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Mycobacterium tuberculosis: an ancient but agile microbe

Tuberculosis (TB) is an infectious disease of the lungs which is caused by infection with
Mycobacterium tuberculosis (Mtb). Even though the first evidence of human TB infection
can be traced back many millennia to the Neolithic era (~9,000 years ago)", it remains
a major and important threat to global health to date. In 2017, an estimated 10 million
people fell ill with TB and 1.6 million died as a result of the disease, making TB the leading
cause of death by a single infectious agent worldwide®. TB ranks among the global top
10 causes of overall mortality. In total, 87% of the global TB burden is accounted for by 30
countries, of which India (27%), China (9%) and Indonesia (8%) encompass the top three
of estimated new cases. The recommended TB treatment regimen consists of four first-line
antibiotics (isoniazid, rifampicin, ethambutol and pyrazinamide) for a period of 6 months.
However, multidrug-resistant TB (MDR-TB) and extensively drug-resistant TB (XDR-TB)
comprise a major global health challenge due to a global rise in resistance to first-line
drugs. Although treatment success rates of drug-susceptible TB are approximately 85%
at an estimated cost of 40 US$ per person, they drop to 55% for treatment of MDR-TB
using second-line drugs with higher toxicity at significantly increased costs (>1000 US$
per person). Furthermore, while vaccination with Bacille Calmette-Guérin (BCG), a live-
attenuated Mycobacterium bovis vaccine which has been administered to humans since
1921, shows limited efficacy in preventing disease in children, a vaccine which induces
adequate protection in adolescents and adults is still lacking®. Recently, the efficacy of
two candidate subunit vaccines (M72/AS01, and H4:C31) for prevention of TB disease
resp. infection in adults resp. adolescents was examined in phase 2 trials. Administration
of M72/AS01, to Mtb-infected adults resulted in 54.0% protection against TB®. Although
H4:1C31 vaccination did not lead to prevention of primary QuantiFERON-TB Gold In-tube
assay (QFT) conversion in adolescents from a high TB risk setting, it did show a trend
towards reduced sustained QFT conversion for 3-6 months after initial measurement®.
Importantly, a similar but significant effect was reported for revaccination with BCG in this
trial, warranting further studies into the benefits of BCG revaccination for prevention of
sustained QFT conversion®,

TB is spread through inhalation of mycobacteria-containing aerosols produced
by sneezing or coughing, leading to Mtb infection of resident alveolar macrophages.
The immune response to Mtb is characterized by formation of granulomas, complex
immunological structures which shield the host from bacterial dissemination but
simultaneously provide a niche for Mtb persistence®. First, additional mononuclear cells
are recruited to the site of primary infection from neighboring blood vessels, which
subsequently become infected by the expanding mycobacterial population and together
form the early granuloma. After an initial delay (14-21 days) in the onset of adaptive
immune responses, B and T lymphocytes are recruited to the granuloma, eventually
leading to arrested Mtb growth but not to complete bacterial elimination. During this
time of immunological deadlock the granuloma matures, which involves differentiation of
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macrophages into lipid-loaded foamy, epithelioid and multinucleated giant cells and the
formation of a fibrous cuff around the macrophage-rich layer. Whereas the early granuloma
was adequately vascularized, Mtb now has to adapt to conditions of local hypoxia and
nutrient-scarcity and consequently enters a state of dormancy, ensuing in a clinically
asymptomatic period of latent TB infection (LTBI). It is estimated that approximately one
quarter of the world’s population is latently infected with Mtb”, 5-10% of which will
reactivate and develop active disease during their life-time. The factors which determine
granuloma outcome and TB reactivation are not clearly defined, butimmune components
appear key players. Induction of immune mediators on opposite sides of the inflammation
spectrum result in a delicate immune balance. Pro-inflammatory cytokines such as tumor
necrosis factor alpha (TNF-a) and interferon gamma (IFN-y) are major contributors to
TB immunity. Treatment with TNF-a neutralizing antibodies led to reactivation of TB
in humans® and cynomolgus macaques®. Mutations in the IFN-y gene‘?, the IFN-y
receptor™ or the interleukin (IL)-12/-23 axis‘'?, which governs IFN-y production, impair
anti-mycobacterial immunity. However, high levels of pro-inflammatory factors can also
lead to extensive tissue damage, resulting in liquefying caseous necrosis, pulmonary
cavitation and ultimately bacterial dissemination?.

Asstatedabove, Mtb primarilyinfectsmacrophages, phagocyticcells ofthe myeloid
lineage which play pivotal roles in immunity by direct microbe gal killing and presenting
antigen to naive T cells to induce adaptive responses. The primary route of killing or
controlling intracellular bacteria is through the phagolysosomal pathway (Figure 1). After
receptor-mediated uptake, bacteria are contained in compartments called phagosomes
which rapidly mature by fusing with lysosomes, leading to vesicle acidification and the
acquisition of antimicrobial peptides and hydrolases. To circumvent its eradication,
Mtb inhibits phagosome maturation by manipulating the activity of GTP-binding Rab
proteins which coordinate intracellular vesicle trafficking"*'®, through targeting Vacuolar-
type H*-ATPase for degradation to prevent phagosomal acidification”, and through
blocking the function of the NADPH oxidase complex‘®, an important phagosomal
component which produces antibacterial superoxide. Furthermore, Mtb induces
perforation of the phagosome through expression of the ESX-1 secretion system!? 29,
an important virulence factor which is absent in the non-virulent BCG strain. ESX-1
effector proteins ESAT6 and CFP10 have been shown to induce phagosomal membrane
damage in macrophages''®2??, simultaneously halting vesicle maturation and providing
access for Mtb to release important effectors in the cytosol. An unwanted consequence
of phagosomal escape from the perspective of Mtb is the induction of autophagy which
serves as an auxiliary host pathway for bacterial clearance, although its importance
for TB outcome is still a topic of debate®. Multiple autophagy pathways have been
implicated in Mtb killing, including the detection of mycobacterial DNA by the STING-
cGAS cytosolic surveillance pathway?*?%, the recruitment of host galectins to damaged
phagosomes® 2 and ubiquitination of escaped mycobacteria by ubiquitin ligases such
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as Parkin and Smurf12%2% among others®%. These pathways culminate in the recruitment
of autophagy adaptors such as NDP52 and p62, which consecutively bind to membrane
protein LC3 leading to the formation of degradative double membrane vesicles named
autophagosomes. Again, Mtb has developed mechanisms to actively inhibit these
clearance mechanisms, for instance by inducing expression of miR-336", miR-15562
and IL-108%, all negative regulators of autophagy. Collectively, these strategies of Mtb to
survive the hostile intracellular environment of the macrophage are major contributors to
its pathogenic success.

i z l ;éi CISH Late

‘ / i"" \
Early \ \@i. Q&\‘ : . 2 ) »

Phagosome

ESAT6
CFP10

Membrane
disruption

—
Autophagolysosome
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Figure 1: Overview of macrophage central energy metabolism.

After receptor-mediated uptake, Mtb-containing phagosomes mature by fusing with lysosomes,
leading to vesicle acidification and ultimately mycobacterial eradication. Mtb can interfere
phagosome maturation at multiple steps, including: 1) inhibition of Rab activity and recruitment, 2)
induction of cytokine-inducible SH2-containing protein (CISH) to degrade Vacuolar-type H+-ATPase
(V-ATPase), 3) inhibition of NADPH oxidase complex by Cold shock protein A (CspA), 4) phagosomal
membrane disruption by ESX-1 effector proteins ESAT6 and CFP10 leading to Mtb escape. Autophagy
can serve as an auxiliary pathway for Mtb killing, leading to autophagosome formation after binding
of autophagy adaptors such as p62 and NDP52 to LC3. Mtb can negatively affect autophagy through
induction of host microRNAs (miR-33 and miR-155) and IL-10.
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Macrophage biology and immunometabolism during Mtb infection

While their importance in Mtb pathogenesis is undisputed, referring to macrophages
as a single uniform cell type would be inaccurate. Macrophages exist in many different
forms and functional states, and their significant plasticity has been the topic of many
studies over the last decades. Initially, a dichotomic model of macrophage activation was
proposed, spanning from pro-inflammatory ‘classically activated’ ®* to anti-inflammatory
‘alternatively activated’®® macrophages, which were later respectively labeled M1 and M2
macrophages, the myeloid equivalent of the classical Th1/Th2 paradigm®®. M1 polarization
can be induced by Th1 cytokines (IFN-y and TNF-a) and LPS, while M2 macrophages can
be generated by Th2 cytokines IL-4 and IL-13. Alternatively, macrophage differentiation of
monocytes using either M-CSF or GM-CSF also results in diametrically opposed functional
phenotypes (termed M@1 and M@2)®73®, In analogy to the over simplistic Th1/Th2
paradigm (following the discovery of Th17, Th22, Tfh and other T cell subsets), the initial
M1/M2 dichotomy soon became challenged, and variations in differentiating stimuli
were shown to result in phenotypically distinct macrophage subsets not conforming
to classical M1/M269. An extensive transcriptomics study on macrophage polarization
under 29 differentiating conditions revealed a spectrum of macrophage activation which
was far beyond what could be explained by the M1/M2 model, including distinct gene
expression modules involved in granulomatous inflammation after stimulation with
TNF-q, prostaglandin E2 and Pam3Cys“?, Moreover, it has become clear that many tissue-
resident macrophage populations consist of self-renewing cells derived from embryonic
precursors, such as Kupffer (liver) and Langerhans cells (skin), which do not rely on
circulating blood monocytes during steady-state®", suggesting different lineages within
the macrophage “compartment”. Combined, these findings have led to the rejection of the
original binary view of macrophage polarization, and have given way to multidimensional
models which take into account the effects of macrophage ontogeny and local tissue
microenvironment®“243),

An important factor which is interconnected with the outcome of macrophage
activation is their metabolic state. The interplay between immune cell function and
metabolism has taken a prominent place in immunological studies over recent years,
leading to the emergence of a new field of research: immunometabolism. Conceptually,
functional immune cell activation demands recalibration of cellular metabolism to provide
energy in the form of adenosine triphosphate (ATP) and other necessary biosynthetic
intermediates. One of the pioneers of cellular physiology was Otto Warburg, who
discovered that cancer cell metabolism is skewed towards energy production by glycolysis
instead of mitochondrial respiration, even under aerobic conditions““%), a process which
is since referred to as the ‘Warburg effect’ During glycolysis, one molecule of glucose is
sequentially converted to two molecules of pyruvate, leading to a net energy production
of two ATP (Figure 2). Pyruvate is then either used to recycle oxidized nicotinamide
adenine dinucleotide (NAD*) by conversion to lactate, or imported into mitochondria to
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Figure 2: Interference of Mycobacterium tuberculosis with phagolysosomal clearance.

Glycolysis yields two molecules of ATP per molecule of glucose. Pyruvate formed after glycolysis
is then either converted to lactate (regenerating NAD+) or shuttled to mitochondria to fuel the
TCA cycle. Oxidative phosphorylation of pyruvate yields 30-32 ATP per molecule of glucose. Two
breaks in the TCA cycle have been reported to occur in pro-inflammatory M1 macrophages: 1)
accumulation of succinate was shown to stabilize HIF-1q, leading to IL-1B production; 2) citrate
accumulation supports inflammatory action through synthesis of fatty acids and the anti-microbial
metabolite itaconate.

form acetyl coenzyme A (acetyl-CoA). Acetyl-CoA subsequently enters the tricarboxylic
acid (TCA) cycle, a series of biochemical reactions resulting in the formation of NADH and
succinate which are used to produce ~30-32 ATP per glucose molecule during oxidative
phosphorylation (OXPHOS). In macrophages and dendritic cells (DCs), a similar metabolic
switch towards increased glycolysis was observed after stimulation with TLR ligands®“47,
leading to the hypothesis that induction of the Warburg effect was important for pro-
inflammatory activation. Indeed, stimulation with LPS was shown to induce expression
of the glycolytic enzyme pyruvate kinase M2 (PKM2)“®, |eading to the accumulation
of the TCA intermediate succinate, stabilization of hypoxia-inducible factor 1a (HIF-1a)
and production of IL-1p, all of which could be abrogated by inhibiting glycolysis using
2-deoxyglucose (2DG)“?, Due to this redirection of mitochondrial metabolic flux, the TCA
cycle has since referred to as being ‘broken’in M1 macrophages. In addition to succinate,
a second break in the TCA cycle occurs after citrate in these cells®®, which supports
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pro-inflammatory M1 macrophage function through synthesis of fatty acids®" and the
immunomodulatory metabolite itaconate ©2. IL-4-induced M2 macrophage polarization, in
contrast,isassociated withincreased OXPHOS andfatty acid oxidation “® through activation
of pathways downstream of signal transducer and activator of transcription 6 (STAT6)
and peroxisome proliferator-activated receptor y (PPAR-y) coactivator 18 (PGC-1B)%.
However, metabolic rewiring during myeloid cell activation cannot simply be reduced
to glycolysis versus oxidative phosphorylation as it strongly depends on the specific
immunogenic stimuli which were used ©>°9,

A Warburg-like shift towards glycolysis with associated HIF-1a stabilization
and IL-1B production was also observed after in vitro Mtb infection in both murine and
human macrophages®’*®. In mice, alveolar macrophages utilizing fatty acid oxidation
(FAO) were shown to be more permissive to Mtb replication compared to glycolytic
interstitial macrophages®. Treatment with 2DG, an inhibitor of glycolysis, or etomoxir,
an inhibitor of FAQ, respectively increased and decreased bacterial growth, functionally
linking glycolysis to improved Mtb control®”59, Interestingly, MDR W-Beijing Mtb strains
were reported to overexpress phthiocerol dimycocerosate cell wall lipids (PDIMs) which
dampen the glycolytic response and IL-13 secretion through induction of IFN-B®,
demonstrating direct mycobacterial modulation of macrophage immunometabolic
pathways. In contrast, live Mtb infection was reported to result in an overall decreased
bioenergetic phenotype in both THP-1 cells and primary human macrophages based on
extensive metabolic flux analysis, including a diminished glycolytic rate, reduced lactate
production and an increased mitochondrial dependency on fatty acids®". It has been
proposed that these differences could be the result of a biphasic metabolic response of
macrophages to Mtb infection, consisting of an early phase characterized by increased
glycolysis and production of pro-inflammatory antimicrobial effector molecules, followed
by a later phase of adaptation/resolution with intensified oxidative metabolism and
decreased antimicrobial responses®. However, more definitive evidence for this model
will require additional longitudinal studies on the cellular metabolic dynamics during Mtb
infection.

In addition to glycolysis, Mtb infection was found to be associated with other
immunometabolic effects, including catabolism of amino acids. Arginine is an important
metaboliteinvolvedintheantimicrobialresponsetoMtbasitfuels nitricoxide (NO) synthesis
through inducible NO synthase (iNOS) in M1 macrophages®*%, a response which is limited
by arginase 1 (Arg1) activity in murine M2 macrophages ©®. In the absence of adequate
levels of arginine, citrulline was shown to provide an alternative source of arginine for NO
synthesis in response to Mtb infection ©%°, Another key immunomodulatory amino acid
is glutamine, the most abundant circulating free amino acid. Glutamine can be directly
used as a substrate for the TCA cycle through glutaminolysis, which plays a major role
in M2 macrophage polarization®®’?, Both glutamine depletion and pharmacological
inhibition of glutaminolysis decreased in vitro cytokine production of PBMCs in response
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to Mtb lysate, and the transcriptional profile of TB patients and Mtb-infected macrophages
showed marked changes in glutamine metabolism genes", indicating a potential role
for glutamine in the response to Mtb. Finally, tryptophan conversion to kynurenine by
the immunoregulatory enzyme indoleamine 2,3-dioxygenase (IDO1/IDO2) was reported
to support Mtb infection in a rhesus macaque infection model, as well as in isolated
macrophages cocultured with CD4* T cells 72, possibly by downregulating effector T cell
functions 7379,

In conclusion, it has been unequivocally demonstrated that the functional
outcome of macrophage activation is tightly interwoven with cellular metabolic state,
and that the latter greatly impacts the outcome of Mtb infection. This raises the important
question whether dysregulation of these processes as a consequences of metabolic
diseases such as type 2 diabetes, a well-known risk factor for TB disease and TB severity,
could be related to development TB.

Tuberculosis and diabetes: a reason for concern

The global burden of TB is heavily affected by several serious comorbidities which
increase the risk of developing active disease, of which human immunodeficiency virus
(HIV) co-infection has been the most prominent during the past decades. HIV infection
leads to a 20-fold increased risk of disease reactivation (76). 920,000 people living with HIV
developed TB in 2017, and 300,000 people died due to TB-HIV coinfection @, Other major
TB-associated comorbidities include smoking, alcohol use, exposure to biomass duel and
malnourishment 7. However, an important TB risk factor which has only recently caught
the public eye, despite having been previously described centuries ago'®, is diabetes
mellitus (DM) 7. DM has been demonstrated to triple the risk of developing active TB
disease (80), and approximately 15% of global TB cases can be attributed to concurrent
TB-DM. While the number of TB deaths among HIV-infected patients has declined by 44%
since 2000, the number of patients with concurrent TB-DM is predicted to rise dramatically
as the number of people living with DM worldwide is estimated to increase by 48% during
the coming 25 years, from 425 million people in 2017 to 629 million people in 2045 €. The
vast majority of this increase is expected to take place in TB-endemic low- and middle-
income countries due to changes in lifestyle associated with economic development and
urbanization. Furthermore, DM is associated with TB treatment failure and increased drug
resistance, while active TB hampers management of glucose control ©2. An international
consortium, EC-FP7 supported TANDEM (www.tandem-fp7.eu), was initiated to unravel
the relationships and potential mechanisms underlying concurrent TB-DM, and to
optimize current treatment regimens and diagnosis €3,

DM is a metabolic disorder which is caused by either a lack of production of
the glucose-regulating hormone insulin (type 1/T1DM) or the development of insulin
resistance (type 2/T2DM), of which the latter comprises approximately 90% of global cases
@1, Both disease types are characterized by hyperglycemia due to the patient’s inability
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to control blood glucose levels. Clinical symptoms of DM include recurrent infections,
weight gain, polyuria accompanied with excessive thirst, and impaired wound healing.
Whereas TIDM is caused by an auto-immune reaction to pancreatic insulin-producing
B-cells, the precise mechanisms underlying T2DM are not as clearly defined. Obesity and
increasing weight are important risk factors for T2DM development, linking the disease
with poor quality nutrition and physical inactivity, as well as family history ®¥. This clinical
appearance s in stark contrast with the metabolic phenotype of TB patients, which is often
accompanied by undernutrition and wasting syndrome %, Through its association with
obesity, many T2DM patients are also at high risk of cardiovascular complications such
as atherosclerosis due to the presence of aberrations in blood lipid levels (dyslipidemia),
including hypertriglyceridemia, hypertension and reduced levels high-density lipoprotein
(HDL) cholesterol ©°).

Insulin resistance does not only occur in the liver and skeletal muscle, the
major organs involved in glucose metabolism, but also in the adipose tissue, kidneys,
pancreas, gastrointestinal tract, vasculature and brain (87). Generally, the development
of insulin resistance precedes T2DM by some time, placing increasing levels of stress
on the pancreatic B-cells to produce more insulin which ultimately culminates in
B-cell dysfunction®9, Multiple molecular mechanisms of insulin resistance have
been described, most of which are related to the phosphatidylinositol 3-kinase (PI3K)
pathway ©", a downstream signaling molecule of the insulin receptor. Binding of insulin
to its receptor induces phosphorylation of insulin receptor substrates (IRS1 and IRS2),
which bind to and activate PI3K ©®?, subsequently promoting translocation of glucose
transporter 4 (GLUT4) protein to the cell surface. It has been demonstrated that increased
serine phosphorylation of IRS proteins leads to insulin resistance by inhibiting tyrosine
phosphorylation ®® and enhanced IRS protein degradation ©*. Several factors contribute
to this increased serine phosphorylation, including activation of protein kinase C (PKC)
by accumulating diacylglycerol (DAG) due to ectopic lipid deposition in insulin-sensitive
tissues®, mitochondrial dysfunction®® and systemicinflammation®. Increased infiltration
of immune cells and production of pro-inflammatory factors such as TNF-a have been
linked to the development of insulin resistance in adipose tissue and in the liver, both
in humans and in mice ©®, Specifically, pro-inflammatory M1 macrophages and Th1 cells
accumulate in adipose tissue during obesity, while numbers of anti-inflammatory M2
macrophages, Th2 and regulatoryT cells (Treg) are reduced ®*'°V, Infiltrating macrophages
induce adipocyte lipolysis, leading to high local levels of free saturated fatty acids (SFAs)
which also contribute to local inflammation and insulin resistance 2, although the causal
molecular mechanisms are still a topic of debate %3,
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Potential mechanisms responsible for TB-DM disease interactions

While the association between TB and DM has been thoroughly established, the factors
underlying this association remain largely unclear. From the above, it is evident that
both diseases evoke distinct immunological and metabolic effects. Several studies have
examined this interplay by exposing human immune cells to DM-associated conditions
such as hyperglycemia, to analyze whether these conditions would disrupt immune
responses to Mtb infection, while others compared the functional phenotypes of
circulating leukocytes in diabetic TB patients or LTBI to normoglycemic controls.

Innate immunity: Monocytes from patients with poorly controlled DM displayed a
reduced phagocytic capacity '°*1%), A similar effect was observed in alveolar macrophages
from mice with streptozotocin- or diet-induced diabetes, which showed reduced uptake
of mycolic acid-coated beads as well as mycobacteria 1% ), This reduced phagocytic
potential could negatively impact the capacity of antigen-presenting cells to control
bacterial infection and to induce adaptive responses. Furthermore, TB-DM patients had
decreased frequencies of circulating intermediate and classical monocytes as well as
plasmacytoid and myeloid DCs compared to non-diabetic pulmonary TB patients, which
normalized after anti-TB treatment 19199, QOther cells of the innate immune system with
potentially compromised functions during DM are neutrophils and natural killer (NK) cells.
The preciserole of neutrophils during TB remains ambivalent, as they potentially contribute
to disease protection through mycobacterial killing during early infection, but can also
induce tissue damage though release of cytotoxic agents in later stages 9. Increased
neutrophil counts have been reported during TB-DM ", however isolated neutrophils
from DM patients displayed impaired mycobacterial phagocytosis 2. Moreover, Prada-
Medina et al. suggested a central role for neutrophilic inflammation in TB-DM based on
Bayesian network analysis of cytokine and transcriptomics measurements from Indian
patients 3. NK cells regulate the anti-TB response in several ways, including supporting
CD8* effector T cell responses, enhancing phagocyte bactericidal function through
secretion of IFN-y and IL-22 and releasing antimicrobial effectors such as perforin and
granulysin ¥, Importantly, peripheral NK cell numbers negatively correlated with lung
inflammation at TB diagnosis, indicative of a relation between circulating NK levels and
Mtb burden %), One study reported expansion of type 1 and type 17 cytokine-producing
NK cell populations during TB-DM 19, while others found reduced levels of circulating NK
cells in these patients "7 Interestingly, hyperactive NK cells contributed to inflammation
and mortality in a mouse model of TB-DM by inducing IL-6 production in CD11c* cells 1®,

Adaptive immunity: If innate immunity is indeed impaired as a result of TB-DM, this
should also profoundly impact the induction of an ensuing adaptive immune response.
Indeed, the adaptive response to Mtb was described to be further delayed in diabetic
mice 19, resulting in increased lung inflammation and bacterial burden 2%, Th1,Th2 and
Th17 cytokines were found to be decreased in LTBI with DM compared to normoglycemic
controls with LTBI 2", In contrast, several studies reported hyperinflammatory T cell
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response in active TB patients with DM, including elevated TNF-a and IFN-y production
after whole blood stimulation 22, increased circulating levels of pro-inflammatory Th1
and Th17 cytokines ?® and elevated frequencies of central memory CD4* and CD8* T
cells 2%, While circulating regulatory T cells were reportedly decreased during TB-DM 23,
Treg counts were found to be elevated in bronchoalveolar lavage fluid samples of TB-
DM patients and associated with increased IL-10 but decreased IFN-y concentrations 2%,
Furthermore, T cells from hyperglycemic mice produced elevated levels of Th1, Th2 and
Th17 cytokines due to hyperresponsiveness following T cell receptor ligation @2, It has
been suggested that these elevated inflammatory responses in TB-DM patients could be
the result of an increased Mtb burden and be responsible for exacerbated lung pathology.
Taken together, even though evidence in literature is somewhat conflicting, it can be
clearly concluded that concurrent DM is associated with perturbations of both the innate
and adaptive response during TB disease.

DM-induced metabolic changes: Mechanistically, several DM-associated factors
have been suggested to contribute to dysfunctional immunity. High glucose levels were
shown to reduce the phagocytic capacity of but to increase Mtb burden in macrophages
(127). In addition, hyperglycemia can lead to the formation of advanced glycation end-
products (AGEs), which are pathologically glycated proteins or lipids that can modify
cellular functions through binding to the AGE receptor (RAGE) "?®. Podell et al. e.g. reported
that Mtb infection increased serum levels of AGEs in guinea pigs "?°. AGEs been shown to
induce oxidative stress and ROS production 33", inhibit NO synthesis 32 and increase the
expression of scavenger receptors such as CD36 by macrophages. CD36 is involved in the
formation of lipid-loaded foam cells through uptake of oxidized low-density lipoprotein
(oxLDL) 133134 In resemblance to AGEs, oxLDL is a pathologically modified lipoprotein
which is elevated in patients with T2DM as a result of oxidative stress 13>39, Interestingly,
Mtb infection of guinea pigs was associated with oxLDL accumulation in granulomas and
increased macrophage scavenger receptor expression, with enhanced mycobacterial
replication in macrophages loaded with oxLDL in vitro '*”. A major contributor to oxidative
stress in DM is reduced synthesis of glutathione (GSH), a tripeptide of glutamate, cysteine
and glycine with strong antioxidative properties. GSH levels were found to be reduced
in TB patients and infected guinea pigs %% 3%, As GSH has been demonstrated to have
direct antimicrobial effects and to support macrophage control of Mtb (4142, decreased
levels of GSH could potentially contribute to TB-DM pathogenesis 4> '#4, Finally, DM and
obesity are associated with dysbiosis of the gut microbiome leading to alterations in
species which produce short-chain fatty acids (SCFAs) 14149, bacterial metabolites with
immunomodulatory capacities 4. TB patients showed increased frequencies of butyrate-
and propionate-producing bacteria in the gut "*®, and butyrate treatment decreased the
production of pro-inflammatory cytokines while increasing IL-10 secretion in PBMCs
stimulated with Mtb lysate %, warranting further research into possible dysregulation of
gut microbiota during TB-DM.
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Specific metabolites: An alternative method which could illuminate potential
metabolic components of TB-DM pathophysiology is the use of metabolomics to identify
specific alterations in patients associated with disease. Metabolomics is defined as the
study of the metabolome, which constitutes the complete collection of small molecule
intermediates of metabolism, commonly known as metabolites, within biological samples.
The value of this approach is clearly demonstrated by a recent study from Weiner et al.
that described a prognostic metabolite signature with good predictive power within 5
months of TB diagnosis *%. Remarkably, specific changes could already be detected at 12
months before onset of disease, which included elevated levels of cortisol. Several studies
reported that TB is associated with elevated kynurenine and decreased tryptophan levels
151153 indicative of increased IDO activity, illustrating how metabolomics measurements
can reflect the involvement of relevant immunological mechanisms. However, studies
which have analyzed the combined effect of TB and DM on patient metabolic profiles are
currently lacking. It would especially be of interest to study measures of lipid metabolism
in these patients, as DM and obesity are often associated increased circulating levels of
lipids and cholesterol while hypercholesterolemia and dysregulated lipid metabolism are
associated with hampered TB immunity and granuloma progression 154157,

Taken together, concurrent TB-DM and DM-associated metabolic changes are
clearly related to alterations in both the innate and the adaptive immune response,
although their respective contributions to increased risk of active disease is unclear at
present. Extensive analysis of patient materials and in vitro infection experiments are
required to elucidate the innerworkings of TB-DM comorbidity, which brings us to the
outline of this thesis.

Thesis outline

The aim of this thesis was to unravel the pathophysiological mechanisms underlying TB-
DM comorbidity, for which we employed several approaches. For the majority of our in
vitro experiments, we utilized a primary human macrophage model of Mtb infection. In
Chapter 2, we first performed a comparative phenotypic, innate and adaptive functional
analysis of various forms/subsets of M@2 macrophage polarization. We identify M@2b
macrophages (polarized in the presence of LPS and immune complexes) as a subset with
potent antimycobacterial capabilities. M@2b differentiation could be a target for host-
directed therapy in intracellular infections.

Secondly, we investigated whether metabolic conditions associated with DM
could modulate macrophage activation and function in the context of Mtb infection.
In Chapter 3, we investigated the effect of hyperglycemia on cytokine secretion and
Mtb infection. We report that PBMCs and macrophages cultured under high glucose
conditions showed increased production of several cytokines after stimulation (TNF-q, IL-
1B, IL-6 and IL-10). However, Mtb survival or outgrowth was not affected by high glucose
levels in vitro. In Chapter 4, we studied the impact of oxLDL on macrophage function and
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infection with Mtb. We show that oxLDL treatment induced foamy macrophage formation
which supported mycobacterial survival through lysosomal cholesterol accumulation and
subsequent dysfunction.

Thirdly, we used metabolomics to dissect the relative impact of TB and TB-
DM on patients’ ex vivo metabolic profiles. In Chapter 5, we utilized a NMR biomarker
profiling platform to analyze circulating levels of amongst others lipids and amino acids
in plasma samples of TB, TB-DM and DM patients from South Africa. We find that TB-DM
patients possess metabolic characteristics of both diseases and that these are associated
with an overall pro-atherogenic plasma lipid profile. We further expand upon the current
knowledge of TB metabolomics in Chapter 6 by measuring plasma concentrations of
amines and acylcarnitines in TB and TB-DM patients from Indonesia.

Fourthly, we studied the direct effects of Mtb infection on macrophage metabolism
to identify new and relevant host metabolic pathways modulated by infection. Chapter 7
describes the combined results of Seahorse metabolic flux analyses, RNA-seq and (un)
targeted cellular metabolomics of Mtb-stimulated/-infected macrophages. We find that
Mtb greatly impacts macrophage metabolism, and highlight specific cellular pathways
and metabolic intermediates which are altered as a result of infection.

Finally, the overall results and conclusions of this thesis are summarized and
discussed in the concluding Chapter 8.
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Macrophages are highly plastic myeloid cells with important functions in innate
immunity, bacterial control and tissue homeostasis. While originally classified
as either classically-activated (M@1) or alternatively-activated (M@2) cells, there
recently has been increasing appreciation of macrophage diversity and plasticity.
Nevertheless, phenotypic, functional and comparative characterization of key
primary macrophage subsets, particularly in humans, is lacking. Here, we compared
and evaluated primary human monocyte-derived DCs, M1, M@2, M@2a, M@2b,
Me@2c and M@2d to uncover relevant different functionalities regarding antigen
presentation and bacterial infection control. We identified M@2b as a polarized
macrophage subset with reduced capacity to stimulate CD4* T cell responses
but with superior antimicrobial activity against both Mycobacterium tuberculosis
and Salmonella Typhimurium. M@2b were characterized by elevated secretion of
vascular endothelial growth factor (VEGF) and a marked type | interferon signature
at both the transcriptomic and protein level. Importantly, M@2 subsets could be
repolarized towards M@2b after initial differentiation, highlighting their potential
for macrophage-centred host-directed treatment of infectious diseases.
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Introduction

Tuberculosis (TB) is still one of the leading causes of death worldwide, with 1.6 million
deaths recorded in 2017 ™. TB is caused by infection with Mycobacterium tuberculosis
(Mtb) and is transmitted through inhalation of bacteria-containing aerial particles formed
during sneezing or coughing. Mtb primarily infects alveolar macrophages in the lung, in
which it is able to persist by actively interfering with antimicrobial mechanisms of the
host. Chemotactic signals derived from infected macrophages result in the recruitment
of additional immune cells and fibroblasts which together form the early TB granuloma,
a complex immunological structure that sequesters bacteria, often without achieving
their complete eradication. Mtb can remain dormant in the granuloma for years @,
While physically and nutritionally restraining, the granulomatous environment can
prove beneficial for the bacteria as the influx of immune cells provides further niches for
replication. Reactivation occurs in approximately 3-10% of latently infected individuals
and is associated with central necrosis of infected macrophages, leading to disintegration
of the granuloma and dissemination of Mtb. The local balance of immunoregulatory
mediators is thought to be of crucial importance for granuloma outcome as these
determine macrophage activation ©,

Salmonella is another intracellular pathogen capable of infecting human
macrophages and actively interfering with antimicrobial mechanisms of the host.
Salmonella infections pose a major health problem worldwide and account for 93.8
million people falling ill and 155,000 deaths per year. Salmonellosis, both typhoidal and
nontyphoidal, results from foodborne infections and represent 1 of the 4 key global causes
of diarrhoeal diseases (the acute and most common symptom of foodborne infections).
The severity of Salmonella infections depends on the serotype involved and the immune
status of the human host, with children below the age of 5 years and elderly people being
most susceptible “9),

Macrophages are characterized by remarkable plasticity as they can rapidly
change their function in response to local immunoregulatory stimuli. Their polarization
has been reported to affect both granuloma formation and outcome during Mtb infection
in vitro and in vivo 7' ®, However, it remains unclear which specific macrophage subsets
are beneficial or detrimental for clearance of Mtb or other intracellular bacteria such as
Salmonella. Initially, two diametrically opposed types of macrophages were described,
namely classically activated macrophages (M 1) and alternatively activated macrophages
(Md2) ©. Our laboratory demonstrated that these distinct macrophage phenotypes can
be generated from the same monocytic precursor %' by in vitro differentiation of human
monocytes in the presence of either granulocyte-macrophage colony-stimulating factor
(GM-CSF; Md1) or macrophage colony-stimulating factor (M-CSF; M¢2) ° 2, M1 are
characterized by the production of pro-inflammatory cytokines upon stimulation, e.g. with
lipopolysaccharide (LPS), produceinterleukin (IL)-12p40, IL-23 and tumour necrosisfactor-a
(TNF-a) and efficiently present (myco)bacterial antigens to support Th1 responses %1,
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thus promoting effective host immune defence. In contrast, M$2 are known to secrete
anti-inflammatory cytokines such as IL-10 upon activation and perform various tissue-
maintenance functions in vivo "3, Furthermore, they are potent inducers of regulatory T
cell (Treg) responses " and possess relatively poor antigen-presenting capacities for Th1
cells (10). Macrophage polarization towards either end of the inflammatory spectrum can
have detrimental effects during a spectrum of diseases . For instance, accumulation
of M¢1 in adipose tissue or atherosclerotic plaques promotes insulin resistance and
atherosclerosis, respectively 1% while immunosuppressive M$2-like macrophages can
contribute to the development of leprosy lesions and different types of tumours 82",

Recent studies have demonstrated that the original dichotomous view of
macrophage activation described above does not accurately reflect the in vivo situation,
in which precursor monocytes are subjected to a much broader range of tissue-specific
stimuli @229, Mantovani et al. proposed an alternative nomenclature which distinguishes
four different M¢2 polarized states termed M¢2a to Mp2d 2. Md2a are induced by the T
helper 2 (Th2) cell cytokines IL-4 and IL-13 and play a role in the integration and promotion
of Th2 responses and angiogenesis %2, Mb2b are also known as regulatory macrophages
because of their high production of IL-10 %29 and can be induced by combined exposure
to immune complexes and Toll-like receptor (TLR) or IL-1-receptor-agonists 9. M¢$2c are
induced by IL-10 and/or glucocorticoids " and were shown to have superiorTreg-inducing
capacities compared to M¢2a ©2. Furthermore, they can efficiently clear apoptotic cells
because of their relatively high expression of the MER Receptor Tyrosine Kinase (MerTK)
(33). Another variant of the alternatively activated macrophages are the M¢2d or tumour-
associated macrophages (TAMs), which exhibit pro-tumoral functions &4 3%, TAMs are
recruited and polarized by several factors present in the tumour microenvironment,
of which Prostaglandin E2 (PGE2) and IL-6 have been recognized to be of great
importance®*”, However, many of these studies were performed using murine
macrophages, and appropriate translation to human conditions is mostly lacking.

In addition, to the best of our knowledge, the different macrophage subsets have
not yet been analysed in-depth side by side, and consequently subset specific phenotypic
markers to accurately distinguish them in vivo are lacking. Here, we identify M$2b as a
subset that outperforms other macrophage subsets in controlling intracellular bacteria,
including Mtb and Salmonella enterica serovar Typhimurium (Stm), while showing
minor T cell activating capacities, suggesting a strong innate immune profile capable of
limiting bacterial outgrowth. Indeed, subsequent proteomic and transcriptional profiling
revealed that Md2b express a marked type | interferon signature both at baseline and
during infection. Importantly, we demonstrate that other M¢2 subsets can be repolarized
towards an Md2b phenotype after initial differentiation, reinforcing the potential of
targeting macrophage differentiation as a therapeutic approach for human infectious
diseases.
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Materials & Methods

Ethics statement

The use of buffy coats for research purposes was approved by the Institutional Review
Board of the Leiden University Medical Center, The Netherlands. Buffy coats were collected
from healthy anonymous blood bank donors (Dutch, adults) that had signed written
informed consent for scientific use of blood products.

Reagents

Hygromycin B was acquired from Life Technologies-Invitrogen, Bleiswijk, The Netherlands.
Ampicillin was purchased from Calbiochem Merck-Millipore, Darmstadt, Germany.
Gentamicin sulfate was obtained from Lonza BioWhittaker, Basel, Switzerland.

Cell culture

PBMCs and granulocytes were isolated by FICOLL separation from buffy coats of
anonymous healthy blood bank donors (Sanquin Bloodbank, Amsterdam, The
Netherlands). Subsequently, monocytes were isolated by CD14 MACS sorting (Miltenyi
Biotec, Leiden, The Netherlands) and cultured in Gibco Roswell Park Memorial Institute
(RPMI) 1640 medium (Life Technologies-Invitrogen) supplemented with 2mM GlutaMAX
(Gibco/Life Technologies-Invitrogen), 10% Fetal Bovine Serum (FBS; Greiner Bio-One,
Alphen a/d Rijn, The Netherlands), and 100 U/ml penicillin and 100 pg/ml streptomycin
(Life Technologies-Invitrogen). To generate M$1 and M¢2, monocytes were cultured
with 5 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF; R&D Systems,
Abingdon, UK) or 50 ng/ml macrophage colony-stimulating factor (M-CSF; R&D Systems),
respectively, for 6 days as reported previously . M¢$2a/b/c/d subsets @ were obtained
by culturing monocytes with 50 ng/ml M-CSF for 3 days followed by polarization for
another 3 days in 10 ng/ml IL-4 and 10 ng/ml IL-13 (Peprotech, Rocky Hill, NJ, USA) for
Md2a; 10 ng/ml LPS (Life Technologies-Invitrogen) and 1 pg/ml IgG-Ovalbumin (OVA)
immune complexes (ICs) (generated by mixing a 25-fold excess of anti-ovalbumin
polyclonal antibody (Polysciences, Eppelheim, Germany) with OVA protein (Sigma-
Aldrich, Zwijndrecht, The Netherlands) to acquire M$2b; 10 ng/ml IL-10 (R&D System:s)
to acquire Md2¢; and 10 ng/ml IL-6 (R&D Systems) and 50 ng/ml PGE2 (Sigma-Aldrich) to
acquire M¢2d. DCs were generated by culturing monocytes with 10 ng/ml GM-CSF and
10 ng/ml IL-4 for the first 3 days, followed by addition of 30 ng/ml GM-CSF and 30 ng/ml
IL-4 for the last 3 days. Macrophage morphology was investigated by light microscopy on
a Leica AF6000 microscope using a 63x objective (Leica, Amsterdam, The Netherlands).

Flow cytometry
Expression of cell surface and intracellular markers was evaluated by flow cytometry using
a LSRFortessa (BD Biosciences, Vianen, The Netherlands) and FlowJo software for Windows
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version 10.4.2 (TreeStar, Ashland, OR, USA). Prior to staining, Fc-receptors were blocked
with 5% human serum for 15 minutes. To assess surface markers, cells were incubated
with saturating concentrations of antibodies for 30 min at 4°C in the dark, washed twice
with PBS/0.1% BSA and fixed in 1% paraformaldehyde. For intracellular markers, cells were
stained using a FIX&PERM®Cell Fixation and Permeabilization Kit (Nordic MUBIo, Susteren,
The Netherlands) according to manufacturer's instructions. Resulting geometric mean
fluorescent intensities were Iog10 transformed, mean centred and scaled to standard
deviation units. Hierarchical clustering of the markers was performed using one minus
Pearson correlation as distance metric and complete linkage.

The following antibodies specific for human antigens were used: CD1a-AF700
(clone HI149), CD3-Pacific Blue (clone HIT3a), CD4-PE-Cy7 (clone A161A1), CD11b-AF488
(clone ICRF44), CD14-FITC (clone HCD14), CD16-APC-Cy7 (clone 3G8), CD27-PerC-Cy5.5
(clone 0323), CD32-FITC (clone FUN-2), CD33-PerCP-Cy5.5 (clone WM53), CD68-PerCP-
Cy5.5 (clone Y1/82A), CD80-PE-Cy7 (clone 2D10), CD85k (ILT3)-AF647 (clone ZM4.1), CD86-
BV650 (clone 1T2.2), CD123-PE-Cy7 (clone 6H6), CD127 (IL-7R)-BV650 (clone A019D5),
CD134L (OX40L)-Biotin (clone 11C3.1),CD137 (4-1BB)-PE-Cy5 (clone 4B4-1),CD137 (4-1BB)-
APC (clone 4B4-1), CD150 (SLAMF1)-FITC (clone A12 (7D4)), CD163-AF647 (clone RM3/1),
CD169 (SIGLECT1)-APC (clone 7-239), CD192 (CCR2)-PerCP-Cy5.5 (clone K036C2), CD200R-
PE (clone OX-108), CD206-APC-Cy7 (clone 15-2), CD206-PE-Cy5 (clone 15-2), CD209-PE
(clone DSC-8C1), CD274 (B7-H1, PD-L1)-PE-Cy7 (clone 29E.2A3), CD301 (CLEC10A)-PE
(clone H037G3), DLL1-PE (clone MHD1-314), EGFR-PE-Cy7 (clone AY13), LIGHT-PE (clone
T5-39), HLA-A2-FITC (clone BB7.2) (BioLegend, Uithoorn, The Netherlands), CD14-Pacific
Blue (clone HCD14), HVEM-Biotin (clone eBioHVEM-122), RANKL-Biotin (clone MIH24),
TweakR-Biotin (clone ITEM-4) (Thermo Fisher Scientific, Bleiswijk, The Netherlands),
CD137L (4-1BBL)-FITC (clone 5F4) (MBL International, Woburn, MA, USA), CD3-PE-CF594
(Clone UCHT1), CD8-Horizon V500 (clone RPA-T8), CD19-Pacific Blue (clone HIB19), CD28-
FITC (clone CD28.2), CD70-FITC (clone Ki24), CD152 (CTLA4)-APC (clone BNI3), HLA-DR-
FITC (clone L243 (G46-6)), total STAT1-PE (clone 1/Stat1) (BD Biosciences, Erembodegem,
Belgium), CMKLR1-APC (clone 84939), DCSTAMP-APC (clone 788524), MERTK-APC (clone
125518), ISG15-APC (clone 851701) (R&D Systems), CD64-PE (clone 10.1), RANK-PE (clone
64C1385.1) (Santa Cruz, CA, USA), iNOS-Unconjugated (clone 4E5) (Novus Biologicals,
Abingdon, UK), MARCO-PE-Cy5 (Bioss antibodies, Woburn, MA, USA), CD134 (OX40)-PerCP-
Cy5.5 (clone ACT35) (Miltenyi Biotec), IFIT3-Unconjugated (clone OTI1G1), IFITM3-AF488
(Abcam, Cambridge, UK). Secondary staining was performed using Goat-anti-mouse
IgG-PerCP (Jackson ImmunoResearch, Cambridgeshire, UK), Goat anti-mouse IgG AF647
(Abcam) or Streptavidin-PE-Cy7 (BioLegend). Live/dead gating was performed based on
Vivid-Pacific Blue (Life Technologies-Invitrogen) staining.

