), and quantitative levels of corresponding metabolites
(B) detected in intra- and extracellular M® metabolite extracts (mean + SD). Unpaired
parametric t-tests with Welch’s correction (two-tailed; *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001). Abbreviations denote: ADP, adenosine diphosphate; ATP,
adenosine triphosphate; CDP, cytidine diphosphate; CEPT1, choline/ethanolamine
phosphotransferase 1; CHKA/B, choline kinase a/f; CMP, cytidine monophosphate; CTP,
cytidine triphosphate; DAG, diacylglycerol; ETNK1/2, ethanolamine kinase 1/2;
PHOSPHOL, phosphoethanolamine/phosphocholine phosphatase; PCYT1A/B, phosphate
cytidylyltransferase 1a/p; PCYT2, phosphate cytidylyltransferase 2.

extracellular metabolite extract controls. These data suggest that M1 M®s repurpose the
Kennedy pathway by diverting phosphocholine to choline, secreting excess choline into

the media, and allowing for the accumulation of intracellular phosphoethanolamine.
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Discussion

Several studies have highlighted the metabolic differences between M1 and M2
M®s. While M1 M®s appear to rely substantially on glycolysis for ATP production, M2
M®s display greater dependence on mitochondrial ATP biogenesis and oxidative
phosphorylation [9,17,18,28,29]. In addition, fatty acid synthesis predominates in M1
M®s, whereas fatty acid beta oxidation seems to be preferentially associated with M2
M® phenotypes [17,22,30]. Thus, these studies thus explicitly suggest that the
modulation of metabolism is vital to M® activation. However, most previous studies
employed in vitro cell culture models using immortalized murine and human cell lines,
and bone marrow-derived murine M®s [17]. Comparable metabolomics studies of
physiologically relevant human M® populations, such as primary human monocyte-
derived M®s, upon activation have been lacking. Although donor-dependent variation
has been reported for human peripheral-blood cells, this donor heterogeneity has been
demonstrated to be both stimulus- and cell subset-specific, with monocytes and B cells
presenting lower inter-donor immune response variation compared to cytotoxic and
helper T cells [31-33]. Our results from this study do not indicate any significant inter-
donor variation; however, we have observed substantial inter-donor variability in primary
human neutrophil metabolic adaptations upon stimulation, the data from which is
currently being analyzed and assembled into another manuscript to be considered for
publication, and have developed and implemented control and normalization methods to
mitigate this issue. In the present study, we found that characteristic metabolic profiles

clearly differentiate between human monocyte-derived M0, M1, and M2a M®s.
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Diagnostic pathways include significant perturbation of glycolysis, lactate fermentation,
the TCA cycle, oxidative stress, and de novo glycerophospholipid synthesis, which is also
referred to as the Kennedy pathway [34].

The upregulation of glycolysis (Figure 2A) is viewed as a metabolic hallmark of
M1 M® activation, which is critical for the modulation of M1 M® effector functions,
including phagocytosis, pro-inflammatory cytokine secretion, and ROS production [18-
20]. In our study, we established that M1 M®s consume significantly greater amounts of
carbohydrate substrates, such as fructose, glucose, and mannose, while concurrently
secreting significantly greater amounts of lactate into the cell culture medium relative to
MO M®s. These findings are consistent with previously reported results, and provide
further evidence that pro-inflammatory M® activation induces Warburg-like metabolic
traits [9,18,28]. Notably, we discovered that M2a M®s exhibit similar glycolytic trends
relative to MO M®s, albeit to a lesser extent than M1 M®s. Although predominantly
demonstrated in inflammatory, M1, M®s, our study demonstrates that glycolysis is also
significantly upregulated in anti-inflammatory M2a M®s. Previous studies had reported
that M-CSF enhances the expression of genes encoding glucose transporters and
glycolytic enzymes, in addition to promoting greater lactate production in M2 M®s
[35,36]. The addition of M-CSF in our in vitro differentiation model of primary human
monocyte-derived M®s may account for the differences observed between our study and
other published reports with respect to M2 M® metabolism [28,37]. Our metabolomics
results also indicate that increased glycolytic activity and lactate production may be

universal markers of M® activation in primary human monocyte-derived M1 and M2a
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M®s.

In addition to supporting the generation of the glycolytic intermediate fructose 6-
phosphate (F6P), mannose can be used for the synthesis of N-glycans (Figure S3), which
are important elements of protein glycosylation. Although N-glycosylation is well-
established as a critical upregulated pathway in M2 M®s [38], other studies have
demonstrated that the inhibition of N-glycosylation also leads to the slight inhibition of
M1 M® polarization [9]. Since our M1 and M2a M®s both displayed a significant
consumption of extracellular mannose relative to MO M®s, we examined these trends in
the context of N-glycan biosynthesis, using microarray transcriptomics information that
has been reported in Zhang et al. (Figure S3, Table S3) [39]. Bone marrow-derived
murine M®s stimulated with IFN-y or LPS exhibit reduced gene expression of
phosphomannomutase 1 (Pmm1), whereas IL-4-stimulated murine M®s exhibit elevated
gene expression of Pmm1 relative to unstimulated control M®s (Figure S3, Table S3)
[39]. No consistent trend concerning guanosine diphosphate (GDP)-mannose
pyrophosphorylase A (Gmppa) gene expression was reported in the Zhang et al.
microarray data. However, IFN-y, IL-4, and LPS-stimulated murine M®s all exhibited
elevated transcript expression of Pmm2 and Gmppb, with the exception of the 2 and 4-hr
time points following IL-4 stimulation, relative to unstimulated control M®s (Figure S3,
Table S3) [39]. These published transcriptomics data, combined with our metabolic
observations regarding extracellular mannose consumption, thus suggest that M1 and
M2a M®s may utilize mannose for N-glycan biosynthesis and protein glycosylation, in

addition to being used to provide substrates for glycolysis.



64

The utilization of a fully functional TCA cycle (Figure 3A) and concomitant
oxidative phosphorylation is recognized as a metabolic characteristic of MO and M2 M®s
[8,9,17], whereas M1 M®s have been shown to reprogram this pathway to permit the
accumulation of TCA cycle intermediates, including citrate and succinate, which are
crucial for M1 M® effector functions [17,40]. Although previous studies have focused on
TCA cycle intermediate-associated metabolic differences between M1 and M2a M®s
[40,41], investigations with respect to additional carbon sources that can enter the TCA
cycle at the acetyl-CoA entry point are lacking. The metabolic data generated in this
study suggest that M1 and M2a M®s display distinct catabolic trends with respect to
TCA cycle utilization. Both M1 and M2a M®s exhibited preferential consumption of
extracellular 3-hydroxybutyrate and acetate over pyruvate, relative to MO M®s.
However, M1 M®s utilized 3-hydroxybutyrate to a greater extent than M2a M®s, and
M?2a M®s utilized acetate to a greater extent than M1 M®s. In addition, M1 and M2a
M®s secreted significant amounts of alanine and glycine into their spent culture medium,
relative to MO M®s. These findings suggest that while MO M®s favor pyruvate as a
carbon source for ATP energy production, M1 and M2a M®s appear to prefer 3-
hydroxybutyrate and acetate, respectively. This may be due, in part, to the fact that
acetyl-CoA derived from 3-hydroxybutyrate coincidentally generates succinate, a known
metabolic marker of M1 M®s. Furthermore, acetyl-CoA derived from acetate utilizes
ATP and not NAD", the latter being needed to keep glycolysis going, an observation
which is also supported by our glycolytic metabolic data for M1 and M2a M®s (Figure

2). Previous studies have shown that bone marrow murine-derived M®s stimulated with
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LPS exhibit elevated transcript expression of genes coding for 3-hydroxybutyrate
dehydrogenase 1 (Bdh1) and 3-oxoacid-Co-A transferase 2 (Oxct2) enzymes at 24 hrs
post-stimulation (Figure S4, Table S3) [39]. Although our intracellular succinate data for
M1 M®s do not reflect that expected from increased OXCT activity, it is important to
note that our M®s were stimulated for 72 hrs; therefore, without conducting additional
temporal M® activation studies at time points shorter than 72 hrs, it is difficult to make
any firm conclusions regarding differential 3-hydroxybutyrate consumption in our M®
activation subtypes. The secretion of alanine and glycine, which takes place to a greater
extent in M1 than M2a M®s, may be a reflection of enhanced GPT and AGXT activity,
with the concurrent generation of a-KG (Figure 3A), which is an important TCA cycle
intermediate that has also been implicated in M® activation [17,40,42]. Altogether, these
results suggest that MO, M1, and M2a M®s preferentially utilize different carbon and
amino acid sources that connect to the TCA cycle.

Additional enzymes that are critical for the flow of intermediates through the
TCA cycle include pyruvate carboxylase (PC) and the malic enzyme (ME), which
catalyze the conversion of pyruvate to oxaloacetate and malate to pyruvate, respectively
(Figure 3A). The upregulation of these metabolic enzymes can occur when the flow of
metabolites through the enzymatic reaction of pyruvate dehydrogenase (PDH; Figure 3A)
is diminished, and when lactate fermentation is employed as a primary means to generate
energy (ATP), a process referred to as the Warburg effect and which has been
demonstrated in previous studies to take place in proliferating cancer cells (i.e.,

occurrence of aerobic glycolysis) [43-45]. Furthermore, increased activity of PC under
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glutamine-limited conditions has been previously shown to take place in glioblastoma
and T cells [46,47]. Although our M1 and M2a M®s display characteristics of Warburg
metabolism (Figure 2), previous work by Meiser et al. has shown that PDH activity is
unaffected in M1 M®s [41]. Although our studies did not detect oxaloacetate or malate in
our MO intracellular metabolite profiles, extracellular glutamine in our M0, M1, and M2a
M® cultures was not found to be limiting upon M® harvest, remaining at extracellular
concentrations of 0.92 £ 0.12, 1.37 £ 0.08, and 0.94 = 0.05 mM, respectively, in the three
M® subtypes. Our data leads us to conclude that replenishment of TCA cycle
intermediates via the pyruvate carboxylase or malic enzyme reactions does not take place
to a significant degree under the experimental conditions tested in our study.

Succinate is a key metabolic marker of M1 M® activation, and previous studies
have established that its accumulation leads to the induction of Warburg-like metabolism
in M®s due to the stabilization of HIF-1a, which has also been shown to promote the
upregulation of pro-inflammatory cytokine and gene expression [5,6]. Our M1 M®
metabolic data are inconsistent with that shown by others in that we observed no
significant difference between intracellular succinate levels in M1 M®s relative to MO
M®s; however, M2a M®s do exhibit significantly decreased levels of intracellular
succinate compared to M1 M®s. Furthermore, we did not detect itaconate, which has
been demonstrated to be an inflammatory regulator in murine and human M®s [6,48], in
any of our intra- or extracellular M® activation state metabolite extracts. These
discrepancies may be due to the fact that our M®s were activated for 72 hrs prior to

metabolite extraction, while other studies typically employ shorter incubation periods,
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such as less than or up to 24 hrs. Notably, we also found that M1 M®s display
significantly decreased intracellular levels of fumarate. This suggests that our M1 M®s
may experience some level of succinate dehydrogenase (SDH) inhibition, as previously
determined by others [5,40,49], since M1 M®s exhibit a higher intracellular succinate to
fumarate ratio than either MO or M2a M®s. Thus, these data would indicate that M1 M®s
attenuate their inflammatory response following 72 hrs stimulation with LPS and IFN-y.
However, our results are consistent and in agreement with our other findings, as
discussed below.

In addition to being derived from glutamate as a result of AGXT enzyme activity,
glycine can also be produced from choline, serine, or alanine conversion (Figure S5).
Unfortunately, the only available transcript data from Zhang et al. relevant to these
metabolic pathways is that of Agxt2, which can catalyze the conversion of both alanine
and glutamate to glycine [39]. Examining the microarray data, we found that Agxt2 gene
transcription is upregulated at 24 hrs in IFN-y and LPS-stimulated murine M®s, and is
downregulated at 24 hrs in IL-4-stimulated murine M®s, relative to unstimulated control
murine M®s (Figure S5, Table S3) [39]. A further investigation of our relevant metabolic
data revealed that M2a M®s consume significantly less extracellular serine than MO or
M1 M®s. In addition, M2a M®s displayed significantly decreased levels of intracellular
serine (Figure S5). Furthermore, M2a M®s consumed significantly less extracellular
glutamate than MO or M1 M®s (Figure S5). Overall, these metabolic findings, combined
with the microarray data of Zhang et al., thus suggest that glycine is derived primarily

from glutamate as a result of AGXT2 enzyme activity in M1 M®s, while M2a M®s may
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be producing glycine primarily from serine using serine hydroxymethyltransferase
(SHMT), although further studies are needed to validate the interpretations of these data.

Extracellular secreted fumarate, at a concentration of 3.95 £ 0.73 puM, was only
found in our M2a M® cultures (Figure 3B). These findings are consistent with studies
that have shown that fumarate is a key metabolite for memory induction in innate
immune cells, which is also known as trained immunity [50]. Arts et al. determined that
the training of primary human monocyte-derived M®s using 100 uM of fumarate
induced changes >2.5-fold relative to non-trained M®s, in 456 dynamic epigenetic
regions as a result of histone modifications, such as H3K4me3 and H3K27ac [50]. Many
of these dynamic fumarate-induced epigenetic alterations were found to be associated
with cellular pathways involved in leukocyte migration and the innate immune response,
including pro-inflammatory cytokine expression [50]. Findings by Arts et al. are also
consistent with previous trained immunity studies, which used 3-glucan-trained
monocytes [51,52]. Additional studies have shown that fumarate treatment induces 1L-4
production and Tw2 responses in human type Il dendritic cells and CD4* T cells [53].
Therefore, these published data, together with our observation of significant levels of
extracellular fumarate in our human M2a M® cell cultures, would suggest that our M2a
M®s may be undergoing local immunological memory and Tn2-like cell responses.

Microbicidal ROS production is a well-characterized phenomenon of M®
function and immune responses. Nevertheless, excessive ROS production can lead to
impaired intracellular redox balance, a depletion of intracellular pools of GSH due to

excessive conversion of GSH to its oxidized form (GSSG), NADPH depletion, lipid
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and protein peroxidation, and oxidative DNA damage (Figure 4A), which, if left
unchecked, can lead to significant cellular damage and apoptosis [54,55]. Our study
indicates that M1 and M2a M®s experience significant oxidative stress, as revealed by
significantly decreased levels of intracellular GSH relative to MO M®s. Furthermore, M1
M®s have significantly lower intracellular levels of NADPH relative to MO M®s. These
results are consistent with other published works, which have reported that NADPH
oxidase (NOX) produces superoxide ("O2”) from molecular oxygen (O2) using NADPH
produced during the oxidative phase of the pentose phosphate pathway (PPP), which is
upregulated in M1 M®s [9,17,54]. In addition, NADPH provides a source of reducing
power to regenerate GSH from GSSG, thereby indirectly contributing to ROS
neutralization [17,56]. Such a process seems to account for the significantly decreased
intracellular levels of GSH that we have observed in M1 M®s relative to M2a M®s.
Although ROS production is associated predominantly with M1 M® phenotypes, another
published report demonstrated that Cu,Zn-superoxide dismutase (SOD)-mediated
hydrogen peroxide (H202) production supports M2 M® activation via redox-dependent
STAT6 nuclear translocation, which results in reduced TNF-a expression and elevated
profibrotic factor gene expression [57]. These reports are consistent with our
metabolomics findings, which indicate that primary human monocyte-derived M2a M®s
experience an oxidative stress response, which may be due to low-level ROS production
in these M®s. We also found that M1 M®s contain a significantly greater intracellular
amount of taurine compared to MO and M2a M®s. Similar to reduced glutathione (GSH),

taurine exhibits cytoprotective effects by neutralizing toxic oxidative species and
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attenuating excessive oxidative stress responses [55,58]. Collectively, our findings
indicate that M® activation results in significant oxidative stress and suggest that M1
M®s deplete intracellular NADPH for ROS production and GSH regeneration, in
addition to accumulating intracellular taurine to mitigate ROS-mediated M1 M® cell
damage.

Previous studies have shown that M1 and M2 M®s have disparate metabolic
preferences concerning lipid metabolism, with fatty acid synthesis being associated with
M1 M® activation and fatty acid beta oxidation being preferentially associated with M2
M® activation [1,7,17,22]. In this study, we found that M1 M®s display unique
metabolic markers related to de novo glycerophospholipid synthesis, which is also known
as the Kennedy pathway (Figure 5SA). M1 M®s exhibited significantly increased levels of
intra- and extracellular choline and significantly decreased levels of intracellular
phosphocholine, relative to MO and M2a M®s. Snider et al. showed that M1 M®s
consume greater amounts of choline, promote phosphatidylcholine biosynthesis, and that
antibody-mediated inhibition of choline uptake altered M1 M® secretion of pro-
inflammatory cytokines [59]. While our results differ from this published work, our M1
M®s were stimulated for 72 hrs prior to metabolic analysis, whereas Snider et al. used
much shorter LPS incubation times, ranging from 10 min to 16 hrs [59], which may
account for the different observations. In addition, other studies have determined that
choline reduces inflammation, IL-1p release from innate immune cells, pro-inflammatory
gene expression, such as TLR4, NFKB1, and TNFA, and increases lymphocyte

proliferation [60-62]. Thus, our M1 M® data thus suggest that at 72 hrs post-activation,
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these cells display metabolic trends that are associated with inflammatory mitigation. We
also found that M1 M®s accumulate significant amounts of intracellular
phosphoethanolamine, which was not observed in MO or M2a M®s. Gohil et al.
demonstrated that mammalian cells elevate intracellular phosphoethanolamine levels
following meclizine treatment due to dose-dependent, non-competitive inhibition of
phosphate cytidylyltransferase 2 (PCYT2) enzymatic activity [63]. Furthermore, it was
also determined that phosphoethanolamine reduces mitochondria membrane potential,
increases flavin adenine dinucleotide (FAD"), and decreases reduced nicotinamide
adenine dinucleotide (NADH) levels, as a result of mitochondrial respiration inhibition
[63]. Examining supplementary microarray transcriptomics data included in Zhang et al.,
we discovered that bone marrow-derived murine M®s stimulated with IFN-y or LPS have
reduced expression of Chka, Chkf3, Pcytla, and Pcyt2 transcripts and elevated expression
of Etnk1, whereas bone marrow-derived murine M®s stimulated with 1L-4 exhibit
reduced expression of Chka and Chkf transcripts and elevated gene expression of Etnk1,
Pcytla, and Pcyt2 relative to unstimulated control M®s (Figure 5A, Figure S6, and Table
S3) [39]. These transcriptomics profiles are consistent with our metabolomics findings,
and together suggest that M1 M®s distinctly manipulate the Kennedy pathway to
downregulate mitochondrial respiration and to attenuate their inflammatory response, at
least at the 72-hr stimulation time point used in this study.

Quinolinate, an N-methyl-D-aspartate (NMDA) receptor agonist and neurotoxin,
is a metabolite derived from tryptophan within the kynurenine pathway (KP) [64]. Our

results indicate that intracellular metabolite extracts from M1 M®s contain significantly
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greater amounts, 25.90-fold compared to MO M®s, of quinolinate (Table 1). This is
consistent with previous studies that have demonstrated substantial quinolinate
production by macrophages following IFN-y stimulation [64,65]. At concentrations less
than 50 nM, quinolinate serves as a substrate for NAD" synthesis by the KP; however, at
concentrations above 150 nM, quinolinate can induce excitotoxicity in astrocytes and
neurons, induce NOS, and oxidative stress [66]. Quinolinate is able to form complexes
with Fe(I1), which promotes the formation of ROS, such as hydroxyl ("OH) radicals, and
subsequent DNA degradation and lipid peroxidation [67]. More recent evidence has
emerged indicating that KP activation is triggered upon innate immune challenge in
M®s; yet, the conversion of quinolinate to NAD" is oddly inhibited [68]. This particular
study also found that oxidative phosphorylation in activated M®s can be restored by
increasing de novo NAD" synthesis by the KP, which implies that this process is a
metabolic switch for M® effector function [68]. Our M1 M®s also displayed
significantly depleted levels, -3.79-fold compared to MO M®s, of intracellular NADY;
therefore, we believe these findings suggest that M1 M®s may accumulate intracellular
quinolinate as another means to inhibit oxidative phosphorylation and/or generate ROS.

While Oz consumption was not directly measured in our M® subtype NMR
metabolomics experiments, the metabolome profiles of M0, M1, and M2a primary M®s
that we have characterized in this study are consistent with published reports on this
subject. An interesting future direction for this work would be to track the metabolome
changes of our different M® subtypes as a function of time, i.e., 24, 36, and 48 hrs, rather

than at the single 72 hr time point that was employed in this current study. We would
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expect to detect interesting metabolic adaptations as the M®s activate over time in this in
vitro cell culture model. In the future, we aim to conduct these O> consumption
measurements in parallel with longitudinal metabolomics analyses, as well as to report on

the metabolic adaptations of M®s when co-cultured with bacterial pathogens.

Materials and Methods

Primary Human Monocyte Isolation

Heparinized whole blood was obtained in accordance with proper guidelines,
local Institutional Review Board (IRB) approval (ID# 00000799; Protocol #vC100118),
and informed consent from healthy, adult donors in Bozeman, Montana, USA. A total of
6 donors, in the age range of 19 to 27 were included in this study, 50% of whom were
female. Peripheral blood mononuclear cells (PBMCs) were isolated by centrifugation in
lymphocyte separation media (Corning) at 800 x g for 25 min at room temperature.
CD14" monocytes were isolated from PBMCs by MACS using CD14 human microbeads
(Miltenyi Biotec, San Diego, CA, USA), which resulted in an average purity of 97.1 +
1.3% (Figure S7) when subjected to sorting on an LSR Fortessa cell analyzer (BD
Biosciences, San Jose, CA, USA).

Culture of Primary Human
Monocyte-Derived M®s

To generate primary human monocyte-derived M®s, CD14" monocytes were
cultured in 25 cm? tissue culture flasks (1 x 10° cells per mL; Falcon/Corning) in Roswell

Park Memorial Institute (RPMI) 1640, w/L-glutamine (Lonza, Bend, OR, USA) media,
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supplemented with 1 mM sodium pyruvate (Lonza), 1X MEM non-essential amino acids
(NEAAs; Gibco, ThermoFisher Scientific, USA), 10% (v/v) fetal bovine serum (FBS;
ATCC, Manassas, VA, USA), and 50 ng/mL recombinant human M-CSF (rHU-MCSF;
PeproTech, Rocky Hill, NJ, USA) for 6 d. Media and cytokines were replenished every 3
d.

Activation of Primary Human
Monocyte-Derived M®s

Mature (6 d) monocyte-derived M®s were prepared in 3 replicates using 25 cm?
tissue culture flasks (Falcon/Corning) containing RPMI 1640, w/L-glutamine (Lonza)
media, supplemented with 1 mM sodium pyruvate (Lonza), 1X MEM NEAAs (Gibco),
10% (v/v) FBS (ATCC), and 50 ng/mL rHU-MCSF (PeproTech). Three different M®
activation groups were assessed and compared, including M0, M1, and M2a M®s. Cell
cultures corresponding to each M® activation state, and parallel sham media controls,
corresponding to macrophage activation and cell culture media added to 25 cm? tissue
culture flasks that did not contain mature monocyte-derived M®s, were set up and
incubated for 72 hrs at 37 °C, 5% CO». M® activation stimuli included 100 ng/mL LPS
and 50 ng/mL recombinant human IFN-y (rHU-IFNy) for M1 M®s (Sigma Aldrich and
PeproTech, respectively) whereas no additional stimuli were added to the MO M®s.
Then, 20 ng/mL recombinant human IL-4 (rHU-IL4; PeproTech) was utilized to generate
M2a M®s. Following culture and activation, the characterization of primary human

monocyte-derived M®s (MoM®s) was conducted using flow cytometry (Figure S8).



75

Antibodies and Flow Cytometry

Primary human monocytes were stained using anti-human antibodies directed
against CD14 (BD Biosciences) and appropriate isotype controls. MO, M1, and M2a
MoM®s using anti-human antibodies directed against CD68, CD80, and CD163 (BD
Biosciences) and appropriate isotype controls. Permeabilization of a cell subset was
conducted using Cytofix/Cytoperm (BD Biosciences) for the intracellular staining of
CD68. Following staining, cells were resuspended in fluorescence-activated cell sorting
(FACS) buffer for analysis on an LSR Fortessa Flow Cytometer (BD Biosciences). FACS
data were analyzed using FCSalyzer software (version 0.9.14-alpha) with monocytes and
MoM®s gated based upon size and single cells. Since baseline fluorescence levels
differed between M® activation states, mean fluorescence intensity (MFI) values were
normalized by subtracting the appropriate isotype control MFI from the sample MFI
(normalized MFI; Figure S8).

Intra- and Extracellular
Metabolite Extraction

Following M® activation, spent cell culture medium was transferred from 25 cm?
tissue culture flasks into sterile 15-mL conical tubes and centrifuged at 2000 x g for 1
min at room temperature (RT) to pellet any cellular debris. Two 1.5-mL aliquots of sham
and spent cell culture medium were transferred to sterile 1.5-mL tubes and stored at -80
°C prior to extracellular metabolite extraction. Cell monolayers were washed with 1 mL
of cold (4 °C) sterile 1X phosphate-buffered saline (PBS). Wash solutions were pipetted

into a 15-mL conical tube, centrifuged at 2000 x g to pellet any remaining non-adherent
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cells, decanted, and then resuspended in 500 pL of -20 °C 50% aqueous methanol. Then,
1.5-mL of -20 °C 50% aqueous methanol was added to 25 cm? tissue culture flasks to
simultaneously quench, extract, and detach cells from flask surface with the aid of a cell
scraper. Cell suspensions were removed from 25 cm? tissue culture flasks, transferred to
15-mL conical tubes containing non-adherent cell suspensions, and thoroughly mixed.

Two aliquots of 1-mL cell suspensions were transferred to two separate 2-mL
lysis B matrix tubes (MP Biomedicals) and lysed using a FastPrep-24 5¢ homogenizer
(MP Biomedicals) at a speed of 6.0 m/s for 2 cycles of 40 s each, with lysis tubes placed
on ice between cycles. Then, 50 pL of cell lysate was stored at -80 °C for protein
determination, and then 500 pL of chloroform (CHCI3) was added to each lysis tube.
Tubes were vortexed for 3 cycles of 10 s each, and then placed at -20 °C for 20 min, prior
to centrifugation at 10,000 x g for 10 min to separate aqueous and nonpolar phases [69].
The aqueous phase, containing the intracellular metabolite mixture, was transferred to a
1.5-mL tube, dried using a Speedvac vacuum centrifuge with no heat overnight, and
stored at -80 °C until NMR metabolite sample preparation.

Sham and spent cell culture medium samples were filtered through 3-kDa
molecular weight cutoff (MWCO) centrifuge filters (Millipore Amicon), which were
prewashed extensively [70], prior to being dried using a Speedvac vacuum centrifuge

with no heat overnight and stored at -80 °C until NMR sample preparation.

Determination of Protein Content

Protein concentrations were measured using the Pierce BCA Protein Assay Kit

(ThermoFisher Scientific; Cat. No. 23225) for normalization of intra- and extracellular
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metabolite extracts.

