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Abstract 

Global increases in the prevalence of antimicrobial resistance highlight the urgent need 

for novel strategies to combat infectious diseases. Recent studies suggest that host 

metabolic pathways play a key role in host control of intracellular bacterial pathogens. In 

this study we explored the potential of targeting host metabolic pathways for innovative 

host-directed therapy (HDT) against intracellular bacterial infections. Through gene 

expression profiling in human macrophages, pyruvate metabolism was identified as 

potential key pathway involved in Salmonella enterica serovar Typhimurium (Stm) 

infections. Next, the effect of targeting pyruvate dehydrogenase kinases (PDKs) – which 

are regulators of the metabolic checkpoint pyruvate dehydrogenase complex (PDC) – on 

macrophage function and bacterial control was studied. Chemical inhibition of PDKs by 

dichloroacetate (DCA) induced PDC activation and was accompanied with metabolic 

rewiring in classically activated macrophages (M1) but not in alternatively activated 

macrophages (M2), suggesting cell-type specific effects of dichloroacetate on host 

metabolism. Furthermore, DCA treatment had minor impact on cytokine and chemokine 

secretion on top of infection, but induced significant ROS production by M1 and M2. DCA 

markedly and rapidly reduced intracellular survival of Stm, but interestingly not 

Mycobacterium tuberculosis, in human macrophages in a host-directed manner. In 

conclusion, DCA represents a promising novel HDT compound targeting pyruvate 

metabolism for the treatment of Stm infections. 
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Introduction 

The rising prevalence of antimicrobial drug-resistance poses a serious threat to the control 

of bacterial infectious diseases. Drug-resistance among common bacterial infections 

continues to cause an estimated mortality rate of 700,000 people annually (1). Two major 

examples of antibiotic-resistant pathogens are Mycobacterium tuberculosis (Mtb) and 

Salmonella enterica. The World Health Organization estimated that around 10 million 

people developed active tuberculosis (TB) in 2017, and that 3.5% of new TB cases and 18% 

of previously treated TB cases were infected by rifampicin-resistant Mtb strains or 

multidrug- resistant Mtb-strains (2). S. enterica is a common food-borne pathogen that 

can cause gastroenteritis and typhoid fever, the latter being responsible for an estimated 

200,000 human deaths annually (3). Non-typhoidal S. enterica caused invasive disease in 

535,000 people in 2017 and two highly invasive drug-resistant S. enterica serovar 

Typhimurium (Stm) strains have been described (4–6). Drug-resistance in intracellular 

pathogens such as Mtb and Stm is a major concern to global health and poses a critical 

need for developing new and more effective treatments against such bacteria. 

Host-directed therapy (HDT) aims at augmenting host immune responses, mostly as 

adjunct therapy to currently used antibiotics. HDT may not only provide more effective 

treatment regimens but may also help shortening current lengthy treatment regimens and 

thus reducing risk of de-novo resistance mutations as well as reducing antibiotics-induced 

adverse effects (7). The development of novel HDT, however, requires a better 

understanding of the biology of intracellular infections and bacterial survival tactics. 

Recent studies have connected regulation of host defense against bacteria with host 

metabolic pathways (8). Rapid upregulation of glycolysis in macrophages is a hallmark of 

Mtb infection and LPS stimulation, and resembles the Warburg effect seen in cancer cells, 

but the mechanisms underlying this metabolic remodeling in bacterially-infected host cells 

remain poorly understood. Although multiple studies have suggested that rapid 

upregulation of glycolysis favors host immunity by meeting urgent energy demands 

required to induce protective immune responses (9–16), more recent studies have shown 

that tricarboxylic acid (TCA) cycle intermediates, including itaconate, citrate and succinate, 

are associated with host immune responses against intracellular pathogens as well (17–

24). Host metabolic pathways and immune control of intracellular pathogens are thus 

interconnected in a highly complex manner. The specific immunometabolic pathways 

underlying macrophage-mediated inflammation and bacterial control remain largely 

unresolved. This particularly applies to infection-induced metabolic remodeling of human 

macrophages, which is significantly underrepresented in the literature. In the current 

study, we therefore modelled host-pathogen interactions in two different, polar human 

macrophage subsets which are known to respond differently to external stimuli. Classically 
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activated macrophages (M1) display a pro-inflammatory phenotype and function in 

response to pathogen-associated molecular patterns (PAMPS) whereas alternatively 

activated macrophages (M2) display an anti-inflammatory phenotypes and function in 

response to PAMPS (25, 26). Although the metabolic divergence between M1 and M2 is 

well described for murine macrophages, surprisingly little is known about human 

monocyte-derived macrophages (27–29). 

Here, we identify the metabolic impact of infections with intracellular bacteria Stm 

and Mtb on primary human macrophages and report the prominent effect of the 

metabolic checkpoint pyruvate dehydrogenase complex (PDC) on Stm but not Mtb 

infections. PDC catalyzes the conversion of pyruvate into acetyl-CoA to supply the TCA 

cycle and is a gate-keeping enzyme regulating the balance between glycolysis and 

oxidative phosphorylation (OXPHOS). PDC consists of three subunits: pyruvate 

dehydrogenase (PDH, subunit E1), dihydrolipoamide acetyltransferase (subunit E2) and 

dihydrolipoamide dehydrogenase (subunit E3). PDH activity is the rate-limiting step during 

the conversion of pyruvate into acetyl-CoA (30). PDH activity is blocked upon 

phosphorylation by pyruvate dehydrogenase kinases (PDKs) and restored upon 

dephosphorylation by pyruvate dehydrogenase phosphatases (PDPs) (31). PDK inhibitors 

have been developed for treating cancer and type II diabetes (32–34). 

In the current study, we report that PDKs are significantly modulated during Stm 

infection in primary human macrophages at the transcriptional level. Dichloroacetate 

(DCA), a chemical inhibitor of PDKs, activated PDC in M1 and M2 and induced a metabolic 

shift from glycolysis to OXPHOS in M1. DCA markedly increased production of reactive 

oxygen species (ROS) by M1 and M2. DCA induced a significant reduction of intracellular 

Stm (but not Mtb) in human macrophages, but did not exert a direct antibiotic effect on 

Stm extracellular bacteria, indicating that DCA induces Stm control via modulation of host 

metabolic pathways. In conclusion, DCA represents a promising novel HDT compound 

targeting pyruvate metabolism for the treatment of difficult to treat Stm infections. 

Results 

Differential Impact of Stm Versus Mtb Infection-Induced Glycolysis in Primary Human 

Macrophages 

Although LPS stimulation and bacterial infections have been shown to shift cellular 

metabolism towards a more glycolytic phenotype in various cell types (9–16), a number of 

studies have reported that human macrophages do not increase glycolysis in response to 

bacterial stimuli (35, 36). To assess the potential of targeting host metabolic pathways to 

treat intracellular bacterial infections through HDT, we evaluated the effect of Stm and 

Mtb on cellular metabolism in primary human macrophages. Extracellular acidification 
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rates (ECAR) and oxygen consumption rates (OCR) were measured as indicators of 

glycolytic and OXPHOS energy phenotypes, respectively, using a Seahorse XFe96 

Extracellular Flux Analyzer (experimental outline in Figure 1A). Macrophages were 

pretreated with bacterial lysates, which we used as a proxy for live infections, due to safety 

restrictions in the Seahorse XFe96 Extracellular Flux Analyzer laboratory. At baseline, M1 

displayed a higher general metabolic activity compared to M2 as evidenced by elevated 

basal glycolysis and OXPHOS levels (Figures 1B, C; note the different scales on the y-axes). 

Basal glycolysis was increased in a dose-dependent manner upon 4 hours stimulation with 

1 or 10 µg/ml Stm or Mtb lysate, both in M1 and in M2 compared to unstimulated 

macrophages (Figures 1B, C and Supplemental Figure 1). OXPHOS was significantly 

increased upon stimulation with 10 µg/ml Mtb lysate in M2, but not upon stimulation with 

Stm lysate. The maximum respiration and glycolytic capacity were significantly increased 

upon stimulation with 10 µg/ml Mtb lysate in M1 and M2 or M2 only, respectively, but not 

upon stimulation with Stm lysate or a low concentration (1 µg/ml) of Mtb lysate. 

Calculation of the ECAR/OCR ratios to determine the overall metabolic shift induced in 

human M1 and M2 following stimulation with Stm or Mtb demonstrated a bacterially-

induced shift towards a more glycolytic phenotype (Figure 1D). 

To assess modulation of metabolism by live bacteria, extracellular lactate levels (as 

an indicator of glycolysis) were determined in macrophages infected with live Stm and Mtb 

(Figure 1E). M1 and M2 secreted significantly higher levels of lactate upon Stm infection 

compared to uninfected cells, supporting infection-induced glycolysis. Live Mtb infection 

significantly increased lactate production in M2 compared to uninfected cells, but 

surprisingly not in M1. The absence of lactate production by Mtb-infected M1 

corroborates recent findings in mouse bone marrow-derived macrophages (BMDMs) and 

human monocyte-derived macrophages that Mtb is able to actively suppress induction of 

glycolysis (37, 38).  