Phagocytosis quantification assay
To quantify phagocytosis, fluorescent polysterene particles (Fluoresbrite YG carboxylate
microspheres; Polysciences) were used as described earlier ¢, Cells were incubated with
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fluorescent beads in a ratio of 10 beads to 1 cell for 90 minutes at 37°C. Subsequently,
cells were collected with a cell scraper, centrifuged at 1500 rpm for 10 minutes and
resuspended in 100 ul cell culture medium in the presence or absence of 0.4% Trypan
blue (1:1) (Thermo Fisher Scientific). As a negative control, cells were pre-incubated
with either 5 uM cytochalasin D (Sigma-Aldrich) for 1Th or 4% paraformaldehyde for 10
minutes. Internalization of the beads was quantified by flow cytometry on a LSRFortessa
flow cytometer (BD Biosciences). Internalised beads were detected at 486 nm (green
fluorescence) while non-internalised beads emitted a red fluorescent signal after Trypan
blue quenching.

Analysis of secreted proteins

Multiplex analysis of human cytokines and chemokines in supernatants was performed
using a customized Luminex multiplex suspension array system according to the
manufacturer’s instructions (Merck Millipore, Amsterdam, The Netherlands) The 19-plex
magnetic bead panel encompassed cytokines/chemokines for: CXCL10, CCL2 (MCP-1),
CCL3 (MIP-1q), CCL4 (MIP-1p), CCL5 (RANTES), CCL22 (MDC), EGF, Fractalkine, IFNa2, IFNy,
IL-1q, IL-1B3, IL-1Ra, IL-6, IL-8, IL-10, IL-12p70, TNF-a and VEGF. For each donor, cytokine
concentrations were mean centred and scaled to standard deviation units. Hierarchical
clustering of cytokines was performed with one minus Pearson correlation as distance
metric and average linkage.

Concentrations of single analytesin supernatants were determined using enzyme-
linked immunosorbent assay (ELISA) according to the manufacturer’s instructions. The
human IFNg ELISA kit was purchased from U-CyTech, Utrecht, The Netherlands and the
human VEGF DuoSet ELISA kit was obtained from R&D Systems.

Bacterial infections
Mycobacteria were cultured in Difco Middlebrook 7H9 broth (Becton Dickinson, Breda,
The Netherlands) supplemented with 10% ADC (Sigma-Aldrich), 0.5% Tween-80 (Sigma-
Aldrich), and 50 pg/ml Hygromycin. Salmonella enterica serovar Typhimurium (Stm) was
cultured in Difco LB broth (Becton Dickinson) supplemented with 100 pg/ml Ampicillin ¢,
Mycobacterial cultures (Mtb strain H37Rv-DsRed) were diluted to pre-log phase
density one day prior to infection (optical density at 600 nm (OD600) of 0.4). Stm strain
SL1344-pMW215-DsRed was grown overnight in LB broth containing appropriate
antibiotics. Following overnight incubation, Stm liquid cultures were diluted 1:33 and
cultured for an additional 3-4h. Bacterial density was determined by measuring the OD600
and the bacterial suspension was diluted in cell culture medium (RPMI 1640 medium
supplemented with 2mM GlutaMAX and 10% FBS) without antibiotics to a concentration
of 30x10¢bacteria/ml to reach a multiplicity of infection (MOI) of 10. Accuracy of bacterial
density measurements was verified by a standard colony forming unit (CFU) assay.
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Cell cultures, seeded at a density of 300,000 cells/well in a 24-wells plate one
day before infection, were inoculated with 100 pl bacterial suspension, centrifuged for
3 min at 800 rpm and incubated at 37°C/5% CO2. After 20 min if infected with Stm or 60
min if infected with Mtb, plates were washed with cell culture medium containing 30 pg/
ml gentamicin sulfate and subsequently incubated O/N at 37°C/5% CO?2 in cell culture
medium containing 5 pg/ml gentamicin sulfate. Bacterial load was determined by colony
forming unit (CFU) assay using the track dilution method described previously “°.

Arginase activity assay

Arginase activity was assessed using a quantitative colorimetric Arginase Assay Kit (Abnova,
Taipei, Taiwan) according to manufacturer’s protocol. Briefly, 1x10° cells were lysed in 40
ul lysis buffer containing 10 mM Tris-HCl (pH 7.4), 1 uM pepstatin A, 1 uM leupeptin, and
0.4% (w/v) Triton X-100. Lysates were centrifuged for 10 min at 15,000 rpm and mixed with
10 ul 5x substrate buffer (containing L-arginine) in 96-well flat-bottom plates. Following
2h incubation at 37°C, reactions were terminated by adding 200 ul urea reagent to the
wells. Plates were subsequently incubated at room temperature for another 20 minutes
and urea production was determined by measuring the OD at 450nm.

T cell activation assay

The antigen presenting capacity of cells was determined as described previously
(10) by measuring proliferation and IFNg secretion of the HLA-DR2-restricted CD4* T
cell clone R2F10 specific for M.leprae hsp65 (amino acids 418-427) and the HLA-DR1-
restricted CD4* T cell clone HA1.7 specific for hemagglutinin of influenza virus (amino
acids 306-318). Antigen presenting cells from HLA-DR-matched donors were seeded in
triplicate in Iscove’s Modified Dulbecco’s Medium (IMDM; Life Technologies-Invitrogen)
supplemented with 2mM GlutaMAX, 10% human serum, 100 U/ml penicillin and 100 pg/
ml streptomycin at a density of 2.5x103 cells per well in 96-wells flat bottom plates in the
presence or absence of LPS (100 ng/ml and 10 mg/ml) or mycobacterial sonicate (100 ng/
ml and 10 mg/ml) for 16h. Subsequently, 1x10*T cells and 10 pg/ml recombinant protein
(hsp65) or 100 ng/ml synthetic peptide (hemagglutinin) were added to a final volume of
200 pl and incubated for 72h. 50 ul aliquots of supernatant were collected to measure
IFNg secretion. Proliferation was measured by [*H] TdR-incorporation (0.5 puCi/well, Perkin
Elmer, Groningen, the Netherlands) for 16h. Cells were harvested with a 96-well Tomtec
cell harvester (Synchron, Etten-Leur, The Netherlands) and counts per minute (cpm) were
determined by liquid scintillation counting using a Wallac MicroBeta counter (Perkin
Elmer).

T cell mediated suppression
T cell lines were generated in 24-wells plates by adding 1x10° PBMCs from an allogeneic
donor to 2x10° differentiated M¢ or DCs in IMDM medium supplemented with 2mM
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GlutaMAX, 5% human serum, 100 U/ml penicillin and 100 pg/ml streptomycin. At day 3, IL-
15 (10 ng/ml; PeproTech, London, United Kingdom) was added to the co-cultures and cells
were split. At day 6, Md/DC-induced T cells were harvested and tested for their ability to
inhibit proliferation of aTh1 indicator clone (Rp15 1-1) that recognizes Mtb hsp65 peptide
3-13 (41). Rp15 1-1 Th1 cells (1x10% were cultured in 96-well flat-bottom plates with
irradiated (20 Gy), HLA-DR3 matched PBMCs as antigen presenting cells (5x10%) and Mtb
hsp65 p3-13 (5 ng/ml or 50 ng/ml) in the presence or absence of different amounts of M/
DC-induced T cells (0.6x10%5x10%). After 3 days of co-culture, proliferation was measured
by [*H] TdR-incorporation (0.5 pCi/well, Perkin EImer) for 16h. Cells were harvested with a
96-well Tomtec cell harvester (Synchron) and counts per minute (cpm) were determined
by liquid scintillation counting using a Wallac MicroBeta counter (Perkin Elmer).

T cell-mediated cytotoxicity

The Rp15 1-1 Th1 responder clone recognizing Mtb hsp65 peptide 3-13 was labelled with
a low dose of CFSE (0.25 uM) while R2F10, a HLA-DR2-restricted control CD4* T cell clone
specific for M.leprae hsp65 p418-427 was labelled with a high dose of CFSE (5 uM). Both
T cell clones (1x10* cells) were co-cultured in a 1:1 ratio in IMDM medium supplemented
with 2mM GlutaMAX, 10% human serum, 100 U/ml penicillin and 100 pg/ml streptomycin
with Mtb hsp65 p3-13 (5 ng/ml and 50 ng/ml), Mtb Ag85b p56-65 (5 ng/ml and 50 ng/
ml; irrelevant peptide not recognized by any of the 2 reporter T cell clones), irradiated
HLA-DR3 positive HLA-DR2 negative PBMCs as antigen presenting cells (5x10%), and M/
DC-induced T cells (5x10% for 16h. Subsequently, cells were harvested, stained for CD3-
PE-CF594, CD4-PE-Cy7 and CD8-Horizon V500 and analysed by flow cytometry on a
LSRFortessa flow cytometer (BD Biosciences).

RT-qPCR analyses

Total RNA was isolated using Trizol Reagent (Thermo Fisher Scientific) and ¢cDNA was
synthesized using SuperScript IV Reverse Transcriptase (Life Technologies-Invitrogen)
according to the manufacturer's protocols. RT-qPCR reactions were performed in
MicroAmp® Fast Optical 96-Well Reaction Plates with Barcode in a final volume of 25 pl
containing 12.5 ulTagMan® Universal PCR Master Mix, No AmpErase® UNG, 1.25 ul TagMan®
Gene Expression Assay, 6.25 pl RNase-free water (all from Thermo Fisher Scientific) and
5 ng cDNA. PCR reactions were run on a Step One Plus Real Time PCR System (Thermo
Fisher Scientific) and PCR cycling conditions consisted of 1 cycle at 50°C for 2 min, 1 cycle
at 95°C for 10 min followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 min. Gene
expression levels were calculated relative to GAPDH using the 272t method. TagMan®
Gene Expression Assays used were Arg1-FAM (Hs00968979_m1) and GAPDH-FAM
(Hs02758991_g1).



42 | Chapter2

dcRT-MLPA assay and analysis

A dual-colour reverse transcription multiplex ligation-dependent probe amplification
(dcRT-MLPA) assay was performed as described previously (42). Briefly, for each target-
specific sequence, a specific RT primer was designed located immediately downstream
of the left- and right-hand half-probe target sequence. Following reverse transcription,
left- and right-hand half-probes were hybridized to the cDNA at 60°C overnight. Annealed
half-probes were ligated and subsequently amplified by PCR (33 cycles of 30 seconds at
95°C, 30 seconds at 58°C and 60 seconds at 72°C, followed by 1 cycle of 20 min at 72°C).
Primers and probes were from Sigma-Aldrich and MLPA reagents from MRC-Holland
(Amsterdam, The Netherlands). PCR amplification products were diluted 1:10 in HiDi
formamide containing 400HD ROX size standard and analysed on an Applied Biosystems
3730 capillary sequencer in GeneScan mode (BaseClear, Leiden, The Netherlands).

Trace data were analysed using GeneMapper software 5.0 (Applied Biosystems,
Bleiswijk, The Netherlands). The areas of each assigned peak (in arbitrary units) were
exported forfurtheranalysisin Microsoft Excel spreadsheet software. Data were normalized
to the average signal of GAPDH and signals below the threshold value for noise cut-off in
GeneMapper (log, transformed peak area <7.64) were assigned the threshold value for
noise cut-off. Finally, the normalized data were log, transformed for statistical analysis and
data visualization.

For data visualization, Iogz-transformed peak areas were fit to a multilevel
principal component analysis (PCA) using R version 3.5.0. and the mixOmics package,
version 6.3.2 “¥, Variable Importance for Projection (VIP) scores were extracted by fitting
partial least squares discriminant analysis (PLS-DA) models for each individual cell type
versus all other cell types combined. Hierarchical clustering of type | interferon genes was
performed with one minus Pearson correlation as distance metric and complete linkage.

Quantitative proteomics by reductive dimethylation

Samples were prepared as described previously “?. In brief, Mtb-infected cells were washed
twice in PBS, lysed in 4% SDS, 0.1 M DTT, 0.1 M Tris (pH 7.5-8.0) and mycobacteria were
subsequently heated-killed for 10 min at 90°C. Cell lysates were mechanically disrupted
by three cycles of bead-beating in a mini bead-beater 16 (BioSpec, Bartlesville, OK, USA)
for 5 min using glass beads followed by cooling on ice for 5 min. Cell lysates were cleared
from cell debris by centrifugation for 1 min at 14,000 g and supernatants were transferred
to a fresh tube. Proteins were digested using the filter aided sample preparation (FASP)
method “?. The resulting tryptic peptides were desalted on C18 SepPak columns (Waters,
Milford, MA, USA) and on column labelled by dimethylation 9. Fractionation was
performed using strong cation exchange (SCX) on an Agilent 1100 system equipped with
an in-house packed SCX-column (320 um ID, 15 cm, polysulfoethyl A 3 um, Poly LC), run
at 4 pl/min. The SCX gradient started for 10 min at 100% solvent A (water/acetonitrile/
formic acid; 70/30/0.1), after which a linear gradient reached 100% solvent B (250 mM KCl/
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acetonitrile/formic acid 70/30/0.1) in 15 min, followed by 100% solvent C (500 mM KCl/
acetonitrile/formic acid 70/30/0.1) for 15 min. Eleven fractions were collected at 1 min
intervals, lyophilized and reconstituted in 30 pl (water/acetonitrile/formic acid 95/3/0.1)
for nanoLC-MS/MS. All fractions were analysed by on-line nanoLC-MS system consisting
of an Agilent 1100 gradient HPLC system (Agilent, Waldbronn, Germany) and an LTQ-
FT Ultra mass spectrometer (Thermo Fisher Scientific). In addition, selected fractions
were also analysed on a Q-Exactive mass spectrometer (Thermo Fisher Scientific). For
both instruments the LC gradient was run from 0% to 30% solvent B (10/90/0.1 water/
acetonitrile/formic acid) in 10-155 min.

Proteomics data analysis

Peptides and proteins were identified and quantified using MaxQuant 1.4.0.3 (https://
maxquant.net/maxquant) “”.The false discovery rate (FDR) was set to 0.01 for both proteins
and peptides. Minimal peptide length was set to seven amino acids. For the data acquired
on the LTQ-FT, the first search was conducted using 20 ppm, while the main search was
performed with 10 ppm. For the data acquired on the Q-Exactive, the first search was
performed using 10 ppm whereas the main search was performed using 4.5 ppm. Search
of MS/MS spectra was performed with 0.5 Da using the Andromeda search engine for
the LTQ-FT data files and 20 mmu for the Q-Exactive data “®. A total of 262 common
contaminants were included in the searches by Andromeda. Trypsin specificity was set
as C-terminal to arginine and lysine with proline restriction. A maximum of two missed
cleavages was allowed. Variable modifications included N-terminal protein acetylation,
methionine oxidation and corresponding dimethyl labels. Carbamidomethylation of
cysteine was selected as a fixed modification. Proteins identified had a minimal peptide
count of two peptides, including one unique peptide. All spectra were matched against
a FASTA database of Homo sapiens (88665 entries). The MaxQuant output files and the
raw data files, which provide access to all annotated spectra, have been deposited to
the ProteomeXchange Consortium (http://www.proteomexchange.org) “? via the PRIDE
partner repository that can be accessed with the dataset identifier PXD003343.

Next, at each time point, log,-tranformed fold changes (FC) were calculated for
individual proteins that were detectable in all cell subsets analysed. Proteins with a log,-
transformed FC of >1 or <-1 were selected for Gene Ontology term enrichment analysis
(‘Biological Process’) using clusterProfiler ?. Enrichment was tested versus a reference list
of all detectable proteins per time point and complexity of the results was reduced by
removing redundancy of enriched GO terms using the Relevance method ©" incorporated
in GOSemSim ©2 with a similarity cut-off of 0.8. Additionally, GO term enrichment
analysis was performed on all individual proteins detectable in all cell subsets analysed
(irrespective of the log,-transformed FC) versus the complete human genome followed by
plotting of the top 100 most enriched pathways in an enrichment map. Enriched clusters
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were coloured and annotated based on overarching biological pathways or subcellular
localization.

Statistics

One-way ANOVA with Dunnett’s multiple comparison test (multiple groups) was performed
using GraphPad Prism version 8.0 (GraphPad Software, San Diego, California, USA; www.
graphpad.com). Hierarchical clustering and heatmap generation were performed using
Morpheus (https://software.broadinstitute.org/morpheus).

Results
Md2b display potent phagocytic and antibacterial capacities independent of
arginase activity
We have previously demonstrated that outgrowth of intracellular Mycobacterium
tuberculosis (Mtb) was more efficiently controlled by classically activated, pro-inflammatory
Md1 than by alternatively activated, anti-inflammatory M2 9. However, increasing
appreciation of macrophage diversity and plasticity in vivo recently underscored that
macrophages comprise a broad spectrum of cells whose function depends on the stimuli
they have been exposed to as well as their anatomical location . To map the functional
heterogeneity of a diverse range of polarized macrophages, primary human monocyte-
derived DCs, Mo 1, M2, and Md2a/b/c/d were generated as displayed in Figure 1. To
evaluate their capacity to control intracellular bacterial survival, polarized myeloid
subsets were infected with either Salmonella enterica serovar Typhimurium (Stm) or Mtb
and intracellular bacterial outgrowth determined by CFU assay (Figure 2A). The results
confirmed that M1 supported outgrowth of intracellular Stm and Mtb significantly less
efficiently than M2. Interestingly, DCs and Md2b infected with Stm or Mtb yielded even
lower numbers of CFU, suggesting that these myeloid cell types may be exceptionally
proficientin controlling intracellular bacteria. Of note, M$2b polarizationin the presence of
single triggers (either LPS or IgG-OVA immune complexes) resulted in similar phenotypes
(Supplementary Figure 1). The marked differences observed in intracellular bacterial
survival between myeloid cell types was not due to infection-induced cell death, as host
cell survival after Stm and Mtb infections was similar across all cell subsets (Figure 2B).
To explore whether differences in phagocytic activity between myeloid subsets
could account for the decreased intracellular bacterial survival found in DCs, M$1 and
Mod2b, cells were incubated with fluorescently labelled polystyrene beads and bead
internalization was quantified by flow cytometry. Cytochalasin D, an inhibitor of actin
polymerization, and the fixative paraformaldehyde (PFA) were included as negative
controls (Figure 2C). Clearly, bead uptake was less efficient in DCs and M1 compared
to the various types of M2, directly correlating the low CFU counts observed in DCs and
M1 in Figure 2A with diminished phagocytosis. In contrast, M$2b displayed potent
phagocytic capacity, which was comparable to M¢2, indicating that the lower post-
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Figure 1: Macrophage polarization.

(A) CD14+ monocytes were isolated from buffy coats of healthy blood bank donors and differentiated
according to the depicted outline into DCs and macrophage subsets in 6 days. ICs = immune
complexes. (B) Morphology of differentiated myeloid subsets was assessed by light microscopy
using a Leica AF6000 microscope (magnification 63x; scale bar 20 pM). M1, Md2b and Mdp2d
subsets all displayed a round morphology, with M1 completely lacking membrane protrusions,
Md2d being characterized by a single large finger-like protrusion, and M$2b exhibiting many small
surface protrusions. M¢2 and M¢2c subsets both displayed a spindle morphotype with Md2c being
more elongated than M2. Md2a were characterized by a mixture of different morphotypes.
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infection bacterial yields in this macrophage subset were not due to reduced phagocytic
capacity, but rather might be attributable to a strong intrinsic capacity to control the
survival of intracellular bacteria.

Activated macrophages have been shown to mediate (myco)bacterial killing
through production of reactive nitrogen intermediates (RNI) via inducible nitric oxide
(NO) synthase (iNOS) ©%. In mice, RNI synthesis is regulated by the enzyme arginase | by
competing for the iINOS substrate L-arginine ©*. To evaluate whether the marked decrease
in intracellular bacterial outgrowth in human Md2b correlated with arginase activity, we
assessed transcriptomic levels of ARGT and its enzymatic activity in polarized myeloid
subsets. ARG transcripts were near the lower detection threshold at baseline (C values
>39.5) in all cell subsets analysed (Figure 2D). Also, activating myeloid subsets with a
cocktail of IFNg, LPS and Mtb lysate for 16h did neither enhance ARGT transcript levels
nor arginase | activity, while both arginase | gene expression levels and activity were
easily revealed in granulocytes that were included as a positive control. Taken together,
these data demonstrate that M$2b have superior ability to control bacterial outgrowth,
independent of their phagocytic or arginase | activity.

Figure 2: Control of intracellular bacterial infections by myeloid cell subsets.

(A) CFU assay data derived from human monocyte-derived DCs, M$1, M$2, and Md2a/b/c/d
infected with either Mtb (left panel) or Stm (right panel) at a MOI of 10. Bars depict mean + standard
deviation of 3 replicates from a representative donor out of 5 donors tested. Individual data points
arerepresented by red dots and overlaid on the bar graph. Statistical significance between M$2b and
all other myeloid subsets was tested using a one-way ANOVA with Dunnett’s multiple comparisons
test. (B). Host cell viability is depicted by calculating absolute cell numbers following infection with
Mtb (left panel) or Stm (right panel). Staining of cells with Trypan blue indicated that >99% of all
counted cells in each subset was viable. Bars depict mean * standard deviation of 3 replicates from
a representative donor out of 5 donors tested (same donor as shown in A). Individual data points
represented by red dots are overlaid on the bar graph. Statistical significance between myeloid
subsets was tested using a one-way ANOVA with Dunnett’s multiple comparisons test. (C) Phagocytic
capacity of human monocyte-derived DCs, M$1, M2, and Md2a/b/c/d incubated for 90 min with
Fluoresbrite YG carboxylate microspheres in a ratio of 10 beads to 1 cell was quantified by flow
cytometry. Cytochalasin D, an inhibitor of actin polymerization, and the fixative paraformaldehyde
(PFA) were included as negative controls. Bars depict mean + standard deviation of 3 replicates from
a representative donor out of 5 donors tested. Individual data points represented by red dots are
overlaid on the bar graph. Statistical significance between M¢2b and all other myeloid subsets was
tested using a one-way ANOVA with Dunnett’s multiple comparisons test. (D) Arginase | activity (left
panel) and transcript levels (right panel) in resting and 16h activated (2.5 ng/ml IFNg, 10 ng/ml LPS,
and 10 mg/ml Mtb lysate) myeloid subsets. Bars depict mean + standard deviation of 3 replicates
from a representative donor out of 3 donors tested. Individual data points represented by red dots
are overlaid on the bar graph. ND = Not determined. (* = p-value <0.05, ** = p-value <0.01, *** =
p-value <0.001, **** = p-value <0.0001, ns = not significant).
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Md2b are poor inducers of T cell responses

Next, we addressed whether functional heterogeneity between myeloid subsets was also
reflected in their capacity to elicit T cell responses. First, their ability to stimulate Th1 cell
proliferation and IFNg production was assessed by co-culturing HLA-DR-matched primary
human monocyte-derived DCs, Mb 1, Md2, and Md2a/b/c/d (rested or activated with LPS
or Mtb lysate) with either the HLA-DR2-restricted CD4* T cell clone R2F10 or the HLA-
DR1-restricted CD4* T cell clone HA1.7 in the presence of their cognate antigen (M.leprae
hsp65 p418-427 and influenza hemagglutinin p306-318, respectively) (Figure 3A and
Supplementary Figure 2). With the noticeable exception of Md2b, resting myeloid
subsets effectively induced a potent IFNg response in both R2F10 (top panel) and HA1.7
(bottom panel) reporter T cell clones. Furthermore, the antigen-presenting capacity
of M2, Md2a, Mb2c and Md2d was significantly inhibited by pre-activation with Mtb
lysate and to an even greater extent by LPS stimulation, whereas the antigen-presenting
capacity of Md1 and DCs was only marginally affected by these stimuli, in line with
published data for M$2 and M1 %, Comparable results were obtained when using cell
proliferation instead of IFNg secretion as a read-out to determine the capacity to present
antigen (Supplementary Figure 2).

Figure 3: Induction of T cell responses by polarized myeloid subsets.

(A) Antigen-presenting capacity of polarized myeloid subsets was determined following activation
for 16h with LPS (100 ng/ml), Mtb lysate (100 ng/ml) or control medium before incubation with
either the HLA-DR2-restricted CD4* T cell clone R2F10 or the HLA-DR1-restricted CD4* T cell clone
HA1.7 in the presence of their cognate antigen (M.leprae p418-427; 10 ug/ml recombinant peptide)
and influenza hemagglutinin (synthetic peptide HA p306-318; 100 ng/ml), respectively. After 3 days
of co-culture IFNg production by the responder T cell clones was determined in the supernatants
by ELISA. No IFNg production was detected in the absence of cognate antigen/peptide. Bars depict
mean + standard deviation of 3 replicates from a representative donor out of 3 donors tested.
Individual data points represented by red dots are overlaid on the bar graph. Statistical significance
between rested and pre-activated cells was tested using a one-way ANOVA with Dunnett’s multiple
comparisons test. (B) T cells co-cultured with autologous polarized myeloid subsets for 6 days were
added in different ratios to an HLA-DR3-restricted reporter Th1 clone (Rp15 1-1) together with
irradiated HLA-DR3-expressing PBMCs as antigen presenting cells and the cognate peptide of Rp15
1-1 (Mtb hsp65 p3-13; 50 ng/ml). After 3 days of co-culture the proliferative response of the Rp15
1-1 indicator clone was determined by [*H] TdR-incorporation. No proliferation was detected in the
absence of cognate peptide Mtb hsp65 p3-13. Data are expressed in counts per minute (CPM). Bars
depict mean + standard deviation of 3 replicates from a representative donor out of 11 donors
tested. Individual data points represented by red dots are overlaid on the bar graph. Statistical
significance between medium and corresponding samples containing increasing numbers of DC/
Md-induced T cells was tested using a one-way ANOVA with Dunnett’s multiple comparisons test.
(€) Rp15 1-1 Th1 responder clone specific for Mtb hsp65 p3-13 was labelled with a low dose of CFSE
while HLA-DR2-restricted control CD4* T cell clone R2F' specific for M.leprae 60 kDA hsp p418-427
was labelled with a high concentration of CFSE. Both clones were co-cultured in a 1:1 ratio with
Mtb hsp65 p3-13 (50 ng/ml), irrelevant peptide Mtb Ag85b p56-65 (50 ng/ml), irradiated HLA-DR3
matched PBMCs as antigen presenting cells and M¢/DC-induced T cells for 16 hours followed by
flow cytometric analysis. Histograms and quadrants display the relative percentages of CFSE" versus
CFSE cells when co-cultures were exposed to irrelevant peptide Mtb Ag85b p56-65 (grey) or Mtb
hsp65 p3-13 (red). Data is shown from a representative donor out of 3 donors tested. (* = p-value
<0.05, ** = p-value <0.01, *** = p-value <0.001, **** = p-value <0.0001, ns = not significant).
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Since M2 have been reported to induce strong regulatory T cell (Treg) responses
compared to M1 ¥, we also addressed the potential differences between different
polarized myeloid subsets in inducing T cells with suppressive activity (Figure 3B). To this
end, increasing numbers of Mf/DC-induced T cells were co-cultured with irradiated HLA-
DR3 matched PBMCs as antigen presenting cells and the HLA-DR3 restricted Rp15 1-1
Th1 reporter clone in the presence of its cognate antigen (Mtb hsp65 p3-13). As expected,
Mo2-induced T cells markedly suppressed the proliferative response of indicator clone
Rp15 1-1, while Md1-induced T cells were much less suppressive, confirming our previous
results. Interestingly, M$2b were significantly less effective in generating T cells with
regulatory capacities than M$2 and Md2a/c/d. To exclude the possibility that inhibition
of proliferation was actually caused by lysis of the Rp15 1-1 responder T cell clone instead
of the induction of regulatory T cells, an in vitro cytotoxicity assay was performed using
indicator clone Rp15 1-1 recognizing Mtb hsp65 p3-13 and CD4* T cell clone R2F10 specific
for M.leprae hsp65 p418-427 labelled with different doses of CSFE (Figure 3C). Indeed, no
T cell cytotoxicity was observed, as similar numbers of responder Rp15 1-1 and control
R2F10T cells were retrieved (ratio of 1) when exposed to Mtb hsp65 p3-13 or the irrelevant
peptide Mtb Ag85b p56-65.

Collectively, these data demonstrate that M¢$2b are functionally distinct from the
other M2 subsets in that they possess relatively poor Th1-and Treg-inducing abilities but
are superior in controlling intracellular bacterial survival.

Identification of cellular and secreted markers that discriminate between macrop-
hage subsets

Since @ M¢2 subsets, including M$2 and Md2a/b/c/d, comprise a functionally diverse
group of anti-inflammatory macrophages and @ there is accumulating evidence that
distinct macrophage subsets are associated with severity or progression of infectious
and non-communicable diseases in humans, it is critical to develop tools to identify
macrophage subsets in vivo based on subset-specific biomarkers ©®, We first explored
the possibility to accurately distinguish human polarized myeloid subsets based on the
expression of a wide range of cell surface markers by flow cytometry. From the initial
panel consisting of 43 markers (Supplementary Table 1), a selective panel was compiled
consisting of eight cell surface markers (CD192, CD206, CD32, CD1a, EGFR, CD163, CD209
and CD14) that displayed the highest discriminatory power (Figure 4A). The classifying
potential of this panel was subsequently examined by hierarchical clustering of myeloid
subsets of two donors (Figure 4B). Monocytes could easily be separated based on their
distinctively high expression of CD192 and CD14. DCs and M¢1 could be separated from
the other cell subsets by their exclusive CD206M/CD163" cell surface profile. Furthermore,
Md1 could readily be distinguished from DCs based on the cell surface protein levels of
CD209, CD1a and CD192. However, while M¢2a could still be identified based on their
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unique CD163"/CD209" expression profile, the remaining M2 subsets did not display
a combination of surface markers that could robustly separate them by cluster analysis.

We therefore further investigated whether rested and activated polarized
myeloid subsets exhibited divergent protein secretory profiles that could be exploited
for cell subset classification. In supernatants from resting cells, only limited amounts of
secreted cytokines and chemokines could be detected using a customized Luminex 19-
plex magnetic bead panel (Figure 4C and Supplementary Table 2). However, following
stimulation for 16h with a mixture of IFNg/LPS/Mtb lysate, DCs, M1, Md2b, and to a lesser
extent M2 and Md2a could be discriminated by hierarchical clustering analysis. M1
and DCs were characterized by the production of pro-inflammatory cytokine IL-12p70,
but could be differentiated by their respective IL-1Ra"/IL-1B" and IL-Ra'/IL-1B" cytokine
profiles. All M2 subsets, with the exception of M¢2b, produced IL-10 (albeit at variable
levels) and none produced IL-12p70. Of note, M$2b exhibited a distinctive VEGF" protein
secretion profile that was not shared by any of the other polarized myeloid subsets. This
unique feature of M$2b was subsequently validated in 4 independent donors by ELISA
(Figure 4D) and at the transcriptomic level by targeted gene expression profiling
(Figure 5D). Although the cytokine/chemokine profiles of M¢$2 and Md2a were less
typical, both could be separated to some extent by profound secretion of IL-10, while
Md2 and Md2a could potentially be distinguished based on elevated CCL22 production
by Md2a.

Taken together, polarized myeloid subsets could be classified based on either
cell surface marker expression levels and/or cytokine secretion profiles in response to
activation. The only exception was M$2c and M$2d which appeared remarkably similar
for the tested parameters.
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Figure 4: Identification of cellular and secretory markers that discriminate myeloid cell
subsets.

(A) Expression of cell surface markers on primary human monocyte-derived DCs, M$1, M$2, and
Md2a/b/c/d was analysed by flow cytometry. Representative histograms display expression profiles
of CD192,CD206,CD32,CD1a,EGFR,CD163,CD209 and CD14. (B) Hierarchical clustering of polarized
myeloid subsets from 2 independent donors based on differentially expressed cell surface markers
(log,-transformed geometric mean fluorescent intensities) using Pearson correlation complete-
linkage clustering. Rows and columns correspond to the cell surface proteins and profiled myeloid
subsets, respectively. Each row represents the relative expression of the indicated cell surface
marker using a blue to white to red colour scale. Individual donors are presented in greyscale
squares above each cell subset. (C) Cytokine/chemokine secretion by 16h activated (2.5 ng/ml IFNg,
10 ng/ml LPS, and 10 mg/ml Mtb lysate) myeloid subsets was analysed by Luminex multiplex bead
array. Hierarchical clustering of myeloid subsets from 5 independent donors based on differentially
secreted cytokines/chemokines (average centred divided by the standard deviation) using Pearson
correlation average-linkage clustering. Rows and columns correspond to the secreted proteins and
profiled myeloid subsets, respectively. Each row represents the relative production of the indicated
cytokine/chemokine using a blue to white to red colour scale. Individual donors are presented in
greyscale squares above each cell subset. (D) ELISA analysis of VEGF levels in supernatants of 16h
activated (2.5 ng/ml IFNg, 10 ng/ml LPS, and 10 mg/ml Mtb lysate) polarized myeloid subsets. Bars
depict mean + standard deviation of 3 replicates from a representative donor out of 4 donors tested.
Individual data points represented by red dots are overlaid on the bar graph. Statistical significance
between M¢2b and all other myeloid subsets was tested using a one-way ANOVA with Dunnett’s
multiple comparisons test. (**** = p-value <0.0001).
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Identification of molecular transcriptomic markers that can classify macrophage
subsets

Since human monocyte-derived DCs, M$1, M¢2, and M2a/b/c/d could be distinguished
by their cytokine and chemokine expression profiles, particularly upon activation, we next
investigated thepossiblerewiring oftranscriptomicnetworksfollowing DC/M¢ polarization
in order to identify additional molecular markers to promote refined classification of
myeloid subsets. Cell subsets were either rested or activated for 16h with a mixture of
IFNg/LPS/Mtb lysate, and transcriptomic levels were determined using focussed gene
expression profiling 257, Selected probe sets covered 148 genes associated with innate
and adaptive immunity and inflammatory responses (Supplementary Tables 3 and 4).
First, multilevel PCA was applied to visualize global transcriptomic variances between
rested or activated polarized myeloid subsets derived from 4 different donors (Figure
5A). Under resting conditions, DCs and M¢2b displayed profound class separation based
on the first component (explaining 40% of the variance), while the second component
(explaining 27% of the variance) clearly distinguished DCs from Md2b. The first two
components combined also clearly described M1 whereas only the second component
partially described the between-group variation amongst resting M2 and Md2a/c/d cell
subsets. Interestingly, cell type separation was particularly effective after activation for
16h with IFNg/LPS/Mtb lysate, with the first two components explaining 32% and 25%
of the variance, respectively (Figure 5A), signifying quite distinct transcriptional rewiring
of polarized myeloid cells, which linked cell subset activation to alternate signalling
networks.

Figure 5: Identification of molecular markers that can classify myeloid cell subsets.

(A) Multilevel Principle Component Analyses (PCA) PC1/PC2 score plots of rested (left panel) and 16h
activated (2.5 ng/ml IFNg, 10 ng/ml LPS, and 10 mg/ml Mtb lysate) (right panel) human monocyte-
derived DCs, M1, Md2, and M$2a/b/c/d derived from 4 independent donors. The ellipses represent
the 95% confidence interval level. (B). Partial least squares-discriminant analyses (PLS-DA) models
were fitted for each subset individually versus all other cell types combined, and the Variable
Importance for Projection (VIP) scores were extracted to determine which variables (transcripts)
explained the highest variance in each respective model. Shown are the log -transformed transcript
levels of the top two genes with the highest VIP scores derived from either the rested or activated
models as scatter plots for each cell type (C). Hierarchical clustering of rested and activated polarized
myeloid subsets from 4 different donors based on transcriptomic profiles of type | interferon
signalling genes generated by dcRT-MLPA (average centred divided by the standard deviation)
using Pearson correlation complete-linkage clustering. Rows and columns correspond to the
transcripts and profiled myeloid subsets, respectively. Each row represents the relative expression
of the indicated gene using a blue to white to red colour scale. In each panel, myeloid cell types are
represented by distinctive colours and individual donors by unique symbols. (D) Log_-transformed
transcript levels of VEGF in 16h activated (2.5 ng/ml IFNy, 10 ng/ml LPS, and 10 pug/ml Mtb lysate)
polarized myeloid subsets. Bars depict median of 4 independent donors tested while the whiskers
represent the 95% confidence interval level. Red dots represent individual donors and are overlaid
on the bar graph. Statistical significance between M¢2b and all other myeloid subsets was tested
using a Mann-Whitney U test. (* = p-value <0.05).
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To identify important genes driving the separation between polarized myeloid
subsets, PLS-DA models were fitted for each cell subset individually versus all other cell
types combined, and the Variable Importance for Projection (VIP) scores were extracted to
determine which variables (transcripts) explained the highest variance in each respective
model (Supplementary Table 5). Figure 5B displays the relative expression levels of the
two genes with the highest VIP scores derived from either the rested or activated model
from individual cell types. DCs were characterized by significantly lower expression levels
of MMP9, while Md2d could clearly be discriminated by higher transcript levels of TLR9 in
both resting and activated conditions. M$1 could be separated by relatively low CCL4 and
slightly elevated BLR1 transcript levels in resting conditions and by EGF°/CCL 19° expression
values upon activation, while M$2b could readily be identified by their CCR7"/IL4" and
IL12B*/IFIT3" transcriptomic profiles in resting and activated conditions, respectively. In
contrast, resting M$2 and M¢2a showed only weak separation from the other cell types
but could easily be discriminated following activation based on lack of expression of MRC2
and PRF1 (M2) or low expression of KIF1B and IL13 (M¢2a). Finally, resting M¢2c could
be distinguished by their TLR2'*/VEGF" expression profile, while activated M2c shared
a distinctive IL5"/IL2" signature with activated M$2d. Nevertheless, activated M$2c and
Md2d could still be separated based on enhanced transcriptomic levels of TLRY, as this is
a unique feature of M¢2d.

In summary, both cellular, immunological, and molecular markers enable
accurate classification of myeloid polarizations states, corroborating the view that DC/M¢
polarization is accompanied by re-wiring of cellular and molecular networks.

Md2b display a distinctive type | interferon signature

Since human monocyte-derived M¢$2 and Md2a/c/d were excellent supporters of T
cell responses while Md2b were superior in controlling intracellular bacterial infections
(Figures 2 and 3), we next performed quantitative proteomics on M$2 and M¢2b at
baseline (uninfected) and 4 or 24 hours after infection with Mtb to unravel the molecular
mechanisms underlying this functional dichotomy. In total, 2724 proteins could be
detected in both M¢2 and M¢2b. Gene ontology (GO) term enrichment analysis indicated
these proteins were involved in general processes such as translation and cellular
metabolism (Supplementary Figure 3A), but also in myeloid-specific pathways such as
antigen presentation, and pathways known to be important for controlling intracellular
bacterial infections including autophagy and Golgi/vesicle targeting (Supplementary
Figure 3B). Using a log2-transformed fold change (FC) cut-off of =1 or <-1, 459 proteins
were identified to be differentially expressed between M2 and M¢2b, either at baseline
(uninfected), following Mtb infection, or both conditions (Figure 6A). Processes found
to be significantly overrepresented at baseline and 4 hours post-infection by GO term
enrichment analysis included ‘defense response (to virus)'and ‘type | interferon signalling
pathway’ (Figure 6B). The latter pathway is of particular interest, as type | interferon
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responses have been associated with detrimental effects on Mtb infection both in
vitro and in vivo ©®, A heatmap of the proteins associated with this particular GO term
indicated that type | interferon signalling proteins were more highly expressed in M$2b
compared to M¢2 at baseline and during Mtb infection (Figure 6C), identifying a strong
type | interferon signature in M¢2b. To validate these proteomic data in an independent
approach, intracellular expression levels of five members of the type l interferon signalling
pathway (STAT1, HLA-A2, IFIT3, IFITM3 and ISG15) were evaluated in M$2 and M2b using
flow cytometry. Indeed, all selected proteins were more highly expressed in M¢2b than
Md2, corroborating the findings obtained with quantitative proteomics (Figure 6D).

Next, we assessed whether the type | interferon signature identified in Md2b
by quantitative proteomics could be validated at the transcriptional level. Hierarchical
clustering analysis based on the transcriptomic profiles of 25 genes involved in type |
interferon signalling convincingly separated both resting and activated polarized myeloid
subsets (Figure 5C). As expected, resting Md2b expressed significantly higher levels of
most type | interferon-inducible genes compared to the other myeloid subsets, including
markers that were also found to be increased at the protein level (GBP2, IFIT2,IFIT3, IFITM1/3,
OAS2, and STAT2) (Figure 6C). Upon activation, type | interferon signalling genes were
noticeably induced in all M2 subsets, occasionally even surpassing the levels observed
in Md2b (e.g. in M$2 and M¢2d) (Figure 5C, right panel). Nevertheless, activated M¢2b
retained a distinctive type | interferon transcriptional profile, including high expression
levels of guanyl-binding proteins (GBP1, 2 and 5), transcription factors STAT7 and STAT2,
peptide transporters TAP1 and TAP2 and tryptophan-catabolizing enzyme IDOT. In
conclusion, these results demonstrate that resting and activated M2b are characterized
by unique type | interferon signalling signatures.
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Figure 6: Quantitative proteomics reveals a type | interferon signature in M¢2b.