NMR Sample Preparation

Dried intra- and extracellular metabolite extracts were resuspended in 600 pL of
NMR buffer [consisting of 25 mM NaH2PO4/Na;HPO4, 0.4 mM imidazole, 0.25 mM 4,4-
dimethyl-4-silapentane-1-sulfonic acid (DSS) in 90% H.0/10% D0, pH 7.0]. Following
resuspension, samples were centrifuged at 21,000 rpm for 1 min to pellet insoluble
debris, and then transferred to 5-mm NMR tubes for NMR metabolomics analysis.

NMR Spectra Acquisition
and Preprocessing

All NMR spectra were collected at 298 K (25 °C) using a Bruker 600 MHz (*H
Larmor frequency) AVANCE Il solution NMR spectrometer, equipped with a SampleJet
automatic sample loading system, a 5-mm triple resonance (*H, **N, **C), liquid-helium-
cooled three channel inverse (TCI) NMR cryoprobe, and Topspin software (Bruker
version 3.2). Then, 1D *H NMR spectra acquisition was performed using the Bruker-
supplied excitation sculpting (ES)-based ‘zgesgp’ pulse sequence [71,72], and NMR
spectra were recorded with 256 scans and a *H spectral window of 9615.38 Hz. Free
induction decays (FIDs) were collected with 32K data points and a dwell time interval of
52 psec, amounting to a data acquisition time of 1.7 s. Recovery delay (D1) times
between acquisitions were set to 1 s, resulting in an overall 2.7 s relaxation recovery
delay between scans [73,74]. DSS chemical shift referencing and phase correction of 1D
'H NMR spectra were conducted using Topspin software (Bruker version 3.2).

For verification of select metabolite identifications, 2D *H-!H total correlation
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spectroscopy (TOCSY) spectra were acquired for representative samples using the
Bruker-supplied ‘mlevphpr.2/mlevgpph19’ pulse sequences (256 x 2048 data points, 2 s
relaxation delay, 32 transients per FID, *H spectral window of 6602.11 Hz, 80 ms
TOCSY spin lock mixing period). Then, 2D *H-'H TOCSY spectra were processed using

Topspin software (Bruker version 3.2).

NMR Data Analysis

Further processing of 1D *H NMR spectra and metabolite profiling analyses were
conducted using Chenomx NMR Suite software (version 8.1; Chenomx Inc., Edmonton,
Alberta, Canada). The baseline correction of NMR spectra following an import of
preprocessed ‘1r” NMR spectral files into Chenomx software was performed using the
automatic cubic spline function in Chenomx, and subsequent manual breakpoint
adjustment to obtain a flat, well-defined baseline, following recommendations from
Chenomx application notes and previously reported methods [75,76]. *H chemical shifts
were referenced to the 0.0 ppm DSS signal, and the *H NMR signals arising from
imidazole were used to correct for small chemical shift changes due to slight variations in
sample pH. Metabolite identification and quantification were performed by fitting the 1D
1H spectral patterns, chemical shifts, and spectral intensities to reference spectral patterns
of small molecules, using the Chenomx small molecule spectral database for 600 MHz
(*H Larmor frequency) magnetic field strength NMR, and a manually peak-based fit
style, where adjustments were made to achieve optimal fits for compound peak cluster
location and intensity [77]. An internal (0.25 mM DSS) standard was used for metabolite

guantitation.
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Although pulse programs utilizing ES suppress proton signals around the water
region to a greater extent than NOEPR (1D NOESY with presaturation during relaxation
and mixing time), the relative intensities observed between these particular *H signals
have been demonstrated to be identical to those seen in NOEPR [78]. To evaluate
differences between 1D H spectra acquired using ‘zgesgp’ versus ‘noesyprld’ pulse
sequences, we have conducted comparative analyses by constructing our own in-house
‘zgesgp’-acquired 600 MHz metabolite library using pure standards. If our in-house
metabolite standard 1D *H NMR spectra presented significant deviations from the 600
MHz Chenomx small molecule spectral database, we added these ‘zgesgp’ metabolite
standard spectra to a custom library using the ‘Compound Builder’ module of Chenomx

NMR Suite program (version 8.0), as described previously [74].

Statistical Analysis

Quantitative intra- and extracellular metabolic profiles were exported from
Chenomx software, as mM concentrations, with metabolic profiles generated in parallel
from blank NMR buffer control samples subtracted from our experimental M® extract
profiles. In addition, metabolite profiles generated from parallel sham media controls
were subtracted from our extracellular M® extract metabolite profiles. Intra- and
extracellular metabolite concentrations were converted from mM to nmol by accounting
for NMR buffer volume, and resulting metabolic profiles were normalized to protein
content prior to multivariate statistical analysis using MetaboAnalyst 4.0 [79,80].
Normalized metabolite concentrations were further log-transformed to ensure a Gaussian

distribution of the data and auto-scaled (i.e., mean centered and divided by standard
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deviation) prior to statistical analysis, including 2D-PCA and HCA. The false discovery
rate (FDR) was evaluated using the ‘ANOVA’ module of MetaboAnalyst, an adjusted p-
value (FDR) cutoff of 0.05, and Tukey’s HSD post-hoc analysis. Metabolites with FDR
values >0.05 were excluded from further statistical analysis in GraphPad Prism. HCA
was conducted in MetaboAnalyst using a Euclidean distance measure and Ward
clustering algorithm. Statistical significance was assessed by unpaired parametric t-test
with Welch’s correction using the GraphPad Prism program version 8.0.2 (GraphPad

Software, La Jolla, CA).

Conclusions

In conclusion, our metabolite profiling data generated using in vitro M®s derived
from primary human monocytes indicate that M1 and M2a M®s both utilize glycolysis
and exhibit significant oxidative stress. Furthermore, the M1 M®s generated in this study
reveal a previously unknown and unique repurposing of the de novo glycerophospholipid
metabolic pathway associated with the inhibition of oxidative phosphorylation and
inflammatory mitigation. Moreover, we identified unique metabolite expression patterns
relevant to metabolite flow through the TCA cycle, including the preferential utilization
of 3-hydroxybutyrate and acetate in M1 and M2a M®s, respectively, rather than
pyruvate. The results from our study emphasize the importance of investigating the
biochemical properties of physiologically relevant innate immune cell populations, such
as primary human monocyte-derived M®s. Our work also highlights the usefulness of

NMR metabolomics to define characteristic metabolic phenotypes (i.e., metabotypes)
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associated with specific cellular phenotypes, and to better understand how functionally
relevant metabolic adaptations correspond to distinct, physiologically relevant activation

states of primary human immune cells cultured in vitro.

Supplementary Materials
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Figure S3. Metabolism of mannose for N-glycan biosynthesis (A) and fold change
expression of Gmppa, Gmppb, Pmm1, and Pmm2 in bone marrow-derived murine M®s
upon differential stimuli (B). Data has been derived from Zhang et al. to generate these
plots [39]. Abbreviations denote: GDP, guanosine diphosphate; Gmppa, GDP-mannose
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Figure S5. Generation of glycine from (A) choline or (B) glutamate, serine, and alanine.
(C) Fold change expression of Agxt2 in bone marrow-derived murine M®s upon
differential stimuli. Data has been derived from Zhang et al. to generate this plot [39].
(D) Quantitative levels of corresponding metabolites detected in intra- and extracellular
M® metabolite extracts (mean + SD). Statistical significance (p) was measured using
two-tailed unpaired parametric t-tests with Welch’s correction, whereby *, p < 0.05; **, p
<0.01; *** p <0.001; **** p < 0.0001. Abbreviations denote: 5,10-MTHF, 5,10-
methylenetetrahydrofolate; a-KG, a-ketoglutarate; A, acceptor; AH2, reduced acceptor;
ALDHT7AL, betaine aldehyde dehydrogenase; AGXT, alanine-glyoxylate
aminotransferase; BHMT, betaine-homocysteine S-methyltransferase; CHDH, choline
dehydrogenase; DMGDH, dimethylglycine dehydrogenase; FP, electron-transfer
flavoprotein; IFN-y, interferon-y; IL-4, interleukin-4; LPS, lipopolysaccharide; NAD™,
nicotinamide adenine dinucleotide; NADH, reduced nicotinamide adenine dinucleotide;
PIPOX, sarcosine oxidase; rFP, reduced electron-transfer flavoprotein; SARDH, sarcosine
dehydrogenase; SHMT, serine hydroxymethyltransferase; THF, tetrahydrofolate.
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Figure S6. Fold change expression of Chka, Chkf, Etnk1, Pcytla, and Pcyt2 in bone
marrow-derived murine M®s upon differential stimuli. Data has been derived from
Zhang et al. to generate these plots [39]. Abbreviations denote: Chka, choline kinase a;
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Figure S8. Phenotype of primary human monocyte-derived macrophages (MoM®s). (A)
Gating strategy for FACS analysis of MoM®s; (B) Dot plots of CD68, CD80, and
CD163 expression by M0, M1, and M2a MoM®s; (C) Normalized mean fluorescence
intensity (MFI) of CD68, CD80, and CD163 expression by M0, M1, and M2a MoM®s.
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Table S1. 1D 'H NMR intra- and extracellular metabolite limit of detection

(LOD) values.!
Extract Metabolite LOD (uM)

Arginine 3

ATP 1

Betaine 1

Intracellular Glucose-1-phosphate 1
NAD* 0.5

Niacinamide 1

Quinolinate 1

Extracellular Fumarate 1

1 LOD values were established by evaluation of signal to noise ratios in our
experimental 1D *H NMR spectra, Chenomx NMR Suite software, and its
accompanying Chenomx 600 MHz metabolite library. Abbreviations denote:
ATP, adenosine triphosphate; NAD?, nicotinamide adenine dinucleotide.
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Table S2. Discriminatory metabolites in intracellular extracts associated with M1 vs.
M2a M® activation.*

. M1 vs. M2a M®s
Metabolite
FC p-value
Acetate 1.27 **
ADP -1.36 faie
AMP -1.83 Fkkk
Aspartate -1.32 **
ATP 9.14? falaiaied
Betaine 2.16 Frx
Choline 1.91 falaiaied
Creatine -1.46 *
Creatine phosphate 1.32 falea
Fumarate -1.86 Fkkx
Glucose -1.47 *
Glutamate -2.19 Fhx
Glutamine 1.36 *x
GSH -1.34 falad
GTP -1.49 bkl
myo-Inositol -4.57 falalelel
NAD* -4.06 falsiaie
NADPH -3.20 falsiaie
Niacinamide 5.192 folalaied
O-phosphocholine -9.51 Hhx
O-phosphoethanolamine 2.03 Hhx
Proline -1.39 *
Propionate 1.39 xx
Quinolinate 25.902 ek
Serine 1.49 *x
Succinate 1.48 *
Taurine 1.45 Fkk
UMP -1.61 feisiaie
Valine 1.18 *

1 Metabolites were selected based upon fold change (FC) and statistical significance of intracellular
metabolite concentrations between M1 and M2a M®s; (nmol/mg protein; calculated from metabolite
spectral fitting using the Chenomx NMR Suite software and the standard Chenomx 600 MHz
metabolite library). Fold changes were calculated relative to M2a M®s, whereby increases are shown
as positive values and decreases are shown as negative values. Statistical significance (p) was
measured using two-tailed unpaired parametric t-tests with Welch’s correction, whereby *, p < 0.05;
** p <0.01; *** p<0.001; **** p < 0.0001. Abbreviations denote: ADP, adenosine diphosphate;
AMP, adenosine monophosphate; ATP, adenosine triphosphate; GSH, reduced glutathione; GTP,
guanosine triphosphate; NAD™, nicotinamide adenine dinucleotide; NADPH, reduced nicotinamide
adenine dinucleotide phosphate; UMP, uridine monophosphate. ? Fold change (FC) was calculated
using limit of detection (LOD) values (see Table S1) for M® activation State in which a given
metabolite was not detected.
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Table S3. Relative fold change expression of select genes in bone marrow-derived
murine M®s upon differential stimuli.!

— Time (hr)
Gene Stimuli 5 6 B 7
IFN-y -1.03 -1.24 -1.27 1.18
Agxt2 IL-4 1.05 -1.05 1.23 -1.39
LPS 1.01 1.28 1.56 1.17
IFN-y -1.37 -1.93 -1.47 -1.56
Bdhl IL-4 -1.01 -1.17 1.12 1.02
LPS 1.06 1.03 -1.68 1.18
IFN-y 147 1.21 1.25 1.27
Bdh1* IL-4 1.08 -1.02 1.04 -1.08
LPS 1.23 -1.07 -1.05 1.16
IFN-y 2.25 1.05 -1.39 -1.49
Chka. IL-4 -1.55 -1.14 -1.54 1.42
LPS -2.22 -1.78 -1.88 -1.08
IFN-y -1.25 -1.37 -1.54 -1.54
Chkp IL-4 1.04 -1.43 -1.15 -1.15
LPS -1.22 -1.74 -2.19 -2.03
IFN-y 3.16 3.60 2.13 3.47
Etnk1 IL-4 1.55 2.08 1.82 -1.03
LPS 1.44 2.37 2.58 1.55
IFN-y 1.12 -1.37 -1.20 1.01
Gmppa IL-4 1.30 -1.18 1.14 1.51
LPS 1.19 -1.10 -1.57 1.12
IFN-y 1.24 1.10 2.89 2.09
Gmppb IL-4 -1.48 -1.20 1.64 1.11
LPS 1.55 1.31 2.32 2.44
IFN-y 1.19 1.15 1.58 -1.44
Oxctl IL-4 1.08 1.86 2.17 2.03
LPS -1.29 -1.35 -1.41 -1.46
IFN-y 1.27 1.55 1.18 1.24
Oxct2 IL-4 1.26 1.44 1.25 -1.45
LPS 1.05 1.13 1.06 1.10
IFN-y -1.68 -1.37 -1.66 -2.22
Pcytla IL-4 1.33 1.59 1.26 1.24
LPS -1.47 -2.59 -2.63 -2.85
IFN-y 1.87 -1.54 -1.71 1.15
Pcyt2 IL-4 2.36 1.08 1.55 3.07
LPS 1.24 -1.54 -1.31 -1.17
IFN-y -1.12 -2.74 -3.45 -3.66
Pmm1l IL-4 1.40 2.06 1.77 1.22
LPS 1.11 -1.54 -3.83 -1.63
IFN-y 2.71 1.63 1.27 241
Pmm2 IL-4 1.90 2.29 1.76 2.20
LPS 1.43 1.07 1.39 1.63

! Fold changes were calculated using supplementary microarray data for Agxt2, Bdhl, Bdhl*, Chka, Chkp, Etnk1,
Gmppa, Gmppb, Oxctl, Oxct2, Pcytla, Pcyt2, Pmm1, and Pmm2 genes, with UNIQIDs of mMA035026,
mMR028403, mMC011803, mMC011615, mMA034846, mMMR029849, mMR028432, mMC009282, mMC013095,
mMC019363, mMC002638, mMC007591, mMC004009, and mMMAO034923, respectively, relative to control M®s
(data derived from Zhang et al.) [39]. Increases are shown as positive values and decreases are shown as negative
values. Abbreviations denote: Agxt2, alanine-glyoxylate aminotransferase 2; Bdh1, 3-hydroxybutyrate
dehydrogenase 1; Chka, choline kinase a; Chkf, choline kinase B; Etnk1, ethanolamine kinase 1; Gmppa, GDP-
mannose pyrophosphorylase A; Gmppb, GDP-mannose pyrophosphorylase B; IFN-y, interferon-y; IL-4, interleukin-
4; LPS, lipopolysaccharide; Ocxt1/2, 3-oxoacid Co-A transferase 1/2; Pcytla, phosphate cytidylyltransferase 1a;
Pcyt2, phosphate cytidylyltransferase 2; Pmm1, phosphomannomutase 1; Pmm2, phosphomannomutase 2.
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Abstract

Macrophages (M®s) are innate immune cells that are nearly ubiquitous
throughout human bodily tissues, where they orchestrate innate and adaptive immune
responses to maintain cellular homeostasis. They have the capacity to display a spectrum
of functional phenotypes due to the presence of different microenvironmental cues,
particularly soluble bacterial secretory products. Recent evidence has emerged which
demonstrates that metabolism supports M® function and plasticity, in addition to energy
and biomolecular precursor production. In this study, 1D *H NMR-based metabolomics
was used to determine the metabolic pathways that are modulated following primary
human monocyte-derived M® exposure to P. aeruginosa planktonic- and biofilm-
conditioned media (PCM and BCM). Metabolic profiling of PCM- and BCM-exposed

M®s indicated a significant depletion of intracellular glucose without equivalent
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elevation of downstream glycolytic products, including pyruvate and lactic acid. These
metabolic patterns also suggest that PCM- and BCM-exposed M®s divert glycolytic
intermediates towards inositol phosphate metabolism. Altogether, our study reveals novel
findings concerning the metabolic modulation of human M®s following exposure to
secretory microbial products and contributes additional knowledge to the field of

immunometabolism in M®s.

Introduction

The host innate immune system provides the initial line of defense against
invasive microbes and infection [ 1]. Macrophages (M®s) are a type of phagocytic innate
immune cell, which are crucial for host defense processes, including pathogen and
infection clearance [2], and there is substantial evidence that M®s are key regulators
during wound healing [3,4]. Bacterial infection induces the migration and activation of
immune cells, including neutrophils and monocytes, as a result of cytokine and
chemokine secretion at the site of infection [5]. In acute wounds, M®s phagocytose
debris, bacteria, and apoptotic host cells from the wound bed during an inflammatory
response before the subsequent proliferative phase and tissue regeneration can
commence, which is marked by a phenotypic transition of M®s from pro-inflammatory,
M1 M®s, to anti-inflammatory, M2 M®s [6,7]. Progression from inflammation into the
proliferative and remodeling phases of healing does not readily occur in chronic wounds;
consequently, there is a prolonged presence of M1 M®s in the chronic wound bed, which

may contribute to delayed tissue regeneration [8,9]. Investigating the molecular events
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and biological processes that support persistent inflammation in chronic wounds may
provide insight for the development of more effective therapeutic treatments for chronic
wounds.

Biofilms are structured communities of bacterial cells encased in a secreted
extracellular polymeric matrix, which adhere to abiotic or biological surfaces [10,11].
Bacteria within biofilms have been demonstrated to be phenotypically distinct from
planktonic, or free-living, bacteria; in addition, they are inherently more resistant to
antibiotics and host defense mechanisms than planktonic microbes [12,13]. Chronic
wounds are particularly susceptible to bacterial infection and subsequent biofilm
colonization of the wound bed due to inadequate blood flow, hypoxia [14], delayed re-
epithelialization [15], and impaired host defense mechanisms [16,17]. A previous study
has demonstrated that bacteria present within chronic wounds are predominantly biofilm,
whereas acute wounds exhibit minimal biofilm content [18]. Furthermore, it has been
shown that partial thickness porcine model wounds inoculated with a wound isolate
bacterial strain display biofilm structure formation within 48 hours [19]. Biofilm
challenged diabetic murine punch biopsy wounds exhibit delayed healing, prolonged
inflammation, and extensive tissue necrosis compared to control wounds [20], which
suggests that biofilm formation within wounds contributes to deferred healing and wound
chronicity. Although biofilm colonization within chronic wounds has been well
established, their interactions with host innate immune cells, which may support
pathogenesis, remain uncharacterized.

While chronic wound biofilms are known to maintain a diverse flora of microbes,
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the most prevalent bacteria in diabetic foot, venous leg, and pressure ulcers include
Staphylococcus, Pseudomonas, Peptoniphilus, Enterobacter, Stenotrophomonas,
Finegoldia, and Serratia spp [21]. In addition, chronic wound microbiota varies markedly
between different wound types and individuals, with most exhibiting colonization by
multiple microbial species [21]. This complexity contributes to and often confounds the
determination of a definitive host immune response. Consequently, in order to further
understand and gain insight into the role of biofilms in pathogenesis, a single,
opportunistic pathogen, Pseudomonas aeruginosa, was examined in our study. P.
aeruginosa is a particularly virulent pathogen that is found predominantly in venous leg
ulcers [21]. Moreover, chronic P. aeruginosa infection is correlated with increased
morbidity, mortality, and worsened disease progression [22,23]. Previous studies have
demonstrated that biofilm-conditioned media (BCM), containing soluble bacterial
products, induces distinct morphological changes, diminished viability, apoptosis, and
altered cytokine production in keratinocytes and fibroblasts, when compared to
planktonic-conditioned media (PCM) [24,25].

Immunometabolism is a rapidly developing and expanding field at the forefront of
immunology that studies the correlation between immune cell function and metabolism
[26,27]. Metabolomics studies investigate the differential modulation of metabolic
pathways in biological samples, such as cells, tissues, and biofluids, by identifying and
quantitating perturbations in metabolite profiles [28,29]. Recent evidence has emerged
indicating that metabolites, such as itaconate and succinate, can serve as signaling

molecules, in addition to metabolic intermediates, that mediate the resultant functional
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phenotype of M®s [30,31]. Prior studies have shown that M1 and M2 M®s demonstrate
distinct metabolic patterns pertaining to central metabolism, including oxidative
phosphorylation, fatty acid utilization, and glycolysis; therefore, immunometabolism is
believed to be vital for competent functionality of immune cells [32-34]. However,
further research is essential to better understand and elucidate the potential biochemical
and functional differences concerning host M® responses to invasive pathogens, with
specific emphasis placed upon discrepancies between planktonic versus biofilm
challenge.

In the present study, we aimed to investigate the metabolic impact of P.
aeruginosa planktonic- and biofilm-conditioned media exposure on primary human
monocyte-derived resting (M0) M®s, using CD14" magnetic-activated cell sorting
(MACS) technology, in vitro M® differentiation and exposure schemes, 1D *H NMR
metabolomics, metabolic profiling using Chenomx Suite software, and statistical
analysis. MO M®s were differentiated from primary human monocytes using M® colony-
stimulating factor (M-CSF) for 9 d before stimulation with PCM or BCM. Following
exposure, both intra- and extracellular metabolites were extracted, 1D *H NMR data was
acquired, and metabolite profiling of the extracts was conducted. Results from this study
highlight metabolic pathways that are modulated in PCM- and BCM-exposed M®s,
relative to control M®s, including glycolysis, lactic acid fermentation, and the
tricarboxylic acid (TCA) cycle. The functional significance of the metabolic profiles

found to be associated with PCM- and BCM-exposed M® phenotypes is also discussed.
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Materials and Methods

Primary Human Monocyte Isolation

Heparinized whole blood was collected in accordance with proper guidelines,
local Institutional Review Board (IRB) approval (ID# 00000799; Protocol #vC100118),
and informed consent from healthy, adult donors in Bozeman, Montana, USA. A total of
5 donors, in the age range of 19 to 35 were included in this study, of whom 40% were
female. Peripheral blood mononuclear cells (PBMCs) were isolated by centrifugation in
lymphocyte separation media (Corning) at 800 x g for 25 min at room temperature.
CD14" monocytes were isolated from PBMCs by MACS using CD14 human microbeads
(Miltenyi Biotec), which resulted in an average purity of 97.1 + 1.3% (Figure S2) when
subjected to sorting on an LSR Fortessa cell analyzer (BD Biosciences).

In Vitro Differentiation of Primary
Human Monocyte-Derived M®s

To generate primary human monocyte-derived M®s, CD14* monocytes were
cultured in 25 cm2 tissue culture flasks (1 x 10° cells per mL; Falcon/Corning) in RPMI
1640 w/L-glutamine (Lonza) media, supplemented with 1 mM sodium pyruvate (Lonza),
1X MEM non-essential amino acids (NEAAS; Gibco), 10% (v/v) fetal bovine serum
(FBS; ATCC), and 50 ng/mL recombinant human M-CSF (rHU-MCSF; PeproTech) for 9
d at 37 °C, 5% CO,. Media and cytokines were replenished every 3 d. Following
differentiation, phenotypic characterization of primary human monocyte-derived M®s

(MoM®s) was conducted by flow cytometry (Figure S3).
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Antibodies and Flow Cytometry

Primary human monocytes isolated using CD14* MACS technology were stained
using anti-human antibodies directed against CD14 (BD Biosciences) and appropriate
isotype controls. MO M®s were stained using anti-human antibodies directed against
CD68, CD80, and CD163 (BD Biosciences) and appropriate isotype controls.
Permeabilization of a cell subset was conducted using Cytofix/Cytoperm (BD
Biosciences) for intracellular staining of CD68. Following staining, cells were
resuspended in fluorescence-activated cell sorting (FACS) buffer for analysis on an LSR
Fortessa Flow Cytometer (BD Biosciences). FACS data were analyzed using FCSalyzer
software (version 0.9.14-alpha) with monocytes and MoM®s gated based upon size and
single cells. Since baseline fluorescence levels differed between fluorophores, mean
fluorescence intensity (MFI) values were normalized by subtracting the appropriate

isotype control MFI from the sample MFI (normalized MFI; Figure S3).

Biofilm-Conditioned Medium (BCM)

BCM was generated using methods similar to those described previously [24,25].
In brief, 6-well plate tissue culture inserts (0.4 um; Falcon) were inoculated with five 10
pL droplets of overnight P. aeruginosa PAO1 culture grown in 10% BHI (Brain Heart
Infusion, BD Bacto) at 37 °C and 220 rpm agitation. Following inoculation, tissue culture
inserts were placed into a 6-well tissue culture plate, and 1.5 mL of 10% BHI was added
to each well. The tissue culture plate was incubated at 37 °C, and media was refreshed
every 24 hrs to maintain biofilm viability [35]. After 72 hrs of growth, biofilm-containing

inserts were transferred to a new 6-well tissue culture plate, 1.5 mL of 1X phosphate
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buffered saline (PBS) was added to each well, and biofilms were incubated at 37 °C for
30 min to remove excess growth media. These 72 hr mature biofilm-containing inserts
were then transferred to a new 6-well tissue culture plate, 1.5 mL of M® culture medium,
consisting of RPMI 1640 w/L-glutamine (Lonza) media, supplemented with 1 mM
sodium pyruvate (Lonza), 1X MEM NEAAs, and 10% FBS, was added to each well, and
biofilms were incubated at 37 °C. BCM was harvested after 24 hrs of conditioning,
centrifuged at 5000 rpm for 10 min to remove cells, sterile-filtered (0.22 pum;
Fisherbrand), and stored at -20 °C. Tissue culture wells were replenished with fresh cell
culture media following BCM harvest. A total of five 24 hr BCM collections were
pooled, pH-adjusted to 7.4 using sterile, concentrated HCI or NaOH, and stored at -20 °C
until further use.

Colony-forming units (CFUs) for P. aeruginosa PAO1 biofilms were determined
after initial maturation (72 hrs) using 10% BHI and following BCM generation using a
serial dilution drop-plating method. In brief, biofilm colonies were removed from tissue
culture inserts using 1X PBS, vortexed, agitated in a sonicator bath, serially diluted with
PBS, plated on 100% tryptic soy agar (TSA) plates, and incubated at 37 °C. Bacterial

colonies were then counted, and the number of CFUs per insert was calculated.

Planktonic-Conditioned Medium (PCM)

PCM was generated to yield a similar proportion of CFUs per unit of fluid volume
to that of BCM, as previously described [24, 25]. In brief, an overnight culture of P.
aeruginosa PAO1 was grown in 10% BHI at 37 °C with 220 rpm agitation. This

overnight culture was then centrifuged at 5000 rpm for 5 min, and then the cells were
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washed using 1X PBS to remove excess media. This cell suspension was centrifuged
again at 5000 rpm for 5 min, and the cells were resuspended in M® culture medium,
consisting of RPMI 1640 w/L-glutamine (Lonza) media, supplemented with 1 mM
sodium pyruvate (Lonza), 1X MEM NEAAs, and 10% FBS, at a density equivalent to
that of a mature PAO1 biofilm (6 x 10° CFUs/mL). This PAO1 suspension was cultured
at 37 °C with 220 rpm agitation for 24 hrs. After the conditioning period, PCM was
centrifuged at 5000 rpm for 10 min to remove cells, sterile-filtered (0.22 pum;
Fisherbrand), pH-adjusted to 7.4 using sterile, concentrated HCI or NaOH, and stored at -
20 °C until further use.