To confirm induction of a metabolic shift at the transcriptional level, we studied 

mRNA expression levels of the glycolytic key gene hexokinase 2 (HK2) and the TCA cycle 

key genes succinate dehydrogenase complex flavoprotein subunit A (SDHA) and isocitrate 

dehydrogenase 2 (IDH2) in M1 and M2. HK2 mRNA levels were significantly increased 4 

hours post Stm infection in M2 (Figure 1F), but were not altered in Stm- or Mtb- infected 

M1 (Figure 1B). SDHA and IDH2 mRNA levels were downregulated in Stm- and Mtb-

infected M1 and M2, albeit to different extents, suggesting decreased activity of the TCA 

cycle pathway. Taken together, our data suggest that Stm infections are able to shift 

human M1 and M2 metabolism towards a more glycolytic phenotype. 
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FIGURE 1 | Stm and Mtb induced a more glycolytic phenotype in human macrophages. (A) 
Schematic representation of the experimental setup used in (B–D) (left panel) and a representative 
ECAR and OCR profile indicating basal glycolysis (basal glyc.), glycolytic capacity (glyc. capacity), 
OXPHOS and maximal respiration (max. resp.) (right panel). M1 and M2 were unstimulated (unstim.) 
or stimulated with 1 µg/ml Stm or Mtb lysate for 4 hours and inserted in the Seahorse analyzer. D-
glucose (10 mM), oligomycin (oligo, 1 µM) and carbonyl cyanide 4-(trifluoromethoxy)-
phenylhydrazone (FCCP, 2 µM) were sequentially injected after 18, 54 and 72 minutes, respectively. 
(B) ECAR (mpH/min, left panel) and OCR (pmol/min, right panel) profiles of one representative donor 
out of five (M1) or four (M2) donors analyzed. Data represent the mean ± S.D. of triplicates. (C, D) 
Basal glycolysis, OXPHOS, glycolytic capacity, maximum respiration and the ratio between basal 
glycolysis and OXPHOS (ECAR/OCR) in M1 (left panels) and M2 (right panels). Data represent the 
median ± interquartile range of minimally four donors. Differences were significant by RM one-way 
ANOVA with Dunnett’s multiple test correction against the unstimulated control. (E) Lactate 
production was measured in the supernatant of M1 and M2 that were infected with Stm or Mtb 
overnight. Lines connect data points from the same donor, with a total of six donors tested. 
Significant differences were tested using a paired t-test. (F) HK2, SDHA and IDH2 mRNA expression 
levels were quantified in Stm- or Mtb-infected M1 and M2 at 4 hours post infection using GAPDH as 
the housekeeping control gene. Data represent the median ± interquartile range of five donors. 
Differences were significant by RM one-way ANOVA with Dunnett’s multiple test correction against 
the uninfected control. *p < 0.05, **p < 0.01, ***p < 0.001. 

 
 

To study whether the increased glycolysis contributes to host defense, we first 

treated Stm- and Mtb-infected M1 and M2 with glycolysis inhibitor 2-deoxy-D-glucose (2-

DG), since earlier reports showed that 2-DG increased the burden of Mtb in murine 

BMDMs and in mouse lungs (39, 40). PKA inhibitor H-89 was used as positive control and 

in agreement with previous findings (41, 42) significantly lowered outgrowth of Stm, while 

being less effective in reducing Mtb bacterial load (Figures 2A, B). Surprisingly, treatment 

of human M1 with 2- DG significantly decreased outgrowth of intracellular Stm, but only 

decreased intracellular Mtb in M2 at the highest concentration (5 mM). Importantly, 2-DG 

did not show cytotoxicity in both macrophage subsets (Figure 2C). The finding that 2-DG 

treatment did not (M1) or only moderately (M2) affect Mtb bacterial load in primary 

human macrophages contrasts with earlier reports, which concluded that 2-DG treatment 

increased the burden of Mtb in murine BMDMs and in mouse lungs (39, 40). However, 2-

DG has recently been described to decrease Legionella pneumophila survival 

independently of inhibition of glycolysis in mouse BMDMs (43) and also, high 

concentrations of 2-DG have been shown to inhibit not only glycolysis but also OXPHOS in 

mouse BMDMs (44). Therefore, in order to be able to evaluate the effect of glycolysis 

independently from the use of 2-DG, we determined bacterial survival after substitution 

of D-glucose by D-galactose in the cell culture medium. Substitution of D-glucose by D-

galactose reduces glycolytic flux and thus could independently validate our findings (44). 

Indeed, the absence of glucose significantly decreased Stm outgrowth in M1, but not M2, 

and tended to increase intracellular Mtb levels (Figures 2D, E). These data suggest that 



158 | Chapter 5 
 

 

inhibition of glycolysis impacts Stm and Mtb in opposite directions; it can inhibit Stm 

outgrowth, while it can promote Mtb survival as described (39, 40). Also of importance, 

these data suggest that pathways other than inhibition of glycolysis are responsible for the 

antibacterial effect of 2-DG. 

 
 
 

 
FIGURE 2 | Inhibition of glycolysis decreased intracellular Stm and tended to increase intracellular 
Mtb in human macrophages. (A, B) Stm and Mtb CFUs in M1 (left panels) or M2 (right panels) after 
treatment with H-89 (10 µM), 2-DG (2.5 or 5 mM) or vehicle control DMSO (0.1% v/v) overnight. 
Data represent the median ± interquartile range of minimally four donors. CFUs are expressed as 
percentage of DMSO. Differences were significant by RM one-way ANOVA with Dunnett’s multiple 
test correction against DMSO. (C) Percentage of live cells (i.e. Hoechst-positive, PI-negative cells) 
after overnight treatment with 2-DG (2.5 or 5 mM) or vehicle control DMSO (0.1% v/v) in M1 (left 
panel) or M2 (right panel). Data represent the median ± interquartile range of five donors. 
Differences were tested by RM one-way ANOVA with Dunnett’s multiple test correction against 
DMSO. (D, E) Stm and Mtb CFUs in M1 (left panels) or M2 (right panels) cultured in medium 
containing D-glucose (11 mM) or D-galactose (11 mM) for 24 hours. Data represent the median ± 
interquartile range of five donors. CFUs are expressed as percentage of DMSO. Significant 
differences were tested using a paired t-test. *p < 0.05, ***p < 0.001, ****p < 0.001. 
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Gene Expression Analysis Identifies Pyruvate Dehydrogenase Kinases as Potential Host 

Targets for HDT During Stm and Mtb Infections 

Next, we aimed to identify metabolic key genes that are modulated during Stm and Mtb 

macrophage infections. We performed computational analysis of published RNAseq data 

by Blischak et al. (45) to study the expression of metabolic genes (i.e. all genes in Reactome 

pathways ‘Glucose metabolism’ and ‘TCA cycle and respiratory electron transport’) in 

human M2 macrophages infected for 18 hours with Stm or Mtb (MOI of 5) compared to 

their time- matched controls (mock infection). Stm infection had a more prominent effect 

on the regulation of glycolytic genes and genes involved in the TCA cycle and respiratory 

electron transport compared to Mtb (Supplemental Figure 2). Two key glycolytic genes, 

enolase (ENO) 2 and HK2, were significantly upregulated 18 hours post Stm or Mtb 

infection. In contrast, most genes involved in the TCA cycle and respiratory electron 

transport were downregulated upon Stm and Mtb infection. 

We hypothesized that metabolic genes that are modulated during Stm and Mtb 

infections may provide novel targets for HDT. Surprisingly, among the most up- and 

downregulated metabolic genes during Stm and Mtb infection, two PDK isoforms were 

regulated in opposite directions: PDK4 was strongly downregulated upon Stm infection, 

whereas PDK1 was strongly upregulated upon Mtb infection (Supplemental Figure 3). The 

differential expression of PDK isoforms is interesting, because PDKs are regulators of the 

metabolic checkpoint PDC, linking glycolysis with TCA cycle activity and OXPHOS (Figure 

3A). More detailed kinetic analysis of the expression levels of all PDK isoforms (PDK1-4) 

and other components of the PDC (PDP1, PDP2, PDHX, PDHA1 and PDHB) showed that 

several PDK isoforms and catalytic subunits of the PDC were significantly regulated upon 

infection with Stm, in contrast to infection with Mtb (Figure 3B), suggesting that pyruvate 

metabolism was modulated in human macrophages during Stm infection. 