Md2 and Md2b were infected with Mtb at a MOI of 10. Cells were lysed at 0, 4, and 24 hours post-
infection and lysates were subjected to reductive dimethylation for semi-quantitative proteomics.
Raw expression data of single proteins were used to calculate fold change (FC) differences between
Md2b and Md2. (A) Venn-diagram depicting the distribution of differentially expressed proteins
(M$2b/Mé2 log,(FC) =1 or <-1) at 0, 4, and 24h post-infection. (B). Gene ontology (GO) term
enrichment analysis of differentially expressed proteins (M$p2b/M¢2 log,(FC) =1 or <-1) at 0, 4, and
24h post-infection. Displayed are circle plots of the five most significantly enriched pathways at
each time point. Enrichment significance levels are indicated by the brightness of the circles and
their size indicates the number of proteins associated with the GO term or pathway. (C) Heatmap
of proteins that are differentially expressed between M2b and M¢2 and belong to the GO term
‘Type | interferon signalling pathway" Rows and columns correspond to the cellular proteins and
profiled myeloid subsets, respectively. Each row represents the relative amount of cellular protein
using a blue to white to red colour scale. (D) Flow cytometric analysis of M$2 and M2b stained for
proteins of the type | interferon signalling pathway. Representative histograms for HLA-A2, IFITM3,
STATT, IFIT3, and ISG15 are shown. Stained (solid histogram) and unstained (open histogram) M2
are shown in red, while M¢2b are depicted in blue.
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Repolarization of established M2 subsets towards M¢2b is accompanied by
efficient control of intracellular Mtb outgrowth

Plasticity and flexibility are key features of human monocyte-derived myeloid subsets.
It has recently been demonstrated in vitro that macrophages are capable of complete
repolarization from M2 to M1, as macrophage polarization status dynamically adapts
to changes in the cytokine microenvironment ©, Since it could be clinically relevant to
repolarize macrophages in infectious disease towards Md2b, in view of their superior
antibacterial activity, we investigated whether established M$2 and Md2a/c/d cultures
could be repolarized towards M¢2b with accompanying high antimicrobial activity,
and whether M¢2b could be repolarized towards M¢2 accompanied by loss of control
of intracellular infection. To this end, monocytes were first differentiated into M$2 and
Md2a/b/c/d cell types according to the scheme outlined in Figure 7. A proportion of each
cell subset was infected with Mtb and the intracellular bacterial survival was assessed by
CFU assay. The remaining M$2 and Md2a/c/d cells were subsequently cultured under
Md2b-polarizing conditions, while M$2b were exposed to M¢2-polarizing conditions
for another 7 days before infection with Mtb and examination of bacterial outgrowth
(Figure 7). The results clearly demonstrated that while M$2b had significantly lower
bacterial burden compared to the other M2 subsets at day 7, this could be completely
reversed by repolarization to Md2. Conversely, repolarization of M$2 and Md2a/c/d
towards a Md2b phenotype resulted in radically improved control of intracellular Mtb
compared to their original polarization state. These results provide proof of concept that
M2 reprogramming towards Md2b could provide a novel therapeutic strategy for host-
directed therapy to treat and improve outcome of human infectious disease, including
tuberculosis. The presence of macrophages within TB granulomas that display functional
properties associated with a less favourable clinical outcome could potentially be
converted into a cell subtype better equipped to control intracellular bacterial infection.
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Figure 7: Repolarization of established M¢2 subsets to M¢2b is accompanied by efficient
control of intracellular Mitb outgrowth.

Depicted on the left is a flowchart of the experimental setup. Human monocyte-derived M$2, and
Md2a/b/c/d were harvested at day 6 and re-seeded into 24-well plates. Half of the wells of each
cell subset was infected with Mtb (MOl = 10) at day 7 and bacterial load was determined by CFU
assay. Cells in the remaining wells were re-polarized for 6 days followed by infection with Mtb (MOI
= 10) at day 14 and bacterial load was again evaluated by CFU assay. Bars depict mean * standard
deviation of 3 replicates from a representative donor out of 10 donors tested. Individual data
points are represented by red dots and overlaid on the bar graph. Statistical significance between
Md2b and all other cell subsets (d7) or M$2 and all other cell subsets (d14) was tested using a one-
way ANOVA with Dunnett’s multiple comparisons test. (** = p-value <0.01, *** = p-value <0.001,
**¥%* = p-value <0.0001). ICs = immune complexes.

Discussion

Phenotypic plasticity is a key feature of macrophages as they can rapidly and
reversibly change their function and activation state in response to alterations in local
microenvironmental signals provided by growth factors, cytokines, microbial products
and glucocorticoids % ¢, The classical Mp1-Md2 dichotomy initially proposed %
merely describes the extreme ends of the macrophage polarization spectrum and likely
represents an oversimplified in vitro model of the continuous range of polarized myeloid
states that occur in vivo © %, Moreover, most studies have been directed at dissecting the
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role of macrophage polarization in mice. Therefore, we investigated the functional and
phenotypic hallmarks of an extensive array of human monocyte-derived myeloid subsets
and identified transcriptomic, proteomic and cell surface markers for subset identification.
These results should help in developing tools to identify these subsets in human samples.

Notably, we show that M¢2b are polarized macrophages with limited antigen
presenting and T cell-activating functions but with potent phagocytic and antibacterial
capabilities, highlighting their exceptional aptitude to control survival of intracellular
bacteria. These characteristics are in sharp contrast with the functional traits observed for
Md2 and M¢2a/c/d which efficiently presented antigen to induce Th1 responses and were
also capable of inducing potent regulatory T cell responses (Figure 3 and Supplementary
Figure 2), while none of these macrophage subsets were able to adequately control
outgrowth of Mtb or Stm (Figure 2).

The precise mechanism underlying the functional differences observed between
Md2b and the other M¢2 cell types are not yet fully understood. Transcriptomic,
proteomic and cell surface marker analysis unambiguously demonstrated that resting
Md2b display a prominent type | interferon signature (Figures 5 and 6). Mtb infection
is known to induce a type | interferon response both in vitro and in vivo, and while most
studies have implicated enhanced expression of type | interferons with detrimental effects
on Mtb infection 86162 others have demonstrated that the induction of type | interferons
through the cytoplasmic surveillance pathway can result in improved mycobacterial
control via autophagy ©%. Of note, signalling through TLR4 or Fcg receptors alone was
sufficient to polarize human monocytes into a phenotype that is superior in controlling
intracellular Mtb survival (Supplementary Figure 1), implying that common signalling
pathways downstream of these receptors are responsible for equipping M¢2b with strong
anti-microbial activity. Moreover, despite our observation that M$2b are poor activators
of CD4* T cell responses, the relatively increased abundance of proteins involved in MHC
class | antigen presentation (e.g. HLA-A, HLA-C, TAP1, TAP2), as observed by quantitative
proteomics (Figure 6C), suggests that M¢2b could be potent activators of CD8* T cell-
responses. However, this remains to be investigated further.

Because human myeloid subsets exhibited profound heterogeneity in their
functional profiles (Figures 2 and 3), it is crucial to identify markers to (1) classify
macrophages present in peripheral blood and patient tissue samples; (2) monitor myeloid
subset composition during treatment; and (3) associate alterations with disease severity,
progression or resolution. Given the complexity of macrophage populations between
rodents and humans in the normal and diseased host, it is key to identify and validate
such markers in humans. Hierarchical clustering of eight cell surface markers successfully
differentiated between monocytes (CD192"/CD14"), DCs (CD206M/CD209"/CD163"),
M1 (CD206M/CD209"°/CD163") and M¢2a (CD209"/CD163"), but was unable to faithfully
separate other polarized myeloid subsets analysed. However, subsequent cytokine
secretion profiling in response to a mixture of IFNg/LPS/Mtb lysate differentiated (next
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to DCs and M¢1) M$2b by a unique VEGF"/IL-Ra” signature (Figure 4A-C). Interestingly,
targeted transcriptomics was able to discriminate between all myeloid subsets using
a unique combination of only 2 transcripts per cell type (Figure 5B). Of note, we were
unable to verify several markers previously associated with Md2b/c/d polarization, such
as superior IL-10 production by M$2b ©9, elevated cell surface expression levels of CD163
and MerTK by Md2c ©* ¢, and reduced cell surface expression levels of co-stimulatory
molecules in M¢2d ©7. These discrepancies may be explained by a lack of standardization
between differentiation protocols for polarized human macrophages and the evident
translational difficulties between murine and human macrophages.

Since it has recently become clear that polarized myeloid subpopulations are
not end-stages of selective differentiation paths of a common monocyte precursor, but
rather adaptable intermediates of the monocyte-macrophage lineage characterized
by diversity and plasticity, macrophage-centred therapeutic approaches are becoming
viable options for host-directed treatment strategies. For example, functional skewing of
macrophage subsets from a M¢2 to a M$1 phenotype has previously been associated
with the induction of anti-tumour responses ©79, In addition, several studies have shown
that infection with Mtb induces macrophage reprogramming towards a M$2 phenotype
by stimulating the secretion of IL-10 and type-2 cytokines while simultaneously
interfering with IFNg activation "”, emphasizing the potential of targeting macrophage
differentiation dynamics as adjunct host-directed therapy for treatment of tuberculosis. As
proof-of-principle, we report here that M$2 and M¢2a/c/d can all be redirected towards
a Mé2b phenotype concomitant with exceptional control of Mtb outgrowth (Figure 7).
Further research should explore in vivo in animal models whether canonical TB therapy
in conjunction with host-directed skewing of macrophages towards a M¢2b phenotype
by engaging TLRs and/or Fcg receptors will markedly improve TB treatment outcome or
significantly shorten the duration of current TB treatment regimens.
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Supplementary Figure 2: Induction of T cell responses by polarized myeloid subsets.

Antigen-presenting capacity of polarized myeloid subsets was determined following activation
for 16h with LPS (100 ng/ml), Mtb lysate (100 ng/ml) or medium as a negative control before
incubation with either the HLA-DR2-restricted CD4* T cell clone R2F10 or the HLA-DR1-restricted
CDA4* T cell clone HA1.7 in the presence of their cognate antigen (M.leprae hsp65 p418-427 (10 pg/
ml recombinant peptide) and influenza hemagglutinin (synthetic peptide p306-318; 100 ng/ml),
respectively. After 3 days of co-culture the proliferative response of the responder T cell clones was
determined by [*H] TdR incorporation. No proliferation was detectable in the absence of cognate
peptide. Data are expressed in counts per minute (CPM). Bars depict mean + standard deviation of
3 replicates from a representative donor out of 3 donors tested. Individual data points represented
by red dots are overlaid on the bar graph. Statistical significance between rested and pre-activated
cells was tested using a one-way ANOVA with Dunnett’s multiple comparisons test. (* = p-value
<0.05, ** = p-value <0.01, *** = p-value <0.001, **** = p-value <0.0001, ns = not significant).
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Supplementary Figure 3: Gene ontology (GO) term enrichment analysis of proteins
expressed in both M$2 and M¢$2b independent of infection status.

(A) Gene ontology (GO) term enrichment analysis of a total of 2724 proteins detected in both
Md2 and M2b either at baseline (uninfected), following Mtb infection, or both. The top 100 most
significantly enriched ‘Biological Processes’ are displayed as an enrichment map, and pathway
clusters were further classified by their shared overarching cellular processes. (B) Heatmaps of
individual proteins expressed by both M¢$2 and M2b and involved in antigen presentation,
autophagy or Golgi/vesicle targeting. Rows and columns correspond to the cellular proteins and
profiled myeloid subsets, respectively. Each row represents the relative amount of cellular protein
using a blue to white to red colour scale.
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Type 2 diabetes mellitusisan establishedriskfactorfortuberculosis butthe underlying
mechanisms are largely unknown. We examined the effects of hyperglycaemia, a
hallmark of diabetes, on the cytokine response to and macrophage infection with
Mpycobacterium tuberculosis. Increasing in vitro glucose concentrations from 5 to
25 mmol/L had marginal effects on cytokine production following stimulation
of peripheral blood mononuclear cells (PBMCs) with M. tuberculosis lysate, LPS or
Candida albicans, while 40 mmol/L glucose increased production of TNF-q, IL-
1B, IL-6 and IL-10, but not of IFN-y, IL-17A and IL-22. Macrophage differentiation
under hyperglycaemic conditions of 25 mmol/L glucose was also associated with
increased cytokine production upon stimulation with M. tuberculosis lysate and LPS
but in infection experiments no differences in M. tuberculosis killing or outgrowth
was observed. The phagocytic capacity of these hyperglycaemic macrophages
also remained unaltered. The fact that only very high glucose concentrations were
able to significantly influence cytokine production by macrophages suggests that
hyperglycaemia alone cannot fully explain the increased susceptibility of diabetes
mellitus patients to tuberculosis.
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Introduction

Type 2 diabetes mellitus (DM) has been increasingly recognized as an important risk
factor for tuberculosis (TB). Epidemiological studies have demonstrated that adults with
diabetes have a significantly increased risk of developing active TB @ and it is estimated
that globally 15% of TB cases are attributable to DM @. The global prevalence of DM will
rise by an estimated 55% over the next 20 years, with the largest increases in TB endemic
regions of Africa and Asia ©. As a result, DM will become an increasingly important factor
contributing to the sustained TB epidemic “*),

The causative pathogen of TB, Mycobacterium tuberculosis (MTB), primarily infects
phagocytic cells of the lung, such as alveolar macrophages. The early stage of infection
is characterised by the recruitment and accumulation of various innate immune cells at
the site of infection including neutrophils, dendritic cells and interstitial macrophages,
the latter of which subsequently become infected by the growing population of
mycobacteria and ultimately develop into bacteria-sequestering granulomas ©”, Effective
immunity against MTB is dependent on the production of pro-inflammatory cytokines like
interferon-y (IFN-y) and tumour necrosis factor-a (TNF-a) 'V, whilst anti-inflammatory
cytokines such asinterleukin-(IL)-10 can attenuate the anti-bacterialimmune response®'2,

It has been hypothesised that alterations in the immune response of patients
with diabetes give rise to either an enhanced susceptibility to infection or accelerated
progression towards active TB disease ©. A possible explanation for these immunological
changes is chronic hyperglycaemia, a hallmark of DM. Various studies have demonstrated
that diabetes and hyperglycaemia in particular is associated with a compromised innate
immune response which includes impairments in phagocytosis, cytokine secretion and
macrophage activation 3-8, Other studies that have investigated the adaptive arm of the
immune response have yielded conflicting results when comparing differences in cytokine
production between diabetes patients with or without TB '*-2", These inconsistent data
illustrate both the complexity of the interaction between TB and DM and reveal limitations
in the comparability of studies that use divergent methods, such as differences in cellular
origins and patient populations.

To better understand the effects of hyperglycaemia on the innate immune
response during concurrent diabetes and tuberculosis, we investigated whether elevated
concentrations of glucose could directly regulate the functional capacities of human
macrophagesinvitro.We initially determined the effects of hyperglycaemia on the cytokine
response of PBMCs and macrophages after stimulation with bacterial lipopolysaccharide
(LPS) or whole pathogen lysates, and later in alternatively activated (M2) macrophages
upon infection with the MTB strain H37Rv. Finally, we assessed the phagocytic ability of
hyperglycaemic M2 macrophages and studied their capacity to support mycobacterial
outgrowth.
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Materials and Methods

Ethics Statement

PBMCs were isolated from buffy coats donated after written informed consent by
healthy volunteers to the Sanquin Bloodbank (http://www.sanquin.nl/en/) in Nijmegen
and Leiden. Blood was collected anonymously which, according to institutional ethical
policy, does not require a separate review by the Ethical Committee. Experiments were
conducted according to the principles expressed in the Declaration of Helsinki.

Healthy Volunteers

Since blood donations were anonymous no tuberculosis skin test or IFN-y release assay
could be performed but the incidence of TB in the indigenous Dutch population is
extremely low (4/100,000) and Bacillus Calmette-Guérin (BCG) vaccination is not part of the
routine vaccination program. The incidence of diabetes mellitus in the Dutch population
for persons under 25 years of age is less than 1% and under 45 years of age is about 1.5%.
Since the average age of blood donors in these experiments is approximately 45 years @2
we expect that almost none of them would have diabetes mellitus which would otherwise
act as a confounding factor @3,

Cytokine Stimulation Experiments

Isolation of peripheral blood mononuclear cells (PBMCs) was performed by differential
centrifugation over Ficoll-Paque (GE Healthcare) within 0-2 hours of collection. After
counting (Casy Counter) cells were adjusted to 5 x 105 cells/mL were suspended in
glucose free RPMI 1640 (Gibco) supplemented with 50 mg/mL gentamicin (Lonza) and
2 mM L-glutamine (Life Technologies). 100 uL of PBMCs was incubated in flat bottom
96-well plates (Greiner) with varying final glucose concentrations from 5 mmol/L to 40
mmol/L D-glucose (Sigma-Aldrich) in glucose-free RPMI, and stimulated with 1 ug/mL
of H37Rv lysate, 1 x 10 microorganisms/mL of heat-killed Candida albicans (ATCC MYA-
3573 (UC 820)) or 10 ng/mL LPS (Sigma-Aldrich, E. coli serotype 055:B5). The plates were
incubated for 24 h, 48 h or 7 days at 37°Cin a 5% CO, environment. Alternatively, 100 pL
of PBMCs (5 x 10°/mL) was incubated for 1 h at 37°Cin 5% CO, and adherent monocytes
were selected by washing out non-adherent cells with warm PBS. Adherent monocytes
were differentiated into M2 macrophages (n=18) in 10% human pooled serum and 50 ng/
mL M-CSF (R&D Systems) or MO macrophages (n=23) in 10% human pooled serum for 6
days. Monocytes were differentiated in the presence of 5 mmol/L or 25 mmol/L glucose. In
some cases monocytes were differentiated in 5 mmol/L glucose with 20 mmol/L mannitol
(Sigma-Aldrich) to control for effects of osmolarity on cytokine production. Media
containing M-CSF and/or serum and glucose were refreshed on day 3 of differentiation.
Differentiated macrophages were stimulated on day 6 with RPMI (negative control),
1 ug/mL H37Rv lysate or 10 ng/mL LPS (positive control). Cell culture supernatants were
collected after 24 h.
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Cytokine Measurements

Cell culture supernatants were collected and stored at -20°C for cytokine measurements,
which were performed by ELISA: IL-1(3, TNF-q, IL-17A, IL-22 (R&D Systems); IL-6, IFN-y and
IL-10 (Sanquin).

H37Rv Lysates and Culture

Cultures of H37Rv MTB were grown to mid-log phase in Middlebrook 7H9 liquid medium
(Difco, Becton-Dickinson) supplemented with oleic acid/albumin/dextrose/catalase
(OADCQ) (BBL, Becton-Dickinson), washed three times in sterile saline, heat killed and
then disrupted using a bead beater, after which the concentration was measured using a
bicinchoninic acid (BCA) assay (Pierce, Thermo Scientific).

H37Rv Infection of M2 macrophages

CD14* monocytes were isolated from PBMCs by magnetic cell sorting with anti-CD14
coated beads (Miltenyi Biotec) and seeded in tissue culture-treated flasks (Corning).
After 6 days of differentiation in the presence of 50 ng/mL M-CSF, M2 macrophages
were harvested using trypsin and transferred to tissue culture-treated 24-well plates
(Corning) with 300,000 macrophages per well. Macrophages were incubated O/N at
37°Cin 5% CO2 and subsequently infected with the H37Rv strain of MTB. Mycobacterial
cultures were diluted to pre-log phase density one day before infection to ensure that the
bacteria were in the log phase of the growth curve. Bacterial density was determined by
measuring optical density at 600 nm (OD-600) and the bacterial suspension was diluted
to a concentration of 30 x 10° bacteria/mL (MOI 10:1). 100 pL of the bacterial suspension
was added to the cell cultures, after which the plates were centrifuged for 3 minutes at
800 rpm and incubated at 37°C in 5% CO,. After 60 minutes the plates were washed with
culture medium containing 30 pg/mL gentamicin and subsequently incubated O/N at
37°Cin 5% CO, in medium containing 5 pg/mL gentamicin. Supernatants were collected
and filtered before cytokine measurements. M2 macrophages were lysed in water for 5
minutes and plated on Middlebrook 7H10 agar (Difco, Becton-Dickinson) supplemented
with OADC. CFUs were determined after 2-3 weeks.

Cell viability assay

Macrophage viability during prolonged H37Rv infection was assessed by using a LDH
cytotoxicity kit according to the manufacturer's instructions (Pierce, Thermo Scientific).
For each experimental condition 50 pL of freshly harvested supernatant was incubated
with 50 pL LDH reaction mixture for 30 minutes at room temperature in a 96-well plate.
The reaction was stopped by adding 50 uL of stop solution and the plate was subsequently
measured on a Mithras LB 940 microplate reader (Berthold Technologies) at 485 nm.
Spontaneous and maximum LDH release controls were included in order to calculate
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the percentage of cytotoxicity. Macrophages were additionally stained with Trypan Blue
(Sigma-Aldrich) as a second measure of cell viability.

Phagocytosis Quantification Assay

To quantify phagocytic capacity, fluorescent polystyrene particles (Fluoresbrite YG
carboxylate microspheres) were used as described by Leclerc et al ?®. In short, M2
macrophages were incubated with P-beads in a ratio of 10 beads to 1 cell for 90 minutes
at 37°C. Subsequently cells were collected with a cell scraper and centrifuged at 1500
rpm for 10 minutes. Following centrifugation supernatant was discarded and cells were
re-suspended in 100 pL culture medium or 100 pL culture medium and Trypan Blue (1:1)
(Sigma-Aldrich). Internalisation of the beads was quantified by flow cytometry. Non-
internalised beads emitted a red fluorescent signal after Trypan Blue quenching which
was detected in the FL-3 channel where as internalised beads were detected in the FL-1
channel.

Statistical Analysis

Differences were analysed using a Wilcoxon signed rank test (paired, non-parametric
analysis) unless otherwise stated. Data was considered statistically significant at a p-value
<0.05. Data are shown as cumulative results of levels obtained in all volunteers (means +
SEM).

Results

Hyperglycaemic culture conditions variably affect cytokine production from PBMCs.
Little or no difference was seen in cytokine production following stimulation and culture
of PBMCs in glucose concentrations ranging from 5 to 25 mmol/L, while culture in 40
mmol/L glucose mostly led to higher cytokine production (Figure 1). Production of pro-
inflammatory cytokines IL-6 and IL-13 significantly increased in a dose dependent manner
upon H37Rv stimulation whereas TNF-a production only increased at the highest glucose
concentrations of 40 mmol/L. Production of the anti-inflammatory cytokine IL-10 also
increased upon H37Rv lysate and Candida stimulations in the presence of 25 mmol/L or
40 mmol/L glucose. In comparison, induction of T-cell cytokines showed a high degree
of variability in response to varying glucose concentrations. Overall, compared to normal
glucose concentrations of 5 mmol/L, 40 mmol/L glucose showed the most significant
changes in cytokine production (all p-values <0.05).
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Figure 1: Cytokine production by PBMCs in response to antigenic stimuli in varying
concentrations of glucose.

(A) PBMCs were stimulated in the presence of 5 mmol/L to 40 mmol/L glucose with RPMI, H37Rv
lysate (1 pg/mL), LPS (10 ng/mL) or heat-killed Candida Albicans (1 x 10° microorganisms/mL). Cell
culture supernatants were collected after 24 h, 48 h or 7 days. (B) Data are shown as mean + SEM of
supernatant TNF-q, IL-13, IL-6, IFN-y, IL-17, IL-22 and IL-10 levels obtained in > 6 volunteers, *p<0.05,
**p<0.01.

Macrophage differentiation in hyperglycaemic conditions leads to hyper-
responsive cytokine production.

The effect of hyperglycaemia on PBMC cytokine production was mild and mainly
observed at the highest glucose concentrations (40 mmol/L). Both 25 mmol/L and 40
mmol/L of glucose can be observed in diabetes patients although the latter is rarely
seen and is thus unlikely to account for the increase in TB susceptibility. We therefore
proceeded by differentiating monocytes into MO (serum derived) and M2 (M-CSF and
serum derived) macrophages in the presence of 5 mmol/L glucose or the more clinically
relevant hyperglycaemic condition of 25 mmol/L glucose. M2 macrophage differentiation
was verified by assessing cell surface marker expression (CD14*/CD163*; Figure S1).
Differentiated macrophages were stimulated with LPS or H37Rv lysate (Figure 2A).
Cytokine production was generally higher in macrophages differentiated under high
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glucose concentrations, although not all differences were statistically significant.
Pro-inflammatory cytokines (TNF-a and IL-6) and anti-inflammatory cytokines (IL-10 and
IL-TRA) from hyperglycaemic M2 macrophages were significantly increased after
stimulation with H37Rv lysate and LPS. MO macrophages displayed a similar pattern,
except for TNF-a production. Sub-maximal concentrations of LPS and H37Rv were used to
provide room for the potential boosting effects of hyperglycaemia on cytokine production.

Given the nature of these experiments the observed increase in cytokine
production may have simply been a consequence of increased osmolarity during
cell culture. To control for this, mannitol was used to achieve similar osmolarity in the
5mmol/Land 25 mmol/L culture conditions (Figure S2).In most cases the elevated cytokine
production from M0 and M2 hyperglycaemic macrophages, as seen in Figure 2B, was
reproducible under osmolarity controlled conditions. Thus the effects of hyperglycaemia
on cytokine production cannot simply be explained by a difference in osmolarity.
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Figure 2: Cytokine production by M0 and M2 macrophages stimulated in varying
concentrations of glucose.

(A) Adherent monocytes were differentiated in either 5 or 25 mmol/L glucose into MO macrophages
(serum only) or M2 macrophages (M-CSF and serum) for 6 days and stimulated with RPMI, H37Rv
lysate (1 pg/mL) or LPS (10 ng/mL). (B) Cell culture supernatants were collected and the pro-
inflammatory cytokines TNF-a and IL-6 were measured along with the anti-inflammatory cytokines
IL-10 and IL-1RA (n= 23). Data are shown as mean + SEM, *p<0.05, **p<0.01 &, ***p<0.001.
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Hyperglycaemia does not affect the cytokine response to and the survival of

M. tuberculosis in human macrophages.

After investigating the cytokine profiles of macrophages stimulated with either
LPS or H37Rv lysate in the presence of varying glucose concentrations the effect of
hyperglycaemia on the in vitro infection of M2 macrophages with the H37Rv strain
of MTB was determined. M2 macrophages were used for the infection experiments as
we have previously shown that this macrophage subtype is more adept in supporting
mycobacterial survival and could therefore serve as the primary bacterial reservoir in
the lungs during MTB infection 2%, After 24 h of infection no differences in CFU counts
(Figure 3B) or cytokine production (Figure 3C) were observed between euglycaemic
(5 mmol/L) and hyperglycaemic (25 mmol/L) macrophages. We also examined the effect
of hyperglycaemia on the phagocytic capacity of macrophages and outgrowth of H37Rv
after prolonged infection. M2 macrophages were able to control MTB growth as was
demonstrated by a 1 log reduction in CFU over time (Figure 4B). However, differentiation
and stimulation of M2 macrophages in the presence of 5 or 25 mmol/L of glucose were
not associated with differences in the phagocytosis of fluorescent P-beads (Figure 4A),
mycobacterial uptake (DO Sups) and H37Rv survival throughout the course of infection
(Figure 4B). We assessed macrophage viability during infection by measuring LDH release
and staining the cells with Trypan Blue and found no differences in viability between
glucose conditions (Figure S3). Together these data demonstrate that hyperglycaemia
influences neither in vitro H37Rv infection and survival nor the infection-induced cytokine
response in human M2 macrophages.
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Figure 3: Effects of euglycaemic and hyperglycaemic culture conditions on H37RV infection
and cytokine production in vitro.

(A) CD14* selected monocytes were differentiated into M2 macrophages in the presence of 5 mmol/L
glucose, 5 mmol/L glucose and 20 mmol/L mannitol or 25 mmol/L glucose. The macrophages were
infected for 1 hour with H37Rv at an MOI of 10. After infection the macrophages were washed and
fresh media containing the different glucose media was added. After 24 hours supernatants were
collected and the cells were lysed by osmotic pressure. (B) Cell lysates were serially diluted and
plated on Middlebrook 7H10 agar. CFUs were counted after 2-3 weeks of growth at 37°C. Data are
shown as mean = SEM of two independent experiments (n=4). (C) Pro-inflammatory cytokines

TNF-a and IL-6 were measured along with the anti-inflammatory cytokines IL-10 and IL-1RA. Data
are shown as mean + SEM.
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Figure 4: Effects of high glucose on phagocytic capacity of macrophages and infection with
H37Rv.

M2 macrophages differentiated in the presence of 5 or 25 mmol/L glucose were either incubated
with P-beads and subjected to flow cytometry measurements to determine the percentage of
phagocytic cells (A) or were infected for 1 hour with H37Rv at an MOI of 10:1 (B). After infection
macrophages were washed three times and fresh RPMI containing the different glucose media was
added. The first wash (Day 0 Sups) of each infection was collected and plated in serial dilutions to
determine whether different amounts of bacilli were taken up by euglycaemic or hyperglycaemic
macrophages. Simultaneously macrophages (D0) were lysed and plated for CFU counts. Infected
macrophages were also lysed on Day 1 (D1), Day 3 (D3), Day 5 (D5) and Day 7 (D7) after infection.
CFUs were counted at once after 2-3 weeks of growth at 37°C. Data are shown as mean + SEM (n=4).
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Discussion
Type 2 diabetes mellitus confers a three-fold increased risk for active tuberculosis,
but the underlying immunological mechanisms have not been identified ™. In this

study we investigated the effects of hyperglycaemia on in vitro cytokine production
and mycobacterial infection. Hyperglycaemia altered cytokine production by PBMCs
and macrophages stimulated with H37Rv lysate, although significant effects were
mainly observed at the higher end of the glucose concentration range. Alternatively,
hyperglycaemia did not affect the phagocytic capacity of macrophages or their ability to
control outgrowth of H37Rv over a period of time.

PBMCs incubated in high glucose concentrations produced higher levels of
TNF-q, IL-1B and IL-6, whilst IFN-y, IL-17A and IL-22 levels did not change. This suggests
that hyperglycaemia mainly affects monocytes but not T cells. As a result, we investigated
whether hyperglycaemia had a more specific effect on macrophage-derived cytokine
production. An increase in IL-6, IL-10 and IL1RA levels was found when hyperglycaemic
monocyte-derived macrophages were stimulated with MTB and LPS.

To our knowledge, no studies have presented data on the effects of high glucose
levels on invitro cytokine production in response to MTB. Previous studies that examined ex
vivo cytokine production in diabetes patients with or without TB have provided conflicting
results. Some studies have shown elevated production of pro-inflammatory cytokines
from whole blood of patients with TB-DM whereas another study using whole blood and
one using PBMCs reported defects in IFN-y production in patients with TB-DM (1%-21:26),
Interestingly, both the increase and decrease of pro-inflammatory cytokines were
correlated to increased HbA1c levels 929, Differences between studies can be explained by
the use of different cell types and stimuli. In this study we chose to investigate MO (serum
derived) and M2 (M-CSF and serum derived) macrophages, as they most closely represent
tissue resident macrophages such as alveolar macrophages, in which MTB dominantly
resides. Furthermore, patient studies are often complicated by variations in age, HBA1c
levels, metabolic perturbations, medication etc., making it difficult to specifically examine
the effects of hyperglycaemia. For these reasons we chose to exclusively study the effects
of hyperglycaemia in vitro.

In contrast to the effects on cytokine production, the capacity of macrophages
to phagocytose P-beads remained unaltered under high glucose concentrations. In
literature, several studies report findings that both support and contrast with our
observations on the effects of hyperglycaemia or DM on the phagocytic capacity of
macrophages. In aTB-DM animal model in particular no significant differences were found
in the phagocytic capacity of alveolar macrophages from diabetic and non-diabetic rats
subjected to aerosol infection with MTB ?72), |In patients with DM the phagocytic function
of macrophages and polymorphonuclear cells (PMN) is even more unclear 14#-3V, |n a
recent study comparing patients with pulmonary TB, DM or the combination of TB and
DM, no differences were found in the ability of PMNs to phagocytose, produce hydrogen
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peroxide or reduce nitroblue tetrazolium. In contrast, two studies from the same group
using monocytes from patients with diabetes ¢? showed a reduced association of MTB
bacilli and reduced phagocytosis via the complement or Fc-y receptor pathway, although
this was not demonstrated in the context of MTB itself 3.

Similar to phagocytosis, no differences were found in MTB killing or outgrowth
between hyperglycaemic and euglycaemic macrophages. To our knowledge no other
data have been published on outgrowth of MTB in hyperglycaemic macrophages or
macrophages from patients with DM. Of interest however is one study showing increased
tuberculosis susceptibility in mice with streptozotocin-induced diabetes. In line with our
study no differences in CFU counts were found in the lungs of acute diabetic mice. These
results may indicate that hyperglycaemia may have long-term effects on susceptibility
that are difficult to emulate in vitro. 2734,

Several aspects and limitations of our studies should be considered when
discussing the relatively mild effects of hyperglycaemia on the immune responses
elicited by MTB. Firstly, although hyperglycaemia did not directly affect MTB survival
in macrophages, it is possible that it does after longer periods of time, or contributes
to increased susceptibility to infection indirectly through effects on other immune
cells. Secondly, even though hyperglycaemia is regarded as a major hallmark of DM,
the pathophysiology of the disease is not restricted to high glucose concentrations.
Other physiological disturbances in DM such as hyperinsulinaemia, diabetic acidosis
and metabolic changes have also been found to affect immune cell functions, 37 and
studies to assess their effects on MTB-induced immune responses are needed. Thirdly,
DM is often associated with diet-induced conditions like dyslipidaemia. As MTB has been
found to modulate host lipogenic pathways to survive in macrophages ©® it is possible
that changes in blood lipid levels or composition contribute to the increased risk of active
TB disease in DM patients. Furthermore we cannot exclude that the unidentified donors
used in these experiments suffered from co-morbidities such as diabetes, although the
chance of that are <1.5% as described above. Finally, it is unclear how accurately our in
vitro model of hyperglycaemia reflects the in vivo situation during DM.

In short, these in vitro studies in PBMC and macrophages suggest that
hyperglycaemia cannot fully explain the increased susceptibility to MTB in DM patients.
Further studies that explore a broader range of metabolic parameters and cell types are
needed to unravel the precise mechanisms underlying the effect of DM on TB.
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Supplementary Figure 1: M2 macrophage surface marker expression.

M2 macrophage differentiation was verified by analysing the cell surface expression of CD14 (FITC,
clone HCD14) and CD163 (Alexa 647, clone RM3/1) by flow cytometry. The FACS plots display
representative results for CD14*/CD163* M2 macrophages (black) versus an unstained sample (grey).
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Supplementary Figure 2: Effects of osmolarity on cytokine production from differentiated
macrophages.

Monocytes were differentiated into MO or M2 macrophages in the presence of 5 mmol/L glucose,
5 mmol/L glucose and 20 mmol/L mannitol, or 25 mmol/L glucose, and subsequently stimulated
with RPMI, H37Rv lysate (1 pg/mL) or LPS (10 ng/mL). Cell culture supernatants were collected
after 24 h and the pro-inflammatory cytokines TNF-a and IL-6 were measured along with the anti-

inflammatory cytokines IL-10 and IL-1RA (n=6). Data are shown as mean * SEM, *p<0.05, **p<0.01
and ***p<0.001.
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Supplementary Figure 3: M2 macrophage viability during prolonged H37Rv infection.

M2 macrophages differentiated for 6 days in the presence of 5 or 25 mmol/L glucose were infected
for 1 hour with H37Rv at an MOI of 10:1 After infection macrophages were washed three times and
fresh RPMI containing the different glucose media was added. The percentage of cytotoxicity was
assessed by measuring LDH release from day 0 to day 7 corrected using spontaneous and maximum
LDH release controls per time point. Macrophages were additionally stained with Trypan Blue as a
second measure of cell viability and the resulting percentage of viable cells is indicated in the graph
with an * at each time point for both conditions (5 mmol/L: black; 25 mmol/L: red). Data are shown
as mean £ SD (n=2).
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Type 2 diabetes mellitus (DM) is a major risk factor for developing tuberculosis (TB).
TB-DM comorbidity is expected to pose a serious future health problem due to the
alarming rise in global DM incidence. At present, the causal underlying mechanisms
linking DM and TB remain unclear. DM is associated with elevated levels of oxidized
low-density lipoprotein (oxLDL), a pathologically modified lipoprotein which plays
a key role during atherosclerosis development through the formation of lipid-
loaded foamy macrophages, an event which also occurs during progression of the
TB granuloma. We therefore hypothesized that oxLDL could be a common factor
connecting DM to TB. To study this, we measured oxLDL levels in plasma samples
of healthy controls, TB, DM and TB-DM patients, and subsequently investigated the
effect of oxLDL treatment on human macrophage infection with Mycobacterium
tuberculosis (Mtb). Plasma oxLDL levels were significantly elevated in DM patients
and associated with high triglyceride levels in TB-DM. Strikingly, incubation with
oxLDL strongly increased macrophage Mtb load compared to native or acetylated
LDL (acLDL). Mechanistically, oxLDL -but not acLDL- treatment induced macrophage
lysosomal cholesterol accumulation and increased protein levels of lysosomal and
autophagy markers, while reducing Mtb colocalization with lysosomes. Importantly,
combined treatment of acLDL and intracellular cholesterol transport inhibitor
(U18666A) mimicked the oxLDL-induced lysosomal phenotype and impaired
macrophage Mtb control, illustrating that the localization of lipid accumulation is
critical. Collectively, these results demonstrate that oxLDL could be an important
DM-associated TB-risk factor by causing lysosomal dysfunction and impaired control
of Mtb infection in human macrophages.
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Introduction

Type 2 diabetes mellitus (DM) has been recognized as a major risk factor for tuberculosis
(TB) for decades ™. Recent epidemiological studies have demonstrated that DM triples
the risk of developing active TB @, and approximately 15% of global TB cases can be
attributed to DM comorbidity ®. The precise mechanisms through which DM enhances
the risk of active TB disease progression are unknown, however it has been hypothesized
that metabolic changes associated with DM attenuate the immune response towards
Mycobacterium tuberculosis (Mtb), the causative pathogen of TB. As the global incidence
of DM has been rising at an alarming rate “, including more recently in TB endemic
regions of African and Asia, it is of great importance to identify the molecular and cellular
mechanisms underlying TB-DM comorbidity.

DM patients often suffer from dyslipidemia and oxidative stress, conditions which
can contribute to the formation of oxidized low density lipoprotein (oxLDL) ©. LDL can be
oxidized by free radicals and reactive products of oxygenases, a process which has been
mostly studied in the context of atherosclerosis during which oxLDL is generated in the
subendothelial space of the arterial wall @7, High levels of circulating oxLDL were shown
to be associated with DM, insulin resistance and decreased glucose tolerance ©'". oxLDL
is recognized as a damage-associated molecular pattern (DAMP) by macrophages and is
a ligand for various scavenger receptors on the cell surface, including CD36, scavenger
receptor A (SR-A) and lectin-type oxidized LDL receptor 1 (LOX-1) 2, The uptake of oxLDL
by macrophages plays a major role during the pathophysiology of atherosclerosis as it
leads to the generation of pro-inflammatory lipid-loaded foam cells in the arterial vessel
wall (3% These macrophages exhibit increased scavenger receptor expression, cytokine
secretion and production of oxidizing agents, supporting both immune cell infiltration and
further generation of oxLDL which can culminate in atherosclerotic plaque formation ',

Foamy macrophages also occur during TB progression and are thought to be of
great importance for the development of TB granulomas and persisting Mtb infection,
since the bacterium relies on host-derived lipids and cholesterol as a source of carbon
for its survival 158, Infection of alveolar macrophages with Mtb initiates the formation
of the early TB granuloma, which progresses from a core of infected foam cells to an
enclosed structure with a thick fibrous capsule and a lipid-rich caseous center of necrotic
macrophages 9. Various studies have demonstrated that Mtb and other mycobacteria
are able to utilize host-derived lipids and even reprogram lipid metabolism in infected
macrophages to induce foam cell formation, in part through the effects of mycobacterial
cell wall lipids 24, Interestingly, oxLDL was also found to accumulate in granulomas and
alveolar macrophages of Mtb infected guinea pigs and to enhance bacterial replication ©,
suggesting that local oxLDL production could play a role in foam cell formation and Mtb
persistence during TB disease.

OxLDL-derived lipids have been demonstrated to be resistant to lysosomal
esterases which are normally responsible for lipid breakdown. This results in lipid
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accumulation inside lysosomes after initial uptake by macrophages ©* 2, as well as to
dysfunctions in the trafficking and efflux of intracellular cholesterol which mimic those
observed in the lysosomal storage disorder Niemann Pick disease type C (NPC). During
NPC disease, mutations in the lysosomal cholesterol transporters NPCT or NPC2 result in
severe neurological defects due to excessive intralysosomal storage of cholesterol and
sphingolipids ©®. Cholesterol accumulation due to oxLDL uptake or NPC1-deficiency
induces lysosomal dysfunction in macrophages, as it can interfere with phagolysosomal
trafficking, maturation and fusion @ 39; inhibit autophagy ©" 32, an important cellular
pathway which is simultaneously involved in lipid and cholesterol metabolism ¥ and Mtb
killing ®*¥in macrophages;increase lysosomal pH®%; directly damagelysosomalmembranes
637, and trigger various downstream inflammatory pathways such as formation of the
NLRP3 inflammasome ©#. A recent paper demonstrated that both infection with live M.
smegmatis or M. bovis BCG and treatment with mycobacterial cell wall lipids induced a
NPC-like phenotype in macrophages with associated defects in lysosomal function ©9,
indicating that cholesterol accumulation could provide a permissive environment for
mycobacteria in addition to being a nutritional source.

To investigate whether oxLDL is a molecular component in the interplay
between TB and DM, we measured oxLDL concentrations in plasma samples of DM, TB
and TB-DM patients and analyzed the effect of oxLDL on in vitro Mtb infection in primary
human macrophages. We found that oxLDL is elevated in the plasma of DM patients
and supported Mtb intracellular survival in vitro by inducing lysosomal dysfunction.
Collectively, our findings provide a proof of concept for a contribution of oxLDL as a risk
factor for TB during DM.