Exposure of Primary Human Monocyte-
Derived M®s to PCM and BCM

Before exposure experiments, equal volumes of PCM and BCM were mixed with
equal volumes of M® culture medium, consisting of RPMI 1640 w/L-glutamine (Lonza)
media, supplemented with 1 mM sodium pyruvate (Lonza), 1X MEM NEAAs, and 10%
FBS, and pre-warmed to 37 °C.

Spent media was removed from 9 d in vitro MO M® cultures and discarded.
Adherent cells were then washed using 4 mL of pre-warmed (37 °C) Dulbecco’s PBS
(dPBS); this wash was then discarded. Pre-warmed PCM and/or BCM was transferred
into 25 cm? tissue culture flasks containing MO M®s, and these flask were then placed at

37 °C, 5% CO; for 30 min or 1 hr before conducting metabolite extraction.
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Intra- and Extracellular
Metabolite Extraction

Following exposure, spent cell culture medium was transferred into sterile 15 mL
conical tubes and centrifuged at 2000 x g for 1 min at room temperature (RT) to pellet
cellular debris. Two 1.5 mL aliquots of sham and spent cell culture medium were
transferred to sterile 1.5 mL tubes and stored at -80 °C prior to extracellular metabolite
extraction. Cell monolayers were washed with 1 mL of cold (4 °C) sterile 1X phosphate-
buffered saline (PBS). Wash solutions were pipetted into a 15 mL conical tube,
centrifuged at 2000 x g to pellet any remaining non-adherent cells, decanted, and then
resuspended in 500 pL of -20 °C 50% aqueous methanol. 1.5 mL of -20 °C 50% aqueous
methanol was added to 25 cm2 tissue culture flasks to simultaneously quench, extract,
and detach cells from flask surface with the aid of a cell scraper. Cell suspensions were
removed from 25 cm? tissue culture flasks, transferred to 15 mL conical tubes containing
non-adherent cell suspensions, and thoroughly mixed.

Two aliquots of 1 mL cell suspensions were transferred into separate 2 mL lysis B
matrix tubes (MP Biomedicals) and lysed using a FastPrep-24 5G homogenizer (MP
Biomedicals) at a speed of 6.0 m/s for 2 cycles of 40 s each, with lysis tubes placed on
ice between cycles. 50 pL of cell lysate was stored at -80 °C for protein determination,
and then 500 pL of chloroform (CHCIs) was added to each lysis tube. Tubes were
vortexed for 3 cycles of 10 s each, and then placed at -20 °C for 20 min, prior to
centrifugation at 10,000 x g for 10 min to separate aqueous and nonpolar phases [36].
The aqueous phase was transferred to a 1.5 mL tube, dried using a vacuum centrifuge

(Speedvac) with no heat overnight, and stored at -80 °C until NMR metabolite sample



114
preparation.
Sham and spent cell culture medium aliquots were filtered through 3 kDa
molecular weight cutoff (MWCO) centrifuge filters (Millipore Amicon), which had been
prewashed extensively [35], prior to being dried using a vacuum centrifuge (Speedvac)

with no heat overnight and stored at -80 °C until NMR sample preparation.

Protein Assay

Sample protein content was measured using a Pierce BCA Protein Assay Kit
(ThermoFisher Scientific; Cat. No. 23225) for intra- and extracellular metabolite extract

normalization.

NMR Sample Preparation

Intra- and extracellular metabolite extracts were resuspended in 600 pL of NMR
buffer consisting of 25 mM NaH2PO4/Na;HPO4, 0.4 mM imidazole, 0.25 mM 4,4-
dimethyl-4-silapentane-1-sulfonic acid (DSS) in 90% H>0/10% D,0 at pH 7.0. Samples
were centrifuged at 21000 rpm for 60 s to pellet insoluble material, and then transferred

into 5 mm NMR tubes for metabolomics analysis.

NMR Data Acquisition and Preprocessing

NMR spectra were collected at 298 K (25 °C) using a Bruker 600 MHz (*H
Larmor frequency) AVANCE 11 solution NMR spectrometer, equipped with a SampleJet
automatic sample loading system, a 5 mm triple resonance (*H, *N, *3C), liquid-helium-
cooled TCI NMR cryoprobe, and Topspin software (Bruker version 3.6). 1D *H NMR

spectra acquisition was performed using the Bruker-supplied ‘zgesgp’ pulse sequence
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[37,38]; NMR spectra were recorded with 256 scans and a *H spectral window of
9615.38 Hz. Free induction decays (FIDs) were collected with 32K data points and a
dwell time interval of 52 psec, amounting to a data acquisition time of 1.7 s. Recovery
delay (D1) times between acquisitions were set to 1 s, resulting in an overall 2.7 s
relaxation recovery delay between scans [39,40]. Phase correction and DSS chemical
shift referencing of 1D *H NMR spectra were performed using Topspin software (Bruker

version 3.6).

NMR Data Analysis

Additional processing of 1D *H NMR spectra and metabolic profiling were
performed using Chenomx NMR Suite software (version 8.1; Chenomx Inc., Edmonton,
Alberta, Canada). Preprocessed ‘1r’ NMR spectra files were imported into Chenomx and
baseline correction was conducted using the automatic cubic spline function and manual
breakpoint adjustment to procure a flat, well-defined baseline [41,42]. All *H chemical
shifts were referenced to the DSS signal (0.0 ppm), and imidazole *H NMR signals were
used to make adjustments arising from slight variations in sample pH. Identification and
quantitation of metabolites was performed by manually peak-based fitting 1D *H spectral
patterns, intensities, and chemical shifts with reference to small molecule spectral
patterns present in the Chenomx database for 600 MHz (*H Larmor frequency) magnetic
field strength NMR; manual adjustments were performed to attain optimal spectral
pattern fits based upon metabolite intensity and peak cluster location [43]. In addition to
serving as a chemical shift reference, the internal DSS (0.25 mM) standard was also used

for metabolite quantitation.
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Statistical Analysis

Metabolite concentrations were normalized to protein content and NMR buffer
volume before multivariate statistical analysis by MetaboAnalyst 4.0 [44,45]. After
normalization, metabolite concentrations were log-transformed and auto-scaled, mean-
centered and divided by SD, to yield a Gaussian data distribution prior to multivariate
statistical analysis, which included 2D-PCA and HCA. A Euclidean distance measure and
Ward clustering algorithm were used when performing HCA in MetaboAnalyst.
GraphPad Prism program version 8.2.1 (GraphPad Software, La Jolla, CA) was used to

determine statistical significance by unpaired parametric t-test with Welch’s correction.

Results

PCM- and BCM-Exposed M®s
Exhibit Distinct Metabolic Profiles
Compared to Control M®s

To determine the metabolic patterns associated with PCM- and BCM-exposed
M®s, metabolite profiles of 30 min. and 1 hr. control, PCM-exposed, and BCM-exposed
M®s cultured in vitro were characterized using untargeted *H NMR metabolomics. 1D
'H NMR spectra of intra- and extracellular metabolite extracts were recorded on a 600
MHz (*H Larmor frequency) solution NMR spectrometer at MSU. This approach
facilitated the identification and quantitation of 44 metabolites in these cell cultures.

2D principal component analysis (2D-PCA) of intracellular metabolite profiles
(Figure 1A) demonstrated that 30 min. and 1 hr. PCM- and BCM-exposed M®s are

metabolically distinct from 30 min. and 1 hr. control M®s. In addition, 30 min. PCM-
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Figure 1. Multivariate statistical analysis reveals intracellular metabolic differences
between 30 min. and 1 hr. control, PCM-exposed, and BCM-exposed M®s. 2D principal
component analysis (2D-PCA) scores plots generated by analysis of metabolic profiles
from (A) intracellular M® metabolite extracts (30 min. control, pink; 30 min. PCM,
yellow; 30 min. BCM, cyan; 1 hr. control, green; 1 hr. PCM, blue; 1 hr. BCM, red), with
shaded regions illustrating respective 95% confidence intervals. Hierarchical clustering
analysis (HCA) and heatmap visualization of metabolic profiles from (B) intracellular
M® metabolite extracts was performed using a Euclidean distance calculated from
metabolite abundance and a Ward clustering algorithm. The upmost column bar is
colored according to M® group (30 min. control, pink; 30 min. PCM, yellow; 30 min.
BCM, cyan; 1 hr. control, green; 1 hr. PCM, blue; 1 hr. BCM, red), and the color scale
represents the scaled abundance of each metabolite, with yellow indicating high
abundance and red indicating low abundance. Abbreviations denote: ADP, adenosine
diphosphate; AMP, adenosine monophosphate; GSH, reduced glutathione; GTP,
guanosine triphosphate; IMP, inosine monophosphate; OPEtn, o-phosphoethanolamine;
UMP, uridine monophosphate.

and BCM- exposed M®s displayed unique metabolic profiles from corresponding 1 hr.
exposure samples. These intracellular metabolite profiles were also subjected to

hierarchical clustering analysis (HCA) and heatmap generation to illustrate which
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metabolites significantly contributed to group discrimination (Figure 1B). Some distinct
patterns observed in the intracellular metabolite profiles of 30 min. PCM- and BCM-
exposed M®s included elevated concentrations of phosphocreatine, myo-inositol, inosine
monophosphate (IMP), and phosphocholine, which were not observed in 30 min. control
M®s (Figure 1B). Although the intracellular metabolite profiles determined for 1 hr.
PCM- and BCM-exposed M®s were not as distinct from 1 hr. control M®s as those
observed for the 30 min. time point M® groups, one notable finding from our 1 hr. PCM-
and BCM-exposed M®s was an increased concentration of IMP relative to control M®s
(Figure 1B). Unfortunately, none of these M® groups (control, PCM-exposed, and BCM-
exposed) were distinguishable based upon their extracellular metabolite profiles (Figure
S1).

PCM- and BCM-Exposed M®s Display
Intriguing Glycolytic Trends

Metabolic profiling of intra- and extracellular 30 min. and 1 hr. control, PCM-
exposed, and BCM-exposed M® metabolite extracts revealed that PCM- and BCM-
exposed M®s display similar metabolic changes with regard to glycolytic and lactic acid
fermentation pathways (Figure 2A), when compared to control M®s.

30 min. PCM- and BCM-exposed M®s exhibited intracellular glucose levels that
were -10.70 and -9.65-fold lower, respectively, intracellular pyruvate levels that were -
3.05 and -2.30-fold lower, respectively, and intracellular lactate levels that were -1.83
and -2.94-fold lower, respectively, relative to those found in 30 min. control M®s (Figure

2B and Table 1). However, 30 min. PCM- and BCM-exposed M®s displayed no
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Figure 2. Depletion of intracellular glucose without equivalent generation of pyruvate or
lactate in PCM- and BCM-exposed M®s. Schematic diagram of glycolysis and lactic acid
fermentation pathways (A), and quantitative levels of corresponding metabolites detected
in (B) intra- and (C) extracellular metabolite extracts (mean + SD). Unpaired parametric
t-tests with Welch’s correction (two-tailed; *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001). Abbreviations denote: 2-PG, 2-phosphoglycerate; 3-PG, 3-phosphoglycerate;
ADP, adenosine diphosphate; AGXT, serine—pyruvate aminotransferase; AKR1, aldo-
keto reductase family 1; ALDH, aldehyde dehydrogenase; ALDO, aldolase; ATP,
adenosine triphosphate; BPG, bisphosphoglycerate; DHAP, dihydroxyacetone phosphate;
ENO, enolase; F6P, fructose 6-phosphate; FBP, fructose bisphosphate; G3P,
glyceraldehyde 3-phosphate; G6P, glucose 6-phosphate; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; GLYCTK, glycerate kinase; GPI, glucose-6-phosphate
isomerase; GRHPR, glyoxylate and hydroxypyruvate reductase; HK, hexokinase; IMPA,
inositol monophosphatase; ISYNAL, inositol-3-phosphate synthase 1; LDH, lactate
dehydrogenase; M6P, mannose 6-phosphate; MI3P, myo-inositol-3-phosphate; MPI,
mannose phosphate isomerase; MTHF, methylenetetrahydrofolate; NAD, nicotinamide
adenine dinucleotide; NADH, reduced nicotinamide adenine dinucleotide; PEP,
phosphoenolpyruvate; PFK, phosphofructokinase; PGAM, phosphoglycerate mutase;
PGK, phosphoglycerate kinase; PKLR, pyruvate kinase L/R; PPP, pentose phosphate
pathway; SHMT1/2, serine hydroxymethyltransferase 1/2; THF, tetrahydrofolate; TPI,
triosephosphate isomerase.
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Table 1. Discriminatory metabolites in intracellular extracts associated with 30
min. and 1 hr. PCM and BCM exposure.*
30 min. 1hr.
Metabolite PCM M®s BCM M®s PCM M®s BCM M®s
FC p-value FC p-value FC p-value FC p-value

Acetate -1.50 Fx -1.51 *x -1.50 *x -1.51 *x
ADP -1.19 NS -1.21 NS -2.04 *x -1.90 *x
Alanine -1.41 *x -1.67 *x 1.08 NS -1.15 NS
Arginine -4.24 floioiel -4.96 faleiolel -1.57 NS -1.93 NS
Asparagine -3.37 ol -4.73 el -1.90 *x -2.79 *x
Aspartate -2.84 fieled -2.47 Fkk -1.06 NS 1.02 NS
Betaine -1.22 NS -1.27 * -2.27 *x -2.13 *x
Choline -2.58 Fxk -1.55 *x -1.62 * 1.16 NS
Creatine phosphate 3.18 falaiel 2.66 ** -1.40 NS -1.29 NS
Fumarate -1.16 NS -1.55 NS -1.41 NS -1.79 *
Glucose -10.70 okl -9.65 ok -3.30 ok -4.30 ek
Glutamate -1.56 ikl -1.54 *x -1.24 NS -1.02 NS
Glutamine -2.78 Fkkk -3.72 Fkkk -3.12 ekl -3.23 ikl
Glutathione -2.61 ookl -2.89 falalolel -1.08 NS 1.29 NS
Glycerol -3.57 * -8.58 *x 5.36 flolel -1.12 NS
Glycine -1.44 ikl -1.24 *x -1.24 * -1.14 NS
GTP -1.19 NS 1.01 NS -1.52 * -1.20 NS
Histidine -2.01 *x -3.10 *x 1.09 NS -1.40 *
IMP 1.63? ookl 3.242 ookl 8.70% ** 8.282 ok
Isoleucine -2.65 ikl -3.51 flolel -1.52 il -2.13 *x
Lactate -1.83 wx -2.94 ookl -2.12 ** -3.01 **
Leucine -1.61 *x -2.51 okl -1.04 NS -1.38 *
Lysine -2.91 ikl -4.19 flolel -1.33 NS -1.66 *
Phosphocholine 1.19 * 1.45 *x 181 fakolel 1.69 fleled
Phosphoethanolamine -1.60 Fhx -1.32 *x -1.40 * -1.35 *
Phenylalanine -1.29 * -1.85 ** 1.34 * -1.11 NS
Proline -2.11 ikl -2.76 ookl -1.45 *x -1.81 **
Propionate -3.49 *x -2.74 *x -1.09 NS -1.11 NS
Pyroglutamate -6.20 ekl -6.23 falolel -2.18 ol -3.17 **
Pyruvate -3.05 floleiel -2.30 faloled -2.00 il -2.24 *x
Serine -2.39 wx -2.72 ** -1.58 *x -1.60 *
Succinate -4.88 el -2.07 il -2.01 * -1.88 *
Taurine -1.39 * -1.29 * -1.04 NS 1.24 NS
Tyrosine -1.77 *x -3.29 Frk -1.04 NS -1.37 NS
UMP -1.04 NS 1.45 il -1.36 NS -1.44 NS
Valine -1.30 * -2.16 *x 1.47 *x -1.11 NS
myo-Inositol 1.54 *x 2.19 ekl -1.03 NS -1.15 NS
f-alanine -1.31 * -1.54 ol 1.06 NS 1.36 *

! Metabolites were selected based upon fold change (FC) of intracellular metabolite concentrations, and statistical
significance, between exposure M® groups (PCM M®s and BCM M®s; nmol/mg protein; calculated from metabolite
spectral fitting using the Chenomx NMR Suite software and the standard Chenomx 600 MHz metabolite library)
relative to control M®s. Fold changes were calculated relative to control M®s, whereby increases are shown as positive
values and decreases are shown as negative values. Statistical significance (p) was measured using two-tailed unpaired
parametric t-tests with Welch’s correction, whereby *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
Abbreviations denote: NS, not statistically significant; ADP, adenosine diphosphate; GTP, guanosine triphosphate;
IMP, inosine monophosphate; UMP, uridine monophosphate. ? Fold change (FC) was calculated using limit of
detection (LOD) values (see Table S1) for M® group in which a given metabolite was not detected.
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significant differences concerning extracellular fructose, glucose, mannose, or pyruvate
consumption (Figure 2C). Extracellular lactate for the 30 min. PCM-exposed M®s were
significantly different from 30 min. control M®s, where control and PCM-exposed M®s
displayed an average surplus of 952.61 and 2269.58 nmol lactate/mg protein, respectively
(Figure 2C and Table 2), relative to sham extracellular metabolite extract controls. 1 hr.
PCM- and BCM-exposed M®s exhibited intracellular glucose levels that were -3.30 and -
4.30-fold lower, respectively, intracellular pyruvate levels that were -2.00 and -2.24-fold
lower, respectively, and intracellular lactate levels that were -2.12 and -3.01-fold lower,
respectively, relative to those found in 1 hr. control M®s (Figure 2B and Table 1).
Similar to the 30 min. time point M® groups, 1 hr. PCM- and BCM-exposed M®s
displayed no significant differences concerning extracellular fructose, glucose, mannose,
or pyruvate consumption (Figure 2C). In addition, extracellular lactate for the 1 hr. PCM-
and BCM-exposed M®s was also not significantly different from 1 hr. control M®s
(Figure 2C).

Since there appeared to be discrepancies regarding the depletion of intracellular
glucose relative to the levels of intracellular pyruvate and lactate, other relevant intra- and
extracellular metabolites that were detected in control, PCM-exposed, and BCM-exposed
M®s were examined, including glycerol, glycine, myo-inositol, and serine (Figure 2A).
30 min. PCM- and BCM-exposed M®s exhibited intracellular glycerol levels that were -
3.57 and -8.58-fold lower, respectively, intracellular glycine levels that were -1.44 and -
1.24-fold lower, respectively, intracellular myo-inositol levels that were 1.54 and 2.19-

fold higher, respectively, and intracellular serine levels that were -2.39 and -2.72-fold
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Table 2. Discriminatory metabolites in extracellular extracts associated with 30 min.
PCM and BCM exposure.*

1 Metabolites were selected based upon statistical significance of extracellular metabolite concentrations between exposure M® groups
(PCM M®s and BCM M®s; nmol/mg protein; calculated from metabolite spectral fitting using the Chenomx NMR Suite software and

Metabolite Concentration (mean + SD) p-value
Control M®s PCM M®s BCM M®s PCM? | BCM? | PCMvs. BCM

3-hydroxybutyrate -2.27£4.45 -16.68 + 4.87 -2.04 £21.42 ** NS NS
Alanine -13.26 + 18.86 158.23 + 63.84 127.83 £57.81 ** * NS
Asparagine 91.23 + 225.36 198.11 + 69.82 80.02 + 23.81 NS NS *

Aspartate -209.86 + 116.33 47.27 + 46.36 119.78 £ 197.75 * * NS
Betaine -2.42+£2.94 1.63+1.21 -14.23 + 2.65 NS o el
Choline 6.99 +4.92 -13.50 + 3.39 0.13 +19.43 il NS NS
Glutamate -128.12+9.12 -113.96 +32.48 280.37 +244.28 NS * *

Glycerol -204.47 + 620.34 20.36 + 186.36 489.34 £ 231.78 NS NS *

Lactate 952.61 +490.23 2269.58 +390.78 | 1516.06 +455.25 ** NS *

Lysine -53.70 + 25.58 61.03+18.71 5.92+37.24 ekl * NS
Methionine -30.81 + 33.63 65.52 + 30.04 64.82 + 14.75 ** *x NS
Phosphocholine -3.84 +10.98 -25.25 +4.40 -11.95+31.81 * NS NS
Phenylalanine -41.11 +43.58 59.64 + 31.75 32.97 +£16.83 * * NS
Serine -132.54 + 133.77 195.13 + 88.48 161.81 + 60.37 ** * NS
Threonine -51.72 + 153.48 239.78 + 107.86 134.26 £ 93.92 * NS NS
Tryptophan -32.70 £12.44 10.95+6.54 12.36 +3.91 ** *x NS
Tyrosine -16.65 + 46.03 68.98 + 22.92 39.87 +£35.98 * NS NS
myo-Inositol -52.53 + 102.00 25.75 + 56.15 205.99 + 130.96 NS * NS
trans-4-hydroxy-L-proline -185.88 + 82.02 87.15+43.53 -26.79 £ 12.97 ** * *

the standard Chenomx 600 MHz metabolite library) relative to control M®s. Metabolite concentrations were normalized to sham

media controls, whereby increases are shown as positive values and decreases are shown as negative values. Statistical significance (p)
was measured using two-tailed unpaired parametric t-tests with Welch’s correction, whereby *, p < 0.05; **, p < 0.01; ***, p < 0.001;
*x*% p <0.0001; NS, not statistically significant. 2 Relative to control M®s.

lower, respectively, relative to those found in 30 min. control M®s (Figure 2B and Table

1). 30 min. PCM- and BCM-exposed M®s displayed no significant differences

concerning extracellular glycerol or glycine consumption (Figure 2C), relative to control

Ms. Extracellular serine levels for 30 min. PCM- and BCM-exposed M®s were

significantly different from 30 min. control M®s, where control, PCM-exposed, and

BCM-exposed M®s displayed an average concentration of -132.54, 195.13, and 161.81

nmol serine/mg protein, respectively (Figure 2C and Table 2), relative to sham

extracellular metabolite extract controls. 1 hr. PCM-exposed M®s exhibited intracellular

glycerol levels that were 5.36-fold higher, intracellular glycine levels that were -1.24-fold

lower, and intracellular serine levels that were -1.58-fold lower, relative to those found in

30 min. control M®s (Figure 2B and Table 1). 1 hr. BCM-exposed M®s exhibited
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intracellular serine levels that were -1.60-fold lower, relative to those found in 30 min.
control M®s (Figure 2B and Table 1). 1 hr. PCM- and BCM-exposed M®s displayed no
significant differences concerning extracellular glycerol, glycine, or serine consumption
(Figure 2C), relative to control M®s.

Although the majority of these results concern the metabolic distinctions found
between PCM- and BCM-exposed M®s relative to control M®s, there were several
significant differences observed between PCM- and BCM-exposed M®s. 30 min. BCM-
exposed M®s demonstrated intracellular glycerol levels that were -2.40-fold lower,
intracellular lactate levels that were -1.61-fold lower, intracellular pyruvate levels that
were 1.33-fold higher, intracellular serine levels that were -1.14-fold lower, and
intracellular myo-inositol levels that were 1.42-fold higher, relative to those found in 30
min. PCM-exposed M®s (Figure 2B and Table S2). In addition, 1 hr. BCM-exposed
Ms displayed intracellular glycerol levels that were -5.99-fold lower and intracellular
lactate levels that were -1.42-fold lower, relative to those found in 30 min. PCM-exposed
M®s (Figure 2B and Table S2). Much of the extracellular data were similar for both
PCM- and BCM-exposed M®s; however, 30 min. BCM-exposed M®s exhibited
significantly increased levels of extracellular glycerol and significantly decreased levels
of extracellular lactate, relative to those found for the 30 min. PCM-exposed M®s

(Figure 2C and Table 2).

Discussion

Increased glycolytic flux in the presence of oxygen (i.e. aerobic glycolysis) is
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considered a universal metabolic characteristic of M1, or pro-inflammatory, M®s. In fact,
it has been shown to be critical for the regulation and support of M1 M® function, such as
the generation of ROS, phagocytosis of pathogens and apoptotic cells, and the secretion of
pro-inflammatory cytokines [46-48]. In this study, we determined that PCM- and BCM-
exposed M®s exhibit significant depletion of their intracellular glucose levels compared to
control M®s. Surprisingly, we did not observe a corresponding significant increase in
either intracellular pyruvate or lactate in PCM- and BCM-exposed M®s relative to control
M®s. An even greater puzzling result was that PCM- and BCM-exposed M®s do not
consume any extracellular carbohydrate sources, such as fructose, glucose, or mannose, to
a larger extent than our control M®s. If glycolysis was indeed upregulated, we would
expect to see significant consumption of glucose from the extracellular environment similar
to what we and others in the immunometabolism field have demonstrated for M1 M®s.
Although intracellular glucose depletion in PCM- and BCM-exposed M®s does not
correspondingly reflect in our observed intracellular pyruvate and lactate levels, we believe
that some intracellular glucose is being used to generate ATP and pyruvate given that
previous studies have found Warburg-like metabolic traits in inflammatory M1 M®s
[34,46,49].

Lipopolysaccharide (LPS)-stimulated, or M1, M®s have been shown to increase
fatty acid synthesis to support their pro-inflammatory effector functions, particularly
phagocytic activity [30,34]. Monocytic differentiation to M®s is associated with
upregulation of fatty acid synthesis genes and a metabolic switch from cholesterol

synthesis to phosphatidylcholine synthesis in M®s [50]. Our metabolic findings in PCM-
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and BCM-exposed M®s revealed significant depression of intracellular glycerol levels at
30 min.; however, 1 hr. PCM-exposed M®s exhibit significantly increased levels of
intracellular glycerol. Although Figure 2A illustrates the anaplerotic regeneration of the
glycolytic intermediate 2-phosphoglycerate (2-PG) from glycerol, glycerol can also be
generated from the glycolytic intermediate glyceraldehyde 3-phosphate (G3P) and then
utilized for fatty acid synthesis [51]. We believe that our metabolic data indicate that PCM-
exposed M®s may be accumulating intracellular glycerol at the 1 hr. time point in order to
upregulate the synthesis of fatty acids, which are critical for the proper function of M®
phagocytosis. In addition, additional metabolic data obtained in our study demonstrates
consumption of extracellular choline and phosphocholine, which are essential metabolic
precursors for phosphatidylcholine (PC) synthesis [50], uniquely in our PCM-exposed
M®s. Absence of glycerol accumulation and consumption of choline and phosphocholine
in our BCM-exposed M®s suggests that secretory bacterial biofilm products inhibit M®
phagocytic activity. This result may be considered consistent with previous studies that
have demonstrated attenuated M® effector function in the presence of P. aeruginosa
biofilms [52].