To confirm and extend the data by Blischak et al. to both M1 and M2 infection 

models, we measured the expression changes of genes involved in activation of the PDC 

(i.e.: PDK1-4, PDP1-2) upon infection with Stm and Mtb in both M1 and M2. In agreement 

with the data obtained by Blischak et al., gene expression levels of PDK2, PDK4 and PDP2 

were significantly downregulated in Stm-infected human M1 and M2 (Figure 3C). A similar 

trend could be observed in Mtb-infected macrophage subsets, albeit not significant (Figure 

3D). Taken together, these data indicate that pyruvate metabolism is markedly modulated 

during Stm infections and to a lesser extent during Mtb infections in human M1 and M2, 

as shown by a downregulation of PDK2, PDK4 and PDP2 at the transcriptional level. 
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FIGURE 3 | Pyruvate metabolism was regulated during Stm infection at the transcriptional level in 
human macrophages. (A) Schematic representation of the PDC, linking glucose metabolism with the 
TCA cycle and respiratory electron transport. (B) Differential expression analysis by limma-voom of 
genes involved in pyruvate metabolism over time in Stm- or Mtb-infected relative to uninfected M2 
macrophages. Significantly up- (red) or downregulated genes (blue) (adjusted p-value < 0.05) are 
indicated on a log2-FC scale. Grey indicates non-significantly differentially expressed genes. Data 
obtained from Blischak et al. (45) (C, D) mRNA expression levels were quantified in Stm- or Mtb-
infected M1 (top panels) and M2 (bottom panels) prior to infection (0) or 1 or 4 hours post infection 
using GAPDH as the housekeeping control gene. Data represent the median ± interquartile range of 
five donors. Differences were significant by RM one-way ANOVA with Dunnett’s multiple test 
correction against the corresponding uninfected control. *p < 0.05, **p < 0.01. 
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Dichloroacetate Can Be Used as a Tool to Study the Effect of Pyruvate Dehydrogenase 

Kinases on Intracellular Stm and Mtb Control in Human Macrophages 

To study the effect of pyruvate metabolism during Stm and Mtb infections in more detail, 

we aimed to modulate this pathway through chemical inhibition of PDK using 

dichloroacetate (DCA). To validate inhibition of PDKs as the mechanistic target of DCA, we 

first examined whether DCA treatment in Stm and Mtb-infected macrophage subsets 

resulted in dephosphorylation of PDH at serine residues 293 and 300, which corresponds 

with increased PDC activation. Pyruvate, a natural PDK inhibitor, was added as a positive 

control for PDH dephosphorylation. Quantification of the western blot protein band 

intensities revealed that both DCA treatment and addition of pyruvate resulted in PDH 

dephosphorylation at serine residues 293 and 300 in Stm and Mtb-infected M1 and M2 

compared to DMSO (Figure 4A). In summary, these data corroborate earlier findings (46, 

47) that DCA treatment increases PDC activity, validating PDKs as functional targets of 

DCA. 

Since DCA has been reported to shift metabolism from glycolysis to OXPHOS in 

various cell lines (32, 46, 48–50), we next evaluated whether DCA could reverse the Stm- 

and Mtb-induced metabolic shift towards glycolysis that was predominantly observed in 

human M1 macrophages (Figure 1C). First, we studied gene expression levels of metabolic 

key genes (HK2, PDK2, PDK4, IDH2, SDHA) and downstream targets of succinate 

accumulation (HIF1A and VEGF) (19, 22, 51), as an indication of TCA cycle activity, in 

human macrophages (Figure 4B). DCA did not significantly modify metabolic gene 

expression at the transcriptional level, but VEGF was significantly increased by DCA in Stm-

infected M1, in accordance with increased TCA cycle activity (Figure 4C). Next, we studied 

the effect of DCA on OCR and ECAR levels in macrophages that were prestimulated with 

Stm or Mtb lysate (Figure 4D). DCA treatment resulted in increased OCR levels and 

decreased ECAR levels in M1, consistent with a classical DCA-induced shift from glycolysis 

to OXPHOS (Figure 4E). Strikingly, a shift from glycolysis to OXPHOS could not be detected 

in M2, indicating that PDC activation does not necessarily lead to glycolytic reprogramming 

and that this is cell-type specific. 

In conclusion, DCA can be used as a chemical tool to study the effect of PDC activation 

on Stm and Mtb infections in human macrophages, which is accompanied by metabolic 

rewiring from glycolysis to OXPHOS in a M1 cell type specific manner. 
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FIGURE 4 | DCA activated the PDC in human macrophages and induced a metabolic shift from 
glycolysis to OXPHOS in M1. (A) Western blot showing total PDH (PDH-E1a) and PDH 
phosphorylation at serine residues 293 and 300 at 4 hours post infection in Stm- or Mtb-infected M1 
and M2 treated with DCA (10 mM), pyruvate (10 mM) or vehicle control DMSO (0.1% v/v). Shown is 
a representative blot from one out of three independent experiments (left panel) and the band 
intensities were quantified using Fiji/ImageJ, normalized to loading control vinculin and shown as 
fold change (FC) against DMSO (right panel). (B) Schematic representation of pyruvate metabolism 
linked with the TCA cycle and HIF-1a stabilization. (C) mRNA expression levels were quantified by 
Fluidigm qPCR using GAPDH as the housekeeping control gene. Stm- or Mtb-infected M1 and M2 
were treated for 4 hours with DCA (10 mM) or vehicle control DMSO (0.1% v/v). Shown are the 
median ± interquartile range log2FC relative to uninfected macrophages of four donors. Differences 
were significant by a paired t-test between DMSO and DCA and are shown in bold. (D) Schematic 
representation of the experimental setup used in (E). (E) The ECAR and OCR were determined over 
time (0-400 min) in Stm or Mtb-lysate stimulated human macrophages using the Seahorse XF96 
analyzer. M1 and M2 were stimulated with 10 µg/ml Stm or Mtb lysate for approximately 12 minutes 
before the first measurement. The vertical dashed line indicates DCA (final concentration 10 mM) or 
DMSO (at equal v/v) injection at t=18 minutes. Data represent the mean ± standard deviation of 
triplicates from one representative donor out of four donors. 
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DCA Treatment Has Minor Impact on Cytokine and Chemokine Production, but Induces 

ROS Production by Human Macrophages 

To study whether PDC activation can modulate effector functions of human macrophages, 

we assessed the production of 41 chemokines/cytokines by multiplex beads assay. Clearly, 

Stm-infection markedly induced the production of pro- inflammatory cytokines, anti-

inflammatory cytokines and chemokines, which contrasted with the lower magnitude 

changes seen for Mtb-infected macrophages (Figure 5A and Supplemental Table 1). DCA 

treatment did not have any major impact on overall chemokine/cytokine secretion profiles 

of both M1 and M2, although several individual chemokines and cytokines were 

significantly modified by DCA in M1 and M2, dependent on the cell-type and the infection 

type (Stm versus Mtb) (Figure 5B and Supplemental Table 1). 

Since PDC activation by DCA can promote OXPHOS, which is associated with 

mitochondrial ROS production (46, 52), we next assessed the effect of DCA on ROS 

production by M1 and M2. Interestingly, DCA significantly induced ROS production in both 

M1 and M2 and even was a more potent ROS inducer compared to positive control 

phorbol 12-myristate 13-acetate (PMA) (Figures 5C, D). Surprisingly, ROS production was 

increased immediately after administration of DCA, even before the first measurement 

could be taken. ROS production was still observed 1h post DCA stimulation in M1, but 

reached plateau levels in M2, suggesting that DCA-induced ROS production was halted. 

DCA-induced ROS production could be partially inhibited by N-acetylcysteine (NAC), which 

is a scavenger of ROS. 

DCA Treatment Induces Intracellular Stm Control in Human Macrophages 

Since we showed that PDC is a target of interest for HDT and DCA activated PDC, resulting 

in altered metabolism and increased ROS production, we investigated whether DCA could 

impact bacterial control by human macrophages. Macrophages were treated with DCA or 

with H-89 as positive control. As expected, H-89 markedly decreased Stm and tended to 

decrease Mtb in M1 and M2 (41). Exposure of Stm- and Mtb- infected M1 and M2 to 5-20 

mM DCA resulted in a profound decrease in Stm but not Mtb outgrowth (Figure 6A). 

Importantly, cell viability was not affected (Figure 6B). Interestingly, Stm outgrowth was 

significantly more inhibited by DCA treatment in M1 compared to M2, which is in 

agreement with the more profound effect of DCA on M1 metabolism (Figure 4E). 

Furthermore, DCA decreased the percentage of Stm-infected M1 and M2 cells compared 

to DMSO as shown by flow cytometry using DsRed-expressing Stm (Supplemental Figure 

4A). Interestingly, the effect of DCA on inhibiting intracellular Stm outgrowth was already 

significant after 2 hours of DCA treatment in M2 and after 4 hours in both macrophage 

subsets, suggesting that DCA induces a host protective response during the early phase of 

infection (Supplemental Figure 4B). 



164 | Chapter 5 
 

 