Results

Plasma oxLDL levels are increased in DM and TB-DM patients with dyslipidemia
First, we sought to confirm the presence of high levels of circulating oxLDL in DM patients
from a TB endemic setting and to assess the relative impact of TB-DM comorbidity on
circulating oxLDL levels. OxLDL concentrations were determined in plasma samples
from healthy endemic controls (HC), TB, DM and TB-DM patients of a South-African
cohort, previously used in a lipidomic biomarker analysis “°, by sandwich ELISA using a
monoclonal antibody against a conformational epitope in oxidized ApoB-100 “7. Patient
characteristics are described in Supplementary Table 1.

Plasma oxLDL levels were significantly higher in DM patients (median: 65.8
[interquartile range: 39.2 - 83.2] U/l) compared to both HC (42.3 [35.3 - 82.2] U/, p <
0.05) and TB-DM patients (44.4 [30.3 - 56.7] U/|, p < 0.05) (Figure 1A), but not significantly
different in patients with TB-DM compared to TB alone (44.3 [29.6 - 50.0] U/I). However, a
clear dichotomy was distinguishable in the TB-DM patient group: our previous analysis
of these samples “% had demonstrated that both DM and TB-DM patients displayed
characteristics of dyslipidemia, as evidenced by high levels of serum triglycerides (TG)
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(Figure 1B). Furthermore, serum triglyceride levels were positively correlated with oxLDL
across all measured samples (r: 0.4189, p = 1.1557) (Figure 1C). To investigate whether
oxLDL levels were related to the severity of dyslipidemia in TB-DM patients, we subdivided
the groups according to serum TG-concentrations (TG-high and TG-low, Figure 1D). DM
and TB-DM patients with TG-high had increased oxLDL levels compared to those with TG-
low (DM: 72.0 [61.7 - 87.1] vs 46.8 [33.0 - 76.3] U/l, p = 0.053; TB-DM: 56.4 [52.1 - 59.4] vs
32.7 [27.2 - 39.2] U/I, p < 0.05). Taken together, the results validate that DM patients have
increased levels of circulating oxLDL and that plasma oxLDL concentrations are elevated
in DM and TB-DM patients with concomitant hypertriglyceridemia.
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Figure 1: OxLDL levels are increased in DM and associated with triglyceride levels in TB-DM
patients.

(A) OxLDL concentrations (U/l) were determined in plasma samples of healthy controls (HC) (n
= 20), TB (n = 20), DM (n = 20) and TB-DM patients (n = 19) by ELISA. (B) Serum triglyceride (TG)
levels (mmol/l) were determined by H*-NMR spectroscopy. (C) Linear correlation analysis of log-
transformed serum triglyceride and oxLDL levels. (D) Plasma oxLDL concentrations in HC, TB, DM
and TB-DM patients stratified by TG levels (TG-high vs TG-low; n = 10/group except for TB-DM + TG-
low: n =9). Individual patients are depicted as dots with group medians. Statistical significance was
determined by Kruskal-Wallis test with post-hoc Dunn'’s test. * = p < 0.05, *** = p < 0.001.
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OxLDL treatment increases Mtb bacterial burden in infected human macrophages
As oxLDL was clearly elevated in DM patients and has been described to have profound
effects on macrophage function, we hypothesized that oxLDL treatment could
compromise the capacity of macrophages to control Mtb infection. To investigate this,
macrophages were treated with 1, 10 or 25 pug/ml oxLDL or native LDL overnight. Oil Red
O staining indicated a dose-dependent increase in intracellular lipid levels after oxLDL
treatment, while native LDL did not induce foam cells (Figure 2A, S1B). These macrophages
were subsequently infected for 24 h with Mtb H37Rv and intracellular bacterial loads were
assessed by bacterial colony forming unit (CFU) assay. OxLDL treatment significantly
increased Mtb load compared to native LDL at all tested concentrations (1 pg/ml: 136%
[113% - 171%] vs 97% [78% - 128%)], p < 0.01; 10 ug/ml: 143% [115% - 167%] vs 110%
[102% - 121%], p < 0.01; 25 pg/ml: 230% [179% - 248%)] vs 115% [94.8% - 127%)], p < 0.01),
and this effect was dose-dependent (25 pg/ml oxLDL vs 1 ug/ml:p < 0.01; vs 10 ug/ml: p <
0.01) (Figure 2B). The magnitude of the increase in bacterial load was not correlated with
small fluctuations in infectious load (MOI) (Figure S1C).
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Figure 2: OxLDL-treated macrophages have an increased Mtb burden.

Primary human macrophages were treated with PBS control, native LDL or oxLDL (1, 10 or 25 pg/
ml) overnight and subsequently infected with Mtb H37Rv at a MOI of 10:1. (A) Oil Red O staining of
macrophages treated overnight with PBS, 25 pg/ml LDL or 1, 10 and 25 pg/ml oxLDL. Pictures were
taken at a 20x magnification. (B) Macrophages were lysed at 24 h post-infection and bacterial load
was determined by CFU assay. Results were normalized versus PBS control (n = 8). Individual donors
are depicted as dots with group medians. Statistical significance was determined by Wilcoxon
signed rank test with post-hoc FDR correction. ** = p < 0.01.
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While these experiments demonstrated that oxLDL treatment supported Mtb
persistence in human macrophages, it was unclear whether this was the result of increased
phagocytosis,reduced intracellular mycobacterial control or enhanced replication. To
gain a better understanding on the cellular processes affected by oxLDL treatment, we
explored the functional consequences of oxLDL-induced foam cell formation. Firstly, the
phagocytic capacity of oxLDL-treated macrophages was assessed to investigate whether
the increased mycobacterial load might be related to enhanced Mtb uptake. Macrophages
treated with either native LDL or oxLDL were incubated with fluorescent polystyrene beads
and bead phagocytosis was quantified by flow cytometry (Figure 3A). Although a small
but significant decrease in bead uptake was observed in macrophages incubated with
25 pg/ml oxLDL compared to LDL (p < 0.05) (Figure 3B), overall macrophage phagocytic
capacity was unaffected by oxLDL treatment, indicating that the increased mycobacterial
burden in oxLDL-derived foam cells was probably not the result of increased phagocytic
uptake. To confirm this, we investigated the intracellular bacterial load of oxLDL-treated
macrophages directly after 1 h of infection and found no significant differences compared
to control conditions (Figure S2C).

Next, we explored the cytokine response of oxLDL-derived foam cells to Mtb-
infection as earlier studies had reported potent oxLDL-induced pro-inflammatory cytokine
production. In contrast to these studies, oxLDL-treatment in our experiments significantly
decreased the secretion of TNF-a compared to treatment with LDL (47 [20 - 186] vs 128 [54
-453] pg/ml, p < 0.05) or PBS (146 [62 - 466] pg/ml, p < 0.05). Similar results were obtained
for IL-6 after oxLDL treatment versus LDL (11 [0 - 226] vs 66 [0 - 553] pg/ml, p < 0.05) or
PBS (73 [0 - 412] pg/ml, p < 0.05), although some inter-individual variation was observed
(Figure 3Q). IL-10 levels were not significantly affected by oxLDL, while IL-1B levels were
very low.

Finally, oxLDL-derived macrophages were co-cultured with a HLA-DR2-restricted
CD4* T cell clone (R2F10) and its cognate peptide (Mlep hsp65 p418-427) and T cell
proliferation was measured to determine macrophage dependent antigen presentation.
OxLDL treatment dose-dependently diminished the antigen presentation capacity of
macrophages, especially at suboptimal peptide concentrations (Figure 3D). Similar results
were obtained using a second, HLA-DR3-restricted CD4* T cell clone (Rp15 1-1) (Figure
S2A), both after loading with its cognate peptide or purified protein derivative (PPD). This
diminished antigen presentation capacity was independent of cell surface expression
of HLA-DR and co-stimulatory molecules CD80 and CD86 (Figure S2B). Taken together,
oxLDL treatment impaired several macrophage functions, including antigen presentation
and pro-inflammatory cytokine secretion, but not their phagocytic capacity.
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Figure 3: Functional analysis of oxLDL-treated macrophages.

Primary human macrophages were treated with PBS control, native LDL or oxLDL (1, 10 or 25 pg/
ml) overnight. (A) Macrophages were incubated with fluorescent phagocytosis beads at a MOI
of 10:1 and subsequently analyzed by flow cytometry. Fluorescence of extracellular beads was
quenched with Trypan Blue. (B) Percentage of macrophages with 0, 1 or =2 beads internalized beads
(n = 6). Data is represented as means with standard deviations. (C) Macrophages were infected
with Mtb H37Rv at a MOI of 10:1 for 1 h. Supernatants were harvested at 24 h post-infection and
concentrations of TNF-q, IL-6, IL-10 and IL-1p were determined by ELISA (n = 10). Individual donors
are depicted as dots with group medians. (D) Macrophages were co-cultured for four days with the
HLA-DR2-restricted CD4* T cell R2F10 at a ratio of 1:4 and 0.1, 1 or 10 pg/ml of its cognate peptide.
T cell proliferation was measured by tritium-thymidine incorporation during the last 24 h (n = 3).
Data is represented as means with standard deviations. Statistical significance was determined by
Wilcoxon signed rank test with post-hoc FDR correction. * = p < 0.05.
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OxLDL supports Mtb intracellular survival through lysosomal cholesterol
accumulation
OxLDL-derived free and esterified cholesterol have been demonstrated to be sequestered
in lysosomes in macrophages 27, which potentially leads to lysosomal dysfunction.
To investigate whether lysosomal localization of oxLDL lipids is required for its effect on
Mtb load, oxLDL treatment was compared to acLDL, a non-naturally occurring modified
lipoprotein which is endocytosed through identical scavenger receptor pathways as
oxLDL, but does not induce lysosomal cholesterol accumulation #%42, In resemblance to
oxLDL, acLDL treatment of macrophages resulted in foam cell formation. However, while
lipid staining intensities were similar (Figure S1B), clear differences in intracellular lipid
localization and droplet structure were observed between both types of lipoproteins:
in general, acLDL-induced intracellular lipid droplets were darker in color and appeared
more granular than those resulting from oxLDL treatment (Figure 4A). Most importantly,
however, acLDL did not affect macrophage Mtb load compared to untreated macrophages
while oxLDL treatment significantly increased mycobacterial load (Figure 4B: oxLDL: 232%
[194% — 278%] vs acLDL: 108% [88% - 126%]; p < 0.0001). This effect was not restricted to
Mtb, as comparable results were obtained after macrophage infection with Salmonella
enterica serovar Typhimurium (Stm) (Figure 4D: 179% [162% - 183%] vs 124% [88% - 136%];
p < 0.05) and M. bovis BCG (Figure 4C: 178% [133% - 254%] vs 97% [82% - 123%]; p < 0.05).
To examine whether the observed difference between oxLDL and acLDL could be related
to lysosomal function, their effect on lysosomal and autophagy markers during Mtb
infection was analyzed by Western blot (Figure 4E). OXLDL treatment increased protein
levels of lysosomal markers compared to PBS and acLDL, as demonstrated by higher levels
of lysosomal membrane glycoproteins (LAMP1 & LAMP2) and proteases (Cathepsin D &
L) (Figure 4F), also including the 48 kDa processing intermediate pro-cathepsin D (Figure
S3A). Furthermore, oxLDL but not acLDL treatment led to an increased accumulation of
LC3-Il in the presence of vacuolar type H*-ATPase inhibitor bafilomycin A1 (10 nM) to
block vesicle breakdown, indicative of increased autophagic flux. In contrast, levels of
autophagosome cargo protein p62, a mediator of selective autophagy, were not elevated
by oxLDL (Figure 4F). Collectively, these results indicate that oxLDL induces a general
defect in macrophage antimicrobial function which is dependent on intracellular lipid
localization.

To further substantiate this hypothesis, macrophages were treated with
PBS, oxLDL or acLDL in the absence or presence of U18666A (3 ug/ml), an inhibitor of
intracellular cholesterol transport %, Lysosomal cholesterol sequestration was visualized
using confocal microscopy by staining with fluorescent probes for neutral lipids
(LipidTOX), lysosomes (Lysotracker) and cholesterol (filipin) (Figure 4G). OxLDL treatment
induced a marked accumulation of cholesterol inside lysosomal vesicles as indicated by
filipin and Lysotracker colocalization, which was not observed in macrophages treated
with PBS or acLDL. Strikingly, when combined with U18666A, acLDL-treated macrophages
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Figure 4: Lysosomal cholesterol accumulation attenuates macrophage Mtb control.

Primary human macrophages were treated with PBS control, acLDL or oxLDL (25 pug/ml) overnight.
(A) Oil Red O staining of macrophages treated overnight with 25 pg/ml acLDL or oxLDL. Pictures were
taken at a 20x magnification. Macrophages were infected with Mtb H37Rv (B) (n = 32), M. bovis BCG
(Q) (n =6) or Salmonella enterica serovar Typhimurium (D) (n = 6) at a MOI of 10:1. Cells were lysed at
24 h post-infection and bacterial load was determined by CFU assay. Results were normalized versus
PBS control. (E) Western blot analysis of lysosomal and autophagy markers in macrophages treated
with bafilomycin A1 (10 nM) or DMSO control during 24 h of H37Rv Mtb infection. Data shown is from
one representative donor (n = 4). (F) Quantification of LAMP1, LAMP2, Cathepsin D, Cathepsin L (+
DMSO), p62 and LC3-II (+ bafilomycin A1) protein levels. Protein levels were first normalized to actin
and subsequently versus PBS control (n = 4). (G) Macrophages were co-treated with U18666A (3 ug/
ml) or DMSO control for 24 h. Cells were subsequently stained for neutral lipids (LipidTOX, green),
lysosomes (Lysotracker, red) and cholesterol (filipin, blue) and analyzed by confocal microscopy.
Pictures were taken at a 63x magnification. Scale bars represent 5 uM. (H) Macrophages were co-
treated with U18666A (3 ug/ml) or DMSO control for 24 h pre- and post-infection with Mtb H37Rv
at a MOI of 10:1. Cells were lysed at 24 h post-infection and bacterial load was determined by CFU
assay. Results were normalized versus PBS control (+ DMSO). Individual donors are depicted as dots
with group medians. Statistical significance was determined by Wilcoxon signed rank test. * = p <
0.05, **** = p < 0.0001.
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showed identical lysosomal cholesterol sequestration as oxLDL. The absence of an effect
of acLDL treatment alone on Mtb load suggested that the localization of cholesterol inside
lysosomes might be a causative factor in the increased Mtb growth phenotype of oxLDL-
treated macrophages. To test this, we investigated whether combined treatment of acLDL
with U18666A could mimic the effect of oxLDL on macrophage Mtb control. Indeed, while
U18666A alone or in combination with oxLDL did not significantly alter macrophage
phenotype (Figure 4G) and Mtb load, it increased mycobacterial burden when applied in
conjunction with acLDL compared to DMSO control (Figure 4H: 169% + 62% vs 107% =+
32%; p < 0.05). Similar to oxLDL, U18666A treatment alone and in combination with acLDL
increased protein levels of lysosome and autophagy markers in Mtb-infected macrophages,
most notably Cathepsin L and when combined with bafilomycin A1 (10 nM), p62 and LC3-
Il (Figure S3B). Macrophage viability was unaffected by oxLDL and/or U18666A treatment
in combination with Mtb infection as determined by combined Hoechst/propidium
iodide (PI) staining (Figure S3C-D). Collectively, these results indicate that not simply the
presence, but the specific accumulation of cholesterol inside lysosomes is crucial for the
oxLDL- and U18666A-induced increase in Mtb survival in human macrophages.

While the above model proposes that oxLDL can interfere with macrophage
mycobacterial control, we could not yet exclude whether oxLDL-induced foam cell
formation also supported Mtb replication, possibly by providing increased nutrients. To
gain a better understanding of overall kinetics of oxLDL-induced increased Mtb load and
its associated cytokine response, infected macrophages treated with PBS control, oxLDL
or acLDL were infected with Mtb and the intracellular bacterial load and concentrations
of 29 cytokines and chemokines in supernatants were determined at 0 (uptake control),
4, 24, 48, 72 and 144 h post-infection. OxLDL treatment showed increased Mtb survival
compared to PBS as early as 4 h post-infection, and versus both PBS and acLDL at all later
time points (24 — 144 h) (Figure S4A). For all treatment conditions the intracellular Mtb
load decreased with time, ranging from 1.3 to 12.4% of original bacterial uptake after 144
h of infection, which is supportive of a model in which the effect of oxLDL is the result of
inhibited bacterial killing and not of increased bacterial outgrowth.

The multiplex results were congruent with the ELISA data from Figure 3C, as
oxLDL-treated macrophages produced significantly lower levels of TNF-a and IL-6 after
24 h of Mtb infection compared to PBS control (Figure S4B). Many cyto- and chemokine
concentrations were lower in oxLDL-treated macrophages between 4-48 h of Mtb infection,
while supernatants from acLDL-treated macrophages often showed intermediate levels
compared to PBS and oxLDL (IL-10, IL-6, TNF-q, IL-8, CCL3, CCL4, G-CSF, GM-CSF). We did
not find significant differences at 72 and 144 h post-infection after FDR correction. IL-1RA
was the only cytokine which showed increased production as a result of oxLDL, although
the magnitude of this response varied between donors. Concentrations of CXCL10,
IFNa2, CCL2 and VEGF increased as a result of Mtb infection, however no differences were
observed between treatment conditions for these factors. Levels of Epidermal Growth
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Factor (EGF), Eotaxin, IFNy, IL-12p40, IL-12p70, IL-1B, IL-13, IL-15, IL-17A, IL-1q, IL-2, IL-3,
IL4, IL-5, IL-7 and TNF-f3 were measured but not shown as their concentrations were either
very low in all samples (<100 pg/ml) or not detectable. Taken together, these experiments
provide further evidence for an overall diminished cytokine response as a result of oxLDL
treatment during Mtb infection.

OxLDL-inhibited mycobacterial killing is not rescued by small-molecules targeting
known downstream signaling pathways

To identify the relevant molecular processes which are deregulated by lysosomal
cholesterol accumulation, oxLDL-treated macrophages infected with Mtb were treated
with compounds targeting various cell signaling pathways which are known to be
affected by oxLDL in an attempt to rescue their antimicrobial capacity. Firstly, infected
foamy macrophages were treated with rapamycin, an inhibitor of mammalian target of
rapamycin complex 1 (mTORC1). mTOR is a master regulator of various cellular pathways
including autophagy, and rapamycin-induced autophagy was reported to ameliorate
foam cell formation %9, Rapamycin (2 uM) slightly but significantly reduced Mtb load
compared to DMSO in PBS-treated macrophages (80 + 15% of PBS/DMSQO, p < 0.05), but
did not affect bacterial burden in either oxLDL or acLDL-induced foamy macrophages
(Figure 5A). Secondly, lysosomal storage disorders such as NPC disease are associated
with defects in lysosomal Ca?* homeostasis “?, and activation of the lysosomal ion
channel transient receptor potential channel 1 (TRPML1) by small-molecule activator ML-
SA1 was shown to rescue lysosomal trafficking in NPC17-macrophages . However, ML-
SAT1 treatment (10 uM) did not affect Mtb infection in any of our conditions (Figure 5B).
Finally, oxLDL can induce endoplasmic reticulum (ER) stress in macrophages #”, a state
of disturbed ER homeostasis due to accumulation of unfolded proteins and/or disrupted
Ca**handling which plays a role in the apoptotic response in atherosclerotic plaques and
the TB granuloma “& 49, Treatment of Mtb-infected macrophages with three established
reducers of the ER stress response, namely chemical chaperone 4-phenylbutyrate (4-
PBA; 3 mM) and downstream kinase inhibitors 4u8c (10 uM) and GSK2656157 (10 uM)
(respectively targeting inositol-requiring enzyme 1-a (IRE1-a) and protein kinase RNA-like
endoplasmic reticulum kinase (PERK)), did not alleviate the oxLDL-induced increase in
mycobacterial survival (Figure 5C). In conclusion, chemical modulation of mTOR signaling,
lysosomal Ca?* homeostasis or ER stress did not reverse the oxLDL-induced increased
mycobacterial load in human macrophages.
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Figure 5: oxLDL-induced Mtb survival was not reversed by targeting known downstream
pathways.

Primary human macrophages were treated with PBS control, acLDL or oxLDL (25 pug/ml) overnight
and subsequently infected with Mtb H37Rv at a MOI of 10:1 and treated with compounds or DMSO
control overnight. Cells were lysed at 24 h post-infection and bacterial load was determined by
CFU assay. The following treatments were applied: (A) rapamycin (2 uM, n = 6) to induce mTORC1-
regulated autophagy, (B) ML-SAT (10 uM, n = 6) to stimulate lysosomal Ca?* release and (C) 4-PBA
(3 mM, n=7), 4u8c (10 pM, n = 3) and GSK2656157 (10 uM, n =3) to inhibit the ER stress response.
Individual donors are depicted as dots with group medians. Results were normalized versus PBS
control (+ DMSO). Statistical significance was determined by Wilcoxon signed rank test. * = p < 0.05.

OxLDL inhibits Mtb localization to functional lysosomes in infected macrophages
The above experiments demonstrated that the endolysosomal system is pivotal for oxLDL-
induced increased mycobacterial survival. As earlier studies have reported that cholesterol
accumulation impaired proper lysosomal trafficking @ 3%, we hypothesized that Mtb
trafficking to functional lysosomes was inhibited by oxLDL treatment. To investigate this,
oxLDL-treated macrophages infected with fluorescent DsRed-expressing H37Rv were
stained for functional lysosomes with Lysotracker (Figure 6A), and lysosomal colocalization
was determined for each intracellular mycobacterium individually (Figure 6B). OxLDL
significantly decreased the average colocalization between Mtb and Lysotracker (39 + 9%)
compared to acLDL (51 £ 12%, p < 0.05) or PBS treatment (60 + 6%, p < 0.05) (Figure 6C),
indicating that oxLDL inhibits phagolysosomal fusion in Mtb-infected macrophages.

In an attempt to identify the specific lysosomal pathways affected by oxLDL
treatment, we investigated colocalization of Mtb with galectin-3 and NDP52. Galectins are
carbohydrate-binding proteins which play a role in targeting damaged endomembrane
structures for autophagy ©?, including phagolysosomes damaged by Stm or Mtb ©'=3),
and galectin-3 colocalization with lysosomes is an established measure of lysosomal
damage ®%. NDP52 is an autophagy adaptor which has previously been implicated in
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the autophagic clearance of both Stm and Mtb ©' 550 Although colocalization events
with Mtb were observed for both galectin-3 and NDP52, this occurred for a minority of
intracellular bacteria (range 2-8% of bacteria) and no significant differences were found
between oxLDL and control conditions (Figure 6D-G).
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Figure 6: oxLDL impairs Mtb localization to lysosomes in macrophages.

Primary human macrophages were treated overnight with PBS control, acLDL or oxLDL (25 pg/
ml) and subsequently infected with DsRed-Mtb H37Rv (red) at a MOI of 10:1. Cells were stained
(green) for lysosomes (Lysotracker) (A), galectin-3 (D) or NDP52 (F) at 4 h post-infection and
analyzed by confocal microscopy. Pictures were taken at a 63x magnification. Scale bars represent
5 uM. Percentage overlap of intracellular mycobacteria with staining was determined for 3 wells *
3 =9 pictures per condition. (B) Results of a representative donor of Mtb overlap with Lysotracker.
Individual mycobacteria are represented by dots with group medians. Average colocalization
of Mtb with Lysotracker (C), galectin-3 (E) and NDP52 (G) are displayed for macrophages from
six independent donors Individual donors are depicted as dots with group medians. Statistical
significance was determined by Wilcoxon signed rank test with post-hoc FDR correction. * = p < 0.05.
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Discussion

The looming epidemic of concurrent TB-DM poses a serious global health problem.
Identification of the causal molecular and cellular mechanisms underlying the increased
risk of TB in DM patients is paramount for adequate treatment. Previously, we have
demonstrated that TB-DM patients have a blood lipid profile with pro-atherogenic
properties “%, which could have implications for TB-DM pathogenesis. We now identify
oxLDL as a potential risk factor for TB. OXLDL levels were found to be increased in plasma
samples of DM patients from a TB endemic region, who represent the specific population
at increased risk for disease. Although both triglyceride and oxLDL levels were lower in
the TB-DM group compared to DM, this might well be related to the duration and severity
of DM disease as the majority of TB-DM patients were recently diagnosed diabetics
compared to the DM alone group (Table S1). Furthermore, TB was associated with wasting
syndrome and therefore with low levels of many circulating metabolites in this patient
population, including LDL “%, As these patients were not merely at increased risk of TB at
the moment of blood collection but had already developed active disease, it is not unlikely
that oxLDL levels are decreased since onset of TB. Nonetheless, a clear dichotomy in oxLDL
concentrations was visible based on triglyceride-status in TB-DM patients, implying that
diabetes-associated dyslipidemia was a factor associated with increased oxLDL levels in
this population.

Importantly, oxLDL-, but not acLDL-, induced foamy macrophage formation
supported intracellular Mtb survival through lysosomal cholesterol accumulation and
subsequent dysfunction. This effect was not limited to Mtb as similarly enhanced bacterial
loads were observed for Stm and M. bovis BCG, which reside in different intracellular
compartments compared to Mtb ©7. Pharmacological manipulation of intracellular
cholesterol transport with U18666A confirmed that subcellular localization of cholesterol
to lysosomes was essential to lysosomal dysfunction. Since foamy macrophages play
an important role during progression of the TB granuloma % '®, our results suggest
that increased levels of oxLDL could contribute to the enhanced TB susceptibility in DM
patients.

Our findings are in line with earlier studies that reported increased levels of
oxLDL in DM patients @', Both hyperglycemia and dyslipidemia contribute to the
generation of free radicals and oxidative stress during chronic DM %59, which can lead to
the pathological modification of proteins and lipids involved in foam cell formation and
atherosclerosis, such as oxLDL. Additionally, DM and hyperglycemia are associated with
increased expression of oxLDL scavenger receptors CD36 €52, SR-A ©263 and LOX-1 6254,
and macrophages from type 2 diabetics showed higher uptake of oxLDL ©°. Similar to DM,
TB has been demonstrated to result in increased oxidative stress and a systemic decrease
in antioxidant capacity, e.g. reduced levels of glutathione ©%9. Mtb infection increased
CD36 expression in vitro " and CD36-mediated uptake of surfactant lipids has been
reported to support Mtb growth 29, In contrast, a recent paper did not find a role for CD36-
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mediated macrophage lipid droplet formation in Mtb control “®, which could indicate
that not simply the presence of lipid droplets but rather the specific composition and/or
localization of the intracellular lipids is most important for their effect on Mtb intracellular
survival, similar to what we observed here when comparing acLDL and oxLDL.

Atthefunctionallevel, oxLDL treatment displayed potential toinhibit macrophage
antigen presentation to CD4* T cells, which could in principal lead to impaired activation
of adaptive immune responses. While their phagocytic capacity was largely unaffected,
oxLDL-treatment macrophages showed an overall decreased cytokine production in
response to Mtb. These results were somewhat surprising, as oxLDL has been associated
with increased inflammation during atherosclerosis " and non-alcoholic steatohepatitis
(NASH) 7274 including activation of the NLRP3 inflammasome and subsequent secretion
of IL-1B by macrophages ©& 7%, However, in these studies oxLDL treatment was often
accompanied by secondary factors which may be required for the observed pro-
inflammatory responses, such as macrophage apoptosis, circulating anti-oxLDL immune
complexes or the formation of intralysosomal cholesterol crystals. In agreement with
our own observations, several studies reported diminished inflammatory responses of
oxLDL-treated macrophages after stimulation with TLR ligands “¢7®, These divergent
results could be related to study-specific differences in experimental setup, including
variations in species, cell types, stimulations and degree of LDL oxidation. Additionally,
oxLDL was reported to induce a long-lasting pro-inflammatory phenotype in monocytes
through epigenetic changes, which possibly did not occur in our experiments due to their
relatively short timeframe or lack of restimulation >80,

Hypercholesterolemia has been implicated in increasing the risk of developing
TB ©'83, and cholesterol catabolism is needed for mycobacterial persistence and growth
8489 For this reason, most studies on foamy macrophage induction by mycobacteria have
focused on the relatively long-term nutritional benefits of intracellular lipid accumulation
20.86) The results presented in this manuscript demonstrate that pathologically modified
lipids also directly interfere with macrophage antimicrobial capacities, providing a
novel perspective on the importance of foam cell formation during TB. These findings
are corroborated by a study which demonstrated that M. smegmatis and M. bovis
BCG blocked phagolysosomal fusion by inducing an NPC-like phenotype in infected
macrophages ©9. Additionally, macrophage cholesterol depletion restored halted
phagosome maturation during M. avium infection ©. Drugs which target host cholesterol
metabolism can therefore have potential for TB host directed treatment, and e.g. statins
have shown promise as adjunctive anti-mycobacterial therapy both in vitro and in vivo
®892) Furthermore, our results suggest that oxLDL treatment supports mycobacterial
survival through interference with phagolysosomal trafficking and/or fusion. Lysosomal
lipid accumulation has been reported to influence these processes in several ways. Late
endosomal transport is mediated by the lysosomal protein ORP1L, which modulates the
interaction between Rab GTPases and their effectors, motor protein complexes and the
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ER through conformational changes induced by fluctuations in intraluminal cholesterol
levels ©3 %9, Furthermore, abnormal sphingolipid storage due to NPCI-deficiency or
U18666A treatment was shown to disrupt lysosomal Ca?* homeostasis, blocking vesicle
transport and fusion ©% 49, Finally, several studies have reported that lysosomal storage
disorders interfere with the autophagic system €' 32, which might be reflected by the
increased LC3-Il levels detected in oxLDL- and U18666A-treated macrophages during Mtb
infection. Although pharmacological modulation of these pathways did not ameliorate
the oxLDL-induced effect on Mtb control, their involvement should not yet be excluded as
the phenotype induced by oxLDL was practically irreversible in our experimental setup.

Our study might have had a number of limitations. Firstly, the oxLDL used
throughout this manuscript was generated by copper-induced oxidation of native LDL,
which is sometimes referred to as extensively oxidized LDL in literature due to its high
oxidation grade ©. It is generally believed that naturally occurring oxLDL is composed of
less extensively oxidized variants as abundantly oxidized LDL would be rapidly cleared
from the circulation. Therefore, it is possible that the phenotypes observed in our
experiments are more extreme than would have occurred using naturally oxidized LDL.
However, the precise composition of physiological oxLDL is still uncertain as accurate
characterization of isolated oxLDL is technically challenging. As LDL oxidation mostly
occurs in the subendothelial space during atherosclerosis, locally generated oxidized
species might be of greater importance for disease than circulating oxLDL. Regardless,
it would be of interest to investigate the effects of minimally modified LDL (mmLDL), a
variant which is believed to be more similar to naturally occurring oxLDL ®, on macrophage
Mtb infection. Secondly, oxLDL was applied at a concentration of 25 pg/ml for the majority
of the experiments, which is at the high end of what has been physiologically observed
©>97) However, oxLDL treatment times were relatively short compared to what can be
expected in vivo, and low levels of oxLDL (1 pg/ml) were already sufficient to increase
mycobacterial load during this period. Thirdly, oxLDL is a complex particle consisting
of hundreds of phospholipids, triglycerides and cholesteryl esters, which vary in terms
of composition and susceptibility to oxidation and therefore have different intracellular
effects 72, It would be of great interest to study whether specific oxidized lipids or proteins
are required for the observed oxLDL phenotype. Finally, although not within the scope of
this study and technically challenging, it would be important to validate these findings in
a disease model for translation to in vivo settings, e.g. using monocytes isolated from DM
patients.

In conclusion, oxLDL treatment of human macrophages supports Mtb
intracellular survival as a result of lysosomal dysfunction, providing a proof of concept for
a contribution of increased levels of oxLDL as a potential risk factor for TB development
during DM. While we previously demonstrated that hyperglycemia alone did not directly
influence outcome of macrophage Mtb infection ©®®, we postulate that elevated lipid
levels, which are associated with DM, can be in involved in TB-DM pathogenesis “%. These
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findings pave the way for further research, including the use of LDL-lowering drugs such
as statins or antioxidant drugs as part of the DM-treatment regimen for the reduction of
the risk of TB.

Materials and Methods

Ethics statement/Patient population and plasma oxLDL measurements

The patient population was previously used in an extensive lipid profiling analysis using
H*-NMR spectroscopy as part of an EU-funded collaborative project, TANDEM ©9, of
which details regarding patient inclusion were reported earlier “°. From this population
plasma samples of 20 healthy endemic controls, 20 TB patients, 20 DM patients and 20
TB-DM patients were selected at random for oxLDL determination. Plasma oxLDL levels
were measured by sandwich ELISA according to manufacturer’s instructions (Mercodia
AB, Uppsala, Sweden). One TB-DM patient was excluded post-hoc due to the presence
of clinical evidence suggestive of type 1 diabetes, while all other DM patients suffered
from type 2 diabetes. This study was approved by the Health Research Ethics Committee
of the University of Stellenbosch, and conducted according to the Helsinki Declaration
and International Conference of Harmonization guidelines. Written informed consent was
obtained from all participants.

Reagents and antibodies

Primary antibodies against LAMP1, LAMP2, Cathepsin D, Cathepsin L, p62, galectin-3
and secondary goat anti-mouse IgG (Alexa Fluor® 647) were purchased from Abcam
(Cambridge, UK). LC3A/B was from Cell Signaling (Bioke, Leiden, The Netherlands),
actin-HRP from Santa Cruz Biotechnology (Santa Cruz, CA, USA), CD86-Alexa700 and
HLA-DR-PeCy5 from BD Biosciences (Erembodegem, Belgium) and CD80-BV650, CD14-
FITC and CD163-Alexa647 were bought from Biolegend (ITK diagnostics, Uithoorn, The
Netherlands). NDP52 (CALCOCO2), secondary goat anti-rabbit IgG (Alexa Fluor® 647) and
HRP-conjugated antibodies reactive with mouse and rabbit were purchased from Thermo
Fisher Scientific (Merelbeke, Belgium).

LDL isolation

LDL was isolated from the serum of healthy volunteers by density gradient
ultracentrifugation %9, Blood was collected in clot activator tubes and clotted for 90
minutes at room temperature. Serum was obtained after 10 minutes of centrifugation
at 1,500 g. EDTA was added to a final concentration of T mM, after which serum density
was adjusted to 1.21 g/l by addition of solid potassium bromide and gentle stirring. The
resulting serum solution was distributed over 13.7 ml UltraClear ultracentrifuge tubes
(Beckman Coulter, Woerden, The Netherlands) and a density gradient was prepared by
overlaying it with potassium bromide solutions of decreasing concentrations (1.063 g/I,
1.019 g/l, 1.0063 g/l) in PBS supplemented with 0.3 mM EDTA (pH 7.4) using a wide bore
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pipette tip. The serum was then centrifuged at 40,000 RPM for 20 h at 4°C in a SW41 Ti
swinging bucket rotor (Optima™ LE-80K, Beckman Coulter). After centrifugation the tubes
were carefully removed from the rotor and the LDL fraction was aspirated using a glass
Pasteur pipette. The LDL was dialyzed against PBS at 4°C for 16 h during which the buffer
was refreshed three times. The protein concentration of LDL was determined using a BCA
kit according to the manufacturer’s instructions (Pierce, Thermo Fisher Scientific).

Generation of oxLDL and acetylated LDL (acLDL)

OxLDL was generated by copper oxidation of native LDL. Copper sulfate was added to 200
pg/ml LDL in PBS at a final concentration of 5 uM and incubated for 20 h at 37°C in the
dark. The reaction was stopped by addition of 0.2 mM EDTA and oxLDL was then dialyzed
against PBS containing 1 mM EDTA at 4°C for 24 h during which the buffer was refreshed
three times. To produce acLDL, LDL was acetylated according to the protocol by Fraenkel-
Conrat et al. "V, An equal volume of saturated sodium acetate was added to 1 mg/ml of
LDL and stirred at 4°C until cold. During the following hour acetic anhydride was added
in 2 ul aliquots until 1.5x the mass of LDL was added in total. The mixture was stirred for
another 30 minutes after the last aliquot was added. The acLDL was then dialyzed against
PBS containing 1 mM EDTA at 4°C for 24 h during which the buffer was refreshed three
times. Finally, the modified lipoproteins were concentrated to 1 mg/ml using 100 kDa
Amicon Ultracel centrifugal filter units (Merck Millipore, Amsterdam, The Netherlands).

Macrophage differentiation and foam cell generation

CD14* monocytes were isolated from buffy coats of healthy blood bank donors by positive
selection using an autoMACS Pro Separator (Miltenyi Biotec BV, Leiden, The Netherlands).
Donors were not part of an already-existing collection. Monocytes were differentiated
into macrophages by addition of 50 ng/ml macrophage-colony stimulating factor (M-CSF)
(Miltenyi Biotec) during culture for 6 days at 37°C/5% CO, 2. Cells were cultured in
RPMI-1640 medium with L-glutamine, without glucose and sodium bicarbonate (Sigma-
Aldrich Chemie BV, Zwijndrecht, the Netherlands), supplemented with 5 mM D-glucose,
2 g/l sodium bicarbonate, 10% fetal bovine serum, 100 units/ml penicillin and 100 pug/ml
streptomycin. After differentiation macrophages were harvested by trypsinization and
seeded in multi-well plates. As a quality control, macrophages were stained for surface
expression of CD14 and CD163 and acquired on a BD LSRFortessa flow cytometer (BD
Biosciences) (Figure S1A). To generate foam cells, macrophages were treated with various
concentrations of oxLDL overnight. PBS, native LDL and/or acLDL were used as controls.
Foam cell formation was confirmed by Oil Red O staining. Macrophages were fixed for 30
minutes in 4% paraformaldehyde and subsequently stained with a filtered work solution
of Oil Red O (Sigma-Aldrich) in isopropanol (0.3% Oil Red O in 60% isopropanol) for 20
minutes. Afterwards, the red stain was dissolved in 4% NP-40 in isopropanol and quantified
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by measuring the optical density (OD) at 520 nm using a iMark Microplate Absorbance
Reader (Bio-Rad, Veenendaal, The Netherlands).

Mtb H37Rv infection and cytokine measurements

Mtb H37Rv cultures were grown to mid-log phase in Middlebrook 7H9 liquid medium
(Difco, BD Biosciences) supplemented with albumin/dextrose/catalase (ADC) (BBL, BD
Biosciences). Bacterial concentrations were determined by measuring culture optical
density at 600 nm. Macrophages were infected with H37Rv at a multiplicity of infection
(MOI) of 10:1 for 1 h at 37°C, after which the cells were washed twice with medium
containing 30 pg/ml gentamicin and cultured overnight in fresh medium containing 5
pg/ml gentamicin. Infected cells were lysed either directly after infection or at 4, 24, 48,
72 or 144 h post-infection using 0.05% Triton X-100 and a dilution series of the lysates
was plated on 7H10 square agar plates (Difco, BD Biosciences) supplemented with oleate/
albumin/dextrose/catalase (OADC) (BBL, BD Biosciences). Colony-forming units (CFU) were
determined after 2-3 weeks of incubation at 37°C. From some experiments supernatants
were harvested and filtered for determination of IL-1pB, IL-6, TNF-a (Invitrogen, Thermo
Fisher Scientific) and IL-10 (Sanquin, Amsterdam, The Netherlands) by ELISA or for testing
using a Human Cytokine/Chemokine Immunology Multiplex Assay (Merck Millipore,
Amsterdam, the Netherlands) according to their manufacturers’instructions.

Phagocytosis assay

To quantify phagocytic capacity, fluorescent polystyrene particles (Fluoresbrite YG
carboxylate microspheres) (Polysciences, Hirschberg an der Bergstrasse, Germany) were
used as described by Leclerc et al "%, Macrophages were incubated with fluorescent
beads in a ratio of 10 beads to 1 cell for 90 min at 37°C. Cells were subsequently harvested
by gentle scraping and resuspended in a 1:1 mixture of culture medium and Trypan Blue,
and internalization of the beads was quantified by acquisition on a BD Accuri C6 flow
cytometer (BD Biosciences). Non-internalized bead fluorescence was quenched by Trypan
Blue and detected in the FL-3 channel (red), whereas internalized beads were detected
in the FL-1 channel (green). Analysis was performed using Flowjo software (version 10.1,
Tree Star Inc, Ashland, OR).

Antigen presentation assay

HLA-DR2/HLA-DR3-postive macrophages were harvested, seeded in 96-well plates at
2,500 cells/wells and treated with PBS, 25 pg/ml oxLDL or native LDL. The following day
the cells were washed once in assay medium (IMDM with 10% human serum) and HLA
class Il restricted CD4* T cell clones were added at a ratio of 4:1 together with a dilution
series of their specific cognate peptide (R2F10 clone: HLA-DR2 restricted, reactive with
Mycobacterium leprae (Mlep) hsp65; Rp15 1-1: HLA-DR3 restricted, reactive with Mtb
and Mlep hsp65) or 1.25 ug/ml purified protein derivative (PPD) (Staten Serum Institute,
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Copenhagen, Denmmark) %1%, Medium was used as negative control. Macrophages
and T cells were co-cultured for 3 days at 37°C/5% CO,, and tritium-thymidine was added
for the last 16 h of culture after which the cells were harvested and tritium-thymidine
incorporation was measured using a Microbetaplate counter (Wallac, Turku, Finland).
Furthermore, macrophages were stained for surface expression of CD86, CD80 and HLA-
DR and analyzed on a BD LSRFortessa flow cytometer (BD Biosciences).

Western blotting

For analysis of lysosomal and autophagy-related proteins, (Mtb-infected) macrophages
were lysed for 5 minutes using a buffer containing 3% SDS, 4 mm glycerol, 100 mM Tris-
HCI (pH 6.8) containing protease inhibitors (Roche, Woerden, The Netherlands) and the
resulting lysates were boiled for 10 min at 95°C. Protein concentrations were determined
by bicinchoninic acid assay (Pierce, Thermo Fisher Scientific) and equal amounts were
mixed with 4x Laemmli buffer before loading on a 4-20% Mini-PROTEAN TGX™ precast
protein gel (Bio-Rad). After separation, proteins were transferred onto a polyvinylidene
fluoride membrane and blocked for 1 h in Tris-buffered saline/2.5% Tween-20 containing
5% non-fat dry milk and subsequently probed with primary antibodies overnight at
4°C. Membranes were incubated with horseradish peroxidase-conjugated secondary
antibodies (reactive against mouse or rabbit) for 2 h at room temperature before
visualization by Amersham Enhanced Chemiluminescence Western Blotting Detection kit
(GE Healthcare, Hoevelaken, The Netherlands). Blots were quantified using Image J (NIH,
Bethesda, MD, USA) and proteins were normalized versus actin.