Previous studies have suggested that myo-inositol is involved in the regulation of
phagocytosis [53,54]. Chen et al. demonstrated that low and intermediate dose
administration of exogenous myo-inositol induced significant depolarization of M®
membrane potential in vitro [55]. However, this M® depolarization effect was lost when
higher myo-inositol dosages, 80 mM, were used in in vivo murine models [55]. M®s in

mice pre-treated with exogenous myo-inositol exhibited greater membrane potential
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depolarization, which led to significantly increased phagocytic capacity in M®s exposed
to antibiotic-susceptible and antibiotic-resistant Escherichia coli [55]. In the absence of
exogenous myo-inositol pre-treatment, murine M®s displayed reduced phagocytosis of
antibiotic-resistant E. coli relative to antibiotic-susceptible E. coli and reduced membrane
potential polarization [55]. Myo-inositol metabolism leads to the generation of two
products, phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P3) and inositol 1,3,4,5-
tetrakisphosphate (Ins(1,3,4,5)P4). While the latter product, Ins(1,3,4,5)P4, suppresses PH
domain-containing proteins, such as Aktl, the former product, PtdIns(3,4,5)P3, binds to
PD domain-containing proteins and as a result initiates downstream cellular signaling
pathways which include the modulation of membrane potential [53,54,56]. We hypothesize
that elevation of intracellular myo-inositol in our PCM-exposed M®s modulates the ratio
of Ins(1,3,4,5)P4 and PtdIns(3,4,5)P3, which regulate Akt activity, therefore manipulating

membrane potential depolarization.

Conclusions

In conclusion, our metabolite profiling data generated using in vitro primary human
monocyte-derived M®s exposed to P. aeruginosa PCM and BCM indicate that both PCM-
and BCM-exposed M®s utilize glycolysis without any apparent consumption of
extracellular carbohydrate sources. Furthermore, at our 30 min. exposure time points it
appears as through PCM- and BCM-exposed M®s may be diverting a significant portion
of early glycolytic intermediates towards inositol phosphate metabolism instead of

pyruvate generation. Moreover, we found that although 30 min. PCM- and BCM-exposed
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M®s seem to use glycerol as a catabolic substrate, our 1 hr. PCM-exposed M®s contain
significantly increased levels of glycerol compared to both 1 hr. BCM-exposed and control
M®s. Results from this study highlight the importance of elucidating the differential
metabolic modulation of physiologically relevant immune cell populations under disparate
microbial growth mode stress. This work also emphasizes the application of NMR
metabolomics to determine characteristic metabotypes associated with specific pathogen-
derived stimuli. In addition, these methods can be used to further understand how metabolic
adaptations in human M®s correspond to functional dysregulation of M®s in the presence
of pathogenic biofilms and potentially yield targets or insight into the development of more

efficacious chronic wound therapeutics.
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Figure S1. Multivariate statistical analysis reveals limited differences between
extracellular metabolite profiles from 30 min. and 1 hr. control, PCM-exposed, and
BCM-exposed M®s. 2D principal component analysis (2D-PCA) scores plots generated
by analysis of metabolic profiles from (A) extracellular M® metabolite extracts (30 min.
control, pink; 30 min. PCM, yellow; 30 min. BCM, cyan; 1 hr. control, green; 1 hr. PCM,
blue; 1 hr. BCM, red), with shaded regions illustrating respective 95% confidence
intervals. Hierarchical clustering analysis (HCA) and heatmap visualization of metabolic
profiles from (B) extracellular M® metabolite extracts was performed using a Euclidean
distance calculated from metabolite abundance and a Ward clustering algorithm. The
upmost column bar is colored according to M® group (30 min. control, pink; 30 min.
PCM, yellow; 30 min. BCM, cyan; 1 hr. control, green; 1 hr. PCM, blue; 1 hr. BCM,
red), and the color scale represents the scaled abundance of each metabolite, with yellow
indicating high abundance and red indicating low abundance.
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Figure S2. Purity of isolated monocytes. Representative histogram of purified CD14"
monocytes (left) and pooled data from 5 independent experiments, mean + SEM (right).
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Figure S3. Phenotype of primary human monocyte-derived macrophages (MoM®s). (A)
Gating strategy for FACS analysis of MoM®s; (B) Dot plots of CD68, CD80, and

CD163 expression by MO MoM®s; (C) Normalized mean fluorescence intensity (MFI) of
CD68, CD80, and CD163 expression by MO MoM®s.
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Table S1. 1D 'H NMR intra- and extracellular metabolite limit of detection

(LOD) values.!
Extract Metabolite LOD (uM)
Intracellular IMP 0.5

1 LOD values were established by evaluation of signal to noise ratios in our
experimental 1D *H NMR spectra, Chenomx NMR Suite software, and its
accompanying Chenomx 600 MHz metabolite library. Abbreviations denote:
IMP, inosine monophosphate.
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Table S2. Discriminatory metabolites in intracellular extracts
associated with 30 min. and 1 hr. BCM vs. PCM exposure.!
30 min. BCM vs. PCM 1 hr. BCM vs.
Metabolite Mds PCM M®s
FC p-value FC p-value

Alanine -1.18 *x -1.24 *
Asparagine -1.40 *x -1.47 **
Choline 1.66 Fkkk 1.88 *x
Creatine -1.20 folaiel 1.09 NS
Creatine phosphate -1.20 *x 1.09 NS
Fumarate -1.33 *x -1.27 NS
GTP 1.20 * 1.27 *
Glutamate 1.01 NS 1.21 *x
Glutamine -1.34 * -1.03 NS
Glutathione -1.11 NS 1.39 *
Glycerol -2.40 Fkk -5.99 Fkk
Histidine -1.54 ol -1.53 *
IMP 1.99 ol -1.05 NS
Isoleucine -1.32 *x -1.40 *x
Lactate -1.61 ool -1.42 ol
Leucine -1.57 Fkkk -1.33 *
Lysine -1.44 *x -1.25 *
Phosphocholine 1.22 * -1.07 NS
Phosphoethanolamine 1.21 * 1.04 NS
Phenylalanine -1.44 *x -1.48 *x
Proline -1.31 *x -1.24 *
Propionate 1.27 ** -1.02 NS
Pyroglutamate -1.00 NS -1.46 Hhx
Pyruvate 1.33 el -1.12 NS
Serine -1.14 * -1.01 NS
Succinate 2.35 *x 1.07 NS
Taurine 1.08 NS 1.28 *
Tyrosine -1.86 falaiolel -1.32 *x
UMP 151 el -1.06 NS
Valine -1.66 fakakoll -1.64 *x
myo-Inositol 1.42 * -1.12 NS
B-alanine -1.17 * 1.28 NS

1 Metabolites were selected based upon fold change (FC) and statistical significance of
intracellular metabolite concentrations between BCM- and PCM-exposed M®s;
(nmol/mg protein; calculated from metabolite spectral fitting using the Chenomx NMR
Suite software and the standard Chenomx 600 MHz metabolite library). Fold changes
were calculated relative to PCM-exposed M®s, whereby increases are shown as positive
values and decreases are shown as negative values. Statistical significance (p) was
measured using two-tailed unpaired parametric t-tests with Welch’s correction, whereby
*, p <0.05; **, p <0.01; ***, p <0.001; **** p < 0.0001. Abbreviations denote: GTP,
guanosine triphosphate; IMP, inosine monophosphate; UMP, uridine monophosphate.
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CHAPTER FOUR

ONGOING WORK AND CONCLUDING REMARKS

Metabolic Analysis of M2b/c/d M® Activation States

Although preliminary NMR metabolomics analysis of the intracellular
metabolome of primary human monocyte-derived M2b, M2c, and M2d M® activation
states has suggested that these cellular phenotypes are metabolically distinct from one
another, the extracellular metabolic analysis of these M® populations has yet to be
examined. As indicated by our metabolomics data from M0, M1, and M2a M®s using the
same primary monocyte isolation and in vitro differentiation protocols, metabolite
extraction, and NMR analysis methods, the extracellular small molecule environment of
in vitro activated M® cultures yields important insights and validating data with respect
to the metabolic findings resulting from the analysis of intracellular M® metabolite
extracts. In order to conduct a more comprehensive metabolic characterization of M2b,
M2c, and M2d M® activation states, aliquots of sham and spent media from the same
cultures used in our preliminary intracellular analysis, and which have already been
collected and are currently stored at -80 °C, will be filtered using pre-washed 3 kDa
MWCO centrifugal filters and dried using a Speedvac vacuum centrifuge prior to 1D *H
NMR data acquisition and metabolic profiling analysis using Chenomx NMR Suite
software. Furthermore, it would be beneficial to conduct FACS analysis of our M2b,
M2c, and M2d M® phenotypes in order to integrate our metabolomics data with other -

omics and functional analyses reported in previous studies [1]. Additional examination of
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these M® activation states may provide further insights into the metabolic signatures of
these immune cell phenotypes. Furthermore, comparison of these metabolite profiles to
those exhibited by M0, M1, and M2a M®s, which have been experimentally
characterized in greater detail [2-7], could lead to the development of targeted

therapeutics to manipulate the functional phenotypes of distinct M® populations.

M®-Biofilm In Vitro Co-Culture Model

While temporal exposure of human M®s to cell culture media that has been
conditioned with P. aeruginosa planktonic or biofilm bacteria coupled with NMR
metabolomics analysis provides valuable and relevant information regarding host-
pathogen interactions, this model is rather simplistic since it does not use live pathogens
during host cell exposure. In order to conduct a more comprehensive evaluation of the
metabolic cross talk between primary human monocyte-derived MO M®s and P.
aeruginosa biofilms, we have performed temporal M®-biofilm co-culture experiments
ranging from 30 minutes to 8 hours using a non-contact in vitro co-culture model (Figure
1) similar to that utilized in previous studies [8,9]. Following M®-biofilm co-culturing,
samples were harvested, intra- and extracellular metabolites were extracted, and 1D *H
NMR data was acquired. Metabolomics profiling and statistical analysis for all co-culture
intracellular M® extracts has been completed; however, metabolite analyses for the
corresponding extracellular M® extracts have yet to be undertaken. Furthermore, since
the extracellular compartment of our in vitro co-culture model contains both host- and

pathogen-derived molecules, we have also undertaken the metabolic profiling on P.
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aeruginosa biofilm samples that were collected in parallel with our co-cultured M®s. The
goal of these studies is to investigate potential pertubations in pathogen metabolism
during co-culture with M®s.

In addition to the NMR metabolomics approach used in this study, we have also
harvested M®-biofilm co-culture samples for RNA isolation, cDNA generation, and
subsequent real-time polymerase chain reaction (RT-PCR) transcriptomics profiling of
co-cultured M®s with the aim of integrating transcriptomics data with our metabolomics
findings. Biological triplicate RT-PCR arrays were completed earlier this year; however,
statistical analysis and integration of this data with their corresponding metabolite
profiles has yet to be conducted. To investigate the resulting functional phenotype of
human M®s upon co-culture with P. aeruginosa biofilms, we started collecting samples
and conducting intracellular FACS analysis regarding the cytokine production profiles of
these host cells, specifically examining levels of tumor necrosis factor o (TNF-a),
interleukin 6 (IL-6), and interleukin 10 (IL-10), which represent a panel of both pro- and
anti-inflammatory cytokines [10]. Although preliminary data has indicated divergent
trends concerning IL-6, we have not performed a sufficient number of intracellular M®
FACS replicates to generate any firm conclusions thus far. Further analysis and
biological interpretations of these complementary datasets are needed to gain a better
understanding and to generate more detailed insights into the molecular mechanisms

mediating host-pathogen interactions.
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Figure 1. Depiction of our in vitro M®-biofilm co-culture model. This illustration
highlights the preparation, in vitro differentiation/maturation, and co-culture model used
for primary human monocyte-derived M®s and P. aeruginosa biofilms. Abbreviations
denote: M®, macrophage; rHU-MCSF, recombinant human macrophage colony
stimulating factor.

Concluding Remarks

The dissertation research described herein focused on the metabolic
characterization of distinct primary human monocyte-derived M® activation states and
investigated the temporal metabolic modulation of resting, M0, M®s during exposure to
P. aeruginosa PCM or BCM. Metabolic profiling of human M0, M1, and M2a M®s
revealed how differential activation stimuli, pro- or anti-inflammatory, can induce

markedly disparate adaptations in immune cell metabolism, including reprogramming of



142
glycolysis, the TCA cycle, de novo glycerophospholipid synthesis, and the promotion of
oxidative stress, which track with M® biological functions and cellular phenotypes.
Results from the metabolic analysis of human M2b, M2c, and M2d M®s draw
considerable attention to the need to better characterize and define M® phenotypes in a
more comprehensive manner, rather than the traditional M1/M2 binary terminology used
in the field of M® biology. Investigation into the metabolic perturbations of human M®s
upon exposure to P. aeruginosa PCM and BCM demonstrated that planktonic and
biofilm bacteria elicit markedly different metabolic responses in M®s, particularly at the
30 minute time point following PCM or BCM M® exposure. Moreover, the metabolic
diversity of human M®s, in response to cytokine or bacterial stimuli, highlighted using
1D 'H NMR showcases the potential of NMR-based metabolomics for elucidating the
metabolic networks underlying the dysregulation of innate immune cells, which have
been implicated in several pathologies [11-14]. Taken together, the studies herein
highlight the importance of distinguishing and interpreting immunometabolic differences
between human M® activation states in the absence or presence of unique bacterial
growth modes, whilst also demonstrating the particularly effective application of
untargeted 1D *H NMR-based metabolomics for the characterization of intra- and
extracellular metabolic networks utilized by primary human innate immune cells in

response to varying environmental conditions.



143

References

1. Rdszer T. Understanding the mysterious M2 macrophage through activation markers
and effector mechanisms. Mediators Inflamm. 2015; 2015: 816460.

2. O’Neill LA, Pearce EJ. Immunometabolism governs dendritic cell and macrophage
function. J Exp Med. 2016; 213: 15-23.

3. Tannahill GM, Curtis AM, Adamik J, Palsson-McDermott EM, McGettrick AF, Goel
G, et al. Succinate is an inflammatory signal that induces IL-1 through HIF-1a.
Nature. 2013; 496: 238-242.

4. Lampropoulou V, Sergushichev A, Bambouskova M, Nair S, Vincent EE,
Loginicheva E, et al. Itaconate links inhibition of succinate dehydrogenase with
macrophage metabolic remodeling and regulation of inflammation. Cell Metab. 2016;
24: 158-166.

5. Vats D, Mukundan L, Odegaard JI, Zhang L, Smith KL, Morel CR, et al. Oxidative
metabolism and PGC-1f attenuate macrophage-mediated inflammation. Cell Metab.
2006; 4: 13-24.

6. Kim JW, Tchernyshyoc I, Semenza GL, Dang CV. HIF-1-mediated expression of
pyruvate dehydrogenase kinase: a metabolic switch required for cellular adaptation to
hypoxia. Cell Metab. 2006; 3: 177-185.

7. Huang SC, Everts B, Ivanova Y, O’Sullivan D, Nascimento M, Smith AM, et al.
Cell-intrinsic lysosomal lipolysis is essential for alternative activation of
macrophages. Nat Immunol. 2014; 15: 846-855.

8. Kirker KR, Secor PR, James GA, Fleckman P, Olerud JE, Stewart PS. Loss of
viability and induction of apoptosis in human keratinocytes exposed to
Staphylococcus aureus biofilms in vitro. Wound Repair Regen. 2009; 17(5): 690-699.

9. Kirker KR, James GA, Fleckman P, Olerud JE, Stewart PS. Differential effects of
planktonic and biofilm MRSA on human fibroblasts. Wound Repair Regen. 2012;
20(2): 253-261.

10. Wojdasiewicz P, Poniatowski LA, Szukiewicz D. The role of inflammatory and anti-
inflammatory cytokines in pathogenesis of osteoarthritis. Mediators Inflamm. 2014;
2014: 561459.



11.

12.

13.

14.

144

Odegaard JI, Ricardo-Gonzalez RR, Goforth MH, Morel CR, Subramanian V,
Mukundan L, et al. Macrophage-specific PPARYy controls alternative activation and
improves insulin resistance. Nature. 2007; 447: 1116-1120.

Woollard KJ, Geissmann F. Monocytes in atherosclerosis: subsets and functions. Nat
Rev Cardiol. 2010; 7: 77-86.

Platt AM, Bain CC, Bordon Y, Sester DP, Mowat AM. An independent subset of
TLR expressing CCR2-dependent macrophages promotes colonic inflammation. J
Immunol. 2010; 184: 6843-6854.

Kamada N, Hisamatsu T, Okamoto S, Chinen H, Kobayashi T, Sato T, et al. Unique
CD14" intestinal macrophages contribute to the pathogenesis of Crohn disease via IL-
23/1IFN-y axis. J Clin Invest. 2008; 118: 2269-2280.



145

APPENDICES



146

APPENDIX A

OPTIMIZATION OF METABOLITE EXTRACTION PROTOCOLS FOR THE
IDENTIFICATION AND PROFILING OF SMALL MOLECULE METABOLITES

FROM PLANKTONIC AND BIOFILM PSEUDOMONAS AERUGINOSA CULTURES



147
OPTIMIZATION OF METABOLITE EXTRACTION PROTOCOLS FOR THE
IDENTIFICATION AND PROFILING OF SMALL MOLECULE METABOLITES

FROM PLANKTONIC AND BIOFILM PSEUDOMONAS AERUGINOSA CULTURES

Contribution of Authors and Co-Authors

Manuscript in Appendix A

Author: Amanda Fuchs

Contributions: Conceptualized the study, curated the data, conducted formal analysis and
investigation, developed methodology, administered the project, validated and visualized
the data, wrote the original manuscript draft, and reviewed and edited the manuscript.

Author: Brian P. Tripet

Contributions: Conceptualized the study, developed methodology, administered the
project, and reviewed and edited the manuscript.

Co-Author: Mary Cloud B. Ammons

Contributions: Conceptualized the study, acquired funding, provided resources, and
reviewed and edited the manuscript.

Co-Author: Valérie Copié

Contributions: Acquired funding, administered the project, provided resources and
software, supervised the project, and reviewed and edited the manuscript.



148

Manuscript Information Page

Amanda Fuchs, Brian P. Tripet, Mary Cloud B. Ammons, Valérie Copié
Journal Name: Current Metabolomics

Status of Manuscript:
Prepared for submission to a peer-reviewed journal
Officially submitted to a peer-reviewed journal
Accepted by a peer-reviewed journal
X__ Published in a peer-reviewed journal

Publisher: Bentham Science Publisher
Issue in which manuscript appears: Volume 4, Issue 2, 2016

Republished with permission of EUREKA SCIENCE (FZC), from Current
Metabolomics, “Optimization of metabolite extraction protocols for the identification and
profiling of small molecule metabolites from planktonic and biofilm Pseudomonas
aeruginosa cultures”, Fuchs et al., volume 4, issue 2, © 2016; permission conveyed
through Copyright Clearance Center, Inc. (order license 1D 1000190-1).



149
OPTIMIZATION OF METABOLITE EXTRACTION PROTOCOLS FOR THE
IDENTIFICATION AND PROFILING OF SMALL MOLECULE METABOLITES

FROM PLANKTONIC AND BIOFILM PSEUDOMONAS AERUGINOSA CULTURES
Amanda Fuchs?, Brian P. Tripet?, Mary Cloud B. Ammons?”, Valérie Copié®”
4Department of Chemistry and Biochemistry, Montana State University, Bozeman,
59717, Montana, USA
“Address correspondence to these authors at the Department of Chemistry and
Biochemistry, Faculty of Montana State University, Bozeman, MT, USA; Tel: (406) 994-

7244; Fax: (406) 994-4801; E-mails: vcopie@chemistry.montana.edu and
mcammons@chemistry.montana.edu

Abstract

In order to rigorously assess metabolic differences between planktonic and
biofilm Pseudomonas aeruginosa cultures, we found that a specific metabolite extraction
method must be devised to be adequately suited for both phenotypes. Intracellular
metabolite extraction efficiency was found to be dependent on the extraction method and
varies between microbial growth modes. Three cell pellet wash solutions were compared
for the potential to influence intracellular metabolite leakage of P. aeruginosa. Methods
using the 60% methanol wash produced the greatest amount of cell leakage, which was
also reflected in metabolite quantification. We also compared four different extraction
methods using (i) methanol:chloroform (2:1); (ii) 50% methanol; (iii) 100% methanol; or
(iv) 100% water to extract intracellular metabolites from P. aeruginosa planktonic and

biofilm cultures. Quantification of intracellular metabolites via *H NMR showed that
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extraction protocols using 100% water or 50% methanol achieved the greatest extraction
efficiencies, while addition of sonication to facilitate cell lysis to the 50% methanol
extraction method resulted in at least a two-fold increase in signal intensities for
approximately half of the metabolites identified. Phosphate buffered saline (PBS) was
determined to be the most appropriate wash solution, yielding little metabolite leakage
from cells. We determined that washing in 1X PBS and extracting intracellular
metabolites with 50% methanol is the most appropriate metabolite extraction protocol
because (a) leakage is minimal; (b) a broad range of metabolites present at sufficiently
high concentrations is detectable by NMR; and (c) this method proved suitable for

metabolite extraction of both planktonic and biofilm P. aeruginosa cultures.

Introduction

As an analytical approach, metabolomics most directly characterizes the
metabolic phenotype of a sample and reports on metabolic pathways utilized by a given
microorganism when grown under certain conditions [1]. Most commonly used
techniques for metabolite detection and identification include mass spectrometry (MS)
and nuclear magnetic resonance (NMR). MS has the advantages of being more sensitive
than NMR and can detect metabolites of wide ranging abundance [2]. However, mapping
mass spectral features to specific metabolites and metabolite quantification by LC-MS is
quite challenging. While NMR best detects more abundant metabolites (1 mM to 10 uM
reliably) in a sample, identification of metabolites using spectral databases of small

molecules such as those found in the Chenomx™ compound libraries [3] is more
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straightforward. In addition, the NMR approach is highly reproducible, non-destructive,
and permits accurate quantification of metabolite concentrations in a given sample [2].
The Chenomx™ software [3] uses a sophisticated linear analysis approach that allows the
specific contribution of each metabolite to be assessed in an additive manner [4] until
complete or nearly complete spectral intensity contribution, splitting patterns, and
chemical shift matching have been realized.

A critical process in metabolomics research is the establishment of robust and
reproducible methods for metabolite extraction. A key issue is how to handle and harvest
cells prior to extracting intracellular metabolites. This step involves the separation of
cells from growth medium via centrifugation followed by a series of washing procedures
to separate and remove residual extracellular materials from pelleted cells. This wash step
is particularly important for the biofilm phenotype due to the complex extracellular
matrix that often contains extracellular DNA, proteins and, in the case of P. aeruginosa,
alginate among other exopolysaccharides that serve as a protective barrier against harsh
environmental conditions and as a structural scaffold [5]. A common approach used to
wash cell pellets is 60% methanol, which also serves as a metabolic quenching step [6].
Chen et al. [7] observed a significant leakage of intracellular metabolites when
Lactobacillus bulgaricus cells were quenched with both 60% and 80% methanol. It has
also been demonstrated that low ionic strength solutions, such as deionized water, cause
extensive metabolite leakage from Gram-negative bacterial cells [8]. As expected, such
leakages result in a vast underestimation of intracellular metabolite levels present and

skewed metabolite profiles. Significant intracellular ATP loss (>10%) also takes place
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upon cell exposure to 60% methanol, which is particular striking because ATP, ADP, and
AMP concentrations are often used to quantify the metabolic state of the cell via energy
charge calculations [9].

Following cell culture harvesting and washing to remove residual extracellular
materials, including extracellular small molecules, intracellular metabolites must be
extracted efficiently. The ultimate goal of any extraction method is to extract all
metabolites in a non-biased, reproducible, and consistent manner. However, most
extraction methods used thus far are designed to target specific metabolite classes and
often employ harsh conditions, such as high temperatures, that may lead to significant
metabolite degradation [10].

The quintessential goal of an efficient extraction protocol is to be suitable for
metabolomics studies of a variety of microbial cells; however, this is often not feasible
due to different cellular characteristics that result in varying resistance to lysis across
diverse microbial species. Therefore, metabolite extraction methodologies need to be
optimized and evaluated for each species of interest. In the present study, several
different cell wash solutions and metabolite extraction methods were tested and evaluated
for their efficiency to most comprehensively profile the metabolome of P. aeruginosa, a
Gram-negative bacterium that is of particular importance and concern in many areas of

human health [11].



153

Materials and Methods

Bacterial Strain, Growth
Conditions, and Sampling

This study utilized the well-characterized and genome sequenced PAOL strain of
P. aeruginosa. Growth media for both planktonic and biofilm cultures consisted of 10%
BHI (Brain Heart Infusion, BD Bacto™). Inocula for both planktonic and biofilm growth
conditions consisted of closed, batch cultures grown in 10% BHI at 37 °C shaking with
220 rpm to 20 hrs post inoculation (~2.2 x 10° CFUs/ml). Aliquots (10 pl) were collected
for serial dilution, drop plating, and calculation of colony forming units (CFUSs).

For planktonic studies, inoculum cultures were diluted 1:1000 in fresh 10% BHI
and cultured at 37 °C in 250 ml flasks shaking at 220 rpm. Planktonic cultures were
grown under aerobic conditions with flask-to-medium volume ratios of 5:1. Samples
were harvested at 24 hrs post inoculation. Biofilm growth was cultured as previously
described [12, 13]. In brief, tissue culture inserts (Millipore Millicell, 0.4 pum pore size)
were inoculated with five 10 pl droplets of overnight inoculum culture (~10° CFUs/ml)
and grown for 96 hrs at 37 °C. To maintain biofilm viability, the growth media was
refreshed every 24 hrs. Biofilms were collected once they had reached 96 hrs post
inoculation. Spent supernatant was collected from the plate wells and biofilm cells were
harvested from the inserts by gently pipetting with 1 ml of sterile 1X PBS to dislodge the
biofilms. Samples were immediately centrifuged at 5000 rpm for 10 min at 25 °C to
pellet the cells. For both planktonic and biofilm growth conditions, samples were

harvested in technical triplicates.
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Extraction Procedures and
NMR Sample Preparation

NMR samples were prepared in triplicate for each metabolite extraction method.
For 'H NMR analysis, dried samples were resuspended in 700 pl of NMR buffer [25 mM
NaH2PO4/Na;HPO4 containing 0.25 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid

(DSS) in 100% D20, pH 7] and transferred to 5 mm Wilmad NMR tubes.

Methanol/Chloroform Extraction. Cell pellets were resuspended twice in 600 pl

of 60% ice-cold methanol and centrifuged at 5,000 rpm for 10 min. Each of the methanol
washes were dried under vacuum (SpeedVac) and stored at -20 °C prior to analysis.
Washed cell pellets were resuspended in 1 ml of ice-cold 2:1 methanol/chloroform and
transferred to 8 ml glass tubes. Cells were lysed by sonication (BioLogics Inc. Model
3000 Ultrasonic Homogenizer; 30% of maximum instrument power, ~50 pulse); samples
were pulsed 10 times for 3 cycles. 300 pl of each layer of a 1:1 aqueous chloroform
solution was added to the samples and mixed by inversion, followed by centrifugation at
5,000 rpm for 10 min. The top aqueous phase of each sample was transferred to a clean
microcentrifuge tube and dried under vacuum (SpeedVac) at room temperature overnight

and then stored at -20 °C until further use.

50% Methanol Extraction. Cell pellets were resuspended and washed twice in 1

ml of 1X PBS and centrifuged at 5,000 rpm for 10 min. PBS washes were dried under
vacuum (SpeedVac) and stored at -20 °C prior to analysis. Washed cell pellets were
resuspended in 1.5 ml of 50% methanol and placed at -80 °C to freeze for a minimum of

2 hours. Cells were thawed in a circulating cold water bath and transferred to glass tubes.
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Samples were then sonicated for 30 sec. (30% power, ~50 pulse). This freeze-thaw,
sonication cycle was repeated 2 additional times. Cells were centrifuged at 14,000 x g for
5 min. at 4 °C, and the supernatants were transferred to separate microcentrifuge tubes.
The cell debris was resuspended in 1 ml of deionized H>O (diH20O) and centrifuged at
14,000 x g for 5 min. at 4 °C, and the supernatants were pooled with the initial extract.
Chloroform (1 ml) was added to the pooled supernatant and mixed by vortexing briefly.
Phase separation was driven by centrifugation at 5,000 rpm for 5 min. The top aqueous
phase of each sample was transferred to a new microcentrifuge tube, and dried under
vacuum (SpeedVac) at room temperature overnight and then stored at -20 °C until further

use.