 
FIGURE 5 | DCA induced ROS production and did not induce major cytokine/chemokine production 
in human macrophages. (A) Heatmap displaying median cytokine/chemokine levels in the 
supernatants of uninfected, Stm- or Mtb-infected M1 and M2 obtained from six donors. Shown are 
the relative secretion levels (>10 pg/ml) on a white to red color scale per cytokine/chemokine 
(min=0; max=1). Significant differences were tested by RM one-way ANOVA with Dunnett’s multiple 
comparison test against the corresponding uninfected control. (B) Heatmap displaying median log2 
fold change (FC) cytokine/chemokine levels relative to vehicle control DMSO in the supernatants of 
Stm- or Mtb-infected M1 and M2 obtained from six donors. Stm- or Mtb-infected macrophages were 
treated with DCA (10 mM) or an equal volume of DMSO (0.1% v/v) overnight. Differences were 
significant by a paired t-test between DMSO and DCA. (C, D) ROS production in M1 (left panel) and 
M2 (right panel) was measured kinetically for 60 min in cells that were treated with DCA (10 mM), 
PMA (300 nM) or vehicle control DMSO (0.1% v/v). Data represent the fluorescent intensity (FI) at 
522 nm measured kinetically of one representative experiment (C) and the median ± interquartile 
range of the area under the curves (AUC) of the FI normalized to control (i.e. DMSO) of minimally six 
donors (D). Significant differences were tested by RM one-way ANOVA with Tukey’s multiple 
comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001. 
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FIGURE 6 | DCA markedly inhibited bacterial outgrowth of Stm but not Mtb. (A) Stm- (left panel) 
or Mtb-infected (right panel) M1 (light grey dots) or M2 (dark grey dots) were treated with H-89 (10 
µM), PDK inhibitor DCA (5-20 mM) or an equal volume of vehicle control DMSO (0.1% v/v) overnight. 
Data represent the median ± interquartile range of ten different donors (Stm-infection) or seven 
different donors (Mtb-infection). CFUs are expressed as percentage of DMSO. Differences were 
significant by RM Two-way ANOVA with Dunnett’s-multiple comparison test to compare DMSO with 
DCA or with Sidak’s multiple comparison test to compare M1 with M2 in each test condition. (B) 
Percentage of live M1 (left panel) and M2 (right panel) cells (i.e. PI-negative cells) after treatment 
with DCA (5-20 mM) or vehicle control DMSO (0.1% v/v) overnight. Data represent the median ± 
interquartile range of at least four different donors. Differences were tested by RM one-way ANOVA 
with Dunnett’s multiple test correction against DMSO. (C) Stm (left panel) and Mtb growth (right 
panel) after addition of DCA (5-20 mM), gentamicin (50 µg/ml), rifampicin (20 µg/ml) or vehicle 
control DMSO (0.1% v/v) to liquid Stm (left panel) or Mtb (right panel) broth cultures. Data represent 
the mean optical density (OD) at 550 nm ± S.D. of triplicates of a representative experiment out of 
three experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001. 
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Not unexpectedly, DCA had little effect on intracellular Mtb in M1 and M2 (Figure 6A). 

Even a prolonged exposure (up to 72h) of Mtb-infected macrophages to DCA did not result 

in reduction of Mtb CFU levels (Supplemental Figure 4C), suggesting that Mtb modulates 

host-signaling pathways in a manner different from Stm, that cannot be redressed by DCA. 

Potential direct antibiotic properties of DCA were excluded by adding DCA to Stm and Mtb 

cultures in the absence of human cells, showing that DCA acts via host-directed pathways 

in human macrophages to control intracellular Stm (Figure 6C). 

Taken together, our data suggest that DCA inhibits intracellular Stm infection, but not 

Mtb infection, in a host- directed manner. DCA reduced Stm levels rapidly after 

administration, suggesting that DCA is a potent molecule for treatment against Stm. 

Discussion 

Physiological metabolic modulation of phagocytes is essential to effective host control of 

intracellular bacterial pathogens (15). Here, we show that human M1 and M2 adapt their 

metabolic profile upon Stm and Mtb lysate stimulation and Stm infection by increasing 

glycolysis. We identified metabolic key genes, PDKs, as novel targets for HDT against Stm 

and report DCA as a functional chemical tool to study PDK inhibition in the context of 

bacterial infections. Furthermore, we report cell-specific effects of DCA on host cell 

metabolism and chemokine and cytokine production and we show major and rapid effects 

of DCA on Stm outgrowth in infected human macrophages. DCA has been described to 

induce bacterial clearance in the peritoneum of septic mice (53), and to our knowledge, 

this is the first report of a host-directed anti-bacterial effect of DCA on Stm. 

Rapid upregulation of glycolysis is a hallmark of intracellular bacterial infections and 

is thought to rapidly provide energy to sustain biosynthesis of inflammatory molecules 

during the initial infection stage (9–16). However, most studies have been performed in 

mouse models, and the number of studies that assessed induction of glycolysis by bacterial 

infections in human cellular models is limited. Only few studies have reported that human 

macrophages do not increase glycolysis in response to LPS and intracellular 

trypanosomatid parasites (Leishmania donovani, L. amazonensis and T. cruzi) (35, 36). In 

the current study, M1 and M2 subsets increased their glycolytic metabolism upon 

infection with Stm, as demonstrated by increased extracellular acidification rates and 

lactate production and reduced succinate dehydrogenase complex subunit A (SDHA) 

mRNA levels. Importantly, and in agreement with findings from others (35, 36), our work 

does not confirm the reported metabolic divergence between M1 and M2 in mice, where 

glycolysis is the dominant metabolic pathway in M1 and OXPHOS is the dominant 

metabolic pathway in M2 in meeting general energy demands (27–29, 54). In fact, in 

support of our data, LPS stimulation enhanced the glycolytic pathway already after 3 hours 
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in human M1 and M2 macrophages that were differentiated from monocytes by using M-

CSF and IFN-γ or M-CSF, respectively (55). Moreover, glycolysis was induced in human 

alveolar macrophages upon Mtb infection and in human monocytes upon BCG infection 

(10, 56). Here, we report that stimulation with Mtb lysate increased the ECAR/OCR ratio 

to similar levels as Stm lysate. In contrast to infection with live Stm, live Mtb infection was 

not able to increase lactate levels in M1, suggestive of decreased glycolytic function in 

Mtb-infected cells compared to Stm-infected cells. This supports the findings by others 

that live Mtb may actively suppress the glycolytic pathway in M1 (37, 38). 

Inhibition of glycolysis by 2-DG inhibited Stm but not Mtb outgrowth in our 

macrophage model. Importantly, our data in primary human macrophages are in contrast 

with published data from mouse BMDMs in which inhibition of glycolytic flux by 2- DG or 

galactose reduced IFN-γ-dependent control of intracellular Mtb (39). Moreover, mice 

treated in vivo with 2-DG had higher Mtb bacterial burdens in their lungs after 14 days 

(40). Although 2-DG is classically reported to inhibit glycolysis, it also inhibits OXPHOS 

when used in high concentrations that are similar to the ones in our study (up to 10 mM) 

(44). Furthermore, the inhibitory effect of 2-DG on Stm and Mtb infection could be 

dependent on other pathways than its impairment of the glycolytic pathway or OXPHOS, 

as has already been suggested for Legionella pneumophila (43). In agreement with others, 

we thus propose caution in the interpretation of data generated using 2-DG in the context 

of glycolysis (44, 57, 58). Alternatively, substitution of glucose for galactose can provide a 

more reliable method to inhibit glycolysis (44). In our work substitution of D-glucose for 

D-galactose tended to increase intracellular Mtb, in agreement with reported data in 

mouse BMDM (39), and in line with the hypothesis that glycolysis is required for protective 

host responses against Mtb. Importantly, substitution of D-glucose for D-galactose 

significantly decreased intracellular levels of Stm, suggesting that the classical “host-

protective” role of glycolysis during bacterial infections does not apply to Stm in human 

macrophages. 

PDKs are considered gate-keeping kinases between glycolysis and OXPHOS and 

chemical inhibition of PDKs by DCA resulted in a significant reduction of intracellular Stm 

outgrowth in human macrophages. DCA is a potent small molecule in clinical use for the 

treatment of lactic acidosis and metabolic disorders (59) and has gained serious interest 

as anti-cancer therapeutic in the past decade (60). DCA has passed phase I/II toxicity 

testing in humans, which can accelerate the translation towards to clinic application for 

other diseases. Administration of DCA displayed a broad spectrum regarding toxicity and 

safety, ranging from well-tolerance (61) and common gastrointestinal side-effects (62), to 

severe side-effects like peripheral neuropathy (63, 64). Despite reported toxicities, DCA 

has not lost interest as potential therapeutic, and severe side-effects may be suppressed 
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with adjuvant therapy (65). Tolerance of DCA in patients infected with Salmonella remains 

to be determined and is crucial for its applicability as HDT compound for the treatment of 

Salmonella infections, which has a mild disease course in most patients, but can be 

persistent and even lethal in others (66, 67). Building upon this potential, we have 

identified PDKs as potential novel host targets for HDT to treat Stm infections. Of note in 

this context, several novel, potentially safer, DCA derivatives have been synthesized 

recently (59). 

DCA classically induces a metabolic shift from glycolysis to OXPHOS, which was 

reported in cancer cell lines (32, 46, 48–50) and mouse embryonic stem cells (68). 

Similarly, DCA significantly decreased ECAR levels in human macrophages differentiated 

with M-CSF or M-CSF with IFN-γ (55). Here, we report a similar result using DCA in M1 

stimulated with Stm or Mtb lysate, but not in M2. Differences in ECAR levels between M-

CSF-derived macrophages published by Chiba et al. and our M-CSF-derived M2 may be 

explained by differences in DCA concentrations tested (20 mM versus 10 mM in our study), 

or by the use of pre-stimulation with Stm or Mtb lysate in our study. In addition to 

decreased ECAR levels, we observed increased OCR levels immediately after DCA 

treatment in M1, indicative of a metabolic shift from glycolysis to OXPHOS. Interestingly, 

we observed increased levels of VEGF mRNA levels in Stm-infected M1 and not in M2. 

Since succinate has been associated with HIF-1α stabilization, we hypothesize that the 

increased VEGF mRNA levels are a consequence of increased flux into the TCA cycle leading 

to succinate accumulation. Thus, importantly, we show that DCA induces cell-type specific 

responses, but not general metabolic rewiring in all cell types. Since DCA-induced 

metabolic effects were only observed in M1 and not in M2, we propose that improved 

control of Stm was not caused by a metabolic shift from glycolysis to OXPHOS. While not 

investigated here, DCA treatment may have increased or decreased accumulation of 

specific TCA cycle metabolites that modulate innate immune responses of macrophages 

to Stm, such as succinate (69), or may have deprived the cells from host carbon sources 

that can be exploited by Stm, for instance lactate (70). 