Confocal microscopy

For confocal microscopy, macrophages were seeded in black poly-d-lysine coated glass
96-well plates (MatTek Corporation, Ashland, MA, USA). To stain lysosomes, macrophages
were incubated with 75 nM Lysotracker Red or Deep Red (Thermo Fisher Scientific) at
37°C/5%CO, for 1 h before fixation. Cells were fixed for 1 h in 1% EM-grade formaldehyde,
followed by quenching with PBS/1.5 mg/ml glycine for 10 min and blocking in 5% human
serum for 45 min, all at room temperature. For immunostaining, cells were permeabilized
for 10 minutes with 0.1% Triton X-100 before blocking and subsequently stained with
primary and secondary antibodies for 30 minutes each in the dark at room temperature.
Finally, cells were stained with phalloidin-Alexa488 (Thermo Fisher Scientific) and/or
LipidTOX Green (Thermo Fisher Scientific) for 30 min according to the manufacturer's
instructions, and/or 50 ug/ml Filipin complex from Streptomyces filipinensis (Sigma-Aldrich)
for 2 h at room temperature in the dark. Lysotracker and filipin pictures were taken using a
SP8WLL confocal microscope (Leica, Amsterdam, The Netherlands). Galectin-3 and NDP52
colocalization was visualized using a Dragonfly spinning-disk confocal microscope (Andor
Technologies, Belfast, UK) equipped with 405, 488, 561 and 640nm lasers and a Zyla 4.2
sCMOS camera.
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Colocalization analysis

Macrophages were infected for 4 h with a DsRed-expressing Mtb H37Rv strain at a MOI
of 10:1 and stained with Lysotracker Deep Red or primary antibodies for galectin 3 and
NDP52 as described above. Lysotracker channel background was subtracted by rolling
ball algorithm (20 pixel radius). All images were analyzed using CellProlifer 3.0.0 1%,
First, pictures were corrected for non-homogenous illumination if necessary. DsRed-Mtb
were segmented by manual global thresholding with intensity-based declumping, and
stained objects were segmented by adaptive two-class Otsu thresholding with upper
and lower bounds to correct for individual cell-specific differences in background signal
with intensity-based declumping. Then, the percentage of staining object overlap with
individual DsRed-Mtb was calculated for each image and the average colocalization was
calculated for each treatment condition.

Macrophage viability assay

To assess cell viability after treatment and infection with H37Rv Mtb, macrophages were
stained with 2 ug/ml propidium iodide (PI) (Sigma-Aldrich) and 2 pg/ml Hoechst 33342
(Sigma-Aldrich) in RPMI without phenol red and FCS for 5 min in the dark. Cells were
subsequently imaged on a AF6000 fluorescence microscope (Leica) and pictures were
taken at a 20x magnification. Pictures were processed and analyzed in Image J. First, the
background was subtracted by rolling ball algorithm (20 pixel radius). Then, Hoechst- or
Pl-positive nuclei were segmented by Otsu thresholding and counted, from which the
percentages of viable macrophages were calculated. Staurosporin (5 uM) (Sigma-Aldrich)
was used as a positive control for cell death.

Statistical analysis

Statistical significance was assessed by Kruskal-Wallis test with post-hoc Dunn'’s test, or
Wilcoxon signed rank test using GraphPad software (version 7.02, Prism, La Jolla, CA,
USA) with post-hoc false discovery rate (FDR) correction for multiple comparisons when
necessary. Statistical analysis of patients characteristics was performed in SPSS 23 (IBM,
Armonk, NY, USA) by one-way ANOVA (reported p-values are the outcome of the F-test),
independent samples t-test or chi-squared test.
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Supplementary Figure 1: Macrophage phenotype and Oil Red O staining.

Monocyte-derived macrophages were differentiated using M-CSF (50 ng/ml) for 6 days. (A)
Histograms of the cell surface expression of CD14 and CD163 as determined by flow cytometry.
Stained (blue) and unstained (blue) samples are displayed. Data shown are from one representative
donor. (B) Macrophages were treated overnight with PBS control, LDL, acLDL or oxLDL at 25 pg/ml
and stained for neutral lipids with Oil Red O. Staining was dissolved and quantified by measuring
OD at 520 nm. Data are displayed as AOD520 versus PBS control. Individual donors are depicted
as dots with group medians. Statistical significance was determined by Kruskal-Wallis test with
post-hoc Dunn’s test. ** = p < 0.01. (C) Macrophages were treated with 25 pg/ml oxLDL or PBS
control overnight and infected with Mtb H37Rv for 24 h. OxLDL-induced increased Mtb loads were
normalized to PBS control and plotted versus the infectious load (MOI) as determined by CFU assay
(n=34; each dot represents one individual donor). Kendall tau correlation and associated two-sided
p-value are displayed.



tuberculosis survival in macrophages by inducing lysosomal dysfunction | 123

Oxidized low-density lipoprotein (oxLDL) supports Mycobacterium

A
T cell stimulating peptide
25000+ 0,1 pg/ml 1 pg/ml 10 pg/ml PPD = PBS
20000- L1 i o= LDL
/ / Hm oxLDL
150001 [/ /
= / /
o / A
%) / /
10000+ / U
/ /
/ /
5000 A /
: /
0 / /
'O~ oOouw '~OoWnvT-ouw '~~OoWnvTouw 'O~ oOoLwm
— N - N ~— N — N — N — N — N — N
(Hg/ml) (Hg/ml) (ug/ml) (Mg/ml)
LDL/oxLDL LDL/oxLDL LDL/oxLDL LDL/oxLDL
B C
i < 150
: 1 £
PBS
. \ & 1004 -|- T 1T
| il
X I T J_
S 50
. ; 2
. i o
. . \ S
LbL | oxLDL aclDL  LDL
{ )\
i A
oxLDL ’ ‘

CD86————>  CDB0— HLA-DR

[ Unstained Stained

Supplementary Figure 2: oxLDL treatment diminished macrophage antigen presentation
to a second CD4+ T cell clone and this was independent of cell surface expression of CD86,
CD80 and HLA-DR.

Primary human macrophages were treated with PBS control, native LDL or oxLDL (1, 10 or 25 pg/
ml) overnight. (A) Macrophages were co-cultured for four days with the HLA-DR3-restricted CD4+ T
cell Rp15 1-1 at a ratio of 1:4 and 0.1, 1 or 10 pg/ml of its cognate peptide or 1.25 pg/ml PPD. T cell
proliferation was measured by tritium-thymidine incorporation during the last 24 h (n = 3). Data is
represented as means with standard deviations. (B) Cell surface expression of CD86, CD80 and HLA-
DR as determined by flow cytometry of macrophages treated overnight with PBS, native LDL or
oxLDL (25 pug/ml). Stained (blue) and unstained (blue) samples are displayed. Data shown are from
one representative donor (n = 3). (C) Primary human macrophages were treated overnight with PBS
control (n = 15), acLDL (n = 9), oxLDL (n = 15) or native LDL (n = 6) (25 pug/ml) and subsequently
infected with Mtb H37Rv at a MOI of 10:1. Cells were lysed directly after 1 h of infection and bacterial
load was determined by CFU assay to determine Mtb uptake. Results were normalized versus PBS
control and depicted as group medians with 95% confidence intervals.
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Supplementary Figure 3: U18666A and oxLDL increased protein markers of lysosomes and
autophagy in Mtb-infected macrophages without affecting cell viability.

Primary human macrophages were treated with PBS control, acLDL or oxLDL (25 ug/ml) for 24 h prior
to infection with Mtb H37Rv at a MOI of 10:1. (A) Representative Western Blot result of Cathepsin D
protein levels from macrophages treated with bafilomycin A1 (10 nM) or DMSO, showing protein
bands of both the mature heavy chain (34 kDa) and the processing intermediate pro-cathepsin D
(48 kDa) after 30 and 900 seconds of exposure time. Pro-cathepsin D levels were first normalized
to actin and subsequently versus PBS control (n = 4). (B) Western blot analysis of lysosomal and
autophagy markers in macrophages co-treated with PBS, oxLDL or acLDL (25 pg/ml) and U18666A
(3 pg/ml),bafilomycin A1 (10 nM) or DMSO control during 24 h of H37Rv Mtb infection. Data shown
is from one representative donor (n = 2). (C) Mtb-infected macrophages were stained with Hoechst
and Pl to determine cell viability. Staurosporin (5 pM) and PBS were used as positive and negative

control for cell death. (D) Percentages of viable cells (Hoechts+/PI-). Data are displayed as means
with standard deviations (n = 4).
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Supplementary Figure 4: Kinetic analysis of intracellular Mtb survival and associated
cytokine responses in human macrophages.

Primary human macrophages were treated with PBS control, acLDL or oxLDL (25 pg/ml) overnight
and subsequently infected with Mtb H37Rv at a MOI of 10:1. Cells were lysed at 0 (uptake), 4, 24,
48, 72 and 144 h post-infection for CFU analysis (n = 7). (A) Intracellular Mtb loads are depicted as
fraction of uptake in Tukey’s boxplots for each time point and condition: PBS (white), acLDL (grey)
and oxLDL (red). (B) Supernatants were harvested at each time point post-infection and cytokine
concentrations were determined by multiplex assay. Levels of IL-10, IL-6, TNF-q, IL-8, IL-1RA, CXCL10,
IFNa2, CCL2, CCL3, CCL4, G-CSF, VEGF and GM-CSF (pg/ml) are depicted in Tukey’s boxplots for each
time point and condition: PBS (green), acLDL (purple) and oxLDL (red). Group medians are shown
as dashed lines. Statistical significance was determined by Wilcoxon signed rank test with post-hoc
FDR correction. p < 0.05 for * = PBS vs oxLDL, # = oxLDL vs acLDL, ¥ = PBS vs acLDL.
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Supplementary Table 1: Patient clinical characteristics according to disease group (n =79).

Data is presented as percentage of total (%) or mean * SD, *Point-of-care measurements, tlab
measurements, 1data available from 12/19 patients, 2data available from 12/20 patients, 3data

available from 16/19 patients

HC DM TB TB-DM p-value
n=20 n=20 n=20 n=19
Ethnicity: Coloured 20/20 (100%)  20/20 (100%)  19/20(95%) 19/19 (100%) 0.394
Sex (male/female) 10/10 7/13 11/9 11/8 0.482
Age (years) 37397 498+ 124 457 +85 44.8+10.3 0.003
BMI (kg/m2) 236+7.0 31.2+6.7 19.4+3.0 207 +4.4 <0.001
HbA1c (%) 52+0.3*% 10.0 +2.3* 56+0.3t 8.8+2.6t <0.001
Random blood glucose (mmol/I) 48+1.0 143+5.2 58+13 8.6 £4.91 <0.001
Previous TB (>1 year ago) na 3/20 (15%) 11/20 (55%) 5/19 (26.3%) 0.021
Smoking (currently) na 5/20 (25%) 17/20 (85%) 14/19(73.7%) < 0.001
Quantiferon positive 13/19 (68.4%) 15/19 (78.9%) na na 0.461
Time to positivity (days) na na 8.3+5.62 7.8+4.83 0.794
DM medication na 20/20 (100%) na 7/19 (36.8%) 0.001
Insulin 12/20 (60%) 2/19 (10.5%) 0.003
Metformin 16/20 (80%) 6/19 (31.6%) 0.002
Statins 6/20 (30%) 1/19 (5.3%) 0.044
Other 4/20 (20%) 2/19 (10.5%) 0412
Years since DM diagnosis na na
<1 0/20 (0%) 14/19(73.7%) < 0.001
1-5 6/20 (30%) 1/19 (5.3%) 0.044
6-15 8/20 (40%) 3/19 (20.8%) 0.093
>15 6/20 (30%) 1/19 (5.3%) 0.044
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BACKGROUND: Type 2 diabetes mellitus (DM) is a major risk factor for development of
tuberculosis (TB), however the underlying molecular foundations are unclear. Since
lipids play a central role in the development of both DM and TB, lipid metabolism
may be important for TB-DM pathophysiology.

METHODS: A 'H-NMR spectroscopy-based platform was used to determine 225 lipid
and other metabolic intermediates in plasma samples of healthy controls (n=50) and
patients with TB (n=50), DM (n=50) or TB-DM (n=27).

RESULTS: TB patients presented with wasting disease, represented by decreased
amino acid levels including histidine and alanine. Conversely, DM patients
were dyslipidemic as evidenced by high levels of very low-density lipoprotein
triglycerides and low high-density lipoprotein cholesterol. TB-DM patients displayed
metabolic characteristics of both wasting and dyslipidemia combined with disease
interaction-specific increases in phospholipid metabolites (e.g. sphingomyelins)
and atherogenic remnant-like lipoprotein particles. Biomarker analysis identified
the ratios of phenylalanine/histidine and esterified cholesterol/sphingomyelin as
markers for TB classification regardless of DM-status.

CONCLUSIONS: TB-DM patients possess a distinctive plasma lipid profile with pro-
atherogenic properties. These findings support further research on the benefits of
improved blood lipid control in the treatment of TB-DM.
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Introduction

Type 2 diabetes mellitus (DM) is a major risk factor for tuberculosis (TB) and triples
the risk of developing active TB disease . At present approximately 15% of global TB
cases can be attributed to DM comorbidity . Clinically, DM increases TB severity and
impairs TB treatment @, while conversely TB hampers glycemic control ®. DM impacts
both susceptibility to infection and progression towards active disease ", however
the immunological processes involved are unclear ©. The number of DM patients in TB-
endemic regions of Africa and Asia is predicted to rise significantly during the coming
decades 7, and TB-DM comorbidity is estimated to seriously affect TB and consequently
general global health. Therefore the TANDEM project seeks to optimize treatment and
diagnosis of comorbid TB-DM and to understand its causal mechanisms @,

While DM is primarily characterized by hyperglycemia and insulin resistance,
it is often also associated with severe dyslipidemia as a result of high dietary fat intake
and deregulated hepatic lipid metabolism ©. DM-associated high insulin levels stimulate
de novo lipogenesis in hepatocytes while failing to suppress lipolysis in insulin-resistant
adipocytes of DM patients, leading to increased free fatty acid flux to the liver and
overproduction of large triglyceride-rich very low-density lipoprotein (VLDL) particles
(19, Diabetic dyslipidemia is defined as having high levels of plasma triglycerides and/or
cholesterol in combination with low levels of high-density lipoprotein (HDL) cholesterol
and is a major risk factor for cardiovascular disease and atherosclerosis, which often
complicate DM.

In contrast to DM, TB is often associated with malnutrition and wasting syndrome
M, and a low bodyweight is a risk factor for TB disease '3, Additionally, TB leads to
decreased body fat mass and levels of the adipocyte hormone leptin 7. Interestingly, the
causative agent of TB, Mycobacterium tuberculosis (Mtb), has been shown to rely heavily on
host-derived lipids for its survival >'7, Mtb induces the formation of lipid-loaded foamy
macrophages, similar to the ones found in atherosclerotic lesions, and exploits these cells
as its primary niche for replication. Several studies have identified high cholesterol levels
as risk factor for TB 1829, and reducing cholesterol levels using statins was beneficial in
Mtb-infected macrophages, mice and patients through enhancing the bactericidal effect
of first-line antibiotics and phagosome maturation @'-2%,

To identify potential differences in lipid metabolism, we compared plasma
lipid profiles of patients with TB-DM to those of patients with TB or DM. To this end we
determined plasma metabolic profiles ®® in healthy controls (HC) and patients with TB,
DM or TB-DM. We hypothesized that the combination of these two diseases on seemingly
opposite sides of the metabolic spectrum would result in distinctive plasma lipid profiles,
as well as novel biomarkers.
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Materials & methods

Ethics statement/Patient inclusion

This study was undertaken as part of a EU-funded collaborative project (TANDEM) ©.
Patients (18-70 years) were enrolled in Cape Town, South-Africa from six public health
care clinics around Tygerberg Academic Hospital (Elsies River, Ravensmead, Uitsig,
Adriaanse, Durbanville, Fisantekraal). In total, 177 participants were included: 50 healthy
community controls, 50 DM patients, 50 TB patients and 27 TB-DM patients. DM patients
without TB were recruited from community health centers/day hospitals in Elsies River
and Durbanville and previously diagnosed with DM according to WHO-criteria ©”. TB
patients were screened for DM and classification was based on hyperglycaemia (random
plasma glucose =200mg/dl), HbA1c =6.5% and/or self-reported DM, in which case
previous determination of random plasma glucose levels was not repeated. From the
patients included in this study there is clinical evidence suggesting that one participant
has type 1 diabetes, whereas all other patients suffered from type 2 diabetes. TB patients
were identified based on positive Xpert Mtb/RIF assay (Cephaid Inc, Sunnyvale, CA,
USA), MGIT culture and Mtb confirmation. Participants were excluded if they were HIV-
positive, pregnant, on steroid therapy (in the last 6 months), had a hemoglobin <10g/L,
presented with emphysema, chronic bronchitis, asthma, steroid-induced DM, cancer or
known alcohol abuse. The study was approved by the Health Research Ethics Committee
of the University of Stellenbosch, and conducted according to the Helsinki Declaration
and International Conference of Harmonization guidelines. Written informed consent was
obtained from all participants.

Metabolic profile quantification by 'H-Nuclear Magnetic Resonance (NMR) spectro-
scopy

A high-throughput 'H-NMR spectroscopy platform was used to determine plasma
metabolic profiles consisting of 225 parameters (Nightingale Health, Helsinki, Finland),
including detailed concentrations and compositions of 14 lipoprotein subclasses, fatty
acids & glycerides, amino acids and glycolytic molecules @®. Methods regarding sample
preparation and measurement procedures were described previously 9.

Statistical analysis

For multivariate analysis, metabolite ratios were excluded. Metabolites were log-
transformed to correct for skewed distributions, with the exception of lipoprotein particle
concentrations for regression analysis due to a substantial amount of zero measurements.
Partial least squares discriminant analysis (PLS-DA) modelling and hierarchical clustering
was used to visualize metabolic differences between the groups. Only samples and
measurements with <10% missing or zero values were considered for PLS-DA modelling.
The optimal number of components was determined based on estimated classification
error rates calculated by fivefold cross validation, which was repeated ten times. To
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illustrate the differences between our individual groups (HC, TB, DM and TB-DM patients),
separate linear regression models were fitted for each pairwise combination of groups
while adjusting for age and sex. 98 measures of specific particle concentrations and
compositions of 14 lipoprotein subclasses were analysed distinctly from the remaining
parameters (44 metabolite subset, Supplementary Table 1). Next, interaction-specific
effects of TB-DM comorbidity were investigated by fitting the following linear model:

Metabolite: B, + 3,TB + B,DM + B,TB*DM + 3, Age + B.Sex + €

where TB =TB-status (true/false), DM = DM-status (true/false), TB*DM = disease interaction
effect, Age = age (years) and Sex = sex (male/female).

Univariate biomarker analysis was performed to identify metabolic measures with
potential for TB diagnosis. Analysis was stratified by DM-status (HC vs. TB, DM vs. TB-DM).
Log-transformed data of the 44 metabolite subset was mean-centred, scaled to standard
deviation (SD) units and top 20 metabolite ratios based on p-values were calculated and
added to the analysis. For each biomarker receiver operating characteristic (ROC) curves
were plotted and area under the curve (AUC) values with 95% confidence interval (Cl)
determined. Biomarker analysis was performed using the online tool MetaboAnalyst 3.5
and methodological details were published previously 9.

Statistical analysis of clinical characteristics was performedin SPSS 23 (IBM) by one-
way ANOVA (reported p-values are the outcome of the F-test), independent samples t-test
or chi-squared test. Univariate analysis of absolute metabolite concentrations was done
in Graphpad Prism 7 by Kruskal-Wallis test with post-hoc Dunn’s test. PLS-DA and multiple
linear regression analysis were performed using R version 3.3.2. including the following
packages: mixOmics ©®? version 6.3.0, limma ©" version 3.30.13 and phenotypicForest ¢
version 0.3.
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Table 1: Patient clinical characteristics according to disease group (n =177).

HC DM TB TB-DM
n=50 n=50 n=50 n=50 p-value
Ethnicity: Colored 48/50 (96%) 50/50(100%)  47/50 (94%)  26/27 (96.3%) 0414
Sex (male/female) 25/25 23/27 33/17 13/14 0.186
Age (years) 37.7+9.2 51.6+11.2 46.3+£9.3 444 +9.5 < 0.001
BMI (kg/m?) 242 +64 29.1+£58 19.1£26 222+52 <0.001
HbA1c (%) 5.3 +0.4* 10.1 £ 2.6%* 5.5+ 0.4" 9.5+ 251 < 0.001
Random blood glucose (mmol/I) 51+1.2 13.3+£5.1 6.1+1.6 8.6 £4.98 <0.001
Previous TB (>1 year ago) na 13/50 (26%) 26/50 (52%) 7/27 (25.9%) 0.012
Smoking (currently) na 20/50 (40%) 47/50 (94%) 18/27 (66.7%) < 0.001
Quantiferon positive 35/46 (76%)  41/48 (85%) na na 0.250
Time to positivity (days) na na 7.3+45" 7.1 +44" 0.612
DM medication na 50/50 (100%) na 15/27 (55.6%) < 0.001
Insulin 28/50 (56%) 5/27 (18.5%) 0.002
Metformin 45/50 (90%) 11/27 (40.7%) < 0.001
Other 12/50 (24%) 5/27 (18.5%) 0.580
Statins 18/50 (36%) 4/27 (14.8%) 0.050
Years since DM diagnosis na na
<1 0/49 (0%) 14/27 (51.2%) < 0.001
1-5 16/49 (32.7%) 3/27 (11.1%) 0.038
6-15 19/49 (38.3%) 7/27 (25.9%) 0.258
>15 14/49 (28.6%) 3/27 (11.1%) 0.080

Data is presented as percentage of total (%) or mean + SD, *Point-of-care measurements, lab
measurements, *data available from 48/50 patients, data available from 12/27 patients, "data
available from 35/50 patients, **data available from 21/27 patients, na = not available.

Results
Clinical and metabolic characteristics of the study population
Patient characteristics are shown in Table 1. On average, DM patients were older and
had a higher BMI compared to the other groups. TB patients had a relatively low BMI,
while this was comparable for TB-DM patients and HC. All (non-TB) DM patients were
on anti-diabetic drugs, while this was the case for 55.6% of TB-DM patients. TB-DM
patients not on treatment were newly diagnosed DM cases. In total, 177 participants
were included in the study and their plasma metabolic profiles were determined using
'H-NMR spectroscopy. Metabolite ratios were excluded in the multivariate analysis to limit
parameter interdependence, resulting in a total of 142 variables.

Partial least square discriminant analysis (PLS-DA) (Figure 1a) was performed
to visualize the metabolic differences between the four groups based on the complete
metabolic signature. The score plot of the first two principal components (explaining
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42% and 16% of total variance, respectively) is depicted in Figure 1a. TB-DM patients
appeared largely scattered over both single disease groups, implying significant
metabolic heterogeneity. To explore this further we compared TB, DM and TB-DM patients
by hierarchical clustering analysis (Figure 1b). While the majority of TB and DM patients
each clustered together, TB-DM patients were again dispersed throughout the two single
disease groups, further illustrating high inter-individual variation.

A B
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Figure 1: Discrimination of patient groups based on biomarkers.

PLS-DA was used for discrimination of patient groups based on 1TH-NMR-spectroscopy plasma
biomarkers. Only samples and variables with <10% missing or zero values were included, resulting
in 107 biomarkers and 175 individuals (healthy = 49, DM = 49, TB = 50, TB-DM = 27). (a) Score plot
of the first two components of a PLS-DA model obtained from healthy controls (orange triangles),
DM-only (blue circles), TB-only (grey plusses) and TB-DM patients (green crosses). (b) Two-way
hierarchical clustering analysis using Euclidean distance and Ward's method of a PLS-DA model of
DM-only (red), TB-only (blue) and TB-DM (green) patients.

DM is associated with dyslipidemia while TB is associated with wasting

We performed pairwise comparisons of all groups by multiple linear regression analysis
adjusting for age and sex. For each comparison the FDR-corrected —log(p) values of
44 metabolic parameters are plotted in circular histograms (Figure 2a-e). Measures of
size-specific (XS, S, M, L, XL) lipoprotein particle concentrations (Figure 2fj), lipid
composition (Figure S1b) and average lipoprotein diameter (Figure S1a) were analyzed
separately. Absolute concentrations or ratios of a subset of metabolites are plotted in Figure
3 (a-1). Metabolite means, standard deviations and numbers of successful measurements
are presented in Supplementary Table 1, and raw measurement data can be found in
Supplementary Table 2.
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First, we wanted to define the metabolic effects of DM and TB vs. HC (Figure 2b
and c). As expected, the primary parameter associated with DM was increased plasma
glucose (p = 1.83E¢; p-values reported here are from multivariate analyses) (Figure 2b).
DM patients showed major hallmarks of dyslipidemia, namely high levels of VLDL-
triglycerides (VLDL-TG) (p = 5.72E”) (Figure 3a), VLDL-cholesterol (VLDL-C) (p = 6.66E*)
and ApoB (p = 0.017), with low levels of HDL-C (p = 4.34E®) (Figure 3b) and ApoA1
(p=1.82E3), resulting in an increased ApoB/ApoA1 ratio (Figure 3d). Correspondingly, DM
patients displayed elevated plasma concentrations of VLDL particles (XXL to S) and lower
numbers of HDL particles (XL to M) (Figure 2g). Furthermore, DM patients had increased
amounts of branched-chain amino acids (valine (p = 0.011), leucine (p = 0.093), isoleucine
(p = 1.29E*) (Figure 3h)), a subclass of amino acids associated with insulin resistance 3,
while glutamine levels were lower (p = 5.50E*) (Figure 3q).

In contrast, TB patients presented with signs of wasting disease as the majority
of metabolites were decreased compared to HC (Figure 2c). Most notably, TB patients had
low levels of amino acids (e.g. histidine (p = 5.36E°) (Figure 3e), glutamine (p = 7.38E*)
(Figure 3g), alanine (p = 1.29E%)), serum cholesterol (p = 1.72E“) and total fatty acids
(p = 1.32E3), including a prominent reduction in polyunsaturated fatty acids (p = 3.36E%),
as well as decreased amounts of phospholipid metabolites. Except for inflammation
marker Gp (glycoprotein acetylation) (p = 4.12E?®) (Figure 3l), TB patients only displayed
elevated levels of two metabolites: phenylalanine (p = 3.07E) (Figure 3f), an aromatic
amino acid, and [3-hydroxybutyrate (p = 0.017) (Figure 3k), a ketone body. Intriguingly, the
average low-density lipoprotein (LDL) particle diameter was very significantly increased
as a result of TB (Figure S1a) through a relative decrease in smaller (sizes M to S) LDL and
HDL particles (Figure 2h).

TB-DM patients display the most prominent metabolic characteristics of both
diseases
As DM and TB displayed divergent effects on plasma metabolite concentrations, we next
compared the effect of TB-DM comorbidity with the single disease states. Compared to
DM (Figure 2e), TB-DM patients showed a similar metabolic signature as TB vs. HC, i.e.
reduced levels of amino acids (e.g. histidine (p = 8.87E"") (Figure 3e), alanine (p = 6.02E%)
combined with increased concentrations of phenylalanine (p = 8.57E®) (Figure 3f) and
B-hydroxybutyrate (p=0.013) (Figure 3k). Although serum cholesterol and total fatty acids
were unaffected (p = 0.738 and 0.692 respectively), VLDL-TG levels were lower in TB-DM
compared to DM patients (p = 6.40E3) (Figure 3a), which is consistent with a decreased
amount of VLDL particles (XL to M) (Figure 2j). Similar to the TB group, the average LDL
diameter was significantly larger (Figure S1a), which was also the case for HDL due to a
relative increase in larger (L to XL) vs. smaller (S to M) particles (Figure 2j).

Importantly, TB-DM patients displayed major hallmarks of DM when compared to
the TB group (Figure 2a), namely elevated plasma concentrations of glucose (p = 6.21E?),
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VLDL-TG (p=5.37E*) (Figure 3a), ApoB (p=8.06E), VLDL-C (p = 4.43E*), total fatty acids (p =
5.37E*) and branched-chain amino acids (valine (p = 0.016), leucine (p = 0.016), isoleucine
(p = 3.41E3) (Figure 3h)). Moreover, TB-DM comorbidity reduced glutamine levels even
further compared to either TB or DM alone (p = 0.036 and 7.19E*respectively) (Figure 3g).
Similar to DM, VLDL particle levels were elevated, accompanied by an additional increase

in LDL particles (M to S) (Figure 2f).
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Figure 2: Pairwise comparisons of biomarker profiles and specific lipoprotein particle

concentrations.
'H-NMR-spectroscopy plasma biomarkers were analyzed by multiple linear regression and the
resulting —log-transformed FDR-corrected p-values (t-test) are displayed as circular histograms
for a subset of 44 metabolic biomarkers (a-e) and for the particle concentrations of 14 lipoprotein
subclasses (f-j). Biomarkers are grouped by metabolite family and lipoproteins by density. The
following comparisons are plotted: TB-DM vs. TB (a &), DM vs. healthy controls (b & g), TB vs. healthy
controls (c & h), TB-DM vs. healthy controls (d & i) and TB-DM vs. DM (e & j). Detailed legends given in
the larger plots also apply for the corresponding smaller plots. Up- and downregulated biomarkers
are indicated by red and blue bars, respectively, and the significance threshold (p = 0.05) is indicated

by a dashed line.
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Figure 3: Absolute values for a subset of biomarkers.

(A-L) Concentrations (mmol/L), or ratios of 12 selected important biomarkers. Data are displayed
as scatter plots with median and 95% Cl, with each dot representing one individual. HC (n=50) and
TB-DM (n=27) were compared to TB-only (n=50) and DM-only (n=50) by Kruskal-Wallis test with
post-hoc Dunn’s test. * p = 0.05, ** p = 0.01, *** p = 0.001, **** p = 0.0001.

TB-DM interaction increased levels of phospholipid metabolites and atherogenic
lipoprotein remnants

Inadditiontothe pairwise comparison ofall disease groups, weinvestigated whetherTB-DM
comorbidity resulted in disease interaction-specific effects by adding an interaction term
(TB*DM)tothemultiplelinearregressionmodel.Resulting FDR-corrected p-values (Figure 4)
reflect changes in metabolite levels which were not explained by the effects of TB or DM
alone. We identified a TB-DM interaction-specific increase in phospholipid metabolite
levels (Figure 4a), i.e. sphingomyelins (p = 5.57E3) (Figure 3i), phosphatidylcholine
(p = 0.054), total cholines (p = 0.017) (Figure 3j) and phosphoglycerides (p = 0.079).
Furthermore, TB-DM interaction trended towards increased atherogenic lipoprotein
remnants, XS VLDL (p = 0.115) and IDL (p = 0.072), while decreasing the concentrations
of larger VLDL particles (Figure 4b). This relative increase in remnant-like particles is also
apparent from our pairwise comparisons (Figure 2f: TB-DM vs TB — XS VLDL: p = 1.34E3,
IDL: p=0.101; Figure 2j: TB-DM vs DM - XS VLDL: p = 0.055, IDL: p = 0.055). Finally, the data
suggest TB-DM is associated with elevated LDL-TG concentrations when compared to HC,
TB or DM patients (Figure 2d, 2a, 2e: p = 7.80E?3, 8.40E*and 7.18E73, respectively), which
could be driven by a relative enrichment of LDL particle TG content (Figure S1c) due to
diminished LDL lipolysis.
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Figure 4: TB-DM interaction-specific effect on metabolic biomarker profiles.

'H-NMR-spectroscopy plasma biomarkers were analyzed by multiple linear regression and the
resulting —log-transformed FDR-corrected p-values (t-test) are displayed as circular histograms
for a subset of 44 metabolic biomarkers (a) and for the particle concentrations of 14 lipoprotein
subclasses (b). Biomarkers are grouped by metabolite family and lipoproteins by density. Up- and
downregulated biomarkers are indicated by red and blue bars respectively and the significance

threshold (p = 0.05) is indicated by a dashed line.

Histidine/phenylalanine ratio is a potential biomarker for TB regardless of DM
status
We next performed univariate analyses using MetaboAnalyst 3.5 to identify metabolic
markers with potential to identify active TB regardless of DM-status. The top 20 metabolite
ratios with the highest individual p-values were tested in conjunction with our 44
parameter set. To compensate for potential overfitting, the analysis was stratified by
DM-status and only biomarkers with AUC values of > 0.8 in both analyses were considered
(Table 2).
The histidine/phenylalanine ratio was the biomarker with the highest accuracy
for classifying TB-DM vs. DM (AUC: 0.957, 95% Cl: 0.895 — 0.993, Figure 5a) and the
second highest for TB vs. HC (AUC: 0.903, 95%Cl: 0.846 — 0.955, Figure 5c). Interestingly, a

decreased ratio of esterified to free cholesterol (Figure 3c) also showed strong predictive

power for TB in both groups, with AUCs of 0.885 (95% Cl: 0.815 — 0.938) and 0.902 (95%
Cl: 0.828 - 0.963) for TB and TB-DM respectively. The ratio of esterified cholesterol/
sphingomyelin was especially predictive of TB in comorbidity patients (AUC: 0.933, 95%
Cl: 0.870 - 0.983, Figure 5b), but also apparent without DM (AUC: 0.854, 95%Cl: 0.776 -
0.928, Figure 5d). Many of the remaining overlapping markers involved ratios to the non-
specific inflammatory marker Gp, which was strongly elevated in TB patients.

Finally, we investigated possible correlations between individual metabolites

and TB severity as signified by sputum culture time to positivity (TTP), a measure which



Patients with Concurrent Tuberculosis
and Diabetes Have a Pro-Atherogenic Plasma Lipid Profile | 141

reflects mycobacterial load. Univariate analysis showed a trending inverse correlation
between TTP and levels of individual and total branched-chain amino acids, as well as
the ketone bodies acetoacetate and B-hydroxybutyrate (Figure S2a-f). However, these
findings need to be corroborated in follow-up studies with greater power.
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Figure 5: TB biomarker analysis.

Biomarkers and ratios from the 44 metabolite set were used to identify TB status in DM-only
(n=50) vs. TB-DM (n=27) (a, b) and in HC (n=50) vs. TB-only (n=50) (c ,d) patients. ROC curves for
the histidine/phenylalanine (a, c) and esterified cholesterol/sphingomyelins (b, d) ratios are plotted.
Individual patients are shown as dots in accompanying boxplots with cut-off (dashed line).

Discussion

Although accumulating epidemiological evidence from recent and older studies indicates
a link between TB and DM, the underlying pathophysiological mechanisms remain
elusive. Since lipids play important roles in both diseases, we studied the impact of TB
disease on host lipid metabolism and analyzed how this relates to TB-DM comorbidity.
Our results show that plasma from patients with TB displayed signatures of extensive
wasting, represented by lower levels of amino acids, cholesterol, fatty acids and
phospholipid metabolites, while conversely DM was associated with dyslipidemia. Plasma
from TB-DM patients showed the most prominent metabolic characteristics of both
diseases, i.e. wasting, exemplified by reduced concentrations of amino acids (histidine,
alanine, glutamine), and dyslipidemia in the form of high levels of VLDL-TG and low HDL
cholesterol. Although TB-DM-associated dyslipidemia was less severe than that of DM, the
inter-individual heterogeneity was high. This could suggest that there are TB-DM patients
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in whom the effects of wasting dominate over the DM-associated dyslipidemia, as well
as patients with the opposite metabolic phenotype. Alternatively, it is possible that this
inter-individual variation is the result of differences in DM-duration, as the TB-DM group
comprised a mix of long-term diabetics and patients who were recently diagnosed with
DM (Table 1).

In addition to its overlapping effects with either TB or DM metabolic profiles,
we find that TB-DM comorbidity leads to a relative increase in remnant-like plasma
lipoprotein particles (XS-VLDL, IDL) which are strongly associated with cardiovascular
disease and atherosclerosis %. The formation of remnant-like particles depends on the
relative contributions of lipoprotein lipase (LPL) and hepatic triglyceride lipase (HTGL) to
lipoprotein hydrolysis: the former initiates the cascade through lipolysis of chylomicrons
and nascent VLDL while the latter preferentially converts smaller VLDL and IDL particles
to LDL ®9, Furthermore, both play roles in HDL metabolism and have been shown to have
opposing effects on HDL size 9. The elevated amount of remnant-like particles and LDL
TG-enrichment indicate relatively decreased HTGL/LPL activity in TB-DM patients. This is
further supported by a reduction in smaller HDL particles (sizes M to S) in plasma from
both TB and TB-DM patients and the relative increase in LDL diameter in both groups as a
result of TB. Additionally, TB-DM interaction leads to a specific increase in sphingomyelins
and related phospholipid metabolites. It has been demonstrated that hepatic sphingolipid
synthesis is increased under inflammatory conditions ©7, specifically through increased
levels of the rate-limiting enzyme serine palmitoyltransferase (SPT). High levels of
circulating sphingomyelin are associated with coronary artery disease as they increase
the atherogenic potential of lipoproteins ©® and also function as a physiological inhibitor
of HTGL activity &9,

The ratio of histidine/phenylalanine in plasma was a potential biomarker for
TB irrespective of DM-status. This result is congruent with earlier metabolomic profiling
of TB which reported changes in histidine and/or phenylalanine metabolism in plasma
“o and urine “Y, and will require further validation in independent cohorts with larger
sample sizes. It is possible that a decreased histidine/phenylalanine ratio reflects non-
specific oxidative stress and/or inflammation as similar changes were demonstrated in
other inflammatory conditions, including rheumatoid arthritis “?, sepsis “¥, obesity “%
and cancer “?. Furthermore, TB disease status was associated with a decreased ratio of
esterified to free cholesterol in plasma. Cholesterol esterification is regulated by lecithin—
cholesterol acyltransferase (LCAT), a liver-produced enzyme which is bound to HDL
particles in plasma. A possible explanation for this shift is the ability of sphingomyelin to
inhibit LCAT activity “> 47 as the esterified cholesterol/sphingomyelin ratio also showed
strong predictive power, particularly in TB-DM patients. Furthermore, LCAT and HTGL
levels were shown to be decreased during the acute phase response, the early reaction
of the body to infection or inflammation, strengthening the notion that these enzymes
could be deregulated during TB. Taken together, our results support a model in which
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the unique lipid profile of TB-DM patients is the outcome of the interaction between DM-
induced dyslipidemia and TB-induced changes in lipoprotein metabolism.

We postulate that the pro-atherogenic phenotype of TB-DM patients might
contribute to TB susceptibility or reactivation. Some striking similarities exist between
the progression of TB and atherosclerosis. Pivotal in both pathologies is the formation
of lipid-loaded foamy macrophages %. Mtb has been demonstrated to reprogram
macrophage lipid metabolism for its own benefit as it requires host-derived lipids as
nutrient source for survival and replication “&>", Interestingly, we find that TB leads to
increased plasma levels of B-hydroxybutyrate, a ketone body which has been implicated
in Mtb-induced intracellular lipid droplet formation ©°. A recent study showed that DM-
associated dyslipidemia exacerbates the severity of caseous lung necrosis in TB patients
62, supporting the hypothesis that aberrant lipid levels negatively affect TB outcome.
Paradoxically, others reported a DM-independent protective effect of high BMI on the risk
of TB 1353, however it has been suggested that this association depends on the local TB
incidence ®¥. Regardless, it would be of great interest to compare lipid profiles in obese TB
patients with or without DM.

Some inherent weaknesses in study design will have to be addressed in future
follow-up studies as the overall statistical power was inadequate to control for all possible
confounding factors. Firstly, differences in both the DM and TB-DM populations could be
related to the use of anti-diabetic medication such as insulin, metformin or statins, all of
which affect glucose and lipid metabolism. Secondly, some of the observed effects of TB
and/or DM could have been driven by differences in BMI and not by disease state as such.
However, correcting for this could obscure genuine metabolic effects induced by TB, DM
or both which are (partially) mediated through changes in energy expenditure or storage
and therefore reflected by the patients’BMI. Thirdly, it was not possible to correctly control
for differences in smoking habits as this information was not available for the HC group.
Finally, the studied patient population was ethnically uniform, the majority being from
the Colored population of South Africa. It will be important to explore how the results of
this study translate to patient populations with different ethnic backgrounds.

In conclusion, TB-DM comorbidity results in a distinctive lipid profile with pro-
atherogenic properties, including significantly elevated levels of sphingomyelins and
remnant-like lipoprotein particles. These results will have to be validated in independent
cohort studies, and simultaneous investigation of HTGL, LPL, SPT and LCAT activity is
warranted. Our findings may have therapeuticimplications and encourage more extensive
studies into the possible beneficial effects of lipid-lowering drugs on TB outcome in TB-DM
patients. We suggest that after initiation of antibiotic treatment TB-DM patients should
receive life-style change counseling, and it may be valuable to determine blood lipid
profiles. Statin or other lipid-lowering treatments could be started in case of aberrant lipid
levels or existing cardiovascular malconditions. Furthermore, systematically determining
TG and/or cholesterol levels at TB diagnosis could help identifying patients at risk.
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Supplementary Figure 1: Lipoprotein diameter and lipid compositions.

(A) Mean diameters (nm) of VLDL, LDL and HDL particles. Data are displayed as scatter plots with
median and 95% Cl, with each dot representing one individual. HC (n=50) and TB-DM (n=27) were
compared to TB-only (n=50) and DM-only (n=50) by Kruskal-Wallis test with post-hoc Dunn’s test.
* p =005, ** p =001, *** p = 0,001, **** p = 0,0001. (B) Lipid compositions of 14 lipoprotein
subclasses. Each bar represents the total composition (100%) of a specific particle. Cholesterol ester
(red), free cholesterol (blue), phospholipid (green) and triglyceride (purple) content are shown. (C)
Relative triglyceride content of different LDL particles (%). Data are displayed as scatter plots with
median and 95% Cl, with each dot representing one individual. HC (n=50) and TB-DM (n=27) were
compared to TB-only (n=50) and DM-only (n=50) by Kruskal-Wallis test with post-hoc Dunn’s test. *
p=0,05**p=0,01,**p=0,001, **** p=0,0001.
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Supplementary Figure 2: Biomarker correlation with TTP.