100% Methanol Extraction. This method is similar to the 50% methanol

extraction protocol; however, washed cell pellets were resuspended in 1.5 ml of 100%

methanol instead of 50% methanol prior to beginning freeze-thaw, sonication cycles.

100% Water Extraction. This method is similar to the 50% methanol extraction

protocol; however, washed cell pellets were resuspended in 1.5 ml of sterile diH,O

instead of 50% methanol prior to the start of the freeze-thaw, sonication cycles.

NMR Analysis

One dimensional *H NMR spectra were acquired as previously described [13].
Processing and analysis of spectra was performed using Chenomx™ NMR software
(version 8.0, Chenomx, CA). Each *H NMR spectrum was phased, baseline-corrected,

and line-broadened (0.5 Hz) prior to metabolite quantification and identification. The
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DSS internal standard was used to quantify identified metabolites. Compound
identification was carried out by fitting NMR spectral patterns for each sample manually
using the Chenomx™ spectral database of small-molecules for 600 MHz (*H Larmor
frequency) magnetic field strength NMR spectrometers. From all the *H 1D NMR spectra
acquired on biofilm and planktonic PAOL cell extracts, an overall number of ~83

compounds were identified.

Results and Discussions

Cell Pellet Wash

In this optimization study of metabolite extraction in P. aeruginosa, three
different wash solutions were evaluated for their impacts on intracellular metabolite
leakage. The 60% methanol washes produced the greatest amount of leakage for nearly
all of the metabolites identified whereas washes with PBS were determined to be optimal
because no metabolites were found in the second wash conducted with PBS. Therefore,
metabolites obtained from the first PBS wash were determined to be predominantly
extracellular, and did not significantly result from leaked intracellular fractions. This
finding is consistent with previous reports [8] in that the lower ionic strength of solutions
such as 60% methanol and deionized water have a significant effect on intracellular
metabolite leakage from cells. The *H NMR metabolite profile and corresponding
spectral intensities resulting from the first PBS wash was used to normalize the NMR
data obtained from other wash protocols in order to strictly identify those metabolites that

may have been lost due to cellular leakage (Fig. 1). Metabolite concentrations
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Fig. (1). Comparison of metabolite leakage caused by 60% methanol and water washes of
P. aeruginosa cell pellets; cellular metabolite leakage is reported as metabolite
abundance detected in addition to that observed in the first 1X PBS wash.

significantly impacted as a result of cell leakage from the 60% methanol washes included
those from glutamate, betaine, and glycine. Loss of these intracellular metabolites may
confound downstream characterization of different cellular phenotypes. This metabolite
leakage is also reflected in the metabolite extraction efficiencies (attomoles/CFU)

identified for the method using this wash solution — 2:1 methanol/chloroform — compared

to other extraction methods (Table 1).

Metabolite Extraction

An optimal extraction method aims to recover as many intracellular metabolites
as possible at adequate concentrations for quantification, accompanied by minimal

degradation and cellular leakage. However, it has been previously demonstrated that an
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of interest is crucial for an appropriate examination of the intracellular metabolome.
Initially, a 2:1 methanol/chloroform protocol previously adapted for the extraction of
metabolites from Staphylococcus aureus [15] and effective for both planktonic and
biofilm S. aureus [13] was used in this study. At the time, this method seemed
appropriate for P. aeruginosa because it yielded a broad range of intracellular metabolites
at sufficient concentrations for tH NMR quantification in the planktonic phenotype.
Despite its efficacy with batch culture P. aeruginosa, the method produced inadequate
and inconsistent results for the biofilm phenotype (Fig. 2, Table 1). As a result, three
extraction methods adapted from the original protocol were assessed for their efficacy on

planktonic and biofilm P. aeruginosa cultures.
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Fig. (2). Spectral overlay of intracellular metabolites extracted from planktonic (black)
and biofilm P. aeruginosa (gray) using the 2:1 methanol:chloroform extraction method.
The extraction methods used here involved cell lysis with repeated freeze-thaw

cycles in different solvents (100% methanol, 50% methanol, and 100% water) in

combination with sonication. Efficiency of each extraction method was evaluated by
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recording a series of 1D *H NMR spectra and determining the concentrations of
intracellular metabolites obtained per viable bacterial cell count (CFU). Addition of a
sonication step to the freeze-thaw extraction protocol did not yield any unique
metabolites when compared to samples prepared without sonication; however, adding
this mechanical cell disruption step to the extraction protocol resulted in a 2-fold increase
in the concentrations of ~50% of the identified metabolites in the biofilm phenotype (Fig.
3). This finding is consistent with previous studies [16, 17] indicating that sonication can

be used to enhance cell lysis for the recovery of intracellular molecules.
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Fig. (3). Fold changes in metabolite yield of P. aeruginosa biofilm samples occurring
when sonication is added to the 50% methanol freeze-thaw extraction method; data are
reported as the mean of duplicate biological samples and standard deviation (SD) error
bars.

However, sonication may lead to the degradation of some metabolites. We

compared metabolite concentrations using 30 vs. 60 sonication pulses during
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optimization of the 50% methanol extraction method. Increasing the number of
sonication pulses showed a significant decrease in certain metabolite concentrations.
Amino acids, such as isoleucine, leucine, methionine, tyrosine, and valine were reduced
by at least 50%, and the amino acid tryptophan was not detectable by *H NMR following
doubling of sonication pulses (data not shown). However, the concentrations of
compounds such as ADP, acetate, choline, formate, methanol, and UMP were increased
at least 25% upon additional sonication (data not shown). Although metabolite stability is
an issue in extraction methods utilizing sonication, the most pressing issue is to be able to
maximize metabolite extraction in a reproducible fashion (Table 1, Fig. S1).

We have also found metabolite stability to be dependent upon the extraction
solvent used. *H NMR analysis of 7-day old metabolite samples revealed that biofilm
metabolites extracted with methanol maintain their abundance levels better than those
extracted with water. The concentrations of metabolites such as GABA, formate, and
UMP were reduced by at least 10% in water-extracted samples; furthermore, NAD" and
NADP* were absent from these samples after 7 days of storage (data not shown). The
only metabolites degraded by more than 10% in methanol-extracted biofilm samples
were NAD™ and UMP (data not shown). One possible explanation for these results is that
having methanol present during extraction may aid in the inactivation of degradative
enzymes that could affect metabolite levels.

Metabolite extractions were performed in triplicate for each method and
metabolite concentrations were determined and normalized to total viable cell counts

(CFUs) (Table 1). The 100% water method yielded the highest concentrations for the
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majority of the metabolites identified; the 50% methanol method yielded slightly lower
metabolite concentrations, but permitted the identification of five and eight additional
metabolites that were not observed in the 100% water extraction of the planktonic and

biofilm samples, respectively (Fig. 4).

a) b)
50% Methanol 50% Methanol
64 40
3
100% Methanol 100% Water 100% Methanol 100% Water
59 59 43 41

Fig. (4). Venn diagram of metabolites identified with each of the methods developed for
a) planktonic and b) biofilm P. aeruginosa cell cultures.

The greater metabolite concentrations observed for the 100% water method could
be due to the more ordered and compact ice crystal formation during freeze-thaw cycles.
Integrity of the cellular membrane of another Gram-negative bacterium, Escherichia coli,
has been shown to be compromised following freezing [18], and the majority of cells that
experience intracellular ice formation at a rapid freezing rate, including P. aeruginosa,
are damaged if not ruptured as a result of ice formation [19]. The method using 100%
methanol yielded the lowest metabolite concentrations due, in all likelihood, to

insufficient cell lysis as samples produced using the 100% methanol protocol did not
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freeze during the -80 °C freeze-thaw cycles. The 50% methanol extraction was
determined to be the optimal method for the profiling of the intracellular metabolome of
P. aeruginosa as it yielded high metabolite recovery for both planktonic and biofilm
phenotypes and proved to be very reproducible (Table 1, Fig. S1). Furthermore, the
reduced polarity of methanol in comparison to water may enhance the solubility and
subsequent extraction of marginally soluble metabolites; this may in part allow the 50%
methanol method to yield a broader range of metabolites following extraction. In
addition, methanol may aid in the release of metabolites from proteins present in their

crude extracts.

Conclusion

In this study, an effective washing and metabolite extraction method was
developed for metabolite profiling of P. aeruginosa grown both in planktonic and biofilm
cultures. This optimized protocol includes washing with PBS to remove extracellular
materials and extracellular small molecules while causing no detectable leakage of
intracellular metabolites. In contrast to the 60% methanol procedure, the washing method
developed here limits the loss of intracellular metabolites that are otherwise almost
completely lost when using 60% methanol. For example, we observed loss of essential
amino acids such as betaine, glycine, methionine, and tyrosine. In addition, this study
demonstrated that the 50% methanol extraction method yields the largest number of
metabolites, as well as several additional metabolites not seen with other protocols, at

adequate concentrations for identification and quantification by 1D *H NMR. Inclusion of
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sonication following each freeze-thaw cycle enhanced the metabolite extraction
efficiency for nearly all metabolites of interest, including approximately half of those
exhibiting at least a 2-fold concentration increase compared to metabolite profiles from
samples prepared without a sonication step. The metabolite extraction method developed
in this study has been optimized for planktonic and biofilm P. aeruginosa and
demonstrates that it is crucial to develop and customize extraction methods for each
microorganism and metabolic phenotype of interest, prior to undertaking extensive

quantitative metabolite profiling studies.
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Fig. (S1). 1D *H NMR spectral overlays of technical metabolite samples extracted from
P. aeruginosa biofilms using the 50% methanol method. *H spectral regions
corresponding to aromatic and methylene protons have been expanded to demonstrate the
excellent reproducibility of the data obtained as a result of this particular extraction
method.
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Abstract

Bald’s eyesalve is an Anglo-Saxon medicinal remedy that has been used through
ancient times to treat eye sty infections and may represent a source of ancientbiotics. This
study assessed the efficacy of Bald’s eyesalve against several strains of Staphylococcus
aureus and Pseudomonas aeruginosa, including a multi-drug resistant phenotype, and
identified the principal compound conveying antibacterial activity. Bald’s eyesalve
formulations were produced by combining garlic, onion or leek, wine, bovine bile, and
brass, with specific ingredient omissions in several formulations, followed by incubation

at 4 °C for 9 days. Bald’s eyesalve formulation ES-GBBr exhibited the greatest



172
antibacterial activity against S. aureus and P. aeruginosa. Fractionation of ES-GBBr
using molecular size exclusion and organic solvent partitioning isolated its antibacterial
activity to the small molecule nonpolar fraction, and 1D *H NMR revealed the identity of
the antibacterial agent to be allicin. Depletion of allicin from this fraction by addition of
exogenous cysteine established that all observable growth inhibition originated from
allicin. Quantification of allicin demonstrated that its concentration was significantly
greater in ES-GBBr compared to the ES-O formulation; however, this was not due to
greater yield. The antibacterial activity of allicin against S. aureus was antagonized by
other ingredients within Bald’s eyesalve, whereas they were additive or synergistic
against P. aeruginosa. These results suggest that neither leek nor onion is necessary for
the antibacterial efficacy of Bald’s eyesalve against S. aureus or P. aeruginosa, and while
allicin was identified as the principal antibacterial agent present, its activity is influenced
differentially in the presence of additional Bald’s eyesalve ingredients when used
against S. aureus compared to P. aeruginosa. Ancientbiotics may provide a source of
promising antibacterials; however, identifying the source of activity and assessing
distinct formulations for cooperative effects are essential to using ancient remedies, such

as Bald’s eyesalve, effectively against drug resistant pathogens.

Introduction

Ancient Anglo-Saxon medicinal remedies have been receiving renewed scrutiny
concerning their potential as rich sources of antibacterial compounds that could help

combat modern drug-resistant bacterial infections [1]. As the discovery and development


https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0208108#pone.0208108.ref001
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of novel antibiotics declines, the emergence of antibiotic resistant pathogens is an
alarming threat to human health, with an estimated 700,000 deaths resulting from drug-
resistant infections per year. Predictions indicate that such infections will cause 10
million deaths annually by the year 2050 if new antimicrobial compounds are not
developed soon [2]. While ancient medical formulations, such as Bald’s eyesalve, are
being revisited for their antibacterial potency, little is known regarding the specific agents
responsible for their efficacy, the cooperative effects within these complex mixtures, or
whether such natural remedies could be utilized to effectively address the threat of
modern antibiotic resistant microbes.

The development of bacterial resistance to modern antibiotics is startling and has
thus prompted the investigation of ancient medieval remedies for promising antibiotic
compounds. Bald’s eyesalve originates from a 10" century English medicinal text, Bald’s
Leechbook, and has been used to treat bacterial infections of the eyelash follicle,
commonly known as a sty. The formulation consists of wine, garlic, an
additional Allium species, such as onion or leek, and bovine bile; these ingredients are
combined within a brass or bronze vessel and left to incubate for 9 days prior to use [3].
Common pathogens found in modern bacterial eye infections include Staphylococcus
aureus and Pseudomonas aeruginosa, including methicillin-resistant S. aureus (MRSA)
and drug resistant P. aeruginosa strains. In addition, these pathogens are responsible for a
wide variety of severe, chronic infections, including sepsis, pneumonia, and chronic
wound infections [4, 5].

In a 2015 study, Bald’s eyesalve was found to exhibit bactericidal activity against


https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0208108#pone.0208108.ref002
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MRSA biofilms in an in vitro synthetic wound model; however, its mechanism of action
and the antimicrobial agent(s) responsible for its efficacy were never elucidated [6]. In
the present study, we sought to identify the principal antibacterial compound within
Bald’s eyesalve using various formulations, a multi-step fractionation process, 1D 1H
NMR analysis, and minimum inhibitory concentration (MIC) assays. Furthermore, we
aimed to establish the efficacy of Bald’s eyesalve against both Gram-positive and Gram-
negative bacteria, such as S. aureus and P. aeruginosa, including the MRSA strain LAC

and clinical wound isolate P. aeruginosa PA215.

Materials and Methods

Bald’s Eyesalve Materials

The garlic (Allium sativum), yellow onion (Allium cepa L.), and leek (Allium
ampeloprasum L.) used in this study originated from Montana Stinking Rose Farm in
Bozeman, Montana, Easterday Farms Produce Company in Pasco, Washington, and
Associated Food Stores Inc. in Salt Lake City, Utah, respectively. Plant materials and
white wine (2016 Pinot Grigio, La Fiera Veneto; UPC 0-89832-90007-8) were purchased
from Town & Country Foods in Bozeman, Montana. Following purchase, produce and
wine were stored at 4 °C prior to Bald’s eyesalve preparation.

Bovine bile salts were purchased from Sigma Aldrich (product no. B3883; lot no.
SLBH1798V), and 0.51-mm brass sheet (24 gauge; alloy 260) was purchased from Ace

Hardware in Bozeman, Montana (product no. 5024864).
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Preparation of Crude Bald’s Eyesalve

Bald’s eyesalve formulations (Table 1) were prepared as previously described [6]
unless noted otherwise. In brief, garlic bulbs and yellow onion were peeled and coarsely
chopped prior to being minced in a food processor (Mainstays Food Chopper, model no.
FPMEMC3002). Leeks were chopped in half, and the leeks greens were coarsely
chopped and the minced using a food processor as described above, while the white root

end of the leek was discarded.

Table 1. Composition of Bald’s eyesalve (ES) formulations.

ES-O ES-L | ES-GBBr | ES-GB | ES-GBr | ES-G
Garlic + + + + + +
Wine + + + + + +
Onion + - - - - -
Leek - + - - - -
Bovine bile? + + + + - -
Brass” + + + - + -

Bald’s eyesalve was prepared by combining equal volumes (25 mL) of garlic,
wine, onion or leek, and bovine bile followed by addition of brass prior to
incubation at 4 °C for 9 days. + designates ingredients that were included, while -
denotes those which were excluded.

487 mg/mL dissolved in sterile water

bNine 15-mm squares of 24 gauge (0.51-mm) brass sheet metal (alloy 260)

Immediately following plant material preparation, equivalent volumes (25 mL) of
minced garlic bulb (~14.2 g), minced yellow onion (~22.2 g) or minced leek leaves (~8.8
g), white wine, and bovine bile salts (87 mg/mL dissolved in sterile water) were
combined in sterile 250 mL glass bottles. Nine 15-mm squares of 0.51-mm brass sheet
were added to each bottle prior to being wrapped in foil and placed at 4 °C for 9 days.

One or more ingredients were omitted from several formulations as described in Table 1.

After incubation, formulations were centrifuged at 5000 rpm for 10 min. Supernatants
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were transferred to sterile 50 mL tubes and stored at 4 °C, while insoluble materials were

discarded.

Bacterial Strains

Methicillin-susceptible S. aureus (MSSA) strain ATCC 6538 [7] was purchased
commercially. Community-associated methicillin-resistant S. aureus (CA-MRSA) strain
LAC, pulsed-field gel-electrophoresis type USA300 [8] was provided by Dr. Jovanka M.
Voyich. P. aeruginosa wild-type strain PAOL [9] and clinical wound isolate strain PA215
[10] were provided by Dr. Michael J. Franklin and Dr. Garth A. James, respectively.

Determination of Minimal
Inhibitory Concentration

MIC values were determined for each of the bacterial strains using a
microdilution method in 96-well microtiter plates with cation-adjusted Mueller-Hinton
broth (MHB). Inoculum culture growth conditions consisted of batch cultures grown at
37 °C, 220 rpm agitation to an optical density reading at 600 nm of 0.45-0.5
for S. aureus (~ 2.5 x 102 colony-forming units per mL (CFU/mL)) and 0.48
for P. aeruginosa (~ 3 x 108 CFU/mL). Inoculum was diluted 1:200 (v/v) with 2X MHB
and then 1:1 (v/v) into 96-well microtiter plates containing serial diluted eyesalve (40%
to 0.3125% (v/v)) along with positive and negative control wells, containing no eyesalve
with and without inoculum respectively, for a total of 200 uL per well. Microtiter plates
were incubated at 37 °C for 20 hrs prior to evaluation for growth inhibition. This method
was based upon recommendations from the Clinical and Laboratory Standards Institute

[11]. An allicin standard (LKT Labs) was assayed using the same protocol, but
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with S. aureus stain LAC and P. aeruginosa strain PA215 only.
Molecular Size Exclusion and

Solvent Partitioning Fractionation
of Bald’s Eyesalve

The ES-GBBr formulation, consisting of garlic, wine, bovine bile, and brass, was
centrifuged at 21000 x g for 10 min to remove any residual debris prior to fractionation.
An aliquot of resultant supernatant was removed and stored at 4 °C as crude eyesalve,
while the remaining supernatant was fractionated as described below.

Small molecule (SM) fraction was prepared by means of filtering 40 ml of the
initially prepared crude eyesalve through a pre-washed Amicon Ultra-15 (cellulose)
centrifugal filter unit with a 3 kDa molecular weight cut-off by centrifugation at 4000 x g,
4 °C for 60 min. The proteinaceous (PRT) fraction was prepared by restoring concentrate
volume to 40 ml with sterile water. Both SM and PRT fractions were stored at 4 °C.

Small molecule, polar (SM-P) and nonpolar (SM-NP) fractions were prepared by
combining 6 ml of SM fraction with 3.6 ml of chloroform. This mixture was vortexed for
1 min prior to phase separation by centrifugation at 5000 rpm for 10 min. The polar phase
was removed and stored at 4 °C. The nonpolar phase was dried under a stream of N2 gas

and reconstituted in 6 ml of sterile water prior to being stored at 4 °C.

NMR Sample Preparation

Bald’s eyesalve formulations/fractions prepared as described above were
centrifuged at 21000 rpm for 10 min to remove insoluble debris. A 300 pL aliquot of

resultant supernatant was added to 300 pL of 2X NMR stock buffer (50 mM
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NaH2PO4/Na;HPO4, 0.8 mM imidazole as a pH indicator, and 0.5 mM 4,4-dimethyl-4-
silapentane-1-sulfonic acid (DSS) in 20% D0, pH 7) and then transferred to a 5 mm

Bruker NMR tube.

NMR Experiments

All NMR spectra were collected at 298 K (25 °C) on a Bruker 600 MHz (*H
Larmor frequency) AVANCE Il solution NMR spectrometer, equipped with an
automatic sample loading system (SampleJet), a 5 mm triple resonance (*H, °N, *3C)
liquid-helium-cooled TCI NMR probe (Cryoprobe), and Topspin software (Bruker
version 3.1).

1D 'H NMR experiments were performed using the Bruker “zgesgp” pulse
sequence and recorded with 256 scans and a *H spectral window of 9615.38 Hz. Free
induction decays were collected with 32K data points and a dwell time interval of 52 psec
amounting to a data acquisition time of ~ 1.7 s, and a 1 s delay between acquisitions,
which resulted in an overall ~ 2.7 sec relaxation recovery delay between scans. 1D 'H
NMR spectra were phase-corrected using Topspin software (Bruker version 3.1), and
baseline correction was applied following import of the NMR spectra into the Chenomx
NMR Suite program (version 8.0; Chenomyx, Inc., Alberta, Canada). Subsequently, a
recorded 1D *H NMR spectrum of an allicin standard was added to the Chenomx small-
molecule library for 600 MHz (*H Larmor frequency) magnetic field strength NMR using
the ‘Compound Builder’ module of the Chenomx NMR Suite program (version 8.0) and
was used as a reference spectrum for this compound. Allicin and ethanol were identified

and quantified using the ‘Profiler’ module of Chenomx for each Bald’s eyesalve
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formulation and/or fraction. The internal DSS (0.25 mM) standard was used for

quantification of metabolite concentrations.

Depletion of Allicin

An aliquot of the SM-NP fraction of the ES-GBBr formulation was titrated with
L-cysteine to a final concentration of 15 mM and incubated at 4 °C for 1 hr. Allicin
standard (0.5 mM), diluted from stock using sterile water, was also incubated in the
presence of 15 mM L-cysteine under the same conditions, and resultant samples were

analyzed by 1D H NMR.

Statistical Analysis

Data analysis was performed on 4 independent replicates of each Bald’s eyesalve
formulation. Statistical significance was assessed by one-way analysis of variance
(ANOVA), followed by Tukey’s multiple comparisons post-test using GraphPad Prism

program version 7.1 (GraphPad Software, La Jolla, CA).

Results

Antibacterial Efficacy of Bald’s
Eyesalve Formulations Against
S. aureus and P. aeruginosa

The antibacterial activity of four different Bald’s eyesalve formulations, prepared
as described in Table 1, was assessed against two strains of S. aureus and P. aeruginosa,
including LAC and PA215. This initial formulation selection included those denoted as

ES-O, ES-L, ES-GBBr, and ES-GB (Table 1). All crude Bald’s eyesalve formulations
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predominantly demonstrated strong growth inhibition for S. aureus strains ATCC 6538
and LAC with MIC values ranging from 0.625 to 2.5% (v/v) (Table 2). ES-O, ES-L, and
ES-GB largely exhibited weak activity towards P. aeruginosa strains PAO1 and PA215
with MIC values ranging from 2.5 to 10% (v/v); however, the ES-GBBr formulation
displayed moderate growth suppression for both P. aeruginosa strains with an MIC value

of 2.5% (v/v) (Table 2).

Table 2. Susceptibility of bacterial strains to crude Bald’s eyesalve formulations.

Bacterial strains MIC?
ES-O ES-L ES-GBBr ES-GB

S. aureus

ATCC 6538 0.625 0.625 0.625 0.625

LAC 2.5 1.25 1.25 1.25
P. aeruginosa

PAO1 5 5 2.5 2.5

PA215 10 5 2.5 5

MIC was determined using a broth microdilution method as described by the Clinical
and Laboratory Standards Institute. Reported values represent the median of at least 3
biological replicates.

aMIC values indicated the concentrations of Bald’s eyesalve formulation in % (v/v)

Isolation of Antibacterial Activity Present
in ES-GBBr Formulation by Fractionation

The ES-GBBr formulation was fractionated using molecular size exclusion into a
proteinaceous (PRT) and small molecule (SM) fraction, and the antibacterial activity of
these fractions was evaluated against the aforementioned bacterial strains. The PRT
fraction showed notably weak activity against all strains with MIC values ranging from
10 to greater than 40% (v/v); furthermore, this reflected an MIC increase of 16-fold for S.
aureus strain ATCC 6538, greater than 16-fold for S. aureus strain LAC, and greater than

32-fold for P. aeruginosa strains PAO1 and PA215 when compared to crude ES-GBBr
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(Table 3). The SM fraction demonstrated strong growth inhibition activity for S. aureus
strains ATCC 6538 and LAC with MIC values ranging from 0.625 to 1.25% (v/v), and
moderate to weak activity towards P. aeruginosa strains PAO1 and PA215 with MIC
values ranging from 2.5 to 5% (v/v) (Table 3). These results indicated that the SM
fraction sustained full antibacterial activity relative to crude ES-GBBr against all strains,

except for P. aeruginosa strain PA215 which exhibited a 2-fold MIC increase (Table 3).

Table 3. Susceptibility of bacterial strains to ES-GBBr formulation fractions.

Bacterial strains MIC? (FCP)
PRT SM SM-P SM-NP

S. aureus

ATCC 6538 10 (16) 0.625 (1) 10 (16) 1.25 (2)

LAC >40 (>32) 1.25 (1) 20 (16) 25 (2)
P. aeruginosa

PAOL >40 (>16) 25 (1) 40 (16) 5 (2)

PA215 >40 (>16) 5(2) >40 (>16) 10 (4)

MIC was determined using a broth microdilution method as described by the Clinical

and Laboratory Standards Institute. Reported values represent the median of at least 3

biological replicates.

aMIC values indicate the concentration of ES-GBBr formulation fraction in % (v/v)

bEC values indicate the fold change in the MIC relative to that of crude ES-GBBr

Organic solvent partitioning was used to further fractionate the SM fraction of the

ES-GBBr formulation into a small molecule polar and small molecule nonpolar fraction,
and the antibacterial activity of these fractions was evaluated against all bacterial strains.
The SM-P fraction showed weak activity against all strains with MIC values ranging
from 10 to greater than 40% (v/v); correspondingly, this reflected an MIC increase of 16-
fold for S. aureus strains ATCC 6538 and LAC, 16-fold for P. aeruginosa strain PAOL,

and greater than 8-fold for P. aeruginosa strain PA215 when compared to the SM

fraction (Table 3). The SM-NP fraction demonstrated strong to moderate growth
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inhibition activity for S. aureus strains ATCC 6538 and LAC with MIC values ranging
from 1.25 to 2.5% (v/v), and weak activity towards P. aeruginosa strains PAO1 and
PA215 with MIC values ranging from 5 to 10% (v/v) (Table 3). These results indicated
that the SM-NP fraction sustained partial antibacterial activity, relative to the SM
fraction, demonstrating a 2-fold MIC increase against all bacterial strains (Table 3).