In previous studies, DCA induced the functional polarization of murine macrophages 

towards an anti-inflammatory phenotype based on cytokine production profiles (71, 72). 

Similarly, in human cells, DCA decreased IL-1β and IL-10 levels in LPS-stimulated human 

THP-1 cells (73) and IL-6 levels in LPS-stimulated human macrophages (55). In contrast 

with these studies, we did not observe significant DCA-inhibiting effects on IL-1β, IL-10 and 

IL-6 secretion by Stm- or Mtb- infected human macrophages, possibly because infection 

alone already strongly skewed the cytokine response (Figure 5A). Generally, we observed 

that the effect of DCA on chemokine/ cytokine secretion was dependent on both cell-type 

(M1 versus M2) and infection (Stm versus Mtb). We therefore conclude that, based on 
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their cytokine secretion profile, DCA was not able to (re)polarize Stm- or Mtb-infected 

human M1 and M2 towards an anti-inflammatory phenotype. 

Potential mechanism by which DCA induces Stm control in human macrophages is 

through increasing ROS production, as DCA clearly induced ROS in both M1 and M2. In 

agreement with our data, DCA increased intracellular ROS production by tumor cells, head 

and neck cancer cells and multiple myeloma cells (46, 52, 74). Although ROS production 

appears a host strategy to cope with Stm (75–77), it can also promote Stm survival, and 

thus ROS acts as a double-edged sword in the perspective of the host and Stm (78). While 

DCA-induced ROS production has been suggested to originate from increased OXPHOS 

activity in the mitochondria (46, 74), we cannot not exclude other sources of ROS 

production based on our data. Increased ROS production in M2, despite no detectable 

changes in OXPHOS in these cells, in fact might suggest that ROS may have originated from 

other sources, for instance NADPH oxidase-dependent ROS production of phagosomal 

origin (79). Given that the type III secretory system of Salmonella interferes with host 

NADPH oxidase trafficking to the phagosome (as reviewed in 80) to evade ROS-induced 

killing by phagocytes, we speculate that NADPH localization may be restored by DCA 

treatment. This effect of DCA on NADPH oxidase localization and the effect of ROS 

production on intracellular Stm control requires future investigation. 

In the current study, we showed that PDK expression is modulated during Stm 

infections and can be targeted by DCA to improve host control against Stm infections. 

Furthermore, we evaluated effects of DCA on Stm from a host perspective. Whether the 

effect of DCA on Stm control is caused by limited pyruvate access as carbon source remains 

to be determined, but may explain why DCA did not decrease intracellular Mtb levels. 

Together, our data highlight differences in survival of two pathogenic bacteria that can use 

the same host niche, and show the clinical potential of DCA as novel HDT treatment against 

Stm. 

 

Materials and Methods 

Reagents and Antibodies 

Dimethyl sulfoxide (DMSO), 2-deoxy-D-glucose (2-DG), D- (+)-glucose, D-(+)-galactose, 

sodium dichloroacetate (DCA), sodium pyruvate, sodium L-lactate, H-89 dihydrochloride 

hydrate (H-89), and phorbol 12-myristate 13-acetate (PMA) were obtained from Sigma-

Aldrich (Zwijndrecht, The Netherlands). Carbonyl cyanide 4-(trifluoromethoxy) 

phenylhydrazone (FCCP) was obtained from Seahorse Bioscience (Billerica, MA, USA). FITC 

Anti-human CD14 monoclonal (M5-E2) and A647 anti-human CD163 monoclonal (RM3/1) 

were purchased from Sony Biotechnology Inc. (San Jose, California, USA). PE anti-human 

CD11b monoclonal (ICRF44) was obtained from BD Bioscience (Vianen, The Netherlands). 
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Anti-human PDH-E1a (pSer293) and anti-human PDH-E1a (pSer300) polyclonal antibodies 

were purchased from Merck Millipore (Amsterdam, The Netherlands). Anti-human 

vinculin monoclonal (hVIN-1) was purchased from Sigma-Aldrich and anti-human PDH 

monoclonal (9H9AF5) from Thermo Fisher Scientific (Landsmeer, The Netherlands). 

Secondary stabilized peroxidase conjugated antibodies goat anti- rabbit IgG (H+L) and goat 

anti-mouse IgG (H+L) were purchased from Thermo Fisher Scientific. 

Cell Culture 

Primary human macrophages were obtained as described earlier (25). Briefly, human 

peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats obtained from 

healthy donors with informed consent by density gradient centrifugation over 

Ficoll/amidotrizoaat (Pharmacy, LUMC, The Netherlands). CD14+ monocytes were isolated 

by magnetic cell sorting using anti-CD14-coated microbeads (Miltenyi Biotec, Auburn, CA) 

and cultured at 37°C/5% CO2 in Gibco Roswell Park Memorial Institute (RPMI) 1640 

medium (Thermo Fisher Scientific) supplemented with 10% FBS, 2 mM L-Alanyl-L-

Glutamine (PAA, Linz, Austria), 100 units/ml penicillin, 100 µg/ml streptomycin and either 

5 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF, Thermo Fisher 

Scientific) to promote M1-differentiation or 50 ng/ml macrophage colony- stimulating 

factor (M-CSF, R&D Systems, Abingdon, United Kingdom) to promote M2-differentiation. 

After 6 days of differentiation, macrophages were detached by trypsinization and gentle 

scraping, counted and seeded for downstream application in RPMI 1640 medium (10% FBS 

and 2 mM L- Alanyl-L-Glutamine). For experiments, cells were incubated overnight at 

37°C/5% CO2. In parallel, M1 and M2 macrophage phenotypes were validated based on 

surface marker expression (M1: CD14low, CD163low, CD11bhigh; M2: CD14high, 

CD163high, CD11blow) by flow cytometry based on cytokine production (IL-10 and IL-12) 

following overnight LPS stimulation (100 ng/ml) as described before (81). Cells were plated 

on round-bottom 96 wells plates in a concentration of 75,000 cells/well in RPMI 1640 and 

washed in 150 µl PBS/0.1% BSA. Fc receptors were blocked by adding 50 µl of 5% human 

serum (Sanquin, Amsterdam, the Netherlands) for 10 minutes. Cells were washed and 

stained with antibodies against CD14, CD163 and CD11b for 30 minutes at 4°C in the dark, 

washed twice and fluorescence intensity was measured on a Accuri™ C6 flow cytometer 

(BD Bioscience). 

Bacterial Culture 

DsRed-expressing-Salmonella enterica serovar Typhimurium (Stm) strain SL1344 (42) was 

recovered from frozen stock and cultured at 37°C in Difco™ Luria-Bertani (LB) broth (BD 

Bioscience) containing 100 µg/ml ampicillin (Sigma-Aldrich). DsRed-expressing-

Mycobacterium tuberculosis H37Rv (42) was cultured at 37°C in Difco™ Middlebrook 7H9 

broth (BD Bioscience, Vianen, The Netherlands) containing 10% ADC (Becton Dickinson, 



Dichloroacetate Controls Intracellular Stm Survival | 171 
 

C
h

ap
te

r 1
 

C
h

ap
te

r 2 
C

h
ap

te
r 3

 
C

h
ap

te
r 4

 
C

h
ap

te
r 5 

C
h

ap
te

r 6 

Breda, The Netherlands), 0.5% Tween-80 (Sigma-Aldrich) and 2% Glycerol (Sigma-Aldrich). 

Stm and Mtb lysates were generated by harvesting log-phase liquid Stm and Mtb cultures. 

Cultures were washed twice and resuspended in PBS. 1 ml glass beads (0.1 mm, BioSpec 

Products, Breda, The Netherlands) were added to 1 ml bacterial suspension in PBS and 

lysates were generated using the Mini-BeadBeater-1 (BioSpec Products). After 5 minutes 

of incubation, cell lysates were transferred to a 1.5 ml Eppendorf tubes and protein 

concentration was quantified by Pierce™ BCA protein assay kit according to 

manufacturer’s instructions (Thermo Fisher Scientific). 

Seahorse Real-Time Extracellular Flux Analysis 

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were 

determined as a measure of mitochondrial respiration and glycolysis, respectively, by 

using the Agilent Seahorse XFe96 Extracellular Flux Analyzer (Seahorse Bioscience) 

according to manufacturer’s instructions and as described before (82). Briefly, cells were 

plated in a Seahorse XF cell culture microplate at a density of 30,000 cells/well and 

incubated overnight at 37°C/5% CO2 in RPMI 1640 medium (10% FBS, 2 mM L-Alanyl-L-

Glutamine). Cells were stimulated with 1 or 10 µg/ml Stm or Mtb lysate and incubated for 

4 hours at 37°C/5% CO2. Plates were washed with glucose-free RPMI 1640 medium 

(Sigma-Aldrich) containing 5% FBS and incubated for 1h at 37°C without CO2. To 

determine the effect of chemical compounds on OCR and ECAR, cells were stimulated with 

10 µg/ml Stm or Mtb lysate and inserted in the Seahorse XFe96 Analyzer directly. After 

insertion into the Seahorse XFe96 Analyzer, wells were sequentially injected with final 

concentrations of 10 mM D-glucose with or without chemical compounds, 1 µM oligo (ATP 

synthase inhibitor) and 2 µM FCCP (mitochondrial uncoupling agent) after 18, 54 and 72 

minutes, respectively. Basal glycolysis was calculated as the difference between lowest 

ECAR measurement pre-D-glucose injection and highest ECAR measurement post-D-

glucose injection. The glycolytic capacity was calculated as the difference between lowest 

ECAR measurement pre-D-glucose injection and highest ECAR measurement post-oligo 

injection. OXPHOS was calculated as the difference between highest OCR measurement 

pre-oligo injection and lowest OCR measurement post-oligo injection. Maximal respiration 

was calculated as the difference between lowest OCR measurement pre-FCCP injection 

and highest OCR measurement post-FCCP injection. Basal glycolysis was divided by 

OXPHOS to calculate ECAR/ OCR ratios. 