TB and TB-DM patients were grouped according to TTP: < 4 days (n=19), 5-7 days (n=20) and = 8 days
(n=17). Absolute concentrations of isoleucine (A), leucine (B), valine (C), total branched-chain amino
acids (D), acetoacetate (E) and B-hydroxybutyrate (F) are shown. Data are displayed as scatter plots
with median and 95% Cl, with each dot representing one individual. Black and red dots represent
TB and TB-DM patients, respectively. Groups were compared by Kruskal-Wallis test with post-hoc

Dunn’s test.
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Tuberculosis (TB) and type 2 diabetes mellitus (DM), a major TB risk factor, are both
accompanied by marked alterations in metabolic processes. Dissecting the specific
metabolic changes induced by disease through metabolomics has shown potential
toimprove ourunderstanding of relevant pathophysiological mechanisms of disease,
which could lead to improved treatment. Targeted tandem liquid chromatography-
mass spectrometry (LC-MS/MS) was used to compare amine and acylcarnitine levels
in plasma samples of patients with TB or TB-DM from Indonesia at time of diagnosis
and during antibiotic treatment. Partial least squares discrimination analysis (PLS-
DA) showed good separation of patient groups. Amine levels were strongly altered
in both disease groups compared to healthy controls, including low concentrations
of citrulline and ornithine. Several amino acid ratios discriminated TB from controls
(phenylalanine/histidine;  citrulline/arginine;  kynurenine/tryptophan), possibly
reflecting changes in indoleamine-pyrrole 2,3-dioxygenase (IDO) and nitric oxide
synthase (NOS) activity. Choline, glycine, serine, threonine and homoserine levels
were lower in TB-DM compared to TB, and, in contrast to other analytes, did not
normalize to healthy control levels during antibiotic treatment. Our results not only
provide important validation of previous studies but also identify novel biomarkers,
and significantly enhance our understanding of metabolic changes in human TB and
TB-DM.
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Introduction

Tuberculosis (TB) is a severe infectious disease which mostly affects the lungs and is caused
by Mycobacterium tuberculosis.In 2016, 10.4 million people were newly diagnosed with TB
and 1.7 million individuals died as a result of TB, ranking TB as the 10t leading cause of
death worldwide™. Over recent years, type 2 diabetes mellitus (DM) has been recognized
as an important risk factor for TB development and reduced success of TB treatment*,
It is currently estimated that 15% of global TB cases can be attributed to concurrent
TB-DM®. The number of people living with DM worldwide is estimated to increase by
48% in 2045, especially in low- and middle-income countries, where TB is endemic,
due to changes in lifestyle associated with economic development and urbanization®.
Therefore a better understanding of the characteristics governing TB in the context of DM
comorbidity is crucial for deciphering their combined pathophysiology and ultimately
improved treatment.

Both TB and DM are accompanied by marked metabolic changes: TB progression
is associated with the development of wasting syndrome, a nutritional state during which
the combination of increased energy expenditure necessary to combat the infection and
decreased food-intake leads to severe weight loss and wasting of muscle tissue, whereas
hyperglycemia and hyperlipidemia are major hallmarks of DM. We recently showed that
TB-DM patients display metabolic characteristics of both diseases as determined by
"H-Nuclear Magnetic Resonance (NMR) plasma lipid profiling™. Metabolomics, defined
as the comprehensive analysis of small molecule intermediates of metabolism within a
biological system which together form the metabolome, has developed into a powerful
approach to study potential perturbations of metabolic homeostasis caused by disease.
The use of metabolomics has resulted in the successful identification of small molecule
metabolite biomarkers for various illnesses, including Alzheimer’s disease®, various forms
of cancer?, and diabetes. A number of studies have used metabolomics to identify
biomarkers for TB in both serum and urine". More recently, a prognostic metabolic
biosignature with good predictive power for TB progression was developed/?. However,
further validation of many of these biomarker candidates has not been performed in
independent studies or in the presence of clinically relevant comorbidities such as DM.

Here, we performed targeted metabolomics to investigate amine and
acylcarnitine levels in plasma samples of TB patients with or without DM and healthy
endemic controls. Acylcarnitines are intermediates of fatty acid and amino acid oxidation
which may be involved in early insulin resistance!'?. Furthermore, the metabolic profiles
of both TB and TB-DM patients were followed longitudinally during TB treatment to
analyze possible effects of antibiotic TB treatment on metabolite biomarkers. We find
that TB and TB-DM have both shared and unique effects on patient plasma metabolic
profiles, including marked changes in metabolites involved in the urea cycle, indoleamine
2,3-dioxygenase (IDO) signaling and liver function, of which the majority normalized to
healthy control levels during the course of antibiotic treatment. The results of this study
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not only confirm and validate key findings from previous metabolomics studies on TB in
a geographically and genetically distinct population, but also propose novel biomarker
candidates for TB and TB-DM.

Results

Study population

In total, metabolite concentrations were measured in plasma samples from 48 TB patients,
20 TB-DM patients and 48 healthy controls (HC). HC had a similar age but higher body
weight compared to TB patients without DM; diabetic TB patients were older and had a
higher BMI compared with non-diabetic TB patients (Table 1). No significant differences
were present between the groups based on sex, ethnicity, current smoking status or
severity of TB scored on chest x-rays (CXR).

Table 1: Patients’ clinical characteristics according to disease group (n = 116).

HC HC TB-DM
n=48 n=48 n=19 p-value
Sex (male/female) 24/24 23/26 13/6 0.269
Age (years) 29.0+9.1 29.4+9.1 483 +8.5 <0.001
BMI (kg/m2) 229+40 17.3£2.1 20529 <0.001
Fasting blood glucose (mg/dl) 80.2+9.1 80.7+13.6 2185+76.8 <0.001
Smoking (currently) 20/48 (41.7%) 19/49 (38.8%) 9/19 (47.4%) 0.811
CXR score (mild/advanced) na 21/28 10/9 0.468
Ethnicity: 0.650
Betawi 10/48 (20.8%) 11/49 (22.4%) 3/19 (15.8%)
Jawa 17/48 (35.4%) 13/49 (26.5%) 6/19 (31.6%)
Sunda 8/48 (16.7%) 12/49 (24.5%) 4/19 (21.1%)
Mixed 10/48 (20.8%) 11/49 (22.4%) 3/19 (15.8%)
Other 3/48 (6.3%) 2/49 (4.1%) 3/19 (15.8%)

Data is presented as percentage of total (%) or mean + SD. BMI = Body Mass Index, CXR = Chest X-ray
Radiograph.

First, a principal component analysis (PCA) model was built to visualize differences
between disease groups based on the entire dataset, which consisted of four components
explaining 54% of total variance. The score plot of the first two components (explaining
25% and 13% of total variance, respectively) is displayed in Figure 1A. While disease status
(HC, TB or TB-DM) accounted for a proportion of the total variance, no complete separation
was observed between the three groups. However, sex differences also comprised a
considerable source of data variance (Figure S1A). These results were corroborated by
hierarchical clustering analysis which showed incomplete clustering based on either
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sex or disease group status (Figure 1B). To correct for the effect of sex, a multilevel PCA
model was built' to separate the “within-sex” from the “between-sex” data variation. The
multilevel model improved the discriminatory capacity based on disease group (Figure
S1B), while neither sex nor smoking status contributed to data variance. Finally, partial-
least squares discrimination analysis (PLS-DA) models were fitted for each disease group
comparison and the resulting score plots and cross-validated quality metrics for model
predictive ability (Q2) and explained variance (R2X & R2Y) are displayed in Figure 1C-E.
All models showed high goodness of fit and predictive ability as indicated by R2Y and
Q2 scores of >0.5, and the resulting score plots showed relatively good clustering and
separation of samples based on disease group. Taken together, TB and TB-DM status were
found to be major contributors to data variance based on the entire metabolomic dataset,
and adjusting for differences in sex was of importance for further analysis.
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Figure 1: TB/TB-DM status result in distinct metabolic profiles.

(A) Score plot of the first two principal components of a PCA model built on the entire dataset
and color coded by group with confidence ellipses. HC are displayed as red dots, TB patients as
blue triangles and TB-DM patients as green squares. (B) Two-way hierarchical clustering analysis by
Euclidean distance with Ward's method. Samples are annotated by disease group and sex: HC (red),
TB patients (blue) and TB-DM patients (green), male (cyan), female (orange). (C-E) Score plots of PLS-
DA models for TB vs HC (C), TB-DM vs HC (D) and TB-DM vs TB (E). HC are displayed as red dots, TB
patients as blue triangles and TB-DM patients as green squares. PLS-DA evaluation criteria (R2X, R2Y,
Q2) are displayed for each model.
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Patients with TB and TB-DM have distinct metabolic profiles

In total, levels of 31/53 amines (58.5%) and 5/21 acylcarnitines (23.8%) were significantly
different in TB patients compared to HC based on a linear regression model (Figure 2A).
Medians with interquartile ranges of all measurements and their resulting g-values can
be found in Supplementary Table 1. Volcano plots of regression model statistics versus
metabolite log2-transformed fold changes are depicted in Figure S2. TB was strongly
associated with low levels of citrulline and ornithine, both central amino acids of the
urea cycle (Figure 2D), whereas levels of arginine and aspartic acid, two other important
intermediates in the urea cycle, were higher in TB patients. Furthermore, levels of histidine
were significantly reduced, while those for phenylalanine were increased in TB patients,
a finding which is congruent with previous metabolomics analyses?”. The metabolite
with the strongest positive association with TB was 3-methoxytyrosine, a metabolite of
levodopa which is mostly associated with aromatic L-amino acid decarboxylase (AADC)
deficiency. Other notable changes included significantly lower levels of tryptophan and
higher plasma concentrations of kynurenine, two metabolites which are part of the
immunoregulatory enzyme IDO pathway.

The metabolite profile of TB-DM patients (Figure 2B) was mostly characterized by
low levels of amines when compared to HC, while only two metabolites, putrescine and
glycylglycine, were significantly elevated. Similar to TB patients, TB-DM was associated
with low levels of citrulline, histidine, ornithine and tryptophan, among others. However,
the most notable difference was the exceptionally low average concentration of choline
compared to HC (g = 6.45E7), an effect which was magnitudes stronger than observed
in TB patients without DM (Figure 2C). Similarly, levels of serine, homoserine, glycine and
threonine, were significantly lower in TB-DM patient plasma compared to TB patients,
as well as to HC. These results are congruent with earlier studies describing decreased
glycine, serine and threonine levels during DM{49),



Plasma metabolomics in tuberculosis patients with and
without concurrent type 2 diabetes at diagnosis and during antibiotic treatment | 159

A TB vs HC D
. 3-Methoxytyrosine Alanine Arginine
@ Citrulline . 0.008- 8 8
waxx N
. . T ey 22
6 3-Methoxytyrosine® g 0.006 3 6 . g 6 0
£ £ 2
. .
Ornithine : "Eﬂ 0.0044 T J'; 4 § 4 U
° . 3 o, 3 3 ALY "
O-Acetyl-L-serine  : 3 % 3 3 °
< . 0.002] 2 2
3 ./ L-Histidine : % %
g 44  Propionylcarnitine L-/\rgww;e o
g -« o ; L-Phenylalan ”“\. HC TB TB-DM HC TB TBDM HC TB TB-DM
s . Sarcosine_
T « . S Citrulline Choline Glutamine
2 : 0.47 . 40 e 15
24 e : T —_— o
o 037 . o 30 L °
g - - & 7 gw
s s s
T 0.2 T 20 T
5 5 5
2 2 3 5
0 - < 04 % RT) <
T T U T T :
-1.0 -0.5 0.0 0.5 1.0 ®e
. . . 0.
Regression coefficient estimate HC TB TB.DM HC TB TB.DM HC 1B TB.DM
Glycine Histidine Homoserine
B TB-DM vs HC o v 008 .
® Choline : o 0.06 H 3 —_
: 8 44 8 8 . —
. ] H ]
: 2 goo4 22
15 B 3 3 3
: 2o 2 2
: 0.02 11 o
° T T T L T T T T T T
210 HC TB TB-DM HC B TB-DM HC TB TB-DM
7 . . : .
& . Kynurenine O-Acetylserine Ornithine
5 ® L-Histidine 0.044 0.004. 5
2 L-Homoserine : . i
: pry
L-Threonine [ Ornithine 0.034 0.003 prey 4 _—
. @ L4 @ — e .
5 ZGlycine % ; kil % § 3 .
O &> LTryptophan Too2{ o € 0.002 g
-Alanine . 5 5 52
L-Al ® . 2 3 3
. < <
>/ . 0.01- 0.001 <
.............. ¢ TR A A A A A 1
0- v
N X X
3 5 o : T 7 H HC TB TB-DM HC TB TB-DM HC TB TBDM
Regression coefficient estimate Phenylalanine Propionylcarnitine Putrescine
201 20 0.008 o
c TB-DM vs TB . o — —
.| *x ex ry
vs » 151 LS Y 0 0006
N Q Q Q
@ Choline . g H . g
: C 104 2 10 T 0.004-
' EEL R ]
: < < . bl
94 : 54 5 00021 oo, °° @
. HC TB TB-DM HC TB TB-DM HC TB TB-DM
:g : Serine Threonine Tryptophan
S 6 . 107 xx 10 o 8
1 M e —
& T o *ex
S . 84 s *
g : g 8 J g° ) —
‘ L-Homoserine : E 61 § 6 §
N : -
a3 Glycine : E % g . g 4
L—Serme§ : 2 4 34 % 3 é
® - L-Thréonine 2 2 ¢ 2
0 l . HC TB TB-DM HC TB TB-DM HC TB TB-DM
T T T T T T T
-3 -2 -1 L] 1 2 3

Regression coefficient estimate

Figure 2: TB and TB-DM greatly impact patient plasma metabolite levels.

Multiple linear regression models were fitted for each between disease group comparison, and
resulting -log-transformed p-values (g-values) are plotted against the regression coefficient estimate
for each metabolite: TB vs HC (A), TB-DM vs HC (B), TB-DM vs TB (C). Each dot represents an individual
metabolite. Dot color represents direction and size of the regression coefficient. The significance
threshold (g = 0.05) is displayed as a horizontal dotted line. (D) Absolute abundance of individual
metabolites per group displayed as Tukey’s boxplots. Significance differences between HC (n = 48),
TB (n = 48) and TB-DM (n = 20) groups were determined by Kruskal-Wallis test with post-hoc Dunn's
test. * p=0.05, ** p = 0.01, *** p = 0.001, **** p = 0.0001.
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Metabolite ratios show potential for TB and TB-DM classification
In order to evaluate their potential as metabolic biomarkers for TB or TB-DM, receiver
operating characteristic (ROC) curves were plotted per metabolite for each disease
group comparison and the resulting AUC values were calculated (Supplementary Table
1). The three metabolites with the highest AUC values were subsequently incorporated
into multivariate signatures and their classification effectiveness was tested by a linear
support vector machines (SVM) machine learning algorithm (Figure 3A). Citrulline,
3-methoxytyrosine and arginine were the individual metabolites with the best
classification capacity for TB versus HC, which was further improved by their inclusionin a
multivariate signature (AUC: 0.913 [0.818 - 0.978]). As expected, choline was the superior
biomarker for TB-DM versus HC from our dataset (AUC: 0.991 [0.977 - 1.000]), followed
by histidine and glycine. Choline, serine and putrescine showed the highest potential for
discriminating TB-DM from TB patients. Incorporation into cross-validated multivariate
models in these cases resulted in similar AUC values (TB-DM vs HC: 0.995 [0.981 - 1.000];
TB-DM vs TB: 0.967 [0.940 - 0.998]). While some of our data validate published findings
from African cohorts in an Asian cohort, the new TB-DM biomarker results reported here
for the first time will need to be validated, including in age-matched cohorts as this was
not corrected for in this analysis.

We previously identified the ratio of phenylalanine over histidine (Phe/His) as
a promising biomarker for TB classification and diagnosis irrespective of DM-status in a
South-African patient cohort ?. This finding is corroborated independently in the current
study in a genetically and geographically completely different cohort (Figure 3B): the Phe/
His ratio demonstrated a superior classification capacity for TB versus HC compared to any
individual metabolite (AUC: 0.912 [0.850 - 0.974]), and similar values were obtained for
TB-DM patients vs HC (AUC: 0.908 [0.807 — 1.000]). Furthermore, multiple linear regression
analyses showed a relative increase in kynurenine accompanied with decreased
tryptophan in TB patients. The ratio between these amino acids (Kyn/Trp) reflects the
activity of IDO, which catalyzes the rate-limiting step in the kynurenine pathway of
tryptophan catabolism. The results (Figure 3C) showed that both TB and TB-DM were
associated with an increased Kyn/Trp ratio (AUC: 0.838 [0.755 — 0.922]; AUC: 0.802 [0.682 -
0.921] respectively), indicative of increased IDO activity. Finally, various amino acids from
the urea cycle were found to be divergently affected during TB, including citrulline and
arginine (Cit/Arg) which are essential for nitric oxide (NO) production by NO synthase
(NOS). TB but not TB-DM was associated with a decreased Cit/Arg ratio compared to HC
(AUC: 0.895 [0.834 — 0.955]), possibly reflecting diminished NO production through NOS
in these patients.
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Figure 3: Biomarker analysis.

ROC curves and AUCs were determined for each metabolite and disease group comparison: TB vs
HC (blue), TB-DM vs HC (red) and TB-DM vs TB (green). (A) The three metabolites with the highest
AUCs per comparison were combined in a 3-feature model and corresponding multivariate ROC
curves were fitted by linear support vector machine algorithm. (B-D) ROC curves and boxplots of the
following metabolite ratios are shown: phenylalanine/histidine (Phe/His) (B), kynurenine/tryptophan
(Kyn/Trp) (C) and citrulline/arginine (Cit/Arg) (D). Each dot represents an individual patient and the
optimal cut-off as determined by Youden'’s statistic is displayed as a horizontal dotted line.
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Anti-TB treatment resulted in normalization of diverging metabolites to healthy
levels

Next, we sought to investigate the effect of anti-TB treatment on the metabolic profiles of
TB and TB-DM patients. Plasma samples collected at both ~8 weeks and ~26 weeks after
initiation of antibiotic treatment were available and measured for 45/49 TB and 18/19 TB-
DM patients, respectively. Successful TB treatment was associated with a significant linear
positive effect for 29 metabolites in TB patients (Figure 4A), while 4 metabolites were
downregulated during anti-TB therapy. Many metabolites which were lower in TB patients
at diagnosis normalized to HC levels during treatment duration, including citrulline,
glutamine, tryptophan, histidine and ornithine, while glycylglycine and phenylalanine
were decreased as a result of therapy after previously being upregulated in TB patients’
plasma. Interestingly, 3-methoxytyrosine did not normalize to HC levels during treatment
(g = 0.928), and could therefore represent a long-lasting TB-associated biomarker.

The metabolic effects of treatment in TB and TB-DM patients showed strong
similarities (Figure 4B-C) as demonstrated by significant positive correlations of metabolite
regression coefficients (r% 0.528, p = 2.35E"3). Metabolites with significant treatment-
associated effects in both groups were glutamine, gamma-glutamylglutamine, gamma-
glutamylalanine, histidine, citrulline, proline, O-acetylserine and glutamate. Interestingly,
the levels of glutamine and gamma-glutamylglutamine were significantly higher in TB-
DM patients compared to HC at the end of treatment (p < 0.01), while glutamate was
simultaneously decreased (p < 0.0001) (Figure 4D). Although treatment resulted in
normalization of choline to HC levels in TB patients (g = 9.40E?3), choline concentrations
remained very low in TB-DM patients (g = 0.756). In addition, levels of glycine, serine,
threonine and homoserine did not increase with treatment, further establishing their
association with DM in these patients.

As the 2HRZE/4H3R3 treatment regimen is more intensive during the first two
months compared to the last four, it is reasonable to expect that a subset of metabolites
would react to treatment in a non-linear fashion. Therefore, separate mixed models were
fitted for time periods 0 to 8 weeks and 8 to 26 weeks in both disease groups (Figure S3A-B).
Similar to the general linear treatment model, the effects of treatment in TB and TB-DM
patients were positively correlated during both 0 to 8 weeks (r:0.739, p = 1.04E*) and 8 to
26 weeks (r* 0.532, p = 1.67E"%). When comparing changes in metabolite levels between
both time periods, some inverse relationships were observed in both TB and TB-DM
patients (Figure S3C-E). Two metabolites were strongly increased during the first 8 weeks
of treatment in both patient populations, namely methionine sulfone and putrescine,
while their levels had significantly receded at the end of treatment. In TB patients, 7
metabolites followed an opposite trend with decreased levels at 8 weeks followed by a
rise at 26 weeks post-treatment (Figure S3C), i.e. methionine, glycylproline, asparagine,
octenoylcarnitine, lysine, phenylalanine and serine; similar effects were observed in TB-
DM patients for all but the latter (Figure S3D).
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Figure 4: Anti-TB treatment leads to normalization of patient plasma metabolic profiles to
HC levels.

Linear mixed models were fitted for the effect of antibiotic treatment on metabolite levels in TB
patients (A) and TB-DM patients (B) separately. Resulting -log-transformed p-values (g-values)
are plotted against the regression coefficient estimate for each metabolite. Each dot represents
an individual metabolite. Dot color represents direction and size of the regression coefficient.
The significance threshold (g = 0.05) is displayed as a horizontal dotted line. (C) Beta-beta plot of
metabolite regression coefficients for the effect of anti-TB treatment in TB patients (x-axis) versus TB-
DM patients (y-axis). Each dot represents an individual metabolite. Dot color represents whether the
metabolite was significantly affected by anti-TB treatment in TB patients (blue), TB-DM patients (red),
both (purple) or not at all (grey). Regression line is displayed as a dashed line with 95% confidence
interval. (D) Absolute abundance of individual metabolites per group displayed as Tukey’s boxplots.
For TB and TB-DM patients metabolite levels are displayed at 0, 8 and 26 weeks post-treatment.
Significance differences between HC (n = 48) versus TB (n = 44) or TB-DM (n = 19) patients were
determined by Kruskal-Wallis test with post-hoc Dunn's test. * p =0.05, ** p =0.01, *** p =0.001,
®x% = 0,0001.
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Metabolite associations with TB severity

Finally, we wondered whether some metabolites could be related to TB severity as
quantified by CXR score (mild or advanced lesions). To investigate this, CXR was added as
a covariate to our initial regression model which was subsequently fitted on TB and TB-DM
patients combined. Eleven metabolites showed a significant association with CXR score,
however none of these survived FDR-correction, indicating that the statistical power of
this dataset was insufficient to accurately assess this question. Nonetheless, to highlight
possible trends of metabolic associations with TB severity, we performed classical
biomarker analysis using CXR score as identifier and only selected metabolites with
univariate t-test statistic p-values < 0.01. This resulted in five metabolites with a potential
positive association with advanced CXR lesions (Figure S4), including four acylcarnitines
(hexanoylcarnitine, 3-methoxytyrosine, hexadecenoylcarnitine, dodecenoylcarnitine,
tetradecenoylcarnitine). These results suggest that while acylcarnitine levels were
not strongly associated with TB or TB-DM in the initial regression analysis, some could
specifically be affected in individuals with severe disease. These results will have to be
validated in studies with more statistical power.

Discussion
Here, we applied plasma metabolomics to identify differences in amine and acylcarnitine
levels associated with TB or TB-DM in a cohort of Indonesian patients at the time of
diagnosis as well as during longitudinal follow-up over the course of antibiotic treatment.
We identified several potential biomarkers with high AUC values for TB and/or TB-DM
diagnosis, which included ratios of citrulline, arginine, phenylalanine and histidine among
others. Overall, levels of many amines were decreased in both TB and TB-DM patients at
diagnosis compared to HC, while relatively few acylcarnitines were affected. TB patients
were further characterized by relatively high levels of several metabolites including the
L-DOPA metabolite 3-methoxytyrosine, whereas only putrescine, a polyamine associated
with DM, was found to be specifically elevated in TB-DM. This lack of positively correlated
metabolites in the TB-DM group was surprising to some extent, as DM is often linked to
overnutrition and our previous results have demonstrated that TB-DM patients from a
South-African cohort displayed major hallmarks of DM, e.g. hyperglycemia, dyslipidemia
and elevated branched-chain amino acids”. TB-DM patients were further characterized
by lower levels of glycine, serine, threonine and homoserine compared to TB patients,
which were similarly unaffected by TB treatment. These amino acids are part of the same
biosynthetic pathway and have been implicated in the development of non-alcoholic
fatty liver disease (NAFLD)""'®), a liver disorder commonly associated with DM and insulin
resistance’?,

Importantly, the majority of TB-related metabolites normalized towards HC
levels during antibiotic treatment, substantiating their association with active disease.
Exceptions to this included choline, which was dramatically lowered in plasma of patients
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with TB-DM compared to both HC and TB patients and did not change in response to
treatment in these patients. We consider it unlikely that this effect is an artifact introduced
during measurement or blood collection, as all samples were randomized and blinded
before technical analysis and the results were very consistent over multiple independent
time points. Decreased choline bioavailability due to reduced intake or gut microbiome
dysbiosis have been linked to NAFLD®2" and therefore align with the detected low levels
of glycine, serine, threonine and homoserine, all of which similarly did not normalize to HC
levels during treatment. However, this result should be interpreted with some caution as
similar levels of choline deficiency during either TB or DM have not been reported before
to the best of our knowledge.

Our results are in concordance with -and independently validate- earlier
metabolic biomarker studies for TB, currently in a cohort from Indonesia. We previously
found reduced concentrations of histidine, glutamine, alanine and valine in TB patients
from South-Africa combined with high phenylalanine levels”, and the described high
predictive capacity of the Phe/His ratio as a biomarker for TB regardless of DM-status
was confirmed in this current cohort. Similarly, Weiner et al. reported lower serum levels
of histidine, citrulline, glutamine, gamma-glutamylglutamine, alanine and threonine
in active TB patients, while phenylalanine, 3-methoxytyrosine and aspartic acid were
elevated> 22, Low levels of tryptophan and/or high concentrations of kynurenine have
been demonstrated in both TB patients’ sera®*?¥ and pleural fluids®”. An increased
Kyn/Trp ratio is an estimate of enhanced activity of the immunoregulatory enzyme
IDO, which was found to benefit Mtb infection both in vitro and in vivo®®, and showed
potential as a biomarker for TB diagnosis in our analysis. This striking agreement between
TB metabolomics studies performed using diverse technical platforms as well as patient
cohorts from different geographical regions confirms and highlights the robustness of the
platforms and resulting data, as well as its potential for diagnosis and prognosis of TB('2,

TB patients showed decreased levels of citrulline and ornithine, whereas arginine
and aspartic acid concentrations were elevated. Furthermore, the Cit/Arg ratio displayed
good predictive capacity for TB vs HC, but not for TB-DM vs HC. Citrulline, ornithine, arginine
and aspartic acid are important intermediates of the urea cycle, which is responsible for
the majority of nitrogen excretion through conversion of toxic ammonia to urea in the
liver @7, At the beginning of the cycle, citrulline is formed from ornithine and ammonia,
which subsequently reacts with aspartic acid to form arginine through arginosuccinate.
Arginine can then be hydrolyzed by arginase to form urea and ornithine, or be used by NOS
leading to the production of NO and citrulline, a balance which has shifted in TB patients
as reflected by their relatively decreased Cit/Arg ratio. In mouse models of TB disease,
arginase 1 (Arg1) expression in myeloid cells from TB granulomas has been demonstrated
to exacerbate disease through substrate competition with NOS®#82, Citrulline, however,
was shown to fuel antimycobacterial mechanisms of murine macrophages®®*" and
T-cells®as an alternative source of intracellular arginine, implying that decreased citrulline
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levels could be detrimental for TB patients. Although the importance of arginase and NO
production for the antimycobacterial response in humans remains controversial, ARG1
was found to be expressed in granulomatous tissue of TB patients®*3*% and could therefore
play a role in TB pathophysiology. Whether the observed changes in arginine, citrulline
and ornithine are caused by changes in expression or activity of these enzymes cannot be
ascertained from these results, and will have to be addressed in future studies.

Antibiotic treatment led to normalization to HC levels for the majority of TB-
associated metabolites in both TB and TB-DM patients, including citrulline, ornithine,
histidine and phenylalanine. In contrast, a subset of metabolites specifically changed
during the first 2 months of intensive treatment, of which the strongly increased
concentrations of methionine sulfone and putrescine were especially striking. Methionine
is susceptible to oxidative modification by reactive oxygen species (ROS), and high levels of
oxidized methionine are therefore regarded as a marker of oxidative stress®. While initial
oxidation of methionine leads to the reversible formation of methionine sulfoxide, the
second oxidation step to form methionine sulfone is effectively irreversible. Methionine
oxidation was found to be associated with drug-induced liver injury®®, which could be
the cause of the observed elevation of methionine sulfone during intensive antibiotic
treatment. Surprisingly, although plasma methionine concentrations were appropriately
decreased, levels of methionine sulfoxide were not affected by antibiotic treatment in
either TB or TB-DM patients. In addition to oxidized methionine, the authors reported
elevated levels of gamma-glutamyl dipeptides during various types of liver injury®®,
Gamma-glutamyl dipeptides are formed by gamma-glutamyltransferase (GGT) as
byproducts of anti-oxidative glutathione synthesis and therefore reflect oxidative stress.
GGT is widely used as a diagnostic marker for hepatic disease and alcohol consumption®©?,
and high circulating GGT levels are a risk factor for DM development®®. Correspondingly,
we found that gamma-glutamylalanine and gamma-glutamylglutamine increased with
antibiotic treatment, even to levels above HC in TB-DM patients for the latter, which could
be indicative of enhanced GGT activity as a result of treatment. Additionally, high levels
of putrescine were similarly shown to be associated with hepatotoxicity and antibiotic
treatment in animal models®*#%, Taken together, anti-TB therapy correlated with increased
levels of metabolic biomarkers associated with liver injury and oxidative stress, especially
during early intensive antibiotic treatment, emphasizing the necessity of liver function
monitoring during this period. Since the final blood samples were collected at the end
of treatment, it would be informative to measure the abundance of these metabolites
sometime after end of therapy in the future to possibly study liver function recovery.

As a result of limitations in patient sampling, several possible confounders of
the study need to be discussed. Firstly, TB-DM patients were significantly older compared
to both HC and TB patients. Although we attempted to correct for this by including age
as a covariate in the regression analyses, it cannot be fully excluded that differences in
age explain a proportion of the data variance in TB-DM patients, as levels of threonine,
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histidine, glycine and serine, for instance, have been demonstrated to decrease with age®".
Secondly, the average BMI was significantly different between the three groups, which
could be correlated with changes in metabolite levels. However, we purposefully chose
not to adjust for BMIin our analysis as it is intrinsically associated with the pathophysiology
of both TB and DM and consequently its possible effect on patients’ metabolic profiles.
Similarly, we could not control for differences in factors such as nutrition and microbiome
composition which could also have caused certain specific metabolite alterations. Thirdly,
as these measurements were performed on a historic patient cohort no additional control
groups could be included. In order to confirm the specificity of the reported metabolic
changes for disease, future studies should include DM patients without TB and compare
TB to other respiratory or infectious diseases. A recent paper which compared circulating
amine and acylcarnitines levels of lung cancer patients to healthy controls reported
increased plasma arginine levels while citrulline and glycine were decreased, similar to
what we observed for TB, indicating that these could potentially be a reflection of general
lung pathology“?. In contrast, no consistent changes were observed for the other TB-
associated amines such as histidine and phenylalanine that we identified. Additionally,
a metabolomics study on chronic obstructive pulmonary disease (COPD) showed little
overlap with our observations*?, supporting the specificity of these results for TB.
Finally, the use of anti-diabetic medication could have influenced the concentrations of
metabolites in the TB-DM group.

In conclusion, TB and TB-DM are associated with marked changes in plasma
levels of amine metabolites, which normalize during anti-TB therapy. The presence of
TB-DM-specific changes indicates that this comorbidity needs to be considered for the
development of diagnostic tests for TB based on levels of metabolic intermediates. This
study supports the use of relevant metabolite ratios as potential biomarkers for TB, and it
would be of great interest to investigate their possible relation with TB disease progression,
severity and treatment outcome in future studies.

Materials & Methods

Study subjects

Patients plasma samples included in this study were randomly selected, based on
sample availability, from a previously described cohort from Indonesia®. In brief,
newly diagnosed active pulmonary TB patients were recruited from January 2002
to December 2004 at an outpatient TB treatment center in Jakarta. TB diagnosis was
established according to World Health Organization (WHO) criteria, on the basis of
clinical presentation and a chest X-ray radiograph (CXR) and confirmed by microscopic
detection of acid-fast bacilli in Ziehl-Nielsen-stained sputum smears and positive culture
of Mtb. Human immunodeficiency virus (HIV)-seropositive patients, patients with cardiac
diseases and patients with incomplete data records were excluded. TB patients were
classified as having mild-to-moderate TB or advanced TB on the basis of the extent of
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lesions on CXR. CXR results were divided into lower, middle and upper lung regions, left
and right, and abnormalities were scored as ‘mild’ (1 of 6 areas involved), ‘moderate (2 or
3 out of 6 areas) or advanced (more than 3 areas involved)“. Diabetes was diagnosed if
fasting blood glucose (FBG) was >126 mg/dl, in accordance with WHO criteria at time of
recruitment, or by self-reported diabetes. In the same period, healthy individuals matched
for sex and age (£10%) and living within the same rukun tetangga (consisting of 15-30
households) were included as control subjects. Controls with diabetes, signs, symptoms,
and CXR results suggestive of active TB, a history of anti-TB treatment or incomplete data
entry were excluded. HIV status was not tested in the control group, however Indonesia
was classified as a country with a low HIV prevalence of <0.1% at time of study subject
recruitment. Free anti-TB drug treatment was provided to all patients, which consisted of
a standard regimen of isoniazid, rifampin, pyrazinamide, and ethambutol (2HRZE/4H3R3)
according to the Indonesian national TB program guideline. A subgroup of patients was
followed longitudinally, from which blood samples were collected at two and six months
after start of treatment. This study was approved by the Ethical Committee of the Faculty
of Medicine, University of Indonesia, Jakarta, and by the Eijkman Institute Research Ethics
Committee, Jakarta, and written informed consent was voluntarily signed by all patients
and control subjects. All research was performed in accordance with relevant guidelines
and regulations at time of recruitment.

LC-MS/MS
Metabolite levels in plasma were measured in individual replicates using two targeted LC-
MS/MS platforms. Subject numbers were randomized and run in 5 batches which included
a calibration line, QC samples and blanks. QC samples were analyzed every 10 samples,
they are used to assess data quality and to correct for instrument response. Blanks are
used to check for blank effects.

The amine platform covers amino acids and biogenic amines employing an Accg-
Tag derivatization strategy adapted from the protocol supplied by Waters“®. 5.0 uL of each
sample was spiked with an internal standard solution. Then proteins were precipitated by
the addition of MeOH. The supernatant was taken to dryness in a speedvac. The residue
was reconstituted in borate buffer (pH 8.5) with AQC reagent. 1.0 uL of the reaction mixture
was injected into the UPLC-MS/MS system. Chromatographic separation was achieved by
an Agilent 1290 Infinity Il LC System on an Accg-Tag Ultra column (Waters). The UPLC was
coupled to electrospray ionization on a triple quadrupole mass spectrometer (AB SCIEX
Qtrap 6500). Analytes were detected in the positive ion mode and monitored in Multiple
Reaction Monitoring (MRM) using nominal mass resolution. Acquired data were evaluated
using MultiQuant Software for Quantitative Analysis (AB SCIEX, Version 3.0.2).

The acylcarnitine platform covers acylcarnitines as well as Trimethylamine-N-
oxide, Choline, Betaine, Deoxycarnitine and Carnitine. 10 pL of each sample was spiked
with an internal standard solution. Then proteins were precipitated by the addition
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of MeOH. 1.0 pL of the reaction mixture was injected into the UPLC-MS/MS system.
Chromatographic separation was achieved by UPLC (Agilent 1290, San Jose, CA, USA) on
an Accqg-Tag Ultra column (Waters). The UPLC was coupled to electrospray ionization on
a triple quadrupole mass spectrometer (Agilent 6460, San Jose, CA, USA). Analytes were
detected in the positive ion mode and monitored in Multiple Reaction Monitoring (MRM)
using nominal mass resolution. Acquired data were evaluated using Agilent MassHunter
Quantitative Analysis software (Agilent, Version B.05.01).

The data are expressed as relative response ratios (target area/ISTD area; unit free)
using proper internal standards. For analysis of amino acids their *C'*N-labeled analogs
were used. For other metabolites, the closest-eluting internal standard was employed. All
internal standards are listed in Supplementary Table 2. In-house developed algorithms
were applied using the pooled QC samples to compensate for shifts in the sensitivity
of the mass spectrometer over the batches. After quality control correction, metabolite
targets complied with the acceptance criteria of RSDqc <15%.

Statistical analysis

For multivariate analysis, metabolite measurements were log transformed, mean
centered and scaled to standard deviation units. After preprocessing, the data variance
associated with disease or sex were investigated by principal component analysis (PCA)
and hierarchical clustering. Differences between disease groups were further visualized
by fitting three component partial least squares discriminant analysis (PLS-DA) models
for each disease group comparison. PLS-DA model evaluation criteria (Q2, R2X, R2Y) were
determined after leave-one-out cross validation.

To identify significant differences in metabolite levels between the three groups
at diagnosis while correcting for age and sex, the following multiple linear regression
model was fitted for each metabolite in separate two-level disease group comparisons
(TB vs HC, TB-DM vs HC and TB-DM vs TB):

Metabolite= B + B, Disease + B, Age + 3, Sex + €

where Disease = disease group (HC, TB or TB-DM), Age = age (years) and Sex = sex (male/
female).

CXR score was consequently added to the model as a covariate to investigate possible
metabolite associations with TB severity.

To analyze and compare the effect of anti-TB treatment on metabolite levels in
TB and TB-DM patients, the following linear mixed effect model with random intercept
for each individual study participant (uo Subject) was fitted for the TB and TB-DM groups
separately:
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Metabolite = (B,+ u, Subject) + B, Treatment + B, Age + B, Sex + €

where Treatment = duration of treatment (weeks), Age = age (years) and Sex = sex (male/
female).

Resulting p-values were corrected by False Discovery Rate (FDR) using the Benjamini-
Hochberg procedure to obtain g-values, which were subsequently -log transformed and
plotted versus the regression coefficient estimate ([31) to generate metabolite volcano
plots. Alternatively, regression coefficient estimates of two comparisons were plotted
against each other (beta-beta plots).

For univariate biomarker analysis, metabolite receiver operating characteristic
(ROC) plots and area under the curves (AUCs) were generated for each disease group
comparison based on the optimal cut-off as calculated by Youden'’s J statistic*’, defined
as the value for which the distance to the diagonal line is maximal. AUC 95% confidence
intervals (Cl) were computed using 2000 stratified bootstrapping samples. Furthermore,
for each group comparison the three metabolites with the highest univariate AUCs were
combined in a three parameter metabolic signature. Multivariate ROC curves and AUCs
were calculated using a linear SVM algorithm included in the MetaboAnalyst R package
(version 1.01.)%® after hundredfold repeated random sub-sampling cross validation,
during which 2/3 of the samples were used for model training and the remaining 1/3 for
model testing.

Statistical analysis of clinical characteristics was performed in SPSS 23 (IBM) by
one-way ANOVA (reported p-values are the outcome of the F-test) or chi-squared test.
Analysis of absolute metabolite concentrations was done in Graphpad Prism 7 by Kruskal-
Wallis test with post-hoc Dunn’s test. PCA, PLS-DA, hierarchical clustering, multiple linear
regression and linear mixed modeling were performed using R version 3.5.0. and the
following packages: mixOmics version 6.3.24%, Ime4 version 1.1.17%%, ImerTest version
3.0.16" and ggplot2 version 3.1.052
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Figure S1: Multilevel PCA for metabolomics data variance within subjects with the same sex
improves disease group separation.

(A) Score plot of the first two principal components of a PCA model built on the entire dataset
and colored for sex with confidence ellipses. Females are displayed as red dots and males as blue
triangles. (B-E) Score plots of the first two principal components of a multilevel PCA model for data
variance within “Sex’, colored for disease group membership (B), sex (C) or smoking status (D).
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Figure S2: Volcano plots of linear regression models versus metabolite fold changes.

Multiple linear regression models were fitted for each between disease group comparison, and
resulting -log-transformed p-values (g-values) are plotted against log2-transformed fold changes for
each metabolite: TB vs. HC (A), TB-DM vs. HC (B), TB-DM vs. TB (C). Each dot represents an individual
metabolite. Dot color represents direction and size of the fold change. The significance threshold
(g = 0.05) is displayed as a horizontal dotted line.
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Figure S3: Differences between the effect of early (0-8 weeks) versus late (8-26 weeks) anti-
TB treatment on patient plasma metabolic profiles.

Linear mixed models were fitted for the effect of 0-8 weeks or 8-26 weeks of anti-TB treatment
on metabolite levels in TB patients and TB-DM patients separately. (A-B) Beta-beta plots of
metabolite regression coefficients for the effect of anti-TB treatment in TB patients (x-axis) versus
TB-DM patients (y-axis) for 0-8 weeks (A) and 8-26 weeks (B) of treatment. Each dot represents
an individual metabolite. Dot color indicates whether the metabolite was significantly affected
by anti-TB treatment in TB patients (blue), TB-DM patients (red), both (purple) or not at all (grey).
Regression line with is displayed as a dashed line with 95% confidence interval. (C-D) Beta-beta plots
of metabolite regression coefficients for the effect of anti-TB treatment during 0-8 weeks (x-axis)
versus 8-26 weeks of anti-TB treatment (y-axis) in TB patients (C) and TB-DM patients (D). Each dot
represent an individual metabolite. Dot color represents whether the metabolite was significantly
affected by anti-TB treatment during weeks 0-8 (blue), 8-26 (red), both (purple) or not at all (grey).
(E) Absolute abundance of individual metabolites per group displayed as Tukey’s boxplots. For TB
and TB-DM patients metabolite levels are displayed at 0, 8 and 26 weeks post-treatment. Significant
differences between HC (n = 48) versus TB (n = 44) or TB-DM (n = 19) patients were determined by
Kruskal-Wallis test with post-hoc Dunn's test. * p = 0.05, *** p = 0.001, **** p = 0.0001.
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Figure S4: Metabolite association with CXR score.