Identification and Validation of the
Principal Agent in Bald’s Eyesalve

To identify the principal antibacterial agent in Bald’s eyesalve, 1D *H NMR
spectra of the SM, SM-P, and SM-NP fractions of the ES-GBBr formulation were
recorded (S1 Fig). These 1D *H NMR spectra revealed notable NMR signals within the
5.1 to 6.1 ppm chemical shift range that were present in the SM and SM-NP fractions
while absent in the SM-P fraction (Fig 1). A 1D *H NMR spectrum of an allicin standard
was recorded, and this spectrum correlated with the NMR signals observed within the 5.1
to 6.1 ppm chemical shift range in the 1D *H NMR spectra of the SM and SM-NP
fractions (Fig 2, S3 Fig).

To demonstrate that the antibacterial activity observed in the SM-NP fraction of
the ES-GBBr formulation originated from allicin, depletion experiments were conducted
by addition of exogenous free cysteine to the SM-NP fraction. Allicin depletion within
this fraction and an allicin standard was confirmed using 1D *H NMR spectroscopy (S2
Fig) prior to evaluation of antibacterial activity against S. aureus stain LAC and P.
aeruginosa strain PA215. The allicin-depleted SM-NP fraction demonstrated no

observable antibacterial activity against the aforementioned bacterial strains with an MIC
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Fig 1. *H NMR analysis of ES-GBBr formulation fractions establishes presence of
unknown compound(s). Stacked 1D *H NMR spectra (600 MHz, 10% D,0) in chemical
shift regions (A) 5.1-5.6 ppm and (B) 5.75-6.1 ppm for ES-GBBr SM (black), SM-P
(red), and SM-NP (blue) fractions. Asterisks indicate NMR signals from molecule(s) of
interest.

value greater than 40% (v/v); furthermore, this reflected an MIC increase greater than 16-
fold for S. aureus strain LAC and greater than 4-fold for P. aeruginosa strain PA215
relative to control SM-NP fraction (Table 4).

Allicin Concentration and

Production Within Distinct
Bald’s Evesalve Formulations

To assess whether the enhanced antibacterial activity of the ES-GBBr formulation
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Fig 2. Identity of unknown determined to be an organosulfur compound originating from

garlic known as allicin. An overlay of 1D *H NMR spectra (600 MHz, 10% D,0) in
chemical shift regions (A) 5.1-5.6 ppm and (B) 5.75-6.1 ppm for an allicin standard

(black) and ES-GBBr formulation SM-NP fraction (red).

was due to a greater concentration of allicin, 1D *H NMR and Chenomx NMR Suite

software was used to quantify the concentration of allicin in all Bald’s eyesalve

formulations described in Table 1. The ES-GBBr formulation exhibited a significantly

greater concentration of allicin than the ES-O formulation, with mean values of 1476.6

and 836.2 pg/mL, respectively (Fig 3A). Although not significantly distinct from the ES-

GBBr formulation, the average allicin concentration in the ES-L, ES-GB, ES-GBr, and
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Table 4. Effect of allicin depletion on susceptibility of multi-drug resistant bacterial
strains to ES-GBBr formulation SM-NP fraction.

Bacterial strains MIC? (FCP)
Control Allicin-Depleted
S. aureus
LAC 2.5 (1) >40 (>16)
P. aeruginosa
PA215 10 (1) >40 (>4)

MIC was determined using a broth microdilution method as described by the Clinical
and Laboratory Standards Institute. Allicin depletion was conducted by addition of
free cysteine and incubation for 1 hr at 4 °C prior to MIC evaluation. Control was not
subjected to allicin depletion. Reported values represent the median of at least 3
biological replicates.

aMIC values indicate the concentration of ES-GBBr SM-NP fraction in % (v/v)

bEC values indicate the fold change in the MIC relative to that of ES-GBBr SM-NP
fraction

ES-G formulations were 977.3, 1127.3, 1170.4, and 1050.6 pg/mL respectively (Fig 3A).
Due to variations in final volume resulting from ingredient omission(s), allicin
yield (mg) was also calculated for each formulation. The average amount of allicin
produced in the ES-O, ES-L, ES-GBBr, ES-GB, ES-GBr, and ES-G formulations was
56.2, 64.2, 74.4,50.0, 62.5, and 50.4 mg respectively; however, there was no significant
difference in the amount of allicin present between any of these formulations (Fig 3B).
Cumulative Effects Regarding the
Antibacterial Activity of Allicin

Within Bald’s Eyesalve Against
S. aureus and P. aeruginosa

To evaluate whether interactions between ingredients within the Bald’s eyesalve
ES-GBBr formulation impact the efficacy of allicin against drug resistant phenotypes, the
MIC values of an allicin standard and allicin within crude ES-GBBr were determined

against S. aureus strain LAC and P. aeruginosa strain PA215. The allicin standard
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Fig 3. Quantitation of allicin in eyesalve formulations reveals significant differences in
concentration but not overall yield. (A) Allicin concentration (ug/mL) was determined
using Chenomx small-molecule library for 600 MHz (*H Larmor frequency) magnetic
field strength NMR. (B) Allicin production (mg) was calculated by accounting for
volume differences between formulations. Data are presented as mean + SD (n = 4).
Significant differences (p < 0.05, one-way ANOVA, Tukey’s multiple comparisons post-
test) between formulations are indicated with asterisks.

exhibited an MIC value of 12.2 ug/ml against S. aureus strain LAC and 97.4 pg/mi
against P. aeruginosa strain PA215, while allicin within crude ES-GBBr displayed an

MIC value of 24.3 pg/ml against S. aureus strain LAC and 48.7 pg/ml against P.

aeruginosa strain PA215 (Table 5). These results suggested that additional components
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within the Bald’s eyesalve ES-GBBr formulation act in an antagonistic manner with the
antibacterial activity of allicin against S. aureus strain LAC, but additively or
synergistically against P. aeruginosa strain PA215 (Table 5).

Table 5. Evaluation of conjugative effects within crude ES-GBBr formulation against
multi-drug resistant bacterial strains.

Bacterial strains MIC? (FCP) Interaction
Control ES-GBBr ES-GBBr
S. aureus
LAC 12.2 (1) 24.3 (2) Antagonistic
P. aeruginosa
PA215 97.4 (1) 48.7 (-2) Additive or Synergistic

MIC was determined using a broth microdilution as described by the Clinical and
Laboratory Standards Institute. Control MIC values were determined using an allicin
standard. Reported values represent the median of at least 3 biological replicates.
aMIC values indicate the concentration of allicin in pg/mL

bEC values indicate the fold change in the MIC relative to control

Discussion

In this study, we have shown that Bald’s eyesalve, an Anglo-Saxon remedy for
eye sty infections, displays growth inhibitory activity against S. aureus and P.
aeruginosa, including a multi-drug resistant strain. This activity was more pronounced
against S. aureus than P. aeruginosa, which is consistent with the fact that Gram-negative
bacteria, particularly Pseudomonads, are notably more resistant to antibacterial agents
than Gram-positive bacteria, including Staphylococcus sp. [12]. Our data indicate that the
specific formulation composition had little impact on the inhibition of S. aureus. This is
inconsistent with a previous report where the presence of an additional Allium species,
onion or leek, was found to significantly contribute to the antibacterial activity of Bald’s

eyesalve [6]; however, this previous study evaluated the antibacterial activity using a
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synthetic wound model in which S. aureus inoculum was grown as a biofilm for 24 hr
prior to treatment and based upon colony-forming units [6]. Our conflicting results may
be due to our assessment of the antibacterial activity of Bald’s eyesalve exclusively
against planktonic S. aureus rather than S. aureus biofilms, and we did not investigate
whether onion or leek are necessary for specific efficacy against bacterial biofilms.
Previous studies have shown that quercetin, an antibacterial flavonoid found in onion
[13], and its derivatives demonstrate anti-biofilm and anti-quorum sensing activity
against S. aureus and P. aeruginosa [14, 15]. Although plant extracts have been shown to
display growth inhibitory activity against P. aeruginosa [16, 17], to our knowledge our
study represents the first report of the antibacterial efficacy of Bald’s eyesalve against P.
aeruginosa.

Although all known Allium species contain organosulfur compounds, the
chemical composition and resultant antibacterial activity of their extracts greatly varies
[18]. Prior investigations have determined the main constituents of garlic essential oil to
be diallyl disulfide (DADS), diallyl trisulfide (DATS), allyl methyl trisulfide, diallyl
sulfide (DAS), and diallyl tetrasulfide (DATTS), while the main constituents of onion
and leek essential oils were found to be dipropyl disulfide, dipropyl trisulfide, methyl
propyl disulfide, methyl propyl trisulfide, and 1-propenyl propyl disulfide [18, 19]. Tsao
et al. previously demonstrated that DAS, DADS, DATS, and DATTS exhibit MICs of 20,
4, 2, and 0.5 pg/ml against S. aureus, respectively, and 80, 64, 32, and 12 pug/ml against
P. aeruginosa, respectively [20, 21]. Little is known regarding the antibacterial activity of

dipropyl disulfide and dipropyl trisulfide against P. aeruginosa; however, Kim et al.
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established the MICs of dipropyl disulfide and dipropyl trisulfide against S. aureus to be
>500 pg/ml and 50 pg/ml, respectively [22]. These findings suggest that the antibacterial
activity of the Allium species used in our study would be in the following order: garlic >
onion > leek. However, our data indicate that addition of leek to Bald’s eyesalve results
in greater antibacterial activity, in particular against clinical isolate strains, relative to the
addition of onion (Table 2). Additional studies are necessary to elucidate the activity of
organosulfur compounds derived from onion and leek, especially dipropy! disulfide and
dipropyl trisulfide with regard to clinical isolates.

Crude botanical extracts that display antibacterial activity are often subjected to
repetitive cycles of fractionation until relatively pure biologically active compounds are
identified [23]. Many fractionation scheme variations have been utilized for the isolation
of natural compounds, with each offering its own specific advantages [24, 25]. Sub-
fractions generated are often less complex than the crude parent extract, thus simplifying
the process of identifying the active component(s) [26]. We fractionated Bald’s eyesalve
formulation ES-GBBr using a combination of molecular size exclusion and organic
solvent partitioning methods to isolate and identify its principal antibacterial agent. A
review of the literature suggests that our study is the first to characterize the activity of
Bald’s eyesalve using fractionation in conjunction with growth inhibitory assays;
however, there are several limitations to bioassay-guided fractionation. These include an
inherent bias towards the most dominant bioactive compounds in the extract or fraction,
which can lead to a disregard of low abundant, yet biologically active, components [27].

In addition, activity may be lost during fractionation, particularly if the bioactive agent is
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temperature-sensitive or binds to the chromatographic resins employed [28, 29]. Due to
the instability of allicin at room temperature and in organic solvents [30, 31], a significant
amount of allicin may have been lost from our ES-GBBr formulation SM-NP fraction as
suggested by the NMR spectral features shown in Fig. 1. In an attempt to reduce activity
loss, we stored our ES-GBBr formulation SM-NP fraction in water. This could explain
the 2-fold MIC increase observed for all bacterial strains upon exposure to the SM-NP
fraction relative to the SM fraction of our ES-GBBr formulation (Table 3); furthermore,
these observations reinforce our findings that allicin is the dominant antibacterial agent in
Bald’s eyesalve.

This study identified allicin as the principal antibacterial compound present in
Bald’s eyesalve. Allicin (3-[(prop-2-ene-1-sulfinyl)sulfanyl]prop-1-ene) is a reactive
sulfur species that is used as a defense mechanism in garlic following tissue damage [32]
and is known to be the most significant bioactive component within fresh garlic extract;
furthermore, allicin has been shown to exhibit antibacterial activity against a diverse
range of both Gram-positive and Gram-negative bacteria, including Streptococcus spp.,
methicillin-sensitive and methicillin-resistant S. aureus, Salmonella typhimurium,
Escherichia coli, and Vibrio cholerae [33-36]. Previous studies have demonstrated that
the mechanism of action of allicin is highly dependent upon the capacity of its
thiosulfinate group to alter the intracellular glutathione pool and inhibit metabolic and
oxidative stress enzymes by oxidation of thiols within cells [34, 37]. Unlike most modern
clinical antibiotics, allicin has an inherent advantage in that it does not target any specific

cellular component; therefore, the development of resistance by targeted mutation is
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improbable, making allicin particularly suitable for application against drug resistant
bacteria [34]. We exploited the thiol-reactive nature of allicin to facilitate its depletion
from the ES-GBBr formulation SM-NP fraction by addition of exogenous free cysteine
and found that there was no observable antibacterial activity against either S. aureus or P.
aeruginosa following depletion of allicin. These results identify allicin as the primary
antibacterial compound present in Bald’s eyesalve.

Considering that the primary targets of allicin are intracellular thiols, such as
those found in reduced glutathione, we evaluated the concentration and yield of allicin
between several Bald’s eyesalve formulations. Our results indicated that there was a
significant difference in the concentration of allicin present in the ES-GBBr formulation
when compared to the ES-O formulation (Fig 3A); therefore, the enhanced antibacterial
activity demonstrated by our ES-GBBr formulation can be attributed to a greater
concentration of allicin. Consequently, we assessed total mg of allicin in all of our Bald’s
eyesalve formulations to determine whether distinct ingredient combinations were more
favorable for allicin production. Based upon previous studies demonstrating aqueous
ethanol to be a superior extraction solvent for allicin [30, 38], we conclude that allicin is
extracted from minced garlic in our Bald’s eyesalve formulations and stabilized by the
presence of ethanol from the addition of wine, which was determined to be 3-4% v/v (S1
Table). Although there was no statistically significant difference in the yield of allicin
among our formulations (Fig 3B), the formulations containing brass (ES-O, ES-L, ES-
GBBr, and ES-GBr) amassed on average more allicin than those that omitted this

ingredient (ES-GB and ES-G). In particular, the ES-GBBr formulation accrued the most
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allicin at 74.4 mg. These results suggest that the combination of brass and bovine bile in
Bald’s eyesalve may be favorable for extraction of allicin from minced garlic. A previous
study demonstrated that alliinase, the enzyme responsible for the conversion of alliin to
allicin, displays increased activity in the presence of metal ions, most notably Fe?*, Mn?*,
and Zn?* [39]. We hypothesize that dezincification [40, 41] of the brass 260 alloy
included in several of our formulations takes place due to the mildly acidic pH of Bald’s
eyesalve (S1 Table) which may cause corrosion. In addition, we suspect that bile salts act
as a metal ion buffer in Bald’s eyesalve, increasing dezincification and solubility of Zn?*
by the formation of micellar complexes [42]. Future work is needed to identify the
chemical processes by which brass and bile interact to alter allicin production in Bald’s
eyesalve.

While ethanol is a well-known and widely used disinfectant, its growth inhibitory
activity due to the addition of wine in Bald’s eyesalve can be considered minimal. Prior
studies have established the MIC and minimum bactericidal concentration (MBC) for
ethanol against S. aureus to be 6.25% and 25% (v/v), respectively, and against P.
aeruginosa to be 1.56% and >12.5% (v/v), respectively [43, 44]. Given the concentration
of ethanol in our Bald’s eyesalve formulations (S1 Table) and their corresponding MIC
values (Table 2), we determined that ethanol varied from 0.02 to 0.40% (v/v) at growth
inhibitory concentrations of Bald’s eyesalve. At bactericidal concentrations, ethanol can
perturb the structure, function, pH gradient (ApH), membrane potential (AY), and
composition of cellular membranes [45, 46], inhibit cell division and nutrient transport

[45, 47], and reduce intracellular pH [47, 48]. Since ethanol is present in such low
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concentrations within our Bald’s eyesalve formulations, we conclude that any
contribution ethanol could make to the overall antibacterial activity, aside from
promoting the extraction and stabilization of allicin, is negligible.

In an attempt to mitigate the increasing prevalence of drug resistant bacterial
infections, treatment regimens including multiple antibiotics are widely utilized.
Antibiotic combinations can generate additive or synergistic effects that enhance
antibacterial activity and/or reduce the dosage required to eradicate infection [49, 50]; in
addition, using multiple antibiotics with distinct mechanisms of action reduces the risk of
progressive resistance development following treatment [51]. A recent study suggested
that the antibacterial efficacy of Bald’s eyesalve may be due to the combined activity of
compounds arising from several ingredients in the formulation, since it was determined
that garlic, wine, and an additional Allium species were essential to obtain full activity
[6]. Our study revealed that the principal antibacterial agent within Bald’s eyesalve is
allicin derived from garlic; however, our MIC data also indicate that the allicin present in
this medieval remedy exhibits antagonistic antibacterial activity with other compounds
present in the formulation when used against S. aureus, whereas it displays additive or
synergistic activity against P. aeruginosa. Our data thus support the notion that the
combinatorial formulation of Bald’s eyesalve is not a more effective means of treatment
than allicin alone against S. aureus, whereas it is more effective against P. aeruginosa.
Previous studies have shown that combining allicin with additional antifungal and
antibacterial agents, such as amphotericin B and silver nanoparticles, results in

synergistic activity [52, 53]; however, we have yet to identify the accessory agent(s)
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present in Bald’s eyesalve that results in additional activity with allicin when used against
P. aeruginosa. This study highlights the importance of evaluating cumulative effects of
antibiotics within complex mixtures and multi-drug treatment regimens, particularly

when the target bacteria responsible for the infection have been identified [54, 55].

Conclusions

Results from this study demonstrated that Bald’s eyesalve possesses antibacterial
activity against both Gram-positive and Gram-negative bacteria including
phylogenetically distinct strains of S. aureus and P. aeruginosa that exhibit variable
degrees of antibiotic resistance and virulence. In addition, our study identified allicin as
the principal antibacterial agent present in Bald’s eyesalve and determined that its activity
among additional formulation components is antagonistic against S. aureus, whereas it
acts in an additive or synergistic fashion with other Bald’s eyesalve ingredients when
used against P. aeruginosa. These results emphasize the value of establishing the source
of antibacterial activity present in plant-derived natural products for therapeutic use,
including how to use complex natural mixtures to treat drug resistant bacterial infections.
Furthermore, our findings underline the importance of assessing the additive, synergistic,
and/or antagonistic effects of combining different ingredients within these ancient
formulae as these have significant consequences with regards to the antibacterial efficacy

of these natural remedies.
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Figure S1. *H NMR analysis of ES-GBBr formulation fractions. Stacked 1D *H NMR
spectra (600 MHz, 10% D-0O) in chemical shift regions (A) 0-5 ppm and (B) 5-10 ppm
for ES-GBBr SM (black), SM-P (red), and SM-NP (blue) fractions. Insets display the
expanded 1D *H NMR spectrum in chemical shift regions (A) 0.5-4.5 ppm and (B) 5.1-
8.5 ppm for the ES-GBBr SM-NP (blue) fraction.
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Figure S2. Thiol-reactive nature of allicin is exploited to facilitate depletion from ES-
GBBr formulation SM-NP fraction. An overlay of 1D *H NMR spectra (600 MHz, 10%
D20) in chemical shift region 5.1-6.1 ppm for (A) an allicin standard and (B) ES-GBBr
formulation SM-NP fraction with (green/red) and without (black/blue) addition of
exogenous free cysteine, respectively, followed by 4 °C incubation for 1 hr.
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B Allicin Standard
' Assignment  CMHICE Snift - Relaltie We0rated  puitipicity Coupling (J, Hz)
A 5.25 1.00 dd 10.19,0.99
B 5.36 1.45 dd 17.16, 1.35
C 5.99 0.61 m 17.27,10.07,7.37,7.44
D 3.83 0.89 dd 14.37,7.33
E 3.87 0.88 dd 1425, 717
F 393 1.05 dd 12.89,7.96
G 4.01 1.24 dd 13.21,7.28
H 5.96 0.57 m 17.47,9.91,7.83,7.62
| 5.49 1.39 dd 17.01,1.16
J 5.53 1.28 dd 10.45,1.01
C Allicin in ES-GBBr Formulation SM-NP Fraction
'H Assignment Chtig:igglms)hift Rela::'i]\;zr:rsl_tgg;ated Multiplicity Coupling (J, Hz)
525 1.00 dd 10.18, 0.93
B 5.36 1.45 dd 17.02,1.18
C 5.99 0.67 m 16.71, 9.69,6.59,7.20
D 383 0.90 dd 14.25,7.50
E 387 0.90 dd 14.25,7.16
F 3.93 1.15 dd 13.06, 8.06
G 4.01 1.20 dd 13.06,7.54
H 5.96 0.58 m 17.60,9.92,7.64,7.71
| 5.49 1.49 dd 17.02,1.18
J 553 1.35 dd 10.32,1.08

Figure S3. Allicin structure and *H NMR spectral data. The molecular structure of allicin
in shown in (A). Assignments, chemical shifts (3, ppm), relative integrated intensities,
multiplicities, and coupling constants (J, Hz) from *H NMR spectra are displayed for (B)
an allicin standard and (C) allicin in ES-GBBr formulation SM-NP fraction.
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Table S1. pH and ethanol % v/v of Bald’s eyesalve formulations.

' _ Average
0,
Formulation Replicate No. pH Ethanol % v/v oH Ethanol % v/v

1 5.41 2.86
2 5.39 2.39

£5-0 : > o 5.37 2.70
4 5.35 2.61
1 5.53 2.93
2 5.38 251

ES-L 3 5.37 2.80 >43 210
4 5.45 2.78
1 5.46 3.76
2 5.47 3.49

ES-GB 3 5.43 3.91 045 313
4 5.44 3.74
1 5.29 4.11
2 5.46 3.77

ES-GBBr 3 5.45 3.74 542 319
4 5.48 3.53
1 5.09 3.63
2 5.00 3.81

ES-GBr 3 5.00 3.69 >01 383
4 4.96 4.20
1 5.12 3.54
2 5.09 3.87

ES-G 3 5.10 361 >.08 367
4 5.02 3.66
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Abstract

The staphylococcal respiratory regulator (SrrAB) modulates energy metabolism in
Staphylococcus aureus. Studies have suggested that regulated protein catabolism
facilitates energy homeostasis. Regulated proteolysis in S. aureus is achieved through
protein complexes composed of a peptidase (ClpQ or ClpP) in association with an AAA
family ATPase (typically, ClpC or ClpX). In the present report, we tested the hypothesis
that SrrAB regulates a Clp complex to facilitate energy homeostasis in S. aureus. Strains
deficient in one or more Clp complexes were attenuated for growth in the presence of
puromycin, which causes enrichment of misfolded proteins. A AsrrAB strain had

increased sensitivity to puromycin. Epistasis experiments suggested that the puromycin
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sensitivity phenotype of the AsrrAB strain was a result of decreased ClpC activity.
Consistent with this, transcriptional activity of clpC was decreased in the AsrrAB mutant,
and overexpression of clpC suppressed the puromycin sensitivity of the ASrrAB strain.
We also found that ClpC positively influenced respiration and that it did so upon
association with ClpP. In contrast, CIpC limited fermentative growth, while ClpP was
required for optimal fermentative growth. Metabolomics studies demonstrated that
intracellular metabolic profiles of the AclpC and AsrrAB mutants were distinct from those
of the wild-type strain, supporting the notion that both ClpC and SrrAB affect central
metabolism. We propose a model wherein SrrAB regulates energy homeostasis, in part,

via modulation of regulated proteolysis.

Importance

Oxygen is used as a substrate to derive energy by the bacterial pathogen
Staphylococcus aureus during infection; however, S. aureus can also grow fermentatively
in the absence of oxygen. To successfully cause infection, S. aureus must tailor its
metabolism to take advantage of respiratory activity. Different proteins are required for
growth in the presence or absence of oxygen; therefore, when cells transition between
these conditions, several proteins would be expected to become unnecessary. In this
report, we show that regulated proteolysis is used to modulate energy metabolism in S.
aureus. We report that the CIpCP protein complex is involved in specifically modulating

aerobic respiratory growth but is dispensable for fermentative growth.
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Introduction

Staphylococcus aureus is a commensal bacterium that colonizes between 20% and
50% of the healthy human population (1-4). Typically, S. aureus does not cause the
human carrier harm; however, it is capable of causing both invasive and noninvasive
infections (5-7). Historically, S. aureus infections were acquired within a hospital
environment (8), but the onset or occurrence of S. aureus infections is increasing in
community settings (5, 9).

S. aureus is a facultative anaerobe. It can derive energy for growth using either
fermentative or respiratory pathways (10). Oxygen concentrations vary within healthy
human tissues (between 1.5% and 19.7%), and in infected tissues, they are estimated to
be less than 1% (11-13). In the context of S. aureus infections, the concentration of
oxygen at the site of infection progressively decreases as an infection proceeds (14).
Consequently, the ability of S. aureus to fine-tune respiratory or fermentative metabolism
with respect to the oxygen concentration is likely to be crucial for achieving optimum
energy production and utilization. Consistent with this idea, the pathogenesis of strains
with an impaired ability to respire or ferment is attenuated (15-17).

Bacteria use a variety of regulatory mechanisms to facilitate adaptation toward
changes in their environments. Regulation by means of proteolysis is a strategy adopted
in processes as diverse as stress response to cell division (18, 19). It has been argued that
regulated proteolysis allows cells to efficiently remove proteins that have been rendered
superfluous to cellular needs (20). Two rather distinct sets of proteins are required to

facilitate fermentative and respiratory growth; therefore, when cells transition between
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either of the conditions, a number of proteins will be rendered unnecessary. The
concentration and availability of a terminal electron acceptor (TEA) constitute one factor
that could necessitate reliance of cells upon regulated proteolysis to facilitate energetic
homeostasis. Regulated proteolysis is employed to modulate respiratory metabolism in
yeast (21, 22). It is unclear whether regulated proteolysis and respiratory/fermentative
metabolism are linked in S. aureus.

Proteolysis of S. aureus cytoplasmic proteins is achieved by chaperone-protease
complexes (Clp complexes) (19). The complexes are two-component proteases consisting
of peptidase and ATPase subunits (19). S. aureus harbors two peptidase subunits: ClpP
and ClpQ (19, 23, 24). ClpP is the dominant peptidase under standard laboratory growth
conditions (23, 24). S. aureus harbors multiple ATPase subunits that each carry a domain
typical of the AAA protein superfamily (19). Only a subset of ATPases contain the ClpP
recognition tripeptide and can interact with CIpP (25, 26). In S. aureus, ClpC and ClpX
are capable of interacting with ClpP, while ClpL and ClpB are thought to not interact
with ClpP (19). Apart from interacting with ClpP, the ATPases also interact with a
second class of proteins termed cofactor or adaptor proteins. The adaptor proteins
facilitate the recognition and targeting of proteins for degradation. Three adaptor proteins
have been identified in S. aureus: YjbH (27), TrfA (28), and McsB (29). TrfA, a homolog
of MecA in Bacillus subtilis, has been suggested to function as an adaptor for ClpC (30).
ClpP-dependent complexes are integral for numerous cellular processes, thereby
establishing regulated proteolysis as a global modulator of cellular physiology.

Bacteria utilize two-component regulatory systems (TCRS) to adapt to their
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surroundings. TCRS allow bacteria to integrate several stimuli into signaling circuits,
allowing for a tailored response toward their environment (reviewed in reference 31).
Classical TCRS consist of two proteins: a histidine kinase (HK) and a response regulator
(RR). The HK is capable of interacting with intracellular and/or extracellular stimuli. The
RR is typically cytosolic and may also be a transcription factor with one or more of the
following functionalities: it can undergo autophosphorylation, transfer phosphoryl groups
to the RR, or remove phosphoryl groups from the RR. Interaction with a signal molecule
alters the functionality of the HK, thereby affecting the levels of the phosphoryl group on
the RR. In most cases but not all, the levels of phosphoryl groups on the RR at any given
point determine whether system output is increased or decreased.