Macrophage Infection 

Ongoing Stm cultures were diluted one day before infection and again at 2-3 hours prior 

to infection to reach log phase (OD600 between 0.4-0.6) during infection. Mtb cultures 

were diluted one day prior to infection to reach log phase (OD600 between 0.4-0.6) during 

infection. Cells were infected with Stm or Mtb with a multiplicity of infection (MOI) of 10. 
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Accuracy of the MOI was validated by plating serial dilutions of the Stm inoculum on 

Difco™ LB agar plates (BD Bioscience) or the Mtb inoculum on Difco™ Middlebrook 7H10 

agar (BD Bioscience) plates containing 10% OADC (Becton Dickinson) and 5% glycerol. Cells 

seeded 1 day prior to infection in flat-bottom 96-well plates were inoculated with 100 µl 

bacterial suspension and cells seeded in flat-bottom 24- well plates with 500 µl bacterial 

suspension in RPMI 1640 (10% FBS, 2 mM L-Alanyl-L-Glutamine). Plates were centrifuged 

for 3 minutes at 800 rpm and incubated for 20 minutes for Stm infections and 1 hour for 

Mtb infections at 37°C/5% CO2. Extracellular bacteria were removed by washing and 

incubation with fresh RPMI 1640 (10% FBS, 2 mM L-Alanyl-L-Glutamine) containing 30 

µg/ml gentamicin sulphate (Lonza BioWhittaker, Basel, Switzerland) for 10 minutes and 

cells were incubated in gentamicin sulphate-containing medium (5 µg/ml) in the presence 

or absence of chemical compounds or an equal amount of vehicle control DMSO (0.1% 

v/v) for 4 hours or overnight at 37°C/5% CO2. 

Lactate Assay 

Cell supernatants were harvested and kept at -20°C until further use. 10 µl of 100 mM 

sodium l-lactate standard or sample was added in triplicate to a flat bottom 96-well plate 

(Greiner Bio- One, Alphen a/d Rijn, The Netherlands). 200 µl of reaction mix (0.74 mM 

NAD, Roche Applied Science; 0.4 mM glycine, Sigma- Aldrich; 0.4 M hydrazine hydrate, 

Sigma-Aldrich) and 2 µl of three times diluted L-Lactate Dehydrogenase (LDH) from rabbit 

muscle (Roche Applied Science, Bayern, Germany) was added to each well to allow 

conversion of lactate to pyruvate by LDH and trapping of the newly formed pyruvate: 

Lactate + NAD+ <–> Pyruvate + NADH + H+. Plates were incubated on a shaker for 90 

minutes at RT and NADH levels were measured spectrophotometrically at 340 nm using a 

SpectraMax i3x plate reader (Molecular Devices, CA, USA) before and after incubation as 

an indicator of lactate production. 

CFU Assay 

Intracellular bacterial burden was determined by colony forming unit (CFU) assays as 

described previously (81). Cells were washed once with PBS and lysed in 0.05% sodium 

dodecyl sulfate (SDS) solution (Thermo Fisher Scientific). Serially diluted cell lysates were 

plated on LB agar (Stm) or on 7H10 agar containing 10% OADC and 5% Glycerol (Mtb). 

Plates were incubated at 37°C and CFUs were counted from triplicate wells. 

Cellular Toxicity Assay 

The number and percentage of dead cells based on plasma membrane integrity of the 

adherent cell population was quantified by analysis of microscopy images. Cells in 96-well 

flat bottom plates (30,000 cells/well) were stained with 2 µg/ml propidium iodide (PI, 

Sigma-Aldrich) and 2 µg/ml Hoechst 33342 (H3570, Sigma-Aldrich) in 40 µl/well phenol 
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red-free RPMI 1640 (Sigma-Aldrich) supplemented with 10% FBS and 2 mM L-Alanyl-L-

Glutamine and incubated for 5 minutes at room temperature (RT). Cells were imaged using 

a Leica AF6000 LC fluorescence microscope (Leica Microsystems, Wetzlar, Germany) 

combined with a 10x dry objective. Total and dead cell numbers were quantified by 

respectively counting the nuclei and the number of PI-positive cells using Fiji/ImageJ 

software (83). 

Cell-Free Bacterial Growth Assay 

Compounds were diluted in Difco™ LB broth or in Difco™ Middlebrook 7H9 broth and 

added (100 µl/well) to 100 µl/well bacterial culture (OD600 of 0.1) in flat bottom 96-well 

plates. Gentamycin (50 µg/ml) and rifampicin (20 µg/ml) were added as positive controls 

to inhibit Stm and Mtb growth, respectively. Absorbance was measured directly after 

plating and after 16-18 hours for Stm growth and at day 2, 5, 8 and 12 for Mtb growth at 

550 nm on a Mithras LB 940 plate reader (Berthold Technologies, Bad Wildbad, Germany). 

Fluidigm Real-Time Quantitative Polymerase Chain Reaction (qPCR) 

300,000 cells/well in a flat bottom 24 wells plate were lysed in 350 µl TRIzol™ reagent 

(Thermo Fisher Scientific). RNA was isolated according to manufacturers’ instructions and 

diluted to 50 ng/µl. cDNA and 14-cycle preamplification was performed according to 

Fluidigm protocols (Biomark Fluidigm, South San Francisco, CA, United States). Briefly, 

cDNA was synthesized by addition of 1 µl reverse transcription master mix to 3 µl of RNase-

free water and 1 µl of 50 ng/µl RNA per sample, and incubated using the following thermal 

protocol: 5 min at 25°C, 30 min at 42°C, 5 min at 85°C and then stored at -20°C until use. 

For preamplication, 1.25 µl of cDNA was added to 1 µl of Preamp Fluidigm Master Mix, 

1.25 µl of Pooled TaqMan primer mix and 1.5 µl of RNase-free water per sample, and 

incubated using the following thermal protocol: 2 min at 85°C, 14 cycles of 15s at 95°C and 

4 min at 60°C and stored at -20°C until use. For quantitative real-time PCR reactions, 1.35 

µl preamplified cDNA, 1.5 µL 2X Taqman Gene Expression PCR Master Mix and 0.15 µL 20X 

GE Sample Reagent was used per reaction. Flex Six fluidics chips were primed with control 

line fluid and loaded with 3 µl preamplified samples in the appropriate inlets. All Real-Time 

PCR reactions were performed in the BioMark real-time PCR system using the GE FLEXSix 

Standard v1 thermal protocol. Cycle threshold (Ct) values were calculated using BioMark 

Real- time PCR Analysis software. Changes of expression values were calculated as the log2 

Fold Change (FC) between the target gene and the reference gene GAPDH. The following 

FAM-MGB Taqman primer sets were used: GAPDH (Hs02758991_g1), PDK1 

(Hs01561847_m1), PDK2 (Hs00176865_m1), PDK3 (Hs00178440_m1), PDK4 

(Hs01037712_m1), PDP1 (Hs01081518_s1), PDP2 (Hs01934174_s1), HK2 (Hs00606086_m 

1 ), SDHA (Hs00188166_m1 ), IDH2 (Hs00953879_m1), HIF1A (Hs00153153_m1 ) and 

VEGFA (Hs00900055_m1). 
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Western Blot Analysis 

Cells (300,000 cells/well in 24-wells plates) were lysed using 100 µl/well EBSB buffer (10% 

v/v glycerol, 3% SDS, 100 mM Tris-HCl, pH 6.8) supplemented with cOmplete™ EDTA-free 

protease inhibitor cocktail (Sigma-Aldrich) and phosphatase inhibitor (PhosSTOP EASYpack 

Sigma-Aldrich) in the concentration of one tablet each per 10 ml. Samples were boiled for 

10 minutes at 95°C and stored at -20°C until use. Sample concentrations were determined 

using Pierce™ BCA protein assay kit (Thermo Fisher Scientific) according to manufacturer 

instructions and diluted to equal concentrations in Laemmli sample buffer (Biorad) 

containing 10% b-mercaptoethanol (Sigma-Aldrich). 12.5 µl of sample per lane was loaded 

on a 15-well 4–20% Mini-PROTEAN® TGX™ Precast Protein Gel (Bio-Rad Laboratories, 

Veenendaal, the Netherlands) and Amersham ECL Rainbow Molecular Weight Marker 

(Sigma-Aldrich) was added as reference. Proteins were transferred to methanol-activated 

Immun-Blot PVDF membranes (Biorad) in Tris-glycine buffer (25 mM Tris, 192 mM glycine 

and 20% methanol). Membranes were blocked for 1 hour in polysorbate 20 tris-buffered 

saline (TTBS) supplemented with bovine serum albumin fraction V (BSA, 5% w/v, Roche 

Diagnostics, Almere, The Netherlands) and incubated with the indicated antibodies in 5% 

BSA/TTBS overnight at 4°C. Membranes were washed for 45 minutes in TTBS and stained 

with secondary antibodies in 5% BSA/TTBS for 2 hours at RT. Membranes were washed for 

30 minutes with TTBS prior to revelation using enhanced chemiluminescence (ECL)™ Prime 

Western Blotting System reagent (GE Healthcare, Hoevelaken, The Netherlands). Imaging 

was performed on a ChemiDoc XRS+ (Bio-Rad). Protein bands were quantified using 

ImageJ/ Fiji software (83) and normalized to vinculin. 