ROC curves and AUCs of CXR score classification (mild/advanced lesions) for hexanoylcarnitine,
3-methoxytyrosine, hexadecenoylcarnitine, dodecenoylcarnitine and tertradecenoylcarnitine. Log-
transformed and standard deviation unit scaled metabolite abundances are displayed in boxplots.
Each dot represents an individual patient (black = TB, red = TB-DM) and the optimal cut-off as
determined by Youden’s statistic is displayed as a horizontal dotted line.
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Supplementary Table 2:

Internal standards: amines

Asn_C13N15

Asp_C13N15
L-ornithine-3,3,4,4,5,5,-d6
L-NT-methyl-d3-L-histidine
Glu_C13N15

Lys C13N15

Ser_C13N15
Beta-alanine-2,2,3,3,-d4
Tyr_C13N15

GIn_C13N15

Thr_C13N15
L-Methionine_C13N15
Arg_C13N15

Ala_C13N15

Val_C13N15

Gly_C13N15

Phe_C13N15

Trp_C13N15
Histamine-a,a,,3-d4 2HCI

L-2-aminobutyric acid-d6 acid

2-(4-hydroxy-3-methoxyphenyl) ethyl-1,1,2,2-d4-amine
L-lle_C13N15
Leu_C13N15

Internal standards: acylcarnitines
Carnitine-d3 HCI
Betaine-d3 HCI

Deoxycarnitine-d9 HCI
Acetyl-L-carnitine-d3 HCI

Butyryl-L-carnitine-d3 HCI

Octanoyl-L-carnitine-d3 HCI

Octadecanoyl-L-carnitine-d3 HCI
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The pathogenic success of Mycobacterium tuberculosis (Mtb) is tightly linked to its
ability to recalibrate host metabolic processes in infected host macrophages. Since
changes in cellular metabolic intermediates or pathways also affect macrophage
function in response to pathogens, we sought to analyse specific metabolic
alterations induced by Mtb infection. Stimulation of macrophages with Mtb lysate
or lipopolysaccharide (LPS) induced a relative increase in glycolysis versus oxidative
phosphorylation. Cellular metabolomics revealed that Mtb infection induced a
distinct metabolic profile compared to LPS in both M1 and M2 macrophages.
Specifically, Mtb infection resulted in elevated intracellular levels of nicotinamide
adenine dinucleotide (NAD"), creatine, creatine phosphate and glutathione
compared to uninfected control macrophages. Correspondingly, RNA-sequencing
datasets showed altered gene expression of key metabolic enzymes involved in
NAD", creatine, glucose and glutamine metabolism (e.g NAMPT, SLC6A8, HK2) in Mtb-
infected M2 macrophages. These findings demonstrate clear modulation of host
macrophage metabolic pathways by Mtb infection.
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Introduction

Mycobacterium tuberculosis (Mtb) is the causative pathogen of tuberculosis (TB) and
responsible for over a million deaths annually . Mtb is transmitted through inhalation of
aerosol particles and transported to the lungs, where it infects alveolar macrophages and
avoids eradication through interfering with innate antimicrobial mechanisms. Infected
cells are sequestered at the core of the TB granuloma as part of the hostimmune response,
a confined niche where Mtb can reside in a dormant state for decades before potential
disease reactivation @3, However, in order to persist Mtb must overcome the limitations set
by the anti-mycobacterial microenvironment of the granuloma, which include hypoxia ?
and nutrient scarcity ©. These conditions compel Mtb to switch from using carbohydrates
to lipids and cholesterol as primary carbon source during later stages of infection, as part
of its transition to a dormant state ¢, Several studies have demonstrated that Mtb is able
to reprogram macrophage metabolism, and these adaptations are thought to be essential
for its pathogenic success 1°12,

Besides providing the necessary nutrients, metabolic changes induced by Mtb
could also rewire the activation state and anti-microbial effector functions of infected
macrophages. Over recent years many studies in the emerging field ofimmunometabolism
have attempted to define the associations between macrophage metabolic states and
their immunological responses ¥, The outcome of macrophage immunometabolism is
largely determined by the balance between glycolysis and mitochondrial metabolism
through oxidative phosphorylation (OXPHOS) of tricarboxylic acid cycle (TCA)
intermediates %), Glycolysis is associated with classical pro-inflammatory macrophages
activated with IFNy and/or the Toll-like receptor (TLR) 4 ligand lipopolysaccharide (LPS) 19,
and OXPHOS with the alternatively activated anti-inflammatory phenotype induced by
theT 2 cytokines interleukin-(IL)-4 and IL-13 07, Activation of myeloid and T cells has been
demonstrated to enhance aerobic glycolysis %9, resembling a process first observed in
cancer cells by Otto Warburg and therefore known as the Warburg effect %, The Warburg
effect supports pro-inflammatory effector functions through rapid production of ATP
and other necessary metabolic intermediates. Several studies reported increased lactate
production or glycolytic enzyme expression in human and murine macrophages or lung
tissue after Mtb infection ©2%, implying that glycolysis is induced as part of the host anti-
mycobacterial response. However, stimulation with different pathogens or TLR ligands
has since been shown to lead to more complex metabolic phenotypes in myeloid cells
than what simply can be explained by the Warburg effect, including changes in lipid,
cholesterol and amino acid metabolism @%. Importantly, Mtb and other mycobacteria have
been shown to manipulate macrophage lipid metabolism, leading to the formation of
lipid-loaded foam cells which constitute a preferred niche for mycobacterial persistence @
11,26—28)‘

Considering the importance of metabolic adaptations for Mtb killing and survival,
several studies aimed to dissect the precise impact of the bacterium on macrophage
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metabolism by cellular metabolomics %3, However, these relied on phorbol 12-myristate
13-acetate (PMA)-activated macrophage-like THP-1 cells as a model for macrophage
infection, which significantly differ from primary macrophages in terms of polarization
and response to stimuli 233, To address this critical gap in knowledge, we have here
studied the effect of Mtb infection on primary human macrophage metabolism using not
only untargeted liquid chromatography-mass spectrometry (LC-MS) metabolomics but
also targeted 'H-nuclear magnetic resonance (NMR) spectroscopy ©4.

Results

Mtb lysate and LPS induced glycolytic metabolism in human macrophages

In vitro stimulation with TLR ligands or whole pathogen lysates is commonly used to
model immune cell activation in response to bacterial infection, and has previously been
demonstrated to modulate myeloid cell metabolism & 2%, To validate whether primary
human macrophage metabolism was truly affected by Mtb stimulation, macrophage
colony-stimulating factor (M-CSF)-derived primary human macrophages (M2) were
stimulated with Mtb lysate (10 pg/ml) as a model for Mtb infection and their metabolic
activity was analyzed using a Seahorse XF Analyzer. LPS (100 ng/ml), a TLR4 ligand
which is known to induce glycolysis in macrophages, and culture medium were used as
a positive and negative control for metabolic skewing, respectively. Cellular glycolysis
(Figure 1A), OXPHOS and spare respiratory capacity (SRC) (Figure 1B) were determined
after a series of injections with D-glucose, ATP synthase inhibitor oligomycin and
mitochondrial uncoupling agent FCCP. As expected, LPS stimulation showed a trend
towards increased glycolysis-related acidification, while simultaneously decreasing
macrophage mitochondrial respiration compared to medium control (Figure 1C&D), albeit
with a greater SRC (Figure 1E). Mtb lysate induced similar tendencies for both extracellular
acidification rate (ECAR)/oxygen consumption rate (OCR) ratio (Figure 1C&D) and SRC
(Figure 1E), although the magnitude of this effect was less pronounced compared to LPS.
Taken together, both stimulation with Mtb and LPS seem to result in metabolic skewing
towards increased glycolysis while simultaneously decreasing OXPHOS in primary human
macrophages.
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Figure 1: Stimulation with LPS or Mtb lysate induced a glycolytic shift in primary human
macrophages.

M2 macrophages were stimulated with medium (white circles), Mtb lysate (10 pg/ml; black circles)
or LPS (100 ng/ml; grey circles) for 24 hs. (A) Macrophage extracellular acidification rate (ECAR) and
(B) oxygen-consumption rate (OCR) were measured during sequential injections of D-glucose (10
mM), oligomycin (1 uM) and FCCP (2 pM). (C) Glycolysis (white bars) as determined by the difference
in ECAR pre- and post-glucose injection, and OXPHOS (grey bars) as the difference in OCR pre- and
post-oligomycin injection. (D) ECAR/OCR ratio. (E) Spare respiratory capacity as determined by the
difference in OCR pre-oligomycin and post-FCCP injection. Each symbol represents an individual
donor, and bars represent group medians (n=4). Data is depicted as medians with ranges (n = 4).
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Exploratory metabolomics of Mtb-infected macrophages

Since mycobacterial products are able to redirect macrophage metabolism, we sought
to further characterize the effects of live Mtb infection on macrophage metabolism using
exploratory metabolomics. Therefore, we generated a set consisting of granulocyte-
macrophage colony-stimulating factor (GM-CSF) (M1) and M-CSF (M2) differentiated
macrophages from six healthy blood bank donors which were either infected with Mtb-
H37Ryv, stimulated with lipopolysaccharide (LPS) or left untreated and subsequently
harvested at either 4 or 24 h post-infection for metabolite extraction. Supplementary
figure 1 (Figure S1A-D) shows an exploratory analysis of the resulting dataset (peak
intensities of 270 masses) by Principal Component Analysis (PCA); the resulting score plot
is colored according to main possible sources of variance in the LC-MS data. A dichotomy
in cell type indicating metabolic differences between M1 and M2 macrophages was
observed in the first two principal components, explaining 24% of total variance (Fig S1B).
However, high inter individual heterogeneity also strongly contributed to the variance
explained by the first two components. Therefore, a multilevel PCA model was fitted on
the dataset to separate the between-donor and within-donor data variation ©> (Figure
S1E-G). This model successfully reduced the donor related variability (Figure S1E), while
retaining the metabolic effects of cell type (Figure STF) within the first two components,
explaining 19% of total variance. To compensate for this difference in metabolic profile at
baseline between M1 and M2 macrophages, distinct multilevel PCA models were fitted for
both cell types (Figure S2) to visualize potential effects of Mtb infection or LPS stimulation.
The resulting score plots showed improved separation based on infection/treatment
status in M2 macrophages (Figure S2F), however this was not clearly observable in M1
macrophages (Figure S2C).

For a more focused analysis of the effect of Mtb infection or LPS stimulation on
macrophage metabolism, we performed group separation at specific time points per
stimulation using Partial Least Squares Discrimination Analysis (PLS-DA) and extracted
Variable Importance in Projection (VIP) scores from the resulting models to identify
which masses carried the highest classification weight for each individual comparison.
Separate multilevel PLS-DA models were built for each combination of cell type and time
point using treatment group status as class variable. Resulting score plots and cross-
validated model quality characteristics are displayed in Figure 2. All models showed
good predictive capabilities as evidenced by high Q2 and R2Y scores (> 0.5 and > 0.8
respectively), signifying clear metabolic effects of both Mtb infection and LPS stimulation
for each cell type and time point compared to untreated control. Next, VIP scores were
extracted from the first component of each PLS-DA model to examine which measured
variables explained the largest proportion of data variance in each model. Volcano plots
of metabolite VIP scores versus their respective regression coefficients for each individual
PLS-DA model are displayed in Supplementary Figure S3. In total, 46 masses reached a
combined high VIP score of > 2 and associated regression coefficient of > 0.1 or<-0.1 in at
least one model.
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Figure 2: PLS-DA models of M1 and M2 macrophages after 4 h or 24 h of Mtb infection or LPS
stimulation.

M1 and M2 macrophages were either infected with Mtb at a MOI of 10:1, stimulated with LPS (100
ng/ml) or left untreated. Cells were lysed at 4 h and 24 h post-infection/stimulation and intracellular
metabolites were subsequently extracted and measured by LC-MS. Multilevel PLS-DA models
were fitted for each group/time point comparison in M1 and M2 macrophages and score plots
of the resulting eight models with associated quality metrics (Q2/R2Y/R2X) are displayed. Each
point represents one technical replicate derived from six biological blood bank donors. Untreated
samples are depicted as green squares, LPS stimulated samples as blue triangles and Mtb infected
samples as red dots.
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To verify the discriminatory capacity of this selection of masses, separate PLS-DA
models were fitted on all combined samples derived from either M1 or M2 macrophages
using only these 46 variables (Figure 3A&C). Both cell type models still showed good class
separation of Mtb-infected cells at 4 and 24 h and LPS-treated cells at 24 h compared to
untreated controls samples based on the first two components. Circle correlation plots
visualizing the correlation between individual variables and the first components revealed
20 and 12 metabolites in M1 (Figure 3B) and M2 (Figure 3D) macrophages, respectively,
with relatively good correlation scores (= 0.5), which combined constituted a total of
21 unique masses. Tentative annotations of these masses with degree of certainty are
shown in Table 1, and boxplots of metabolite peak areas are displayed in Supplementary
Figure S4. In both cell types, LPS treatment was associated with increased levels of masses
annotated as adenosine (X265, m/z = 269.104), nicotinamide (X32, m/z = 123.055) and
propionylcarnitine (X166, m/z = 218.138), while Mtb infection showed high correlation
with relatively large masses (X489, m/z = 382.189; X579, m/z = 458.249; X586, m/z =
470.241) which could not be annotated based on database searches. These unknown
structures are fragments of either proteins or lipids for which the number of possible
assignments cannot be reduced to a minimum required for tentative annotation.

Table 1: Tentative annotation of selected masses.

Nr. m/z ID Adduct Error (ppm) ID level
X14 104.107 Choline H+ 6 3
X23 116.071 Proline H+ 1 2
X32 123.055 Nicotinamide H+ 1 2
X44 133.061 L-Asparagine H+ 2 2
X53 142.026 Dimethylglycine K+ 3 2
X59 146.996 NA - - 4
X66 149.063 Glutamate H+ 1 2
X113 184.073 3-Dehydroxycarnitine K+ 1 3
X166 218.138 Propionylcarnitine H+ 1 3
X225 249.045 Unknown peptide H+ - 4
X243 258.110 Glycerophosphocholine H+ 1 3
X254 263.086 Hydroxysebacate 2Na-H 3 3
X265 268.104 Adenosine H+ 1 3
X292 280.092 Glycerophosphocholine Na+ 1 3
X489 382.189 Unknown peptide - - 4
X491 383.101 NA - - -
X494 385.175 NA - - -
X502 388.269 NA - - -
X525 415.224 NA - - -
X579 459.249 NA - - -

X586 470.241 NA - - -
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Figure 3: Group separation by selected metabolites with high Variable Importance for
Projection (VIP) scores.

Multilevel PLS-DA models were fitted on all samples using a selection of 46 metabolites which
reached VIP scores of = 2 and associated regression coefficients of < -0.1 or = 0.1 in any pairwise
PLS-DA model described in Figure 2. Score plots of the resulting model for M1 (A) and M2 (C)
macrophages (M2) are displayed. Untreated samples are depicted as green squares, LPS stimulated
samples as blue triangles and Mtb infected samples as red dots. Shade of symbol color reflects time
point (4 h = light, 24 h = dark). Strongly correlated metabolites (threshold: > 0.5) are displayed in
circle plots for both the M1 (B) and the M2 (C) PLS-DA model.
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Targeted metabolomics of Mtb-infected macrophages by '"H-NMR spectroscopy
While the LC-MS approach clearly demonstrated that Mtb infection greatly impacts the
metabolome of infected macrophages beyond the increase in glycolysis, the untargeted
metabolic profiling often enables only a tentative structural annotation. Therefore, to
complement our untargeted dataset, we employed 'H-nuclear magnetic resonance (NMR)
spectroscopy to further dissect the metabolic effects of Mtb infection in M2 macrophages
compared to uninfected control samples at 4 h and 24 h post-infection. While not as
sensitive as mass spectrometry, '"H-NMR spectroscopy is nonetheless quantitative and
known for its robustness (34).

Separate linear random intercept models were fitted for each individual
metabolite to model the interaction between infection status (Mtb vs uninfected) and
time (24 h vs 4 h) (Figure 4A). Significant interactions were detected for four metabolites,
creatine (g = 9.09E73), glutathione (g = 0.014), nicotinamide-adenine-dinucleotide (NAD*)
(g =0.029) and taurine (g = 0.029), all of which increased between 4 and 24 h in infected
macrophages but either decreased or did not change in uninfected controls (Fig, 4E).
Together with creatine-phosphate and myo-inositol, these metabolites constituted the
top six most elevated factors in Mtb-infected versus uninfected macrophages according
to median log,-transformed fold changes (Figure 4D&E). Next, we fitted linear mixed
models without interaction term to analyze the fixed effects of infection and time. The
disaccharide trehalose, an important component of mycobacterial cell-wall glycolipids
(35), was only detected in infected macrophages and therefore significantly associated
with Mtb infection (g = 2.26E3) (Figure 4B). Various metabolites showed a significant
positive association with time (Figure 4C), including sn-glycero-3-phosphocholine (g =
4.50E3), choline (g = 0.023), creatine phosphate (g = 0.032), pyroglutamate (g = 0.032) and
lactate (g = 0.033), although the magnitude of this increase could vary based on infection
status (Figure 4E).

As macrophage activation with Mtb lysate induced a relative increase in
extracellular acidification indicative of anaerobic glycolysis, we wondered whether
live Mtb infection would also trigger similar changes in glycolytic intermediates. While
glucose levels were lower in Mtb-infected macrophages in 3/4 donors at both 4 h and 24
h, the lactate/glucose ratio was increased in all donors at 24 h (median increase of 81%)
(Figure 4F), indicative of increased glucose utilization for ATP production by anaerobic
glycolysis 9, which is congruent with the results from Figure 1. Additionally, extracellular
lactate concentrations were elevated in all donors at 24 h post-infection (Figure 4F). As
only one intermediate of the TCA cycle was detected (succinate) which in itself did not
show obvious modulation by Mtb infection, the relative mitochondrial activity could not
be assessed in a similar fashion. However, we did observe a decreased glutamine (GIn) to
glutamate (Glu) ratio (Figure 4F), reflecting increased glutamine catabolism.
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Figure 4: Targeted 'H-NMR spectroscopy analysis of Mtb-infected M2 macrophages.

M2 macrophages were infected with Mtb at a MOI of 10:1 or left uninfected. Cells were lysed at 4 h
and 24 h post-infection and intracellular metabolites were subsequently extracted and measured by
'H-NMR spectroscopy. Linear random intercept models for fitted for each metabolite to investigate:
(A) the interaction between infection and time (Mtb:Time), or the separate fixed effects of (B) Mtb
infection or (C) time. Resulting -log-transformed FDR-corrected p-values (g-values) are plotted
against the regression coefficient estimate for each metabolite in volcano plots. (D) Heatmap of
log,-transformed metabolite fold changes (Mtb / uninfected). Metabolites are sorted by average
median fold change at 24 h. Individual donors are presented in greyscale. (E) Absolute levels of
creatine, creatine phosphate, glutathione, NAD*, taurine, myo-inositol, glucose and pyroglutamate
(mmol/L) in Mtb-infected macrophages (grey bars) or uninfected controls (white bars) at 4 h and
24 h. (F) Extracellular lactate concentrations and relative ratios of lactate/glucose and glutamate/
glutamine (Glu/GIn). Each dot represents an individual donor, and measurements from matching
donors are connected by black lines. Bars represent group medians.
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Mtb-induced metabolic changes are reflected by the macrophage transcriptome
Finally, we wondered whether the observed metabolic changes induced by Mtb infection
were reflected by alterations in macrophage gene expression levels. To study this, we
analysed the results of previously published expression profiling of M2 macrophages
infected with Mtb-H37Rv (n = 6) performed by Blischak et al. (37) for differentially
expressed genes involved in glycolysis, NAD*, creatine and glutamine metabolism, and
compared their expression profiles to an exploratory RNA-seq dataset of Mtb-infected
M1 and M2 macrophages acquired using our own specific Mtb infection model. Gene
expression profiles showed significant linear correlation between both datasets, especially
for M2 macrophages at 24 h (Figure S5). In both sets, Mtb infection was associated with
differential expression of NAD*-consuming enzymes, such as cyclic ADP ribose hydrolase
(CD38) and various members of the poly (ADP-ribose) polymerase (PARP) and sirtuin
(SIRT) protein families (Figure 5A). Congruent with the observed increase in intracellular
NAD* levels, genes involved in NAD* biosynthesis were strongly upregulated during Mtb
infection, including nicotinamide phosphoribosyltransferase (NVAMPT) and indoleamine
2,3-dioxygenase 1 (IDOT), rate-limiting enzymes of the NAD* salvage and kynurenine
pathway respectively. In contrast, expression of quinolate phosphoribosyltransferase
(QPRT), which catalyzes quinolinic acid conversion downstream of IDO1, was decreased.
With regard to creatine metabolism, expression of creatine synthesis enzyme genes
GATM and GAMT decreased as a result of Mtb infection, while the creatine transporter
SLC6A8 and creatine kinase (brain-type, CKB) were increased, most notably in our M2
infection model (Figure 5B). Furthermore, Mtb infection induced expression of genes
known to control glycolytic flux (38), namely glucose transporter 1 (GLUT1) and 3 (GLUT3),
hexokinase 2 (HK2), 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3)
and monocarboxylate transporter 4 (MCT4) (Figure 5C), which is again in agreement with
the NMR metabolic data. Finally, Mtb modulated expression of various genes involved in
glutamine metabolism in both datasets, including members of the hexosamine (GFPTT and
GPFT2) and glutathione synthesis (GCLC and GCLM) pathways (Figure 5D), corresponding
with the increased levels of intracellular glutathione after Mtb infection. Taken together,
we find that Mtb infection results in clear metabolic changes in macrophages, including
alterations in NAD", creatine, glucose and glutamine metabolism, which can be connected
to corresponding changes in metabolic gene expression patterns.
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Figure 5: Mtb modulates gene expression of key metabolic enzymes in infected

macrophages.

Expression profiles of genes involved in (A) NAD+ consumption and synthesis, (B) creatine
metabolism, (C) glycolysis and (D) glutamine metabolism from a previously published RNA-seq
dataset (Blischak et al. 2015) (37) of M2 macrophages at 4, 18 and 48 h post-Mtb infection and an
exploratory RNA-seq dataset derived from our M1/M2 Mtb infection model. Expression data is
displayed as log2-transformed fold changes of Mtb infected vs non-infected macrophages. Up-
and downregulation of genes is displayed by a color gradient (up = red, down = blue). Differential
expression results (FDR-corrected p-values) from Blischak et al. are reflected by circle size.
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Discussion

Since the emergence of the multidisciplinary field of immunometabolism, a growing
body of evidence has accumulated connecting specific aspects of cellular metabolism to
macrophage activation and functions in response to danger signals or microbes. While
we were able to validate that LPS and activation with Mtb lysate resulted in a relative shift
toward increased glycolysis in primary macrophages, many of the published findings
in the literature have yet to be translated to infections of primary human cells with live
pathogens. Here, we contribute to this knowledge gap by employing both untargeted LC-
MS metabolomics and targeted 'H-NMR spectroscopy to investigate the effect of live Mtb
infection on macrophage metabolism. PLS-DA modeling of untargeted metabolomics
data demonstrated that both Mtb infection and LPS stimulation were associated with
marked changes in the cellular metabolome in both M1 and M2 macrophages. Tentative
annotation of changed metabolites indicate increased levels of adenosine, nicotinamide
and propionylcarnitine in LPS-stimulated M1 and M2 macrophages. Mtb infection was
strongly associated with increased levels of relatively large masses, however these could
not be annotated based on current metabolite databases and potentially constitute
Mtb-derived protein fragments or lipids, one of which was identified as trehalose using
quantitative '"H-NMR measurements. The latter also revealed various changes in specific
metabolites in Mtb-infected versus uninfected macrophages, including NAD*, creatine
and glutathione, which could be linked to changes in gene expression as determined by
analysis of RNA-seq datasets.

Levels of NAD*, an important cofactor in many cellular pathways, were elevated
in Mtb-infected macrophages. Mtb has been demonstrated to secrete toxins which can
induce macrophage necrosis through NAD*-depletion 49, In addition, recent studies
have highlighted the importance of sustaining adequate NAD* levels for pro-inflammatory
macrophage function. Reactive oxygen species (ROS) produced during inflammatory
activation were shown to induce DNA damage in macrophages, leading to PARP activation
and depletion of NAD* pools (41). NAD*salvage through activation of NAMPT was required
for maintaining glycolytic flux and inflammatory functions. Furthermore, NAD* synthetic
capacity was reduced in aged mice compared to young controls, indicating that changes
in NAD* metabolism could play a role during aging-associated immune dysregulation
“2) Qur results imply increased activity of NAD* biosynthesis pathways as a result of Mtb
infection. This result is corroborated by analysis of independent RNA-seq datasets, which
showed increased expression of genes involved in NAD* synthesis and salvage, including
IDO1 and NAMPT. Interestingly, expression of QPRT was decreased in M2 macrophages,
an effect which was found to limit de novo NAD* synthesis through the kynurenine
pathway in LPS-stimulated macrophages “?. As the general interest in the therapeutic
potential of NAD*-boosting drugs is on the rise “?, these results call for further studies on
the importance of macrophage NAD* metabolism during Mtb infection, in view also of
potential application in host-directed therapeutic strategies.



Analyzing the impact of Mycobacterium tuberculosis infection on primary
human macrophages by combined exploratory and targeted metabolomics | 197

Besides NAD*, intracellular levels of the anti-oxidant glutathione (GSH; reduced
form) also increased during macrophage Mtb infection. Glutathione is produced as part
of the cellular redox response to increased levels of ROS and regulates macrophage anti-
mycobacterial functions both through direct anti-microbial effects and by serving as
a carrier of nitric oxide (NO) “4. Furthermore, Mtb-infected cells showed an increase in
glutamine catabolism via its conversion to glutamate. The latter is a precursor for the de
novo synthesis of glutathione and together with the increased intracellular GSH, point
to a metabolic switch caused by Mtb infection towards the synthesis of glutathione “,
As glutamine has been reported to regulate macrophage cytokine production “¢ and
support M2 polarization #”, increased glutamine catabolism could potentially modulate
macrophage cytokine responses to Mtb, although the resulting net effect on mycobacterial
bacterial survival is unclear. Intracellular levels of creatine and creatine phosphate were
also increased after 24 h of Mtb infection. The creatine phosphate system constitutes a
spatiotemporal buffer for intracellular ATP concentrations, mostly in tissues with high
energy consumption such as skeletal muscle and brain “®., Creatine phosphate was also
shown to be involved in cytoskeletal dynamics “*% and macrophage phagocytosis ©",
possibly through increased localization of CKB to nascent phagosomes 2. The observed
increase in creatine phosphate and CKB expression could therefore be a reflection of
macrophage phagocytic activity. Additionally, creatine is synthesized from arginine,
and increased creatine production could reduce intracellular availability of arginine for
anti-bacterial NO production ©3. However, as creatine synthesis in vivo occurs through
respective actions of GATM of GAMT in the kidneys and liver, the elevated creatine levels
could also be the result of increased expression of the creatine transporter SLC6A8, as
was observed in the RNA-seq analysis. Finally, the intracellular lactate/glucose ratio was
elevated during Mtb infection, further evidencing an increased glycolytic flux from glucose
to lactate. These findings are corroborated by a recent study which also reported increased
levels of lactate and glutamine-derived metabolites in Mtb lysate-stimulated peripheral
blood mononuclear cells ®¥. Interestingly, while increased glycolysis has been linked to
improved Mtb clearance ", a recent paper demonstrated that Mtb can utilize lactate as a
source of carbon for intracellular replication in macrophages ®%, calling for more extensive
studies on the role of lactate production during macrophage Mtb infection.

Our study has several limitations that need to be discussed. Firstly, it was not
possible to differentiate whether metabolites were of mycobacterial or human host origin
in our experimental setup, with the exception of metabolites such as trehalose that can
only be of mycobacterial origin, and were only detected in Mtb infected macrophages.
However, we consider major mycobacterial contributions to metabolite levels unlikely
due to the large difference in cell volume between macrophages and infecting Mtb.
Furthermore, the majority of our observed changes (e.g. elevated creatine, glutathione,
NAD+) manifested predominantly with prolonged infection time, which could be
considered an argument against being mycobacterial metabolites as these were also
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present and likely measurable at 4h, in a similar fashion to trehalose. Secondly, we were
unable to perform extracellular flux analysis during live Mtb infection due to biosafety
restrictions and therefore used Mtb lysate as a model for infection. While the observed
increase in ECAR/OCR ratio is corroborated by other studies using y-irradiated Mtb "
%9, this result was contradicted by a recent paper which reported an overall decrease in
macrophage bioenergetic profile during live Mtb infection . Although we find that a
potential role of toxicity on these results is not conclusively excluded by the authors,
it would still be important to compare the effects of Mtb lysate stimulation to those of
live Mtb infection in future experiments. Lastly, it is unclear how accurately the observed
metabolic responses of human monocyte-derived macrophages reflect those of alveolar
macrophages in vivo. Results from mouse studies are suggestive of a model in which
the metabolic response of macrophages to Mtb infection is largely dependent on their
ontology (58). Therefore, it would be of great interest to study whether our results are
reproducible using primary tissue-resident macrophage populations.

In conclusion, live Mtb infection induces pronounced metabolic changes in
primary human macrophages, including activation of NAD* and glutathione synthesis,
glycolysis, glutaminolysis and the creatine phosphate pathway. Whether these changes
benefit the host or the bacterium could not directly be inferred from these experiments
and needs to be studied further: follow-up experiments using small-molecule inhibitors
or small interfering RNAs (siRNAs) which target key enzymes of these pathways will be
necessary to gauge their exact involvement in the macrophage anti-mycobacterial
immune response.

Materials & Methods

Study design and sample collection

All experimental procedures were performed according to local and national guidelines
on the work with pathogenic mycobacteria. Infection experiments with Mycobacterium
tuberculosis H37Rv were performed as approved by the local biosafety officer and following
the BSLIII permit granted to LUMC by the Dutch government.

Monocytes were isolated from buffy coats obtained from Sanquin blood products
(Amsterdam, The Netherlands). The medical ethical review board of LUMC has approved
use of buffy coats, remaining after blood donation, for scientific purposes. Healthy donors
donating their blood have provided written informed consent for scientific use of their
blood products.
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Monocyte isolation and differentiation

CD14* monocytes were isolated from buffy coats of healthy blood bank donors by positive
selection using an autoMACS Pro Separator (Miltenyi Biotec BV, Leiden, The Netherlands).
Monocytes were differentiated into macrophages using 50 ng/ml M-CSF (Miltenyi Biotec)
or 5 ng/ml GM-CSF (Miltenyi Biotec) for six days at 37°C/5%CO,. Cells were cultured in
RPMI-1640 medium supplemented with 10% fetal calf serum (FCS), 100 units/ml penicillin
and 100 pg/ml streptomycin and GlutaMAX (Gibco, Thermo Fisher, Merelbeke, Belgium).
After differentiation macrophages were harvested by trypsinization and seeded in
multiwell plates. As a quality control, macrophages were stained for surface expression
of CD14 and CD163 and acquired on a BD LSRFortessa flow cytometer (BD Biosciences,
Erembodegem, Belgium).

Seahorse extracellular flux (XF) analysis

For cellular metabolic flux analysis, macrophages were stimulated overnight with either
medium, 100 ng/ml LPS or H37Rv Mtb lysate (10 ug/ml) and measured on a Seahorse
XF96 Analyzer (Seahorse Bioscience, North Billerica, MA, USA). Cell culture medium
was replaced with RPMI without buffer and glucose supplemented with 5% FCS and
L-glutamine and macrophages were incubated in a 37°C dry incubator for one hour before
start of measurements. Macrophage oxygen consumption rates (OCR) and extracellular
acidification rates (ECAR) were determined in real-time throughout consecutive
injections of D-glucose (10 mM), oligomycin (1 pM) and FCCP (2 uM). Acidification due to
glycolysis was calculated as the difference in highest ECAR measurements pre- and post-
glucose injection. Oxygen consumed for ATP production by oxidative phosphorylation
was calculated as the difference between highest OCR measurements pre- and post-
oligomycin injection. In case of obvious injection errors the affected measurements were
excluded from the analysis.

Mtb H37Rv culture and infection

Mtb H37Rv cultures were grown to mid-log phase in Middlebrook 7H9 liquid medium
(Difco, BD Biosciences) supplemented with albumin/dextrose/catalase (ADC) (BBL, BD
Biosciences). Bacterial concentrations were determined by measuring the culture optical
density at 600nm ©°. Macrophages were infected with H37Rv at a multiplicity of infection
(MOI) of 10:1 for 1 hour at 37°C, after which the cells were washed twice with medium
containing 30 pg/ml gentamicin and further cultured for 4 or 24 h in fresh medium
containing 5 pg/ml gentamicin. MOl was confirmed by plating a dilution series of the
inoculum on 7H10 square agar plates supplemented with oleate/albumin/dextrose/
catalase (OADC) (BBL, BD Biosciences) ©9.
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Sample preparation for LC-MS

Macrophages were seeded in 24-well plates at a density of 300,000 cells/well and either
infected with Mtb, stimulated with LPS (100 ng/ml; Thermo Fisher) or left untreated. At 4
and 24 h post-infection/stimulation, macrophages were washed with ice-cold 1% NaCl
and subsequently lysed in water by osmotic pressure for 15 minutes at 4°C. Lysates were
thoroughly resuspended and mixed with pre-heated 80% ethanol at a 1:3 ratio (end
concentration: 60% ethanol) in polypropylene screwcap tubes and subsequently heated
for 10 min at 90°C. Samples were chilled for 10 minutes on ice before centrifugation at
13.2 x 1000 rpm for 10 minutes at 4°C, after which the supernatants were harvested and
stored at -80°C for subsequent LC-MS analysis.

LC-MS/MS measurements and metabolite annotation

Samples were randomized before the analysis. The acquisition sequence was designed
using a standard block structure: the material was injected by the blocks of five samples
flanked by the QC pool samples. Fifty pL of each sample or QC pool were injected into the
RPLCQ-TOF system (Ultimate 3000RS tandem Ultra High Performance Chromatography
system, Thermo Scientific/Dionex, Amsterdam, Netherlands; Electrospray lonization —
Ultra High Resolution - Time of Flight mass spectromter maXis, Bruker Daltonics, Bremen,
Germany). The details of the RPLC-Q-TOF method have previously been reported (60).
Pre-processing of the raw data (alignment of retention time, peak picking, filtering and
normalization) was performed on the files converted into mzxml format. Retention time
was aligned using the msalign package ©" keeping the mass error parameter at 5 ppm.
Peak picking and grouping were done within the XCMS package using centWave function
62 A final data matrix included only the features with a relative standard deviation < 0.3
within the QC pool. Finally, we manually removed the signals corresponding to the HEPES
clusters and anticipating the potential difficulties with structural annotation, which are
known for the of the untargeted profiling data, we filtered out the last quarter of the
chromatogram.

Metabolite annotation was carried out according to the minimal reporting
standards (63). The Smart Formula tool within the Data Analysis software (version 4.1) as
usedfortheinitialion annotation based on accurate mass (mass error < 5 ppm) and isotopic
distribution (sigma value < 20). The results were matched against online metabolomics
databases (METLIN, Human Metabolome Database, MassBank). When possible the hits
were confirmed with MS-MS experiments of the sample with the highest intensity for
each of the putative metabolites and the reference standards. MS—-MS experiments were
performed on the same RPLC-Q-TOF instrument in auto MS-MS mode.

Sample preparation for '"TH-NMR spectroscopy
Macrophages were seeded in 24-well plates with 300,000 cells/well and either infected
with H37Rv or left untreated. At 4 and 24 h post-infection, supernatants were harvested
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and the cells were washed once quickly with ice-cold PBS. Macrophages were rapidly
quenched with liquid nitrogen and the plates were stored at -80°C. Supernatants were
filter-sterilized using 2 pM filter plates, mixed with methanol chilled at -80°C at a ratio of
1:3 and subsequently stored at -80°C. On the day of metabolite extraction, plates were
put on ice and 300 pl 90% methanol/chloroform 9:1 was added to each well and cells
were scraped thoroughly with a pipette tip before transferring of samples to eppendorf
tubes. Samples were chilled for 10 minutes on ice before centrifugation at 13.2 x 1000
rpm for 15 minutes at 4°C, after which the supernatants were harvested and put on ice.
Dry protein pellets were stored at -20°C and protein concentrations were determined
by bicinchoninic acid assay (BCA) (Pierce, Thermo Fisher) according to manufacturer's
instructions. Supernatant/methanol samples from the -80°C were centrifuged at 13.2 x
1000 rpm for 30 minutes at 4°C, after which supernatants were collected and also put
on ice. Both cellular- and supernatant- extracts were then dried by nitrogen stream and
stored at -80°C until day of measurement.

'H-NMR spectroscopy

NMR analysis of the intracellular metabolites was carried out as described previously
%, Briefly, the dried extracts were reconstituted in 250 ul of 0.15 M K HPO,/KH,PO,
buffer (pH = 7.4) in 99.9% deuterated water (D,0), including 0.2 mM NaN, and 0.4 mM
trimethylsilylpropionic acid sodium salt (TSP-d4), and transferred to 3-mm NMR tubes.
NMR data were recorded on a 14.1 T NMR spectrometer (600 MHz for 'H; Bruker Avance
I) under standardized conditions for all samples. All spectra were processed for phase
and baseline correction and referenced to TSP-d4. One-dimensional (1D) spectra were
imported into Chenomx NMR suit 8 (Chenomx Edmonton, Canada) for quantification.
Metabolites were identified based on the Bbiorefcode (Bruker Biospin) and the Chenomx
databases as well as in-house reference spectra. The concentrations of the quantified
metabolites (mM) were normalized to the protein mass per sample.

RNA-sequencing

Total RNA was extracted from of M1 and M2 macrophages either uninfected or infected
with Mtb in triplicate from a single blood bank donor using TRIzol Reagent (Thermo Fisher)
at 4 and 24 h post-infection and purified using RNeasy MinElute Cleanup Kit (Qiagen, The
Netherlands). The concentration and purity of RNA was evaluated by NanoDrop 2000
(Thermo Fisher). RNA-seq was performed using an lllumina Hi-Seq 2500 as previously
described ©¥. The RNA-seq data were mapped versus the human genome (version
GRCH38) and tag counts were performed by Bowtie 2 using GeneTiles software (http://
www. genetiles.com) ©9. Normalization and gene expression analysis was performed
using the R package DESeq?2 ©®,
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Statistical analysis

All statistical methods were performed in R (version 3.5.0) or GraphPad software (version
7.02, Prism, La Jolla, CA, USA). Morpheus (https://software.broadinstitute.org/morpheus)
was used to generate the NMR metabolite heatmap. The following R packages were used:
(multilevel) PCA and PLS-DA modeling was performed using mixOmics version 6.3.2 ©7,
linear mixed models were fitted using Ime4 version 1.1.17 ®® and ImerTest © version 3.0.1,
and graphical output was constructed using ggplot2 version 3.1.0 79,
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Figure S1: PCA models of untargeted LC-MS metabolomics.

Score plots of the first two components of a standard (A-D) and a multilevel PCA (E-H) model built
on the entire dataset. Samples are color coded by donor (A&E), cell type (B&F), time point (C&G) or
group membership (D&H).
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Figure S2: Separate multilevel PCA models by cell type.

Score plots of the first two components of multilevel PCA models built for M1 (A-C) or M2
macrophages (D-F). Samples are color coded by donor (A&D), time point (B&E) or group membership
(C&F).
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Figure S3: PLS-DA model volcano plots.

VIP scores and associated regression coefficients were extracted from Mtb- and LPS-derived
multilevel PLS-DA models for each metabolite at 4 h and 24 h and displayed as volcano plots. VIP
score and regression coefficient cut-offs levels of 2 and -0.1/0.1 are shown as horizontal and vertical
dashed lines respectively.
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Figure S4: Abundance of selected metabolites in M1 and M2 macrophages.

Peak area results of 21 masses with high correlation scores (= 0.5) in the final M1 and M2 PLS-DA
models. Results are displayed in Tukey’s boxplots for untreated (white), Mtb-infected (light gray) and
LPS-stimulated (dark gray) M1 or M2 macrophages at 4 and 24 h.
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Figure S5: Metabolic gene expression profiles of Blischak et al. and exploratory M1/M2 RNA-
seq data showed high positive correlation.

Comparison of macrophage gene expression profiles of 53 metabolic genes during Mtb infection
between Blischak et al. (37) and the exploratory M1/M2 RNA-seq dataset. Correlation between: (A)
M1 macrophages (4 h) versus Blischak et al. (4 h), (B) M1 macrophages (24 h) versus Blischak et al.
(18 h), (C) M1 macrophages (24 h) versus Blischak et al. (48 h), (D) M2 macrophages (4 h) versus
Blischak et al. (4 h), (E) M2 macrophages (24 h) versus Blischak et al. (18 h) and (F) M2 macrophages
(24 h) versus Blischak et al. (48 h). Expression data is plotted as log,-transformed fold changes of
Mtb infected vs non-infected macrophages with linear regression line and 95% confidence interval.
Individual genes are depicted as dots. Pearson correlation coefficient (r) and associated p-value are
displayed for each comparison.
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Introduction

Diabetes mellitus type 2 (DM) is a major risk factor for developing active tuberculosis (TB)
disease, yet the causal mechanisms driving this association remain largely elusive. As the
incidence of DM is rising, especially in TB endemic countries, it is important to identify
the relevant immunological and metabolic processes that underlie TB-DM comorbidity,
because such insights will facilitate optimal treatment, diagnosis and prevention. In this
thesis, we have started to unravel key factors underlying the association between TB
and DM using two approaches. Firstly, we identified and analyzed human macrophage
subsets and studied the interactions between these human cells and a major pathogen,
Mycobacterium tuberculosis (Mtb), and the specific metabolic changes involved using well-
controlled in vitro systems. Next, we employed metabolomics to determine the impact of
concurrent TB-DM on circulating metabolites in patient cohorts ex vivo. Here we discuss
and synthesize these results (summarized in Figure 1) and discuss their implications for
TB-DM biology, treatment, diagnosis and prevention.
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Human macrophages and macrophage subsets as a model for TB(-DM)
Macrophages are key players during the Mtb infection cycle as they are the preferential
habitat of Mtb. For this reason, many TB researchers use primary macrophages as a model
to study Mtb infection dynamics in vitro. An important hallmark of macrophages is their
high functional plasticity, which also governs their capacity to eradicate intracellular
pathogens such as Mtb. While originally classified as either pro-inflammatory M1 or anti-
inflammatory M@2, there has recently been increasing appreciation of higher diversity
within the macrophage activation spectrum (1, 2). As imbalances in tissue macrophage
polarization have been demonstrated to exacerbate various diseases including TB (3),
targeting macrophage differentiation holds merit as a potential therapeutic approach.
The importance of macrophage function in the infectious process of Mtb is illustrated
in Chapter 2, in which we characterized various M@2 subsets. We identified M@2b
macrophages (induced by combined exposure to lipopolysaccharide (LPS) and IgG +
ovalbumin immune complexes) as a polarized subset with potent antimicrobial activity
against both Mtb and Salmonella Typhimurium, and unexpectedly, with a relatively
poor capacity to induce Th1 and Treg responses compared to M¢2a/c/d. The observed
reduced bacterial load was not the result of diminished phagocytosis. Proteomics and
transcriptomics analyses both showed that M@2b macrophages were characterized by
a marked type | interferon signature, and they secreted relatively high levels of vascular
endothelial growth factor (VEGF), an important mediator of granulomatous inflammation
and angiogenesis in both mice (4) and zebrafish (5), in response to stimulation with a
mixture of LPS, interferon-y (IFN-y) and Mtb lysate. Moreover, repolarization of M2
subsets towards M@2b successfully induced an anti-mycobacterial phenotype, indicating
that M@2b polarization could potentially be targeted as host-directed treatment of
infectious diseases.