The staphylococcal respiratory regulator (SrrAB) TCRS was identified as a
system that modulates the expression of staphylococcal virulence factors when oxygen
tension is decreased (32—34). SrrA is a DNA binding RR (33, 35). SrrB is the HK and is
membrane spanning (33). Proteomic and microarray studies have established SrrAB as a
pleiotropic regulator of energy metabolism (14, 36, 37), and SrrAB positively influences
aerobic respiration (14, 35, 36). In the absence of oxygen or upon its limitation, SrrAB
positively influences fermentative growth (37). Biofilms are crucial in staphylococcal
pathogenesis (6, 38, 39), and SrrAB positively influences the formation of biofilms in
low-oxygen environments (36, 40). S. aureus strains lacking SrrAB also display

attenuated survival in models of infection (17, 41).
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Results

A SrrAB Strain has Increased
Sensitivity to Puromycin

We reasoned that if SrrAB regulates a factor involved in protein turnover, then a
AsrrAB strain would display altered growth under conditions that cause protein
misfolding. Puromycin is a tRNA analog that causes premature termination of protein
translation; therefore, puromycin imposes a high demand for the proteolytic machinery
(24). The USA300 LAC AsrrAB mutant strain displayed a pronounced growth defect in
solid and liquid aerobic media supplemented with puromycin but not in its absence (Fig.
1; see also Fig. S1 in the supplemental material). Growth on both solid and liquid media
was examined, since regulatory networks in S. aureus can be altered between these two
growth environments (42). Serial dilutions of the USA300 LAC (WT) and AsrrAB
strains were placed upon solid tryptic soy broth (TSB) medium in the presence or absence
of puromycin and growth was analyzed. In the presence of puromycin, the AsrrAB strain
formed colonies that were smaller in size and the number of colonies formed was
decreased by 10- to 100-fold (Fig. 1), while in the absence of puromycin, the ASrrAB
strain formed colonies of the same size and frequency as the WT strain. Likewise, in
liquid medium, the 4srrAB strain displayed an increased generation time, and its growth
was inhibited at lower concentrations of puromycin than for the WT (Fig. S1B and C).
The return of srrAB genes to the chromosome of the Asrr4B strain, in a nonendogenous
location, restored puromycin sensitivity to WT levels (Fig. 1 and S1). Puromycin

resistance was mildly, but consistently, enhanced in a WT strain carrying srrAB in a
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multicopy plasmid (Fig. S1D).

Regulatory networks can differ between isolates of S. aureus (43, 44). The
influence of SrrAB on puromycin resistance was examined in alternate isolates of S.
aureus (Newman, MW2, and N315) that differ in their physiologies and in their
expression of virulence factors. In the Newman strain, the global virulence regulator SaeS
contains a point mutation (SaeS P18) that imparts constitutive kinase activity (45). The
growth of strains lacking SrrAB was attenuated on solid medium containing puromycin
for each isolate examined (Fig. 1). The data in Fig. 1 and S1 suggested that SrrAB
positively influences puromycin resistance in S. aureus.

Genetic Evidence Suggests that Decreased

Expression of CIpC in the SrrAB Strain
Results in Sensitivity to Puromycin

We tested the hypothesis that SrrAB controls the activity of a factor that
facilitates protein turnover. Strains deficient in the activity of Clp proteolytic complexes
have deficient growth in the presence of puromycin (24). Proteomic analyses by Throup
et al. identified a putative ATPase, with homology to the Lactococcus lactis protein
CAA44207, which had altered abundance in an S. aureus strain lacking SrrAB (37).
Basic Local Alignment Search Tool (BLAST) analyses found that ClpL
(SAUSA300_2486) and ClpC (SAUSA300_0510) had the highest similarity to
CAA44207. We found that a Ac/pC strain had deficient growth on solid medium
containing puromycin, whereas a clpL::Tn strain did not (Fig. 2A).

Epistasis experiments were used to examine potential interactions between srrAB

and clpC. The puromycin sensitivities of the AsrrAB, AclpC, and AsrrAB AclpC strains
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Figure 1. SrrAB is involved in puromyecin resistance in diverse isolates of S. aureus. (A)
A AsrrAB strain is deficient in growth upon solid TSB medium containing puromycin.
Growth for the WT with pLL39 or the AsrrAB strain with pLL39 or pLL39_srrAB is
displayed on solid TSB medium with or without puromycin. (B) Growth for the Newman
(JMB 1422), Newman AsrrAB (JMB 4751), MW2 (JMB 1324), MW2 AsrrAB (JMB
7573), N315 (JMB 7570), and N315 AsrrAB (JMB 7574) strains is displayed on solid
TSB medium with or without puromycin. MRSA, methicillin-resistant S. aureus; MSSA,
methicillin-sensitive S. aureus; CC, clonal-complex type, USA number, the pulsed-field
gel electrophoresis type. Photographs are representative of at least three independent
experiments. The numbers beneath each photograph denote the serial dilution that cells
were removed from before plating.

were analyzed in liquid medium and on solid medium. The puromycin sensitivity
phenotypes associated with the AsrrAB and AclpC mutations were nonadditive. The size
and frequency of colonies formed by the AsrrAB AclpC double mutant were similar to

those observed for the AclpC strain (Fig. 2B). We found that the presence of puromycin

increased the lag times necessary to initiate outgrowth (see Fig. S2A). The puromycin
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dependent growth inhibition levels associated with the AsrrAB and AclpC mutations were
not additive in liquid medium (Fig. S2B). These data suggest that SrrAB may affect
puromycin resistance via ClpC.

We introduced clpC, under the transcriptional control of a xylose-inducible
promoter (PEPSA5_clpC), into the WT and AsrrAB strains and assessed puromycin
sensitivities. In the presence of puromycin, the ASrrAB strain carrying empty vector
formed 10-fold fewer colonies than the WT strain carrying an empty vector (Fig. 2C).
However, the AsrrAB strain carrying pEPSAS5_clpC formed a similar number of colonies
as the WT carrying an empty vector. The presence of pEPSA5_clpC had no noticeable
effect on the WT at the puromycin concentration utilized.

The influence of SrrAB on clpC transcription was examined. A transcriptional
reporter was constructed wherein the gene encoding green fluorescent protein (GFP) was
placed under the transcriptional control of the clpC promoter. SrrA is a transcriptional
repressor of the gene encoding protein A (Spa) (33), and a spa transcriptional reporter
was included as a positive control. The transcriptional activities of clpC and spa were
decreased and increased, respectively, in the AsrrAB strain (Fig. 2D). The transcriptional
activities of both genes were restored to near WT levels by the reintroduction of srrAB to
the AsrrAB strain.

Metabolomics Analyses

Demonstrate the Influence of
SrrAB and ClpC on Metabolism

We tested the hypothesis that SrrAB affects energy homeostasis via CIpC. To this
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Figure 2. Genetic evidence suggests that decreased expression of CIpC in a 4srrAB strain
results in sensitivity to puromycin. (A) CIpC is required for puromycin resistance, while
ClpL is dispensable. Growth for the WT (JMB 1100), Ac/pC (JMB 8025), and clpL::Tn
(JMB 4850) strains is displayed on solid TSB medium with or without puromycin. (B)
The puromycin sensitivity phenotypes of the 4srrAB and AclpC mutations are not
additive. Growth for the WT, AsrrAB (JMB 1467), AclpC, and AsrrAB AclpC (JMB
8027) strains is displayed on solid TSB medium with or without puromycin. (C)
Overexpression of clpC suppresses the puromycin sensitivity phenotype of the Asrr4B
strain. The growth profiles of WT and 4srrAB strains with either pEPSA5 (empty vector)
or pEPSADS clpC are displayed on solid TSB medium with or without puromycin. (D)
Transcriptional activity of clpC is decreased, while that for spa is increased, in a strain
lacking SrrAB. Transcriptional activities are displayed for the WT with pLL39 and the
AsrrAB strain with pLL39 or pLL39 srrAB and simultaneously carrying a multicopy
plasmid containing gfp under the transcriptional control of either the clpC or spa
promoter. Data in panel D represent the averages from triplicate cultures and error bars
represent standard deviations. Photographs shown in panels A, B, and C are
representative of at least three independent experiments, and the numbers beneath each
photograph denote the derail dilution that cells were removed from before plating. Where
indicated, Student t-tests (two tailed) were performed. *, P 0.05.

0.0

end, we examined the effect of SrrAB and ClpC upon cellular energetics using one-
dimensional (1D) *H nuclear magnetic resonance (NMR) for the global profiling of
cellular metabolites following aerobic growth, as previously described (46). Intracellular

metabolite levels were quantified in the WT, AsrrAB, AclpC, and AsrrAB AclpC strains.
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A previous study found that a strain lacking ClpC, cultured to stationary phase, had
altered transcript levels for genes encoding components of the electron transfer chain and
oxidative phosphorylation (46). To allow comparisons with previous studies, our analyses
were also conducted in stationary phase, following 48 h of growth. Two dimensional
principal-component analysis (2D-PCA) and two-dimensional partial least squares
discriminant (2D PLS-DA) multivariate statistical analyses demonstrated that the WT,
AsrrAB, AclpC, and AsrrAB AclpC strains exhibit distinct metabolic profiles (Fig. 3A)
(relative metabolite concentrations are listed in Table S1). Associated variable
importance in projection (VIP) scores resulting from the 2D PLS-DA analysis
highlighted the metabolites whose concentration changes contributed the most to the
separation (VIP score 1.0) of the metabolic profiles of the four strains (Fig. 3B). Most
notably, the mutant strains displayed higher levels of NAD than the WT (with NAD
concentrations in the following order: AclpC AsrrAB AclpC AsrrAB WT). Other
interesting metabolite pattern changes included higher levels of formate, niacinamide
(AclpC AsrrAB AclpC AsrrAB WT), and ADP (AclpC AsrrAB AsrrAB AclpC WT) in the
mutant strains than in the WT. In addition, GTP levels were lower in the AclpC and
AsrrAB AclpC mutants than in the WT.

We compared the metabolite profile of each strain to that of the WT. The 2D-
PCA plot and heat map representation of metabolites whose levels were significantly
altered between AclpC and WT are shown in Fig. 4. The 2D-PCA plot separates AclpC
and WT primarily in the principal component 1 (PC1) dimension, where PC1 accounts

for 60% of the variance and PC2 accounts for 22% of the variance (Fig. 4A). We found
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Figure 3. 2D partial least-square discriminant analysis (2D PLS-DA) score plot and
associated VIP scores following aerobic growth for 48 h. (A) 2D PLS-DA score plot
separating the WT (JMB 1100), AsrrAB (JMB 1467), AclpC (JMB 8025), and AsrrAB
AclpC (JMB 8027) S. aureus strains according to their distinct metabolic profiles, with
principal component 1 (PC1) and PC2 accounting for ~52% and ~19% of the variance,
respectively. (B) Variable importance in projection (VIP) scores ranking the most
important metabolites that contributed to the separation of the different strains in the 2D
PLS-DA score plot. Metabolites with associated VIP scores of 1.0 were considered to be
significant contributors to the separation between the metabolic profiles of the different
strains. sn-Glycero-3-p, sn-glycero-3-phosphocholine.

that ADP, NAD, lactate, acetate, and formate levels were higher in the AclpC sample
group (Fig. 4B), supporting the notion that the energy status of the AclpC strain is
decreased. Levels of GTP and 2-oxo-glutarate were also lower in the AclpC strain. Taken
together, these data suggest that the AclpC strain is, in all likelihood, exhibiting reduced
oxidative phosphorylation and tricarboxylic acid (TCA) cycle activity.

Similarly, the metabolic profile of the AsrrAB strain separates from that of WT in
the 2D-PCA score plot, primarily in the PC1 dimension, with PC1 and PC2 accounting

for 59% and 22%, respectively, of the variance (Fig. 5A). Similarly to the AclpC strain,

the ADP, NAD, acetate, formate, and lactate levels were higher in the ASrrAB strain (Fig.
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Figure 4. 2D-PCA score plot and corresponding hierarchical clustering analysis (HCA) of
the metabolite profiles of AclpC and WT strains following aerobic growth for 48 h. (A)
2D-PCA score plot separating the AclpC (JMB 8025) and WT (JMB 1100) cell cultures
and revealing that the two strains exhibit distinct metabolic profiles, with PC1 and PC2
accounting for 60% and 22% of the variance, respectively. (B) Heat map visualization of
the top 25 metabolites that contributed most significantly to the metabolic profile
separation of the AclpC mutant from the WT strain, based on Euclidean distance
calculated from metabolite abundance and a Ward clustering algorithm. Boxed regions
highlight metabolites whose levels were higher (red) or lower (blue) in the AclpC than in
the WT groups, using a relative metabolite abundance scale of 2 (red) to 2 (blue). The
HCA analysis indicates that, within these top 25 metabolites whose levels were
significantly altered, a greater proportion of metabolites are found in higher levels in the
AclpC mutant than in the WT. sn-Glycero-3-phos, sn-glycero-3-phosphocholine;
Trimethylamine N-, trimethylamine N-oxide.
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5B). Levels of AMP, UMP, succinate, and citrulline were also increased in the ASrTAB
strain. Importantly, metabolite abundance in the AsrrAB AclpC strain was nonadditive
with respect to the metabolite levels quantified for the individual AsrrAB and AclpC
mutations for 65% of the metabolites examined (25/39) (Table 1; see also Fig. S3).
Notably, a number of the metabolites that displayed nonadditivity are crucial in the

maintenance of cellular redox and energy homeostasis (for example, NAD, NADP, GTP,
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Figure 5. 2D-PCA score plot and hierarchical clustering analysis (HCA) of the metabolite
profiles of the AsrrAB and WT strains following aerobic growth for 48 h. (A) The 2D-
PCA score plot separates the metabolic profile of AsrrAB (JMB 1467) from that of WT
(JMB 1100), with PC1 and PC2 accounting for 59% and 22% of the variance,
respectively. (B) Heat map visualization of the top 25 metabolites whose level changes
contributed the separation between the AsrrAB and WT groups. Boxed regions indicate
metabolites whose levels were higher (red) or lower (blue) when comparing the AsrrAB
and WT groups, using a relative metabolite abundance scale of 2 (red) to 2 (blue). Most
of the metabolites contributing to the separation between the two groups were in higher
relative abundance in the AsrrAB strain than in the WT strain. sn-Glycero-3-phosp, sn-
glycero-3-phosphocholine; Nicotinamide N-oxi, nicotinamide N-oxide.

and ADP). Consistent with the NMR analyses, the NAD/NADH ratios were significantly
altered in strains lacking SrrAB or ClpC compared to that in the WT upon reexamination
using a biochemical assay (Table 2). Moreover, the magnitude of change observed in the
AsrrAB AclpC double mutant strain was statistically indistinguishable from those in the
single AsrrAB strains. We do note that the metabolite level patterns were different
between the AsrrAB, AclpC, and the AsrrAB AclpC strain mutants for 30% of the

metabolites examined (Table S1). We conclude that while the AclpC and AsrrAB

mutations do not influence central metabolism in exactly the same way, it is likely that a
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Table 1. Relative abundances of select metabolite levels for which the AsrrAB and AclpC
mutations are nonadditive.?

clpC SrrAB srrAB clpC

. - - FC P value
Metabolite FC P value FC P value
Acetate 16 0.3 1.7E03 1.4 0.3 3.4E02 1.7 0.4 1.3E03
ADP 19 0.2 8.7E05 1.8 0.3 4.8E04 1.6 0.4 2.1E03
Asparagine 1.2 0.1 2.1E04 1.5 0.3 2.5E03 1.3 0.2 1.0E02
Citrulline 1.3 0.3 1.4E01 1.4 0.3 1.4E02 0.7 0.1 3.0E03
Formate 14 0.1 4.6E05 1.2 0.2 3.5E02 1.2 0.1 4.4E03
Glutarate 0.5 0.3 4.8E02 2.4 2.0 1.5E02 0.9 0.6 7.4E01
GTP 0.8 0.1 3.1E02 1.4 0.1 2.8E05 0.5 0.0 3.6E06
Lactate 1.3 0.1 7.3E04 15 0.3 1.6E03 1.2 0.3 2.0E01
Lysine 1.2 0.1 15E02 1.3 0.1 3.9E03 1.2 0.1 5.3E03
Methionine 19 0.2 6.5E06 1.4 0.2 1.1E02 2.0 0.4 2.7E03
NAD 19 0.2 2.1E05 1.3 0.2 1.4E03 1.9 0.2 4.2E04
NADP 1.2 0.3 3.4E01 1.1 0.3 49E01 1.0 0.2 8.5E01
N-Alpha-acetyllysine 1.7 0.6 3.6E02 1.2 1.0 58E01 1.4 1.1 1.901
Niacinamide 1.7 0.3 1.5E03 1.2 0.3 1.2E01 1.6 0.5 2.0E02
Nicotinamide N-oxide 1.2 0.1 1.7E01 1.6 0.7 2.9E02 1.2 0.3 2.0E01
O-Phosphocholine 1.2 0.3 1.7E01 15 0.5 3.0E02 1.6 0.5 1.1E02
Phenylalanine 1.3 0.1 6.4E03 1.3 0.2 6.3E03 1.3 0.2 5.2E03
sn-Glycero-3- 16 0.1 1.1E03 1.3 0.2 7.2E03 1.1 0.2 9.3E02
phosphocholine
Succinate 0.9 0.0 2.6E01 2.1 0.9 1.7E02 1.2 0.5 3.3E01
Theophylline 75 0.7 2.5E06 1.4 0.6 3.5E01 7.0 1.9 3.2E06
Threonine 1.3 0.1 3.9E03 1.5 0.3 2.7E03 1.2 0.3 1.7E01
Trigonelline 19 0.7 15E02 1.1 1.3 8.9E01 15 1.1 1.1E01
Tryptophan 1.3 0.1 9.1E03 1.2 0.2 45E02 1.3 0.2 2.3E03
Tyrosine 14 0.1 5.9E06 1.2 0.2 3.6E02 1.3 0.2 2.3E02
UMP 1.1 0.1 1.1E01 15 0.3 2.7E03 0.9 0.2 1.5E01

aData presented as fold changes (FC) and significance (P values) relative to the WT.

portion of the effect of SrrAB on metabolism is controlled via alterations in ClpC

activity.
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Table 2. NAD/NADH ratio after 48 h of growth.

Strain or genotype NAD NADH  NAD/NADH
ratio?

WT 17.02 1.75 0.23 0.12 99.0 15.3

AclpC 20.78 0.98 0.18 0.09 144.5 19.4

ASrrAB 20.86 1.13 0.34 0.02 61.0 3.5

ASrrAB clpC 22.06 1.35 0.46 0.20 56.2 6.0

3Metabolite concentrations standardized to pmol per 108 bacteria before determining the
ratios. °P 0.05 versus WT by Students t tests.

ClpCP is Required for Optimal
Growth in a Medium that Only
Supports Respiratory Growth

SrrAB regulates aerobic respiration, and the data presented suggested that a
AclpC strain may be deficient in oxidative phosphorylation and tricarboxylic acid (TCA)
cycle activity (35, 36). This prompted us to test the hypothesis that ClpC positively
influences respiratory growth. We examined the growth profiles of strains in a medium
that supports only respiratory growth. S. aureus is capable of utilizing glucose as well as
glutamate as a source of carbon (47, 48). Glutamate feeds directly into the TCA cycle at
the -ketoglutarate entry point, and we reasoned that glutamate would support respiratory
growth almost exclusively. Defined medium containing glutamate as a carbon source
(DFM-glutamate) did not support fermentative (anaerobic) growth but did support
respiratory (aerobic) growth (Fig. 6A). Defined medium with glucose as a carbon source
(DFM-glucose) supported both respiratory and fermentative growth (Fig. 6A). Heme is
necessary for the function of S. aureus terminal oxidases, and consequently, a heme
auxotroph is incapable of respiring. A hemB::Tn strain was capable of aerobic growth in

DFM-glucose but not DFM-glutamate medium (Fig. 6B), leading to the conclusion that
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Figure 6. The CIpCP complex is required for optimal growth in a medium that only
supports respiratory growth. (A) S. aureus can utilize glutamate as a source of carbon
aerobically but not fermentatively. Final growth yields are displayed for the WT (JMB
1100) cultured in the presence or absence of oxygen (fermentative growth) and in defined
minimal medium containing the canonical 20 amino acids and glucose (DFM-glucose) or
glutamate (DFM-glutamate) as a carbon source or in the absence of a carbon source. (B)
A heme auxotroph is unable to utilize glutamate as a carbon source during aerobic
growth. Growth profiles are displayed for a hemB::Tn (JMB 6037) strain cultured
aerobically in either DFM-glucose or DFM-glutamate. (C and D) A strain lacking ClpC
or CIpCP is substantially attenuated for aerobic growth upon DFM-glutamate. Growth
profiles are displayed for the WT, AclpC (JMB 8025), clpP::Tn (JMB 4898), and AclpC
clpP::Tn (JMB 8029) strains cultured aerobically in either DFM-glucose (C) or DFM-
glutamate (D). Data in all panels represent the averages from duplicate cultures and error
bars represent standard deviations. Error bars are displayed for all points but may be too
small to see on occasion.

DFM-glutamate supports only respiratory growth. The AclpC strain had a modest, but

repeatable, growth defect in DFM-glutamate but not DFM-glucose medium (Fig. 6C and



225
D; black versus red circles).

ClpC can associate with a peptidase that forms a proteolytic complex. S. aureus
harbors the ClpP and ClpQ peptidases. To understand which peptidase ClpC associates
with to influence respiratory growth, the puromycin sensitivities of strains lacking ClpC,
ClpP, or ClpQ were assessed. Concentrations of puromycin that attenuated growth of a
AclpC strain also attenuated growth of a clpP::Tn strain, while the growth of a clpQ::Tn
strain was unaffected (data not shown). This suggested that CIpC associates with CIpP;
therefore, we conducted epistasis experiments to further understand the role of ClpP.

The growth of a AclpC clpP::Tn strain was examined relative to that of its
parental strains in different media. The phenotypic effects of the AclpC and clpP::Tn
mutations were nonadditive, and the AclpC clpP::Tn strain phenocopied the clpP::Tn
strain in both DFM-glucose and DFM-glutamate media (Fig. 6C and D). The growth of
the clpP::Tn strain was attenuated to a greater degree than for the AclpC strain in both
media (Fig. 6C and D).

ClpP is Required for Optimal Fermentative
Growth While ClpC is Dispensable

SrrAB positively influences fermentative growth (37). A previous study found
that the transcription of clpP but not clpC is increased upon a shift to fermentative growth
(49). In conjunction with the metabolomics data presented, we reasoned that ClpC was
not required for fermentative growth and that SrrAB would not modulate clpC
transcription during fermentative growth.

The transcript levels for clpC were examined in the WT and AsrrAB strains
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following fermentative growth. Transcript levels for spa and cydB, which are negatively
and positively modulated by SrrAB, were assessed as controls (33, 35). Transcript levels
were examined instead of transcriptional activity using the reporter constructs, since the
folding of GFP is impaired in the absence of oxygen (50). Transcript levels for spa and
cydB were increased and decreased, respectively, in the ASrrAB strain (Fig. 7A).
However, transcription of clpC was unaltered (Fig. 7A).

We examined whether CIpC, ClpP, or the CIpCP complex had a role during
fermentative growth. Relative to that of the WT, the growth of the clpP::Tn strain was
severely attenuated during fermentative culture (Fig. 7B). The AclpC strain was more
proficient in fermentative growth than the WT and consistently formed bigger colonies
(65% larger; relative sizes presented in Fig. S4, and representative image presented in
Fig. 7B), suggesting ClpC limits fermentative growth. The phenotypic effects of the
AclpC and clpP::Tn mutations were nonadditive (Fig. 7B).

The glycine at position 672 of CIpC is required for the interaction between ClpC
and ClpP (51). The introduction of pEPSAS5_clpC but not pEPSA5_clpCae72r inhibited
fermentative growth of the WT strain (Fig. 7C). The WT strain carrying pEPSA5_clpC
formed 100-fold fewer colonies that the WT carrying empty vector (Fig. 7C). The WT
strain carrying pESPSA5_clpCegs72r behaved similarly to the WT strain carrying empty
vector (Fig. 7C). From Fig. 7, we concluded that CIpC is dispensable for fermentative
growth, while ClpP is required. Further, dysregulation of CIpC levels during fermentative

growth inhibits growth, which is likely due its interference with CIpP function(s).
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Figure 7. CIpP is required for optimal fermentative growth, while CIpC is dispensable.
(A) SrrAB influences transcript levels for spa and cydB but not clpC during fermentative
growth. The WT (JMB 1100) and AsrrAB (JMB 1467) strains were cultured
fermentatively, mMRNA was extracted, and the abundances of the clpC, spa, and cydB
transcripts were quantified. The data were normalized to 16S rRNA levels and thereafter
to levels observed in the WT. (B) CIpP is required for optimal fermentative growth, while
ClpC is dispensable. Fermentative growth is displayed for the WT, AclpC (JMB 8025),
clpP::Tn (JMB 4898), and AclpC clpP::Tn (JMB 8029) strains on solid TSB medium. (C)
Increased expression of clpC inhibits growth of fermenting S. aureus. Fermentative
growth is displayed for the WT strain with pEPSAS (empty vector), pEPSAS clpC, or
PEPSAS5_clpC...-0n solid TSB medium. Data in panel A represent the averages from
triplicate cultures and error bars represent standard deviations. Photographs in panels B
and C are representative of at least three independent experiments, and the numbers
beneath each photograph denote the serial dilution that cells were removed from before
plating. Where indicated, Student t tests (two tailed) were performed on the data. *, P
0.05.
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Discussion

Energy homeostasis is crucial for cellular physiology. SrrAB modulates aerobic
respiration as well as fermentation in S. aureus (36, 37). Regulated proteolysis is
involved in modulating respiratory metabolism in alternate organisms (18, 21); however,
it is unclear whether a similar mechanism exists in S. aureus. We tested the hypothesis
that the SrrAB TCRS links energy homeostasis and regulates proteolysis by modulating
the levels of a factor involved in protein turnover. Our analyses using a combination of
genetics and metabolomics lead us to propose a model wherein SrrAB affects puromycin
resistance and energy homeostasis, at least in part, by modulating ClpC levels, which
functions in protein turnover (Fig. 8). Consistent with our model, the growth of a AsrrAB
strain was deficient on media that impose a high demand for the cellular proteolytic
machinery. Moreover, the transcriptional activity for clpC was decreased in a strain
lacking SrrAB during respiratory growth, and overexpression of clpC suppressed the
puromycin sensitivity phenotype of the srrAB mutant. We also note that early studies by
Throup et al. (37) suggest that CIpC levels were altered in a srrAB mutant. One
interpretation of this is that SrrAB regulates particular oxidative phosphorylation factors
in a posttranslational manner. This idea would be consistent with our findings presented
herein.

To understand whether SrrAB modulation of ClpC affects energy homeostasis,
we conducted NMR-based metabolomics analyses. Our studies revealed that the AsrrAB
and AclpC mutations both result in altered concentrations of metabolites involved in

balancing cellular redox and energy or of amino acids that serve as precursors for the
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Figure 8. A working model for the influence of respiration upon SrrAB-dependent
regulation of CIpC in S. aureus. Respiratory growth results in increased expression of
clpC in an SrrAB-dependent manner. The increased ClpC leads to increased activity of
the CIpCP proteolytic machinery and thereby facilitates proficient respiration and
resistance toward protein misfolding stress. In contrast, during fermentative growth,
SrrAB does not alter clpC expression and CIpP is necessary for proficient growth, while
ClpC limits growth. Further experimentation is required to understand whether ClpC
limits growth fermentatively solely upon association with ClpP or if it functions via an
alternate mechanism.