Reactive Oxygen Species (ROS) Assay 

Procedure was performed as described previously (81). Cells (40,000 cells/well) were 

seeded in black ultra-thin clear flat bottom 96-well plates (Corning) in RPMI 1640 (10% 

FBS, 2 mM L-Alanyl-L-Glutamine) and incubated overnight at 37°C/ 5% CO2. Cells were 

washed with 150 µl PBS/well and RPMI 1640 without phenol red was added and 

background fluorescence was measured using a SpectraMax i3x plate reader (l ex 493 nm 

and l em 522 nm) at 37°C. Cells were washed with 150 µl PBS/well. 50 µl/well of 5 µM CM-

H2DCFDA, a general ROS probe, in RPMI 1640 without phenol red was added for 30 

minutes at 37°C/5% CO2. Cells were washed with 100 µl PBS/well and 100 µl/well RPMI 

1640 without phenol red was added containing DMSO (0.1% v/v), DCA (10 mM) or PMA 

(300 nM) as positive control. ROS production was measured kinetically for 60 minutes at 

37°C by measuring fluorescence at 522 nm using the SpectraMax i3x. 
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Cytokine and Chemokine Secretion by Enzyme-Linked Immuno Sorbent Assay (ELISA) 

and Multiplex Beads Assay 

Cell supernatants were collected and sterilized by centrifugation using a 96-well filter plate 

containing a 0.2 µm PVDF membrane (Corning). IL-12p40/p70 production was quantified 

using a human IL-12p40/p70 Enzyme-Linked Immuno Sorbent Assay (ELISA) kit (Thermo 

Fisher Scientific) according to manufacturer’s instructions. Secretion levels of forty-one 

cytokine/chemokine analytes were quantified using the MilliPlex Human 

Cytokine/Chemokine magnetic bead premixed 41-plex kit (Millipore Billerica, MA, USA) 

according to manufacturer’s instructions. The following analytes were measured on a Bio-

Plex 100 with Bio-Plex ManagerTM software v6.1 (Biorad): sCD40L, EGF, FGF-2, Flt3 ligand, 

Fractalkine (CX3CL1), G-CSF, GM-CSF, GRO (CXCL1), IFN-g, IFN-a2, IL-1a, IL-1b, IL-1RA, IL-2, 

IL-3, IL-4, IL-5, IL-6, IL-7, IL-8 (CXCL8), IL-9, IL-10, IL-12p40, IL-12p70, IL-13, IL-15, IL-17a, IP-

10 (CXCL10), MCP-1 (CCL2), MCP-3 (CCL7), MDC (CCL22), MIP-1a (CCL3), MIP-1b (CCL4), 

PDGF-AB/ BB, RANTES (CCL5), TGF-a, TNF-a, TNF-b, VEGF, Eotaxin (CCL11) and PDGF-AA. 

Cytokines that were produced in quantities lower than 10 pg/ml in all treatment 

conditions were excluded from analysis. 

Statistical Analysis 

Data were tested with a paired sample t-test when comparing two groups and RM one-

way ANOVA followed by Dunnett’s multiple comparison test, unless mentioned otherwise, 

when comparing three or more groups. Statistical tests were considered significant when 

p < 0.05 at 95% confidence interval. All statistical analyses were carried out using 

GraphPad Prism 8 software (Graphpad Software, San Diego, CA, USA). 

  



176 | Chapter 5 
 

 

Data Availability Statement 

The raw data supporting the conclusions of this article will be made available by the 

authors, without undue reservation. 

Ethics Statement 

The studies involving human participants were reviewed and approved by Institutional 

Review Board of the Leiden University Medical Center, The Netherlands. The 

patients/participants provided their written informed consent to participate in this study. 

Author Contributions 

TO and CD devised the project and the main conceptual ideas. MH and FV contributed to 

the design and implementation of the research. CD, GS, JE, SV, and MH performed the 

experiments and analyzed the experimental data. KW contributed to preparation of 

materials. CD and TO wrote the manuscript. TO supervised the project. All authors 

contributed to the article and approved the submitted version. 

Funding 

The study received support from the Netherlands Organization for Scientific Research 

(NWO-TOP Grant Agreement No. 91214038); and the NWO-TTW NACTAR grant (Grant 

Agreement No. 16444). The funders had no role in study design, data collection and 

analysis, decision to publish, or preparation of the manuscript. 

Acknowledgements 

We gratefully acknowledge Louis Wilson for culturing Mtb H37Rv strains, and Prof. dr. J. J. 

Neefjes (LUMC, Leiden, The Netherlands) for providing DsRed-expressing Stm and 

members of the TB lab at our department for helpful discussions. 

Conflict of Interest 

The authors declare that the research was conducted in the absence of any commercial or 

financial relationships that could be construed as a potential conflict of interest. 

  



Dichloroacetate Controls Intracellular Stm Survival | 177 
 

C
h

ap
te

r 1
 

C
h

ap
te

r 2 
C

h
ap

te
r 3

 
C

h
ap

te
r 4

 
C

h
ap

te
r 5 

C
h

ap
te

r 6 

References 

1. Antimicrobial Resistance: Tackling a Crisis for the Health and Wealth of Nations. The Review on 
Antimicrobial Resistance, Chaired by Jim O’neill (2014). Available at: http://wwwjpiamreu/wp-
content/uploads/2014/12/AMR-Review-Paper-Tackling-a-crisis-for-the-health-and-wealth-of- 
nations_1-2.pdf 

2. World Health Organization. Global Tuberculosis Report 2018. Geneva, Switzerland: World 
Health Organization (2018). Available at: http:// wwwwhoint/iris/handle/10665/274453. 
License: CC BY-NC-SA 30 IGO 

3. Waddington CS, Darton TC, Pollard AJ. The Challenge of Enteric Fever. J infect (2014) 68 
Suppl 1:S38–50. doi: 10.1016/j.jinf.2013.09.013 

4. Stanaway JD, Parisi A, Sarkar K, Blacker BF, Reiner RC, Hay SI, et al. The Global Burden of non-
Typhoidal Salmonella Invasive Disease: A Systematic Analysis for the Global Burden of Disease 
Study 2017. Lancet Infect Dis (2019) 19(12):1312–24. doi: 10.1016/S1473-3099(19)30418-9 

5. Kingsley RA, Msefula CL, Thomson NR, Kariuki S, Holt KE, Gordon MA, et al. Epidemic Multiple 
Drug Resistant Salmonella Typhimurium Causing Invasive Disease in Sub-Saharan Africa Have 
a Distinct Genotype. Genome Res (2009) 19(12):2279–87. doi: 10.1101/gr.091017.109 

6. Mather AE, Phuong TLT, Gao Y, Clare S, Mukhopadhyay S, Goulding DA, et al. New Variant of 
Multidrug-Resistant Salmonella enterica Serovar Typhimurium Associated With Invasive 
Disease in Immunocompromised Patients in Vietnam. mBio (2018) 9(5):e01056–18. doi: 
10.1128/mBio. 01056-18 

7. Palucci I, Delogu G. Host Directed Therapies for Tuberculosis: Futures Strategies for an Ancient 
Disease. Chemotherapy (2018) 63(3):172–80. doi: 10.1159/000490478 

8. O’Neill LA, Pearce EJ. Immunometabolism Governs Dendritic Cell and Macrophage Function. J 
Exp Med (2016) 213(1):15–23. doi: 10.1084/ jem.20151570 

9. Wang T, Liu H, Lian G, Zhang SY, Wang X, Jiang C. HIF1alpha-Induced Glycolysis Metabolism Is 
Essential to the Activation of Inflammatory Macrophages. Mediators Inflamm (2017) 
2017:9029327. doi: 10.1155/2017/ 9029327 

10. Gleeson LE, Sheedy FJ, Palsson-McDermott EM, Triglia D, O’Leary SM, O’Sullivan MP, et al. 
Cutting Edge: Mycobacterium tuberculosis Induces Aerobic Glycolysis in Human Alveolar 
Macrophages That Is Required for Control of Intracellular Bacillary Replication. J Immunol 
(2016) 196(6):2444– 9. doi: 10.4049/jimmunol.1501612 