As macrophage polarization is strongly intertwined with cellular metabolism,
this also provides an interesting model for studying TB-DM interactions. First, we
examined whether hyperglycemia, the major hallmark of DM, could directly modulate
functional macrophage cytokine responses to, or macrophage infection by Mtb (Chapter
3). Fasting blood glucose levels normally range between 4.4-6.6 mM in non-diabetics, but
can reach levels as high as 25 mM during diabetic hyperglycemia. Many DM-associated
complications can be attributed to hyperglycemia, including diabetic ketoacidosis and
micro- and macrovascular disease (6). We found that in vitro differentiation of human
macrophages under high glucose conditions (25 mM D-glucose) increased M@2 cytokine
production (TNF-g, IL-6, IL-10, IL-TRA) in response to stimulation with LPS or Mtb lysate.
Similar results have been obtained by other groups using both primary macrophages
(7) and THP-1 cells (8). However, high glucose levels did not affect macrophage cytokine
production or mycobacterial outgrowth after live Mtb infection. Furthermore, while
several studies previously reported impaired macrophage phagocytosis as a result of
hyperglycemia (9, 10), we did not observe significant differences in uptake of fluorescent
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beads or mycobacteria when comparing macrophages cultured in hyperglycemic to
euglycemic conditions.

Taken together, these results do not support a direct role for hyperglycemia
during DM-associated TB. However, as is intrinsic to all in vitro research, our model of DM-
associated hyperglycemia is reductionist in nature, calling for careful interpretation of its
results. Firstly, only the direct effect of high glucose levels on macrophages was assessed,
while other cell types and cell-cell interactions involved in TBimmunity were not taken into
account. Hyperglycemia has previously been shown to hamper neutrophil mobilization
(11) and antibacterial activity (12), reduce immunoglobulin production by B cells (13)
and induce T cell hyperresponsiveness (14). Secondly, it can be questioned whether a
relatively short term incubation under hyperglycemic conditions accurately mimics the
metabolic complexities of chronic DM in vivo, which also elicit changes in epigenetics (15).
It would be of interest to study whether the observed phenotypes from Chapter 3 can be
recapitulated ex vivo using cells and/or serum from DM patients. For example, metabolic
activation of macrophages by combined exposure to high glucose levels, insulin and
palmitate resulted in a distinct pro-inflammatory phenotype which resembled adipose
tissue macrophages isolated from obese humans and mice (16, 17). Finally, only the direct
effects of hyperglycemia on macrophage function and Mtb infection were assessed.
Potential indirect effects of high circulating glucose levels include the formation of
advanced glycation end-products (AGEs), which can modulate macrophage inflammatory
pathways (18, 19) and have been implicated in TB-associated hyperglycemia and disease
severity (20). In conclusion, while our results clearly showed that hyperglycemia did not
directly promote macrophage Mtb infection in vitro, other effects of hyperglycemia during
TB-DM pathogenesis in vivo cannot be excluded.

Lipids in TB-DM: parallels between TB and atherosclerosis

As we did not find evidence for direct modulation of macrophage Mtb infection by elevated
glucose levels, we next investigated other relevant metabolic characteristics of DM. Both
T1DM and T2DM are often accompanied by dyslipidemia, characterized by aberrant
circulating lipid levels. Diabetic dyslipidemia is accompanied by elevated triglycerides,
increased low-density lipoprotein (LDL) levels (in case of TIDM), decreased high-density
lipoprotein (HDL) levels and small dense LDL particles (21). Together, these changes in
blood lipid profile put DM patients at increased risk of developing cardiovascular disorders
(CVD) such as atherosclerosis, a disease which exhibits some striking pathophysiological
similarities with TB. Likewise, TB is also associated with elevated risk of CVD and peripheral
arterial disease, although the underlying mechanisms remain unclear (22, 23). A key event
during both TB and atherosclerosis is the formation of lipid-loaded macrophages so-
called foam cells, which form an integral part of both TB granulomas and atherosclerotic
plaques (24, 25). Mtb has been demonstrated to reprogram macrophage metabolism to
accumulate intracellular lipid droplets (26-28), as Mtb requires host-derived lipids and



220 | Chapter8

cholesterol as a source of carbon (29-32). Moreover, hypercholesterolemia has been
shown to negatively impact the immune response to TB (33). Therefore, we hypothesized
that DM-associated changes in lipid metabolism could be involved during TB-DM.
Atherosclerotic plaque formation is initiated by extravasation of blood monocytes
through the endothelium in response to local inflammatory signals, an event which is
thought to be driven by oxidized low-density lipoprotein (oxLDL) particles deposited
in the sub-endothelial space (34). OxLDL is a pathologically modified lipoprotein which
is formed as result of oxidative stress, and circulating oxLDL levels are elevated in DM
patients (35, 36). In the artery wall, oxLDL is taken up by macrophages through scavenger
receptor-mediated phagocytosis, culminating in foam cell formation (37). Interestingly,
oxLDL was found to accumulate in granulomas of Mtb-infected guinea pigs (38), and thus
represented a potential connection between TB and DM. We found that treatment with
increasing concentrations of oxLDL induced a dose-dependent lipid accumulation in
human macrophages, which strongly supported intracellular Mtb survival after infection
(Chapter 4). Mechanistically, oxLDL induced lysosomal cholesterol accumulation, which
was accompanied by reduced colocalization of Mtb with functional lysosomes. Treatment
with acetylated LDL (acLDL), a modified lipoprotein which is taken up by similar pathways
but does not accumulate in lysosomes (39), did not result in increased Mtb outgrowth
unless combined with a lysosomal cholesterol transport inhibitor, highlighting that the
subcellular localization of cholesterol was pivotal for the effect of oxLDL. These results
were in line with earlier observations that cholesterol accumulation, for instance in the
lysosomal storage disorder Niemann-Pick Disease Type C (NPC), can inhibit phagosome
maturation and autophagy in macrophages, both involved in controlling intracellular
infections (40-43). A study by Fineran et al. showed that mycobacterial infection itself
triggered a NPC-like phenotype in macrophages which supported mycobacterial
intracellular persistence (44), indicating that modulation of this pathway could be part of
the pathogen’s defense machinery. In agreement with these results, cholesterol depletion
restored phagosome maturation in Mycobacterium avium infected macrophages (45).
While these results demonstrated that DM-associated lipids can promote Mtb
infection in vitro, it was unknown whether lipid metabolism would be similarly altered in
patients with concurrentTB-DM. In contrastto DM, TB is often accompanied by malnutrition
and wasting syndrome (46). In Chapter 5, we analyzed plasma 'H-nuclear magnetic
resonance (NMR) spectroscopy biomarker profiles of TB, DM and TB-DM TB patients from
South-Africa to examine the respective correlations of these markers with patients’ lipid
metabolism. As expected, DM patients presented with dyslipidemia, characterized by
hypertriglyceridemia and decreased HDL-cholesterol, while TB patients showed clear
signs of wasting disease in the form of low blood levels of amino acids. Interestingly, TB-
DM presented with hallmarks of both wasting and dyslipidemia, seemingly reflecting a
metabolic ‘tug-of-war’ between TB and DM and resulting in relatively high interindividual
variation. Another explanation for this heterogeneity could be variations in DM duration,
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as the TB-DM group consisted of both newly diagnosed and chronic diabetics. Besides
high levels of triglycerides and low levels of HDL-C, TB-DM patients showed disease
interaction-specific increases in remnant-like lipoprotein particles and sphingomyelin
levels, both of which are associated with increased atherogenesis (47-49). Finally, we were
able to confirm that circulating oxLDL levels are elevated in DM patients from this cohort
(Chapter 4). This is an important observation as DM patients are the specific population
at increased risk for developing active TB, indicating a possible relationship between
increased circulating lipid, in particular oxLDL levels and TB. Although this increase
was not observed in the TB-DM patient group, oxLDL levels showed a strong positive
correlation with plasma triglyceride levels in these patients, implying that oxLDL levels
were associated with severity of dyslipidemia.

Together, Chapter 4 and Chapter 5 support a role for atherogenic changes as
risk factors during TB-DM development, both in vitro and in vivo. A major contributor
to atherosclerosis is oxidative stress (50). Both TB and DM are associated with increased
generation of free radicals and a reduction in anti-oxidative capacity (50-53), which can
lead to formation of modified proteins and lipids such as oxLDL and AGEs. Moreover, DM
and hyperglycemia increase expression of oxLDL scavenger receptors such as CD36 in
macrophages (54-56), which has also been shown to promote Mtb growth by mediating
uptake of surfactant lipids (57). Combined with the observed changes in circulating lipids,
these changes could drive monocytes and macrophages towards foam cell formation
during TB-DM, potentially contributing to granuloma caseation, a pathognomonic feature
of TB (58). In support of this, histological analysis of TB patient lung biopsies showed that
DM and dyslipidemia correlated with enlarged areas of caseous necrosis (59). Previous
studies already established that Mtb can utilize host lipids for intracellular growth (57, 60).
In Chapter 4, we demonstrated that lipid accumulation can also directly interfere with
macrophage mycobacterial growthinhibition,depending ontheirintracellularlocalization.
Accelerated foam cell biogenesis during TB-DM could therefore support both primary
Mtb infection by interfering with mycobacterial growth inhibition and promoting (future)
reactivation by providing a nutritionally rich niche for replication. These results support
further investigation into the beneficial effects of lipid lowering drugs for treatment of
TB-DM. Various studies have demonstrated the efficacy of statins for adjunctive therapy
for TB (61-64), although some of these did not observe a protective effect of statin-usage
against TB in patients with DM (65, 66). Another paper showed a reduced incidence of
latent TB infection in DM patients receiving the cholesterol-lowering drug ezetimibe (67).
Recently, antagonists of PCSK9 (68), a protein which regulates LDL-receptor expression,
have shown promise for treatment of atherosclerosis, and it would therefore be of interest
to investigate whether PCSK9 inhibitors could also benefit patients with TB-DM.

Despite the apparent similarities between atherosclerosis and TB, multiple
questions remain to be answered. A recent study reported that triglycerides and not
cholesteryl esters were the dominant storage lipids in granulomas of Mtb-infected
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marmosets and rabbits, a process which was regulated by TNF-a signaling through
activation of the caspase cascade and mammalian target of rapamycin complex 1
(MTORC1) (69). These results suggest that TB-associated foam cell biogenesis may be
reliant on activation of specific intracellular signaling pathways and not on uptake of
cholesterol-rich lipoproteins, as is the case during atherosclerosis. In addition, another
recent paper found protective role for lipid droplet formation during Mtb control by
supporting eicosanoid production in murine macrophages (70). However, neither paper
assessed the impact of DM on lipid metabolism and foam cell formation during TB. It
would be of interest to study granuloma lipid composition in an in vivo DM model and/
or TB-DM patients. Simultaneously, the presence of oxidized lipid species in granuloma
macrophages could be determined to substantiate potential involvement of oxLDL.
Furthermore, while our results provide evidence for defective phagolysosomal killing in
oxLDL-treated macrophages, the participating molecular players remain to be identified.
Lysosomal lipid storage disorders can interfere with phagolysosomal function through
dysregulated Ca?*-signaling (43, 71) and autophagy (41, 42), however, pharmacological
modulation of these pathways could not rescue the oxLDL-induced phenotype (Chapter
4). Finally, due to the cross-sectional design of the study described in Chapter 5, the
observed atherogenic changes cannot be causally linked to TB-DM pathophysiology as of
yet. Some studies have reported a DM-independent protective effect of obesity on active
TB development (72-74), further illustrating the complexity of the TB-DM conundrum.
Longitudinal studies which assess and manipulate TB-DM patient lipid profiles in large
prospective cohorts will be necessary to conclusively validate a possible link between
atherogenic changes and TB-DM development.

Metabolomics of TB-DM: what have we learned?

The first usage of a primitive form of metabolomics can be traced back thousands of years
to ancient physicians from China, Babylon and Egypt, who evaluated characteristics of
urine to diagnose and predict onset of disease, including detection of diabetes by its
sweet smell and taste (75). Since its first modern application in 1971 by Pauling et al. (76),
metabolomics has developed into a powerful tool to study pathophysiological processes
of human disease. Over the past decade researchers have successfully employed
metabolomics to identify biomarkers for various human diseases, including Alzheimer’s
(77), cancer (78), and diabetes (79). In concert with the rise of immunometabolism as
a field of research, metabolomics has also attracted growing attention as a method to
study the impact of infectious diseases on host metabolism (80), for instance leading
to the development of diagnostic signatures for sepsis (81). A recent study by Weiner
et al. highlighted the potential of metabolomics for TB research (82), as they reported a
prognostic metabolite signature for active TB with 69% sensitivity at 75% specificity within
5 months prior to TB diagnosis. Importantly, some of the observed metabolic changes
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were already present 12 months before active disease was diagnosed, and can therefore
potentially be used for timely identification of TB progressors (83).

We used targeted metabolomics to analyze the overall effects of TB-DM on
plasma metabolic profiles in two different patient cohorts, respectively from South-
Africa (Chapter 5) and Indonesia (Chapter 6), while employing different measurement
platforms. In both studies, TB and TB-DM patients had signs of wasting as represented
by strongly decreased levels of many amino acids. Specifically, low levels of circulating
histidine showed very high predictive power for TB and TB-DM in both studies, which is
in agreement with previous plasma metabolic profiling of TB patients (84). Weiner et al.
showed that histidine levels started to deviate from 9 months prior to manifestation of
clinical TB (82), substantiating its promise for early detection of TB. In contrast to histidine,
plasma phenylalanine concentrations were increased in both TB patient cohorts. The ratio
of phenylalanine over histidine (Phe / His) was a more potent signature for TB classification,
as expected. In line with this, both amino acids were part of the 10 metabolite prognostic
signature described by Weiner et al. (82). Other early changes in amino acid levels
reported in this paper included low concentrations of citrulline and tryptophan with
increasing kynurenine levels over time proximal to disease onset, all of which were in
agreement with our own results from Chapter 6. Previous studies demonstrated similarly
low levels of tryptophan and/or elevated concentrations of kynurenine in serum (84-86)
or pleural fluid (87) from TB patients. This increased ratio of kynurenine over tryptophan
(Kyn /Trp) is indicative of a higher activity of the immunoregulatory enzyme indoleamine
2,3-dioxygenase (IDO) which catalyzes the rate-limiting step of tryptophan catabolism
and has been implicated in attenuated control of Mtb infection (73). Citrulline is an urea
cycle intermediate which can be used to synthesize arginine, a process which has been
demonstrated to contribute to the anti-mycobacterial response in macrophages (88,
89) and T-cells (90). Importantly, antibiotic treatment resulted in normalization to levels
observed in healthy controls for the majority of the TB-associated amines investigated. In
conclusion, we find that both TB and TB-DM are associated with major changes in amino
acid levels; these results are validated by other metabolomics studies using different
technical platforms as well cohorts from different geographical regions, thus enhancing
the plausibility of our results.

Importantly, theresultsfrom Chapter5and Chapter6 are suggestive of alterations
in liver function during TB-DM. Our measurements reported in Chapter 5 showed that TB-
DM resulted in disease interaction-specific increases in remnant-like lipoprotein particles,
sphingomyelins and LDL-triglyceride content, suggesting that concurrent TB-DM affects
the function of hepatic enzymes involved in lipoprotein and lipid biosynthesis. Successive
lipolysis by lipoprotein lipase (LPL) and hepatic triglyceride (HTGL) mediates conversion of
triglyceride-rich chylomicrons and very low-density lipoprotein particles to intermediate
density lipoprotein and LDL particles (91). The observed changes in lipoprotein size and
content could therefore reflect a disruption of the relative activities of LPL and HTGL.
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Sphingomyelin synthesis is mediated by serine palmitoyltransferase (SPT). Hepatic SPT
activity was found to be elevated by inflammatory signaling, leading to alterations in
lipoprotein composition (92). In line with these results, in Chapter 6 we reported lower
levels of glycine, serine, threonine and homoserine in TB-DM compared to TB patients. Low
levels of these amino acids are associated with non-alcoholic fatty liver disease (NAFLD)
development, potentially through their role in glutathione (GSH) synthesis (93, 94),
although we did not observe significant alterations in GSH concentrations during TB-DM.
Additionally, plasma concentrations of free choline were extremely low in TB-DM patients,
and choline deficiency has been similarly connected to NAFLD (95, 96). Finally, we find
that anti-TB therapy resulted in increased levels of metabolic markers of drug-induced
liver injury, and it was previously demonstrated that streptozotocin-induced diabetes
exacerbated liver injury and steatosis resulting from anti-tubercular treatment in rats (97).
While NAFLD development as a common comorbidity of DM is widely recognized, much
less is known about the occurrence of non-alcoholic hepatic steatosis during TB. Autopsy
studies spanning multiple decades have demonstrated that TB is often associated with
fatty liver infiltration (98-100), however, it is unclear whether this is directly related to
disease or to comorbidities such as alcohol abuse or malnutrition. In conclusion, observed
changes in plasma metabolic profiles from Chapter 5 and Chapter 6 could be related to
increased liver dysfunction and/or damage as a result of concurrent TB-DM, calling for
increased liver function monitoring in patients, especially during antibiotic treatment.

A major question which remains to be answered is whether the metabolic
changes reported in Chapter 5 and Chapter 6 are truly specific for TB or TB-DM, or simply
a reflection of ongoing oxidative stress and/or inflammation. For example, low levels of
histidine, one of the strongest individual biomarkers for TB, have also been reported in
patients with rheumatoid arthritis (101), sepsis (102) and obesity (103). It would therefore
be of great interest to directly compare the metabolic effects of TB to other respiratory
diseases in patients with or without concurrent DM, such as sarcoidosis or lung cancer, as
this could both establish their association with disease and provide additional information
on the involved pathological mechanisms. Additionally, future metabolomics studies on
TB-DM will need to advance from cross-sectional to prospective patient cohorts akin
to Weiner et al. (82) to substantiate a possible causal role of specific metabolites for TB-
DM development, preferentially including a treatment arm to investigate the effect of
modulating the circulating levels of a metabolite of choice such as statins. Finally, to
effectively utilize potential diagnostic or predictive metabolic biomarker signatures for
TB or TB-DM in clinical or field settings, current methodologies for quantification of these
metabolites will have to be translated to user-friendly tests. An example of this could be the
development of paper-based metabolic assays using metabolite-specific bioluminescent
sensor proteins, a technique which has been successfully demonstrated for analysis of
phenylalanine concentrations in finger-prick samples of phenylketonuria patients (104).

Finally, we performed cellular metabolomics using Mtb-infected macrophages
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to increase our insights into the fundamental effects of Mtb infection on macrophage
metabolism (Chapter 7). 'H-NMR revealed that macrophage Mtb infection induced
elevated levels in nicotinamide-adenine-dinucleotide (NADY), creatine and creatine
phosphate, glutamine catabolism and glycolysis. These results were corroborated
by analysis of in-house and previously published (105) RNA-sequencing datasets of
Mtb-infected macrophages revealed alterations in gene expression of key enzymes
regulating these metabolic pathways. The role of NAD* metabolism during macrophage
Mtb infection is of particular interest, as multiple recent papers have demonstrated the
importance of maintaining adequate NAD* pools for macrophage activation (106-108).
NAD*-boosting therapy has shown potential for treatment of various conditions (108),
and these results prompt further investigation into the importance of NAD* metabolism
during macrophage Mtb infection. Another recent paper revealed that SLC6AS8-
mediated creatine uptake supported anti-inflammatory interleukin-4 (IL-4) polarization
in macrophages, while simultaneously suppressing pro-inflammatory IFN-y-mediated
macrophage activation (109). As the results from Chapter 2 illustrate the importance of
polarization state for macrophage anti-mycobacterial functions, it would be of interest to
study whether increased intracellular creatine levels differentially influence the capacity
of macrophage subsets to control Mtb infection.

Concluding comments

In this thesis we present evidence derived from in vitro experiments and from ex vivo
observational data which collectively suggest a pathogenic role of atherogenic lipid
species during TB development. Mechanistically, increased intracellular levels of lipids
and cholesterol could support Mtb survival by interfering with macrophage antimicrobial
functions, while also providing increased access to nutrients and carbons sources during
chronic disease. Although the results from our observational data by definition can only
highlight correlations between dyslipidemia and TB-DM and not demonstrate causality,
several interventional studies have demonstrated that lipid-lowering drugs such as statins
have potential as adjunctive TB therapy (61-64). Besides their effect on blood cholesterol
levels, statins have also been shown to modulate bacterial intracellular growth and
virulence in vitro, making them an interesting candidate for drug repurposing (63, 110,
111). Future prospective studies should elucidate whether pharmacological normalization
of blood lipid levels can reduce the risk of DM patients to develop active TB, or lead to
improved TB and TB-DM treatment outcomes when given in conjunction with standard
antibiotic regimens. To further dissect and determine the contribution of individual
metabolic changes on DM-associated Mtb infection, future studies will be needed,
including animal models of TB-DM, prospective interventional human cohort studies,
as well as novel holistic and mechanistic models such as organs-on-chips, to determine
mechanisms of action. These studies are important given the rapidly increasing TB-DM co-
epidemic, which will have great impact on future global health if not controlled in time.
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Introductie

Tuberculose (TBC) is een longziekte die wordt veroorzaakt door een infectie met
Mycobacterium tuberculosis (Mtb). De eerste aanwijzingen voor TBC in mensen kunnen
worden herleid tot het neolithische tijdperk (~9.000 jaar geleden) en vormt tot op heden
een belangrijke bedreiging voor de menselijke gezondheid. In 2017 kregen naar schatting
10 miljoen mensen TBC en stierven 1,6 miljoen mensen als gevolg van de ziekte, wat TBC
de belangrijkste doodsoorzaak maakt door een enkel infectieus agens en één van top
10 doodsoorzaken wereldwijd. Het overgrote deel van TBC infecties (87%) vindt plaats
in slechts 30 landen, waarvan India (27%), China (9%) en Indonesié (8%) de grootste TBC
last dragen. De behandeling voor TBC bestaat uit een intensieve antibioticakuur van 6
maanden. Echter, de opkomst van antibioticumresistente stammen vormt een groot
gevaar voor de behandeling van de ziekte in de toekomst. Hoewel vaccinatie met Bacille
Calmette-Guérin (BCG), een levend verzwakt Mycobacterium bovis-vaccin dat sinds 1921
aan mensen wordt toegediend, gedeeltelijke werkzaamheid vertoont bij kinderen,
ontbreekt een vaccin dat voldoende bescherming geeft in jongeren en volwassenen
momenteel.

TBC wordt verspreid door inademing van Mtb-bevattende luchtdeeltjes,
geproduceerd tijdens niezen of hoesten. De ingeademde bacterién infecteren vervolgens
macrofagen in de longen. Dit belangrijke cellen die deel uitmaken van het aangeboren
immuunsysteem, met als primaire taak het direct doden van pathogenen door ingestie
(fagocytose) om vervolgens het adaptieve immuunsysteem te activeren door het
presenteren van antigenen aan T cellen. De immuunrespons tegen Mtb wordt gekenmerkt
door de vorming van granulomen. Dit zijn complexe opeenhopingen van immuuncellen
die enerzijds de gastheer beschermen door fysieke insluiting van geinfecteerde cellen,
maar tegelijkertijd een gunstig milieu vormen voor overleving van de bacterie (6). Na
infectie volgt een klinisch asymptomatische periode van latente TBC (LTBI). Een recente
schatting stelt dat ongeveer een kwart van de wereldbevolking latent besmet is met Mtb
(7), waarvan 5 tot 10% tijdens het leven zal reactiveren en dus actieve TBC zal ontwikkelen.
De precieze factoren die dit proces van TB reactivering bepalen zijn nog niet compleet
duidelijk.

De associatie tussen tuberculose en diabetes

De incidentie van TBC wordt sterk beinvloed door verschillende comorbiditeiten die het
risico op het ontwikkelen van actieve ziekte vergroten. Hiervan was co-infectie met het
humaan immunodeficiéntievirus (HIV) de afgelopen decennia het meest invloedrijk.
Infectie met HIV leidt tot een 20-voudig verhoogd risico op TBC (77). In 2017 ontwikkelden
920.000 HIV-patiénten TBC en 300.000 mensen stierven als gevolg van de ziekte (2).
Andere bekende risicofactoren voor TBC zijn roken, alcoholgebruik en ondervoeding
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(78). Een TBC-geassocieerde comorbiditeit die pas sinds kort in de belangstelling staat
is diabetes mellitus (DM), ondanks dat deze associatie al eeuwen geleden voor het eerst
werd beschreven (79). Epidemiologisch onderzoek laat zien dat DM het risico op het
ontwikkelen van TBC verdrievoudigt (81). Naar schatting kan 15% van de wereldwijde
TBC gevallen worden toegeschreven aan gelijktijdige DM. Waar het aantal sterfgevallen
door TBC onder HIV-patiénten met 44% is gedaald sinds het jaar 2000, wordt juist
voorspeld dat het aantal patiénten met gelijktijdige TBC-DM de komende jaren sterk zal
gaan toenemen. De reden hiervoor is de het aantal mensen met DM wereldwijd naar
schatting met bijna 50% zal toenemen de komende 25 jaar; van 425 miljoen mensen in
2017 tot 629 miljoen mensen in 2045 (82). Deze stijging zal naar verwachting voor het
overgrote deel plaatsvinden in ontwikkelingslanden als gevolg van toenemende welvaart
en verstedelijking; dezelfde gebieden waar TBC nog veelvoorkomend is. Verder is DM
geassocieerd met een verhoogde kans op falen van TBC-behandeling, terwijl actief TBC
het effectief controleren van de glucosespiegel tijJdens DM bemoeilijkt (83).

DM is een stofwisselingsstoornis die kan worden veroorzaakt door een gebrek aan
productie van het glucose-regulerende hormoon insuline (type 1 / TIDM) of door de
ontwikkeling van insulineresistentie (type 2 / T2DM), waarvan de laatste ongeveer 90%
van diabetes patiénten betreft (82). Beide ziektetypes worden gekenmerkt door een
hoge bloedsuikerspiegel (hyperglykemie) die wordt veroorzaakt door het onvermogen
van cellen om voldoende glucose op te nemen. Klinische symptomen van DM zijn o.a.
terugkerende infecties, gewichtstoename, polyurie gepaard met overmatige dorst en
een verslechterde wondgenezing. TIDM wordt veroorzaakt door destructie van insuline
producerende 3-cellen in de alvleesklier, meestal als gevolg van een auto-immuun reactie.
De precieze oorzaken die ten grondslag liggen aan T2DM vallen echter minder duidelijk te
definiéren. Obesitas en overgewicht zijn belangrijke risicofactoren voor de ontwikkeling
van T2DM, wat de ziekte linkt aan voeding van lage kwaliteit en een gebrek aan fysieke
inspanning. Verder heeft T2DM ook een hoge erfelijke belasting (85). Door de associatie
met obesitas hebben veel T2DM-patiénten ook een verhoogd risico op cardiovasculaire
complicaties zoals atherosclerose door afwijkingen in bloedlipideniveaus (dyslipidemie).
Dit klinische beeld staat in schril contrast met het klinisch beeld van TBC-patiénten dat
juist gepaard gaat met ondervoeding en gewichtsverlies (86).

Hoewel er dus veel bewijs is dat DM de ontwikkeling van TBC sterk kan beinvloeden, is de
precieze oorzaak hiervan nog niet duidelijk. Het doel van dit proefschrift was dan ook om
de pathofysiologische mechanismen die ten grondslag liggen aan TBC-DM comorbiditeit
te ontrafelen.
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Humane macrofagen als model voor TBC (en DM)

Macrofagen spelen een belangrijke rol in de infectiecyclus van Mtb omdat ze de
voorkeursomgeving van de bacterie vormen voor overleving. Om deze reden worden
primaire humane macrofagen vaak gebruikt als in vitro model om Mtb infectie te
bestuderen. Een belangrijk kenmerk van macrofagen is dat zij erg gevoelig zijn voor
lokale veranderingen in het micromilieu en op basis hiervan kunnen wisselen van functie
(plasticiteit). Dit kan dus ook gevolgen hebben voor hun vermogen om intracellulaire
pathogenen zoals Mtb te bestrijden. Waar macrofagen in het verleden werden
geclassificeerd als pro-inflammatoir (M@1) of anti-inflammatoir (M@2) is het inmiddels
duidelijk dat zij nog veel meer vormen aan kunnen nemen als reactie op verschillende
stimulaties (1, 2). Veranderingen in de balans tussen deze verschillende macrofaagtypen
kan leiden tot verergering van meerdere ziektes, waaronder TBC (3). Om deze reden zou
het gericht sturen van macrofaag-differentiatie een interessante optie zijn bij TBC therapie.

Het belang van macrofaagfuncties voor de reactie op Mtb wordt geillustreerd in hoofdstuk
2 waarin we verschillende M@2-subtypes hebben gekarakteriseerd. We identificeerden
M@2b-macrofagen (geinduceerd doorgecombineerdeblootstellingaanlipopolysacharide
(LPS) en immuuncomplexen) als een subtype met een krachtige antimicrobiéle activiteit
tegen zowel Mtb als Salmonella Typhimurium, maar met een matige capaciteitom Th1-en
Treg-cellen te induceren in vergelijking met M¢2a/c/d macrofagen. Deze verminderding
in bacteriéle belasting was niet het gevolg van verminderde opname van Mtb. Analyse
van gen- en eiwitexpressie data liet zien dat Mg2b-macrofagen werden gekenmerkt
door een type | interferon profiel. Verder produceerden ze relatief hoge niveaus van
vasculaire endotheliale groeifactor (VEGF), een belangrijke mediator van granulomateuze
ontsteking en angiogenese in zowel muizen (4) als zebravissen (5). Alle M@2-subtypes
konden succesvol worden gepolariseerd naar M@2b na initi€le differentiatie, wat
aangeeft dat inductie van M@2b-polarisatie een mogelijke optie zou kunnen zijn voor
gastheergerichte behandeling van infectieziekten.

Aangezien macrofaag-polarisatie sterk verweven is met veranderingen in cellulaire
stofwisseling bieden zijn ook een interessant model voor het bestuderen van mogelijke
interacties tussen TBC en DM. Allereerst hebben we onderzocht of hyperglykemie het
infectieproces van macrofagen met Mtb negatief kon beinvioeden (hoofdstuk 3). We
vonden dat in vitro differentiatie van humane M@2 macrofagen in aanwezigheid van hoge
glucose concentraties (25 mM) leidde tot een verhoogde uitscheiding van verschillende
cytokines (TNF-q, IL-6, IL-10, IL-1RA) als reactie op stimulatie met LPS of Mtb lysaat in
vergelijking met laag glucose (5 mM). Deze resultaten zijn vergelijkbaar met andere
studies over het effect van hoog glucose op primaire macrofagen (7) en THP-1-cellen (8).
Hyperglykemie had echter geen invloed op de productie van cytokines of mycobacteriéle
uitgroei na infectie met Mtb. In tegenstelling tot andere studies (9, 10) vonden wij geen
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significante verschillen in fagocytose functie tussen macrofagen gekweekt in hoog of
laag glucose. Wij concludeerden dat hyperglykemie op zichzelf niet de associatie tussen
TBC en DM kon verklaren (althans vanuit het oogpunt van de macrofaag).

Lipiden in TBC-DM: een mogelijke parallel met atherosclerose?

Naast hyperglykemie waren wij ook geinteresseerd in een mogelijke verband tussen DM-
geassocieerde lipiden en TBC. Om deze reden hebben wij het effect van geoxideerde
lage-dichtheid lipoproteine deeltjes (oxLDL) op Mtb infectie bestudeerd in macrofagen.
Meerdere studies hebben aangetoond dat oxLDL niveaus verhoogd zijn in het bloed van
DM patiénten (35, 36). OxLDL deeltjes worden gevormd als gevolg van oxidatieve stress en
spelen een belangrijke rol bij de ontwikkeling van atherosclerose (34): macrofagen in de
vaatwand kunnen oxLDL deeltjes opnemen door middel van specifieke receptoren, wat
leidt tot de vorming van vetdruppels in deze cellen (schuimcellen) (37). Een interessante
observatieis dat oxLDL deeltjes zich ook ophoopten in granulomen van Mtb geinfecteerde
cavia’s (38). Dit betekent dat oxLDL potentieel een verbindende factor vormt tussen TBC en
DM. Behandeling van macrofagen met oxLDL leidde tot een dosisafhankelijke ophoping
van vetdruppels in humane macrofagen en verhoogde intracellulaire overleving van
Mtb (hoofdstuk 4). Dit ging gepaard met de ophoping van cholesterol in lysosomen
en een verminderde lysosomale lokalisatie van Mtb in oxLDL-behandelde macrofagen.
Behandeling met geacetyleerd LDL (acLDL), een ander gemodificeerd lipoproteine dat niet
leidt tot cholesterol ophoping in lysosomen (39), resulteerde niet in verhoogde uitgroei
van Mtb, tenzij het werd gecombineerd met een lysosomale cholesteroltransportremmer.
Deze resultaten benadrukken dat de intracellulaire lokalisatie van cholesterol cruciaal is
voor het effect van oxLDL op Mtb infectie in macrofagen.

Hoewel bovenstaande resultaten suggereren dat DM-geassocieerde lipiden zoals oxLDL
Mtb infectie zouden kunnen bevorderen, was het tot dusver onbekend hoe gelijktijdige
TBC-DM circulerende lipiden niveaus beinvloedt. In hoofdstuk 5 hebben we door middel
van kernspinresonantie (NMR) spectroscopie een veelvoud aan stofwisselingsproducten
gemeten in bloedplasma van TBC, DM en TBC-DM patiénten uit Zuid-Afrika, waaronder
veel aan lipiden gerelateerde parameters. Zoals verwacht vertoonden DM-patiénten
dyslipidemie, gekenmerkt door hoge triglyceride niveaus en een verlaagd HDL-
cholesterol, terwijl TBC vooral geassocieerd was met lage concentraties van meerdere
aminozuren. TBC-DM patiénten vertoonden kenmerken van zowel TBC als DM, wat
een vorm van ‘getouwtrek’ lijkt te weerspiegelen op stofwisselingsniveau. Naast hoge
triglyceriden concentraties en lage niveaus van HDL-cholesterol, vertoonden TBC-DM-
patiénten specifieke verhogingen van restachtige lipoproteinedeeltjes en sfingomyeline;
beiden zijn geassocieerd met ontwikkeling van atherosclerose (47-49). Ten slotte konden
we bevestigen dat de hoeveelheid oxLDL deeltjes verhoogd was in DM-patiénten uit
dit cohort (hoofdstuk 4). Dit is een belangrijke observatie, aangezien dit de specifieke
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populatie betreft met een verhoogd risico op het ontwikkelen van TBC. Ondanks dat er
geen duidelijke toename in oxLDL deeltjes waarneembaar was in TBC-DM patiénten,
vertoonden oxLDL niveaus wel een sterke positieve correlatie met plasma triglyceriden. Dit
impliceert dat oxLDL niveaus voornamelijk verhoogd waren in patiénten met ernstigere
manifestaties van dyslipidemie.

Metabolomics analyse van TBC-DM:

De hierboven besproken NMR-metingen uit hoofdstuk 5 betreffen een vorm van
metabolomics analyse. Deze term omvat bepalingen van het metaboloom, de totale
hoeveelheid stofwisselingsproducten (metabolieten) in een cel of weefsel. Het eerste
bekende gebruik van een primitieve vorm van metabolomics is duizenden jaren terug
te voeren op artsen uit China, Babylon en Egypte. Zij bestudeerden de kenmerken van
urine om de aanvang van verschillende ziektes te diagnosticeren en te voorspellen.
Diabetes kon bijvoorbeeld worden geidentificeerd door een zoete geur en smaak van
urine (75). Inmiddels is het gebruik van metabolomics een manier om de onderliggende
pathofysiologische processen van menselijke ziektes te bestuderen. Een goed voorbeeld
van de toepassing van metabolomics in TBC-onderzoek is een recente studie door Weiner
et al. (82): zij beschrijven een prognostisch metabolietenprofiel voor actieve TBC met
een gevoeligheid van 69% en specificiteit van 75% binnen 5 maanden voorafgaand aan
diagnose. Sommige van de beschreven veranderingen konden al 12 maanden véér de
diagnose van actieve ziekte worden waargenomen, waardoor zij mogelijk zouden kunnen
worden gebruikt voor de tijdige voorspelling van TBC ontwikkeling (83).

We gebruikten verschillende vormen van metabolomics om de effecten van TBC-DM
op plasma metaboliet profielen te analyseren in twee verschillende patiéntcohorten
uit Zuid-Afrika (hoofdstuk 5) en Indonesié (hoofdstuk 6). In beide studies vertoonden
TBC en TBC-DM-patiénten zeer lage concentraties van meerdere aminozuren. In het
bijzonder vertoonden lage niveaus van plasma histidine in beide onderzoeken een zeer
hoog voorspellend vermogen voor TBC als TBC-DM, wat in overeenstemming is met een
eerder uitgevoerde metabolomics analyse van TBC patiénten (84). Bovenal toonde de
studie van Weiner et al. aan dat histidine concentraties al beginnen af te wijken vanaf
9 maanden voorafgaand aan de manifestatie van klinische TBC (82). In tegenstelling
tot histidine was de plasmaconcentratie van fenylalanine juist verhoogd in beide TBC-
cohorten. De verhouding van fenylalanine ten opzichte van histidine (Fe / His) had
hierdoor een nog sterkere voorspellende waarde voor TBC dan de metabolieten op
zichzelf. Beide aminozuren behoorden dan ook tot de 10 metabolieten die deel uit
maken van het door Weiner et al. beschreven prognostische TBC profiel (82). Andere
vroegtijdige veranderingen beschreven in dit artikel waren o.a. lagere concentraties van
citrulline en tryptofaan gecombineerd met hogere kynurenine niveaus. Deze observaties
zijn in overeenstemming met onze eigen resultaten uit hoofdstuk 6. Een verhoogde
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verhouding van kynurenine ten opzichte van tryptofaan (Kyn / Trp) is een aanwijzing
voor een verhoogde activiteit van het enzym indoleamine 2,3-dioxygenase (IDO), wat
geassocieerd is met een verslechterende beheersing van Mtb infectie (73). Citrulline is
een tussenproduct van de ureumcyclus dat kan worden gebruikt voor de synthese van
arginine, een proces dat kan bijdragen aan de antibacteriéle respons in macrofagen (88,
89) en T-cellen (90). Behandeling van TBC met antibiotica resulteerde in normalisatie
van het overgrote deel van de aangedane plasmametabolieten tot concentraties die
vergelijkbaar waren met gezonde controles. Deze resultaten laten zien dat TB en TBC-DM
beide geassocieerd zijn met sterk veranderde aminozuurniveaus in de circulatie.

Ten slotte hebben we ook metabolomics uitgevoerd op Mtb-geinfecteerde macrofagen,
met als doel om meer inzicht te krijgen over de fundamentele effecten van Mtb
infectie op de cellulaire stofwisseling (hoofdstuk 7). Infectie met Mtb leidde tot
hogere concentraties van nicotinamide-adenine-dinucleotide (NAD+), creatine en
creatinefosfaat in macrofagen. Daarnaast vonden wij aanwijzingen voor een verhoogde
afbraak van glutamine en glucose door glycolyse. Dit correspondeerde met de analyse
van genexpressieprofielen van Mtb-geinfecteerde macrofagen (105). Hieruit bleek dat
Mtb infectie meerdere enzymen uit deze specifieke stofwisselingscascades reguleerde.
NAD+ is een belangrijke cofactor voor veel stofwisselingsreacties; medicijnen die NAD+
concentraties kunnen verhogen staan dan ook in de belangstelling voor de behandeling
van verschillende ziektes (108). Meerdere studies hebben aangetoond dat NAD+ niveaus
een groot effect hebben op macrofaagfunctie (106-108), wat het belang aangeeft om de
rol die NAD+ speelt tijdens Mtb infectie in macrofagen verder te onderzoeken. Een ander
recent artikel onthulde dat verhoogde creatine opname de anti-inflammatoire capaciteit
van macrofagen kon ondersteunen, terwijl pro-inflammatoire functies tegelijkertijd
werd onderdrukt (109). De resultaten van hoofdstuk 2 onderstrepen het belang van
macrofaagactivatie voor de betrijding van Mtb infectie. Het zou daarom erg interessant
zijn om te onderzoeken of verhoogde intracellulaire creatine niveaus dit proces zouden
kunnen beinvloeden.

Conclusie

Gezamenlijk wijzen de resultaten van dit proefschrift op een mogelijke rol voor DM-
geassocieerde lipiden tijdens de ontwikkeling van TBC. Verhoogde intracellulaire
niveaus van lipiden en cholesterol zouden de overleving van Mtb in macrofagen kunnen
ondersteunen; enerzijds door het remmen van antimicrobiéle functies, anderzijds door te
fungeren als bacteriéle voedingsbron. Hoewel onze observationele resultaten alleen een
correlatie en geen causaal verband kunnen aantonen tussen dyslipidemie en TBC, hebben
verschillende interventiestudies aangetoond dat lipide-verlagende geneesmiddelen
zoals statines, een gunstige werking kunnen hebben als aanvullende behandeling voor
TBC (61-64). Naast hun effect op het cholesterolgehalte in het bloed is ook aangetoond
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dat statines de intracellulaire bacteriéle groei van Mtb kunnen remmen, waardoor ze een
interessante behandelingsmogelijkheid vormen voor TBC-DM patiénten (63, 110, 111).
Prospectieve vervolgstudies zullen moeten uitwijzen of het verlagen van bloedlipide
niveaus het risico van DM-patiénten om TBC te ontwikkelen kan verminderen, of kan
leiden tot verbeterde TBC behandelingsresultaten in combinatie met de gebruikelijke
antibioticakuur. Verder onderzoek naar TBC-DM is van groot belang, aangezien deze
snel toenemende co-epidemie grote gevolgen kan hebben voor de wereldgezondheid
wanneer deze niet tijdig wordt beheerst.
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