TCA cycle. Importantly metabolite analyses in a AsrrAB AclpC double mutant strain
found that the effects of the AclpC and AsrrAB mutations are not additive for 65% of the
metabolites examined (25/39). A number of these metabolites serve as reporters of
cellular energy status such as (ADP and NAD) and respiratory growth (acetate, formate,
and lactate). Moreover, the growth of the AclpC strain was deficient on a medium that

supported only respiratory growth. Taken together, these data are highly suggestive of a

role for ClpC in directing energy metabolism. However, we do note that the AsrrAB
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AclpC double mutant strain did not completely phenocopy the AclpC and AsrrAB single
mutants. Thus, while our data are supportive of our hypothesis that SrrAB affects energy
homeostasis via ClpC, we do not rule out the possibility that mutations in either gene
could have direct or indirect (or both) effects on metabolism. Alternatively, the results
could arise as an indirect consequence of altering regulated proteolysis, which
subsequently results in global changes in the cell.

The growth conditions of our NMR-based metabolomics experiments were
selected to allow comparisons with previous studies conducted on ClpC function using
transcriptomics and proteomics. Chatterjee et al. found that a strain lacking ClpC had
decreased transcript levels for genes encoding NADH dehydrogenases and 2-oxoglutarate
ferredoxin oxidoreductase (46). They also found that the protein levels for the ATP
synthase subunits were decreased in abundance in a clpC mutant (46). These data align
well with our results indicating that a AclpC strain alters the NAD/ NADH ratio in the
cell. A separate study found that a number of proteins that are involved in the synthesis of
cofactors, which are essential for respiration, are substrates for ClpC (52). Prominent
among these were SufCD, which are required to synthesize iron-sulfur (Fe-S) cofactors
(52). S. aureus strains unable to properly process Fe-S proteins into their mature forms
display global shifts in carbon flux and metabolic defects (47, 51, 53-55). Consistent
with these studies, we found that a clpC mutant had deficient respiratory growth. CIpC
acts either independently as a molecular chaperone or in conjunction with the ClpP
peptidase. A clpP::Tn strain had attenuated growth on media supporting only respiratory

growth, and the phenotypic effects of the AclpC and clpP::Tn mutations were not
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additive. Thus, we concluded that the CIpCP proteolytic complex functions in directing
respiratory metabolism. These findings are consistent with previous observations that
several proteins involved in energy metabolism may be direct substrates of the CIpCP
system (56).

We also examined the roles of CIpC, ClpP, and CIpCP during fermentative
growth. ClpP was required for optimal growth during fermentative culture. Interestingly,
the AclpC strain consistently formed bigger colonies than the WT strain when growing
fermentatively but not aerobically. This suggested that the presence of CIpC limits
fermentative growth. SrrAB did not affect clpC transcript levels during fermentative
growth. Our metabolic profile analyses support this observation, as elevated levels of
fermentative products/metabolites were measured in the AclpC mutant compared to that
in the WT. These data are also consistent with previous findings that the transcription of
clpP but not clpC is increased upon transition to fermentative growth (49).

Overexpression of clpC but not clpCgs27r inhibited fermentative growth of the
WT strain. Therefore, we propose that dysregulated levels of ClpC interfere with ClpP
function and thereby limit fermentative growth. However, future experiments are
necessary to uncover the precise mechanism by which overexpression of clpC decreases
fermentative growth.

In summary, this study demonstrates that both SrrAB and ClpC affect energy
metabolism. The data presented suggest that SrrAB influences energy metabolism, in
part, by modulating ClpCP-directed regulated proteolysis. Metabolomics and

physiological analyses establish that CIpCP is involved in altering aerobic respiratory
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metabolism but is dispensable for fermentative growth.

Materials and Methods

Materials

Restriction enzymes, deoxynucleoside triphosphates, quick DNA ligase kit, and
Phusion DNA polymerase were purchased from New England BioLabs. The plasmid
miniprep kit, RNAprotect, and the gel extraction kit were purchased from Qiagen.
Lysostaphin was purchased from Ambi Products. DNase | was purchased from Ambion.
High-Capacity cDNA reverse transcription kits and TRI1zol were purchased from Life
Technologies. Oligonucleotides were purchased from Integrated DNA Technologies, and
sequences are listed in Table S2 in the supplemental material. Tryptic soy broth (TSB)
was purchased from MP Biomedicals. Unless specified, all chemicals were purchased

from Sigma-Aldrich and were of the highest purity available.

Bacterial Growth Conditions

Unless specifically stated otherwise, the S. aureus strains used in this study (Table
3) were constructed in the community-associated USA300 strain LAC that was cured of
the native plasmid pUSAO03, which confers erythromycin resistance (57). S. aureus
strains were cultured at 37°C. For aerobic growth in liquid, cultures were grown with
shaking at 200 rpm at a flask/tube headspace-to-culture medium volume ratio of 10 (with
the exception of analyses conducted in 96-well microtiter plates). Anaerobic growth was
achieved by either incubation with a flask/tube headspace-to-culture medium volume

ratio of 0, as described earlier (47, 53), or by incubation in a Coy anaerobic chamber
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Table 3. Strains and plasmids used in this study.

Strain or plasmid

Genetic

Genotype or description

Source and/or

background reference

Strains
S. aureus
JMB
1100

JMB 1467
JMB 2047
JMB 1103
JMB 1422
JMB 4751
JMB 1324
JMB 7573
JMB 7570
JMB 7574
JMB 4898

JMB 8025
JMB 8027
JMB 8029
JMB 7714

JMB 4850

JMB 6037

Escherichia coli PX5

Saccharomyces cerevisiae

FY2

Plasmids
pCM28

pCM11
pCM11_PclpC
pCM11_Pspa
pCM28_srrAB
pLL39
pLL39_srrAB
pEPSA5

pEPSA5 clpC

pEPSA5_C|pCGe72R

USA300_LAC (Erm sensitive), MRSA, USA300, CC8 LAC

AsrrAB (SAUSA300_1441-42) LAC
ASIrAB::tet LAC
Restriction minus, MSSA, CC8 RN4220
Parent, MSSA, CC8 Newman
ASIrAB::tet Newman
Parent, MRSA, USA400, CC1 MW2
ASITAB::tet MW2
Parent, MRSA, USA100, CC5 N315
ASITAB::tet N315
clpP::Tn(erm) LAC
AclpC::tet LAC
AsrrAB AclpC::tet LAC
AclpC::tet clpP::Tn(erm) LAC
clpQ::Tn(erm) LAC
clpL::Tn(erm) LAC
hemB::Tn(erm) LAC

Insertless cloning vector, genetic complementation,
multicopy

Parent vector for construction of transcriptional reporter,
multicopy

clpC transcriptional reporter

spa transcriptional reporter

srrAB complementation, multicopy

Insertless cloning vector, genetic complementation,
episome

srrAB complementation, episome

Cloning vector, genetic complementation, xylose-
inducible promoter, multicopy

clpC complementation, multicopy

clpC complementation, multicopy

57
62
35
63
64
This work
65
This work
66
This work

BEI Resources,
67

51
This work
This work

BEI Resources,
67

BEI Resources,
67

BEI Resources,
67
Protein Express

W. Belden

62
68

This work
This work
35
69
40
70
51

51

equipped with an oxygen-scavenging catalyst to maintain oxygen levels lower than 1
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ppm. For culture in 96-well microtiter plates, each well contained 200 | total volume
(detailed procedure below). Difco BioTek agar was added (15 g liter:) for solid medium.
The staphylococcal defined medium recipe was as described previously and contained 10
mg ml:(NH.).SO., 45 mg ml:KH.PO., 105 mg ml:K;HPO., 6.42 mg ml:NaCl, 2.23 mg ml:
KCI, 0.5 g ml:-nicotinic acid, 0.5 g ml-thiamine, 0.5 g ml:pantothenic acid, 3 ng ml:biotin,
and 0.25 ng ml:of each individual amino acid (47, 53). All components were prepared
using distilled and deionized water, but the water added to the medium was only
deionized. Glutamate and glucose were added as carbon sources at 44 mM and 22 mM,
respectively. When selecting for plasmids or episome insertions, antibiotics were added
at the final following concentrations: 150 g ml-ampicillin, 30 g ml:chloramphenicol
(Cm), 10 g ml:erythromycin (Erm), and 3 g ml:tetracycline (Tet). For routine plasmid
maintenance, media were supplemented with 10 g ml:or 3.3 g ml:of chloramphenicol or

erythromycin, respectively.

Liquid Growth Analysis. Strains were cultured overnight in TSB (18 h of growth)

and subsequently inoculated in minimal medium to a final optical density (OD) of 0.02
(As) unit. For assessing nutritional requirements in chemically defined medium, the cell
pellet was washed twice with phosphate-buffered saline (PBS) prior to inoculation to
prevent carryover of rich medium components.

Puromycin sensitivities were examined in TSB medium, and the media were
amended with antibiotic at the point of inoculation. The puromycin concentrations ranged
between 0.5 and 10 g ml-. Aerobic growth was monitored using a BioTek 808E visible

absorption spectrophotometer equipped with an incubator and set at medium shake speed.
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For anaerobic growth, the microtiter plate was incubated in an air incubator inside a Coy
anaerobic chamber. Where final optical densities are presented, growth was assessed after

overnight growth (18 h).

Solid Growth Analyses. Strains were cultured overnight in TSB (18 h of growth).

The strains were serial diluted using 1X PBS, and 5-I aliquots of the dilutions were spot
plated on solid medium. Where mentioned, the TSB solid medium was amended with
between 4.5 and 7 g ml:of puromycin. Plates were subsequently incubated at 37°C
overnight before photographs were taken. Where mentioned, anaerobic growth was

achieved by incubation in an air incubator inside a Coy anaerobic chamber.

Colony Size Analysis. Relative colony sizes were determined using the particle

size tool in the ImageJ software. Sizes for at least ten colonies for each strain were

determined.

Recombinant DNA and Genetic Techniques

Plasmids were passaged through RN4220 and subsequently transduced into the
appropriate strains using bacteriophage 80 (58). Mutant strains and plasmids were
verified using PCR or by sequencing PCR products or plasmids. DNA sequencing was

performed at Genewiz (South Plainfield, NJ).

Creation of Plasmids and Mutant Strains

pCM11_clpC was created using the clpC hindlll and clpC kpnl primer pair.

pCM11_spa was made using the spa Pro for Hindlll and spa Pro Rev Kpnl primer pair.
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Digested PCR products were ligated into similar digested vectors.

Transcriptional Reporter Fusion Assay

Strains cultured overnight in liquid TSB-Erm medium were diluted in fresh liquid
TSB-Erm medium to a final OD of 0.1 (A«) and cultured with shaking. At periodic
intervals, culture density and fluorescence were assessed as described previously (47, 53).
Fluorescence data were normalized with respect to a strain not carrying a GFP-based
transcriptional reporter to normalize for background fluorescence values. The resulting
data were normalized to the culture OD. Finally, the data were normalized relative to the
wild-type (WT) strain, or as specified in the figure legend.

RNA Extractions and
Real-Time Quantitative PCR

The abundances of RNAs were determined using a previously described cDNA
library (35, 53). Briefly, cells were cultured in capped microcentrifuge tubes at a
headspace-to-volume (H/V) ratio of 0. Anaerobic conditions were verified by the addition
of resazurin to control tubes. Cultures were grown for 4.5 h. Thereafter, cells were treated
with RNAprotect reagent, mMRNA was obtained, cDNA libraries were constructed, and

real-time quantitative PCR (RT-gqPCR) was performed as described earlier (35, 53).

NMR Metabolomics

Bacterial Strains and Growth Conditions. Aerobic growth for all strains was

assessed on four biological replicates for each cell group. Overnight cultures diluted

1:1,000 were used to inoculate 25 ml of fresh TSB in a 250-ml flask with 220-rpm
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agitation at 37 °C. Aliquots of 10 ml were collected at 48 h, centrifuged at 5,000 rpm for
5 min, rinsed once with 1 ml of 1X PBS, and centrifuged at 5,000 rpm for 5 min. The
supernatant was discarded, and cell pellets were frozen at -80 °C until further use. An
additional 10 pl of the culture was utilized to determine the CFU, and 5 ml was utilized

for NAD/NADH assays.

Polar Metabolite Extraction. Frozen cell pellets were resuspended in 1 ml of a 2:1

methanol:chloroform mixture and transferred to FastPrep lysis B matrix tubes (MP
Biomedicals). Cells were lysed using the FastPrep-24 5einstrument and designated S.
aureus settings (2 cycles at a speed of 6.0 m/s for 40 s); 300 | of each layer of a 1:1
aqueous chloroform solution was added to each cell lysate. The tubes were vortexed,
placed at 20°C for 20 min, and centrifuged at 14,000 g for 10 min. 800 | of the aqueous
phase was transferred to microcentrifuge tubes and placed in a SpeedVac (no heat,
manual run, volatile solvent) to dry overnight. Samples were resuspended in 600 | of
NMR buffer (0.25 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid [DSS], 0.4 mM
imidazole, 25 mM phosphate buffer, 90% H.O- 10% D.O) and transferred to 5-mm

Bruker NMR tubes.

NMR Experiments. 1D :H NMR spectra for each sample were obtained at 298 K

on a Bruker 600-MHz (:-H Larmor frequency) AVANCE I11 solution NMR spectrometer,
equipped with an automatic SampleJet sample loading system as well as a 5-mm triple
resonance (*H, =N, and =C) liquid helium cooled TCI probe (cryoprobe) and Topspin

software (Bruker version 3.2). 1D :H experiments were performed using the “zgesgp”
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Bruker pulse sequence with 256 scans, :H spectral window of 9,615.38 Hz. Free
induction decays (FIDs) were collected in 32K data points, with a dwell time interval of
52 s amounting to an acquisition time of 1.7 s, and using an additional 1-s relaxation
recovery delay between spectrum acquisitions. For each sample, the Topspin software
(Bruker version 3.2) was used for phasing, baseline correction, and suppression of the
water NMR signal using the baseline correction module “qfil” with a filter width
(BCFW) of 0.2 ppm. Spectral analysis and metabolite identification and quantitation
were performed using Chenomx software (version 8.0) (Chenomx Inc., Edmonton, AB,
Canada) (59). For each NMR spectrum, the baseline was further corrected prior to
metabolite identification and quantitation using the Chenomx small-molecule spectral
database for 600-MHz (*H Larmor frequency) magnetic field strength NMR
spectrometers. NMR spectral patterns were fitted for each sample independently, and an
internal DSS (0.25 mM) standard was used for metabolite quantitation. Metabolite
concentrations were further normalized to viable cell counts (i.e., CFU). Metabolite
identification (ID), when ambiguous due to partial :H NMR signal overlap, was further
confirmed by recording 2D :H-:H total correlation spectroscopy (TOCSY) NMR spectra
or by spiking, when available, pure metabolite standards into samples. A total of 42
compounds were identified upon analysis of the 1D :H NMR spectra, and concentrations
reported in millimolar were exported to Excel spreadsheets for further analysis using the

MetaboAnalyst software (60).

Multivariate Data Analysis. Metabolite concentrations (in mM) for all four

biological replicates obtained from the Chenomx software data analysis were normalized
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to the total number of viable cells as determined by CFU, converted to attomoles/CFU,
and saved as a CSV file. These data sets were analyzed, and metabolic profile trends
between different sample groups were assessed using multivariate statistical analysis
methods, including unsupervised 2D principal-component analysis (2D-PCA) and
supervised 2D partial least-squares discriminant (2D PLS-DA) analyses using the
multivariate statistical analysis modules of MetaboAnalyst (60). All metabolite
concentration data sets were imported into MetaboAnalyst using log transformation and
autoscaling settings. Log transformation was used to ensure Gaussian distribution of the
data, and autoscaling was used for data scaling. This approach ensures that the variance
from the more abundant metabolites does not dominate the variance covariance matrix of
the multivariate statistical analysis and ensures that all changes from metabolites whose
concentrations span several orders of magnitude contribute to the analysis, as described

in reference 61.

Metabolic Pathway Analysis/VIP Scores. The most important metabolites

contributing to the variance were ranked by 2D PLS-DA VIP (variable importance in
projection) scores. Metabolites with VIP scores of 1.0 were considered the most
significant contributors to the separation of the metabolic profiles of the different S.
aureus sample groups, as shown in the 2D PLS-DA score plots. VIP scores resulting

from the MetaboAnalyst data analysis are shown in Fig. 4B.

Data Interpretation and Analyses. Heat maps were generated using the Cluster

Analysis module in MetaboAnalyst. Except for displaying the top 25 metabolites using
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the t test/analysis of variance (ANOVA) setting, default settings were used (Euclidian
distance measure and Ward clustering algorithm). During analyses, data were curated
using the interquartile range (IQR) rule. The lower and upper outlier bounds were
determined by 1.5 IQR subtraction from the first quartile and 1.5 IQR addition to the
third quartile, respectively. Data values falling outside these bounds were omitted as

outliers.

NAD/NADH Analysis

Total NADand NADH concentrations were determined using 5-ml aliquots of cell
culture and standard NAD/NADH enzymatic quantitation kits (BioVision, K337-100)
according to the manufacturer’s protocol and by normalizing resultant data to viable cell
counts (i.e., CFU). After 48 h of culture, cells were washed with 1 PBS and lysed via 2
cycles of freeze/thaw in NADH/NAD extraction buffer. The resulting supernatant was
split into two reactions for each sample, and one was used to measure the concentration
of NADH present and the other to measure total NAD (NADt) corresponding to [NADH]
[NAD]. NADH samples were heated to 60°C for 30 min to remove any NAD present.
NADH and NADt samples were then loaded into 96-well plates, and NAD cycling
enzyme mix was added. The reactions were allowed to incubate at room temperature for
5 min prior to the addition of developer mix, and the reactions were allowed to sit for 1 h
prior to the measurement of optical density at 450 nm. Standard curves were generated
using standards of 10 pmol/l NADH and NAD provided by the manufacturer.
NAD/NADH concentration measurements were conducted on four biological replicates

for each sample group.
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Data Availability

We have deposited all the NMR metabolomics data and associated data
processing files into the Metabolomics Workbench database under data accession number

ST001174.
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Figure S1. A AsrrAB strain has increased sensitivity to puromycin. Panel A and B; A
AsrrAB strain is deficient in growth upon co-culture with puromycin. Growth profiles are
presented for the WT (JMB1100) with the pLL39 episome (empty vector) and the
AsrrAB strain (JMB1467) with pLL39 or pLL39_srrAB in tryptic soy broth (TSB)
medium in the absence (Panel A) or presence (Panel B) of puromycin. Panel C; The
growth of a AsrrAB strain is inhibited at lower concentrations of puromycin than the WT.
The WT with pLL39 or the AsrrAB strain with pLL39 or pLL39_srrAB was diluted into
TSB containing varying amounts of puromycin. The strains were cultured for 5 hours and
optical densities were recorded. Data are presented as fraction growth achieved relative to
the non-treated control for each strain. Panel D; Increased dosage of srrAB improves the
puromycin resistance of the WT strain. Growth profiles are presented for the WT
carrying the multicopy vector pCM28 or pCM28 srrAB and diluted into TSB in the
presence of puromycin. Data in Panels A-D represent the average of duplicate cultures
and error bars represent standard deviations. Error bars are shown in all figures but may
not be visible where error is low. Data in panel E are representative of at least three

independent experiments.
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Figure S2. The puromycin sensitivity phenotypes associated with the AsrrAB and
AclpC mutation are not additive. Panel A; Representative growth profiles are
displayed for the WT (JMB 1100) and AsrrAB (JMB 1467) strains in TSB medium in
the presence or absence of various concentrations of puromycin. Panel B; The time
taken for strains to initiate outgrowth is plotted vs. the concentration of puromycin
present in the TSB medium. The data in Panel B represents the average of triplicate
cultures and error bars represent standard deviations. Students t-tests were conducted
against the WT and * represents p < 0.05.
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Figure S3. 2D PCA scores plot and corresponding hierarchical clustering analysis
(HCA) of the metabolic profiles of AclpC and AsrrAB, following aerobic growth for
48 hours. Panel A: 2D-PCA scores plot separating the metabolic profiles of AclpC
(JMB 8025) and AsrrAB (JMB 1467), with PC1 and PC 2 accounting for 52.4% and
18.8% of the variance, respectively. Panel B: Heatmap visualization of the top 25
metabolites contributing the most to the separation of the AclpC and AsrrAB strains
based of their distinct metabolite profiles, and indicating elevated levels of GTP,
AMP, and lactate in AsrrAB compared to AclpC. Levels of AMP, UMP, succinate, and
citrulline are also increased in the AsrrAB strain, indicating that the AclpC and AsrrAB
mutations are not affecting central metabolism in exactly the same way. Boxed regions
indicate regions of higher (red) or lower (blue) metabolite levels between groups, with
relative scale ranging from +2 (red) to -2 (blue); The heatmap also reveals that, within
these top 25 metabolites whose levels are significantly altered between the two strains,
a comparable distribution of increased or decreased metabolite levels is observed
between AclpC and AsrrAB.
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Figure S4. Quantification of colony size of the WT and AclpC strains after
fermentative growth. Relative colony sizes of the WT (JMB1100) and AclpC (JMB
8025) strains were determined using the particle size tool in the ImageJ software.
Sizes for at least ten colonies for each strain were determined.
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Supplemental Table 1. Metabolite levels for the WT, AsrrAB, AclpC, and AsrrAB AclpC
strains™

WT AclpC AsrrAB AsrrAB AclpC
Metabolite fc fc p.value fc p.value fc p.value
Acetate 1 16+029 1.7E-03 14+0.30 3.4E-02 1.7+0.40 1.33E-03
ADP 1 19+0.22 8.7E-05 18+0.26 4.8E-04 16+0.38  2.09E-03
AMP 1 1.0£0.05 4.6E-01 12+0.18 1.7E-02 08+0.20 6.16E-02
Asparagine 1 12+0.05 2.1E-04 15+0.25 2.5E-03 1.3+£0.21 9.96E-03
Aspartate 1 09+0.12 6.0E-01 11+0.65 5.6E-01 13+0.76  2.66E-01
Betaine 1 14+0.04 14E-03 1.0+0.30 7.8E-01 11+014 557E-01
Citrulline 1 13+0.33 14E-01 14+0.30 1.4E-02 0.7+0.14 3.00E-03
Dimethylamine 1 07+0.14 8.9E-02 1.6+0.81 3.4E-02 0.6+040  8.57E-02
Formate 1 14+0.10 4.6E-05 1.2+0.19 3.5E-02 12+0.09 4.44E-03
Glutamate 1 11+0.13 2.2E-01 0.7+0.23 6.2E-02 0.5+0.05 9.55E-06
Glutarate 1 05%0.25 4.8E-02 24+199 15E-02 09+059  7.39E-01
Glycine 1 25+0.58 4.9E-04 1.0+0.40 9.9E-01 20+0.85  3.98E-03
GTP 1 08+0.14 3.1E-02 14+0.12 2.8E-05 0.5+0.03 3.62E-06
Histamine 1 18+0.17 1.0E-04 08+0.10 5.6E-03 16+0.23  2.03E-03
Histidine 1 1.0+0.25 9.6E-01 1.2+0.07 1.3E-01 14+0.14 3.53E-03
Isoleucine 1 11+0.14 29E-01 1.3+0.10 8.8E-03 1.1+0.12 6.39E-01
Lactate 1 13+0.06 7.3E-04 15+0.27 1.6E-03 12+029  2.05E-01
Leucine 1 1.0+0.14 7.3E-01 14+0.18 2.1E-03 1.1+0.25 5.20E-01
Lysine 1 1.2+0.08 1.5E-02 1.3+0.12 3.9E-03 1.2+0.14 5.25E-03
Methionine 1 19+0.18 6.5E-06 14+0.21 1.1E-02 20+0.43 2.69E-03
NAD 1 19%0.07 2.1E-05 1.3+0.17 1.4E-03 1.9+0.20 4.22E-04
NADP 1 12+0.26 34E-01 1.1+0.27 4.9E-01 1.0+0.22 8.50E-01
N-alpha-Acetyllysine 1 1.7+0.62 3.6E-02 1.2+1.04 58E-01 14+111 1.91E-01
Niacinamide 1 1.7+0.30 1.5E-03 12+0.28 1.2E-01 16+047  2.00E-02
Nicotinamide N-oxide 1 12+0.09 1.7E-01 1.6+0.7 2.9E-02 1.2+0.33 1.96E-01
O-Phosphocholine 1 12+0.28 1.7E-01 15+0.49 3.0E-02 1.6+0.49 1.11E-02
Phenylalanine 1 13+0.06 6.4E-03 13+0.19 6.3E-03 13+0.23 5.21E-03
sn-Glycero-3-phosphocholine 1 1.6 +0.13 1.1E-03 1.3+0.19 7.2E-03 1.1+£0.17 9.34E-02
Succinate 1 09+0.03 2.6E-01 21+0.95 1.7E-02 1.2+£0.45 3.32E-01
Tartrate 1 11+0.01 48E-11 1.1+0.01 6.8E-13 1.0+0.01 7.74E-08
Theophylline 1 75+0.72 2.5E-06 14+0.62 3.5E-01 7.0+1.85 3.16E-06
Threonine 1 1.3+0.07 3.9E-03 15+0.29 2.7E-03 1.2+£0.29 1.74E-01
Trigonelline 1 19+0.69 1.5E-02 11+1.26 8.9E-01 15+1.07 1.09E-01
Trimethylamine N-oxide 1 1.2+0.08 5.6E-03 0.9+0.43 4.6E-01 0.9+0.19 3.24E-01
Tryptophan 1 13+0.11 9.1E-03 1.2+0.15 4.5E-02 1.3+0.16 2.32E-03
Tyrosine 1 14+0.06 59E-06 1.2+0.18 3.6E-02 13+019  2.27E-02
UMP 1 11+0.05 1.1E-01 15+0.29 2.7E-03 0.9+0.22 1.54E-01
Valine 1 0.9+0.05 2.0E-01 1.2+0.12 4.3E-03 1.0+0.16 5.02E-01
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Supplementary Table 2: Oligonucleotides used in this study.

RT- PCR primers

clpC For
cIpCRev
spaFor

spa Rev
cydB For
cydBRev

Cloning primers

CGTCGTTTCCAACCTGTACAAG
TGGTGTGCTTCGTAACGATCTC
GATGGTAACGGAGTACATGTCGTT
GTGCCGTTTGCTTTTGCAAT
GCCTTGGATTGTTCGTGGTT
CCGCCTGCTTGTGTTGCT

pCM28_lscel_yeast For
srrB_pCM28 reverse

spa (0113) Pro For Hindlll
spa(0113) Pro Rev Kpnl
clpC hindIll

clpC kpnl

AAAAACCTACAGAAGCTTGCATGCCTGCAAGTTACGCTAGGGATAACAGGGTAATATAG
TGATTACGAATTCATGATCGAATGCTAGCGGATCTTTTATTCTGGTTTTGGTAGTTTA
CCCAAGCTTTGTAGAATTCACAATTCTAGCTATTATCACTTCTCAAAAT
CCCGGTACCAATAAATGTTTT TCT TTT TCA AAT TAA TACCCCCTGTATG
CCCAAGCTTATTATATTATTGATGGGCTTTTAGATAAAATG
CCCGGTACCGTGGTGTCTTTCCAACGTGCTC
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