11. Palsson-McDermott EM, Curtis AM, Goel G, Lauterbach MA, Sheedy FJ, Gleeson LE, et al. 
Pyruvate Kinase M2 Regulates Hif-1alpha Activity and IL- 1beta Induction and is a Critical 
Determinant of the Warburg Effect in LPS- Activated Macrophages. Cell Metab (2015) 
21(1):65–80. doi: 10.1016/ j.cmet.2014.12.005 

12. Shi L, Salamon H, Eugenin EA, Pine R, Cooper A, Gennaro ML. Infection With Mycobacterium 
tuberculosis Induces the Warburg Effect in Mouse Lungs. Sci Rep (2015) 5:18176. doi: 
10.1038/srep18176 

13. Appelberg R, Moreira D, Barreira-Silva P, Borges M, Silva L, Dinis-Oliveira RJ, et al. The Warburg 
Effect in Mycobacterial Granulomas Is Dependent on the Recruitment and Activation of 
Macrophages by Interferon-Gamma. Immunology (2015) 145(4):498–507. doi: 
10.1111/imm.12464 

14. Lachmandas E, Beigier-Bompadre M, Cheng SC, Kumar V, van Laarhoven A, Wang X, et al. 
Rewiring Cellular Metabolism via the AKT/mTOR Pathway Contributes to Host Defence 
Against Mycobacterium tuberculosis in Human and Murine Cells. Eur J Immunol (2016) 
46(11):2574–86. doi: 10.1002/ eji.201546259 

15. Mills EL, Kelly B, O’Neill LAJ. Mitochondria are the Powerhouses of Immunity. Nat Immunol 
(2017) 18(5):488–98. doi: 10.1038/ni.3704 

16. Kelly B, O’Neill LA. Metabolic Reprogramming in Macrophages and Dendritic Cells in Innate 

http://wwwjpiamreu/wp-content/uploads/2014/12/AMR-Review-Paper-Tackling-a-crisis-for-the-health-and-wealth-of-nations_1-2pdf
http://wwwjpiamreu/wp-content/uploads/2014/12/AMR-Review-Paper-Tackling-a-crisis-for-the-health-and-wealth-of-nations_1-2pdf
http://wwwjpiamreu/wp-content/uploads/2014/12/AMR-Review-Paper-Tackling-a-crisis-for-the-health-and-wealth-of-nations_1-2pdf
http://wwwjpiamreu/wp-content/uploads/2014/12/AMR-Review-Paper-Tackling-a-crisis-for-the-health-and-wealth-of-nations_1-2pdf
http://wwwjpiamreu/wp-content/uploads/2014/12/AMR-Review-Paper-Tackling-a-crisis-for-the-health-and-wealth-of-nations_1-2pdf
http://wwwwhoint/iris/handle/10665/274453
http://wwwwhoint/iris/handle/10665/274453
http://wwwwhoint/iris/handle/10665/274453
https://doi.org/10.1016/j.jinf.2013.09.013
https://doi.org/10.1016/S1473-3099(19)30418-9
https://doi.org/10.1101/gr.091017.109
https://doi.org/10.1128/mBio.01056-18
https://doi.org/10.1128/mBio.01056-18
https://doi.org/10.1159/000490478
https://doi.org/10.1084/jem.20151570
https://doi.org/10.1084/jem.20151570
https://doi.org/10.1155/2017/9029327
https://doi.org/10.1155/2017/9029327
https://doi.org/10.4049/jimmunol.1501612
https://doi.org/10.1016/j.cmet.2014.12.005
https://doi.org/10.1016/j.cmet.2014.12.005
https://doi.org/10.1038/srep18176
https://doi.org/10.1111/imm.12464
https://doi.org/10.1002/eji.201546259
https://doi.org/10.1002/eji.201546259
https://doi.org/10.1038/ni.3704


178 | Chapter 5 
 

 

Immunity. Cell Res (2015) 25(7):771–84. doi: 10.1038/cr.2015.68 
17. Lampropoulou V, Sergushichev A, Bambouskova M, Nair S, Vincent EE, Loginicheva E, et al. 

Itaconate Links Inhibition of Succinate Dehydrogenase With Macrophage Metabolic 
Remodeling and Regulation of Inflammation. Cell Metab (2016) 24(1):158–66. doi: 
10.1016/j.cmet.2016.06.004 

18. Liu PS, Wang H, Li X, Chao T, Teav T, Christen S, et al. Alpha-Ketoglutarate Orchestrates 
Macrophage Activation Through Metabolic and Epigenetic Reprogramming. Nat Immunol 
(2017) 18(9):985–94. doi: 10.1038/ni.3796 

19. Mills EL, Kelly B, Logan A, Costa ASH, Varma M, Bryant CE, et al. Succinate Dehydrogenase 
Supports Metabolic Repurposing of Mitochondria to Drive Inflammatory Macrophages. Cell 
(2016) 167(2):457–70.e13. doi: 10.1016/ j.cell.2016.08.064 

20. Murphy MP, O’Neill LAJ. Krebs Cycle Reimagined: The Emerging Roles of Succinate and 
Itaconate as Signal Transducers. Cell (2018) 174(4):780–4. doi: 10.1016/j.cell.2018.07.030 

21. Samuvel DJ, Sundararaj KP, Nareika A, Lopes-Virella MF, Huang Y. Lactate Boosts TLR4 
Signaling and NF-KappaB Pathway-Mediated Gene Transcription in Macrophages via 
Monocarboxylate Transporters and MD- 2 Up-Regulation. J Immunol (2009) 182(4):2476–
84. doi: 10.4049/ jimmunol.0802059 

22. Tannahill GM, Curtis AM, Adamik J, Palsson-McDermott EM, McGettrick AF, Goel G, et al. 
Succinate Is an Inflammatory Signal That Induces IL-1beta Through HIF-1alpha. Nature (2013) 
496(7444):238–42. doi: 10.1038/ nature11986 

23. Bekkering S, Arts RJW, Novakovic B, Kourtzelis I, van der Heijden C, Li Y, et al. Metabolic 
Induction of Trained Immunity Through the Mevalonate Pathway. Cell (2018) 172(1-2):135–
46.e9. doi: 10.1016/j.cell.2017.11.025 

24. Michelucci A, Cordes T, Ghelfi J, Pailot A, Reiling N, Goldmann O, et al. Immune-Responsive 
Gene 1 Protein Links Metabolism to Immunity by Catalyzing Itaconic Acid Production. Proc Natl 
Acad Sci USA (2013) 110 (19):7820–5. doi: 10.1073/pnas.1218599110 

25. Verreck FA, de Boer T, Langenberg DM, Hoeve MA, Kramer M, Vaisberg E, et al. Human IL-23-
Producing Type 1 Macrophages Promote But IL-10- Producing Type 2 Macrophages Subvert 
Immunity to (Myco)Bacteria. Proc Natl Acad Sci USA (2004) 101(13):4560–5. doi: 
10.1073/pnas.0400983101 

26. Verreck FA, de Boer T, Langenberg DM, van der Zanden L, Ottenhoff TH. Phenotypic and 
Functional Profiling of Human Proinflammatory Type-1 and Anti-Inflammatory Type-2 
Macrophages in Response to Microbial Antigens and IFN-Gamma- and CD40L-Mediated 
Costimulation. J Leukoc Biol (2006) 79(2):285–93. doi: 10.1189/jlb.0105015 

27. Rodríguez-Prados J-C, Través PG, Cuenca J, Rico D, Aragonés J, Martín-Sanz P, et al. Substrate Fate 
in Activated Macrophages: A Comparison Between Innate, Classic, and Alternative Activation. J 
Immunol (2010) 185(1):605–14. doi: 10.4049/jimmunol.0901698 

28. Jha AK, Huang SC, Sergushichev A, Lampropoulou V, Ivanova Y, Loginicheva E, et al. Network 
Integration of Parallel Metabolic and Transcriptional Data Reveals Metabolic Modules That 
Regulate Macrophage Polarization. Immunity (2015) 42(3):419–30. doi: 
10.1016/j.immuni.2015.02.005 

29. Galvan-Pena S, O’Neill LA. Metabolic Reprograming in Macrophage Polarization. J Immunol 
(2014) 5:420. doi: 10.3389/fimmu.2014.00420 

30. Patel MS, Korotchkina LG. Regulation of Mammalian Pyruvate Dehydrogenase Complex 
by Phosphorylation: Complexity of Multiple Phosphorylation Sites and Kinases. Exp Mol Med 
(2001) 33(4):191–7. doi: 10.1038/emm.2001.32 

31. Harris RA, Bowker-Kinley MM, Huang B, Wu P. Regulation of the Activity of the Pyruvate 
Dehydrogenase Complex. Adv Enzyme Regul (2002) 42:249–59. doi: 10.1016/S0065-
2571(01)00061-9 

32. Bonnet S, Archer SL, Allalunis-Turner J, Haromy A, Beaulieu C, Thompson R, et al. A Mitochondria-

https://doi.org/10.1038/cr.2015.68
https://doi.org/10.1016/j.cmet.2016.06.004
https://doi.org/10.1038/ni.3796
https://doi.org/10.1016/j.cell.2016.08.064
https://doi.org/10.1016/j.cell.2016.08.064
https://doi.org/10.1016/j.cell.2018.07.030
https://doi.org/10.4049/jimmunol.0802059
https://doi.org/10.4049/jimmunol.0802059
https://doi.org/10.1038/nature11986
https://doi.org/10.1038/nature11986
https://doi.org/10.1016/j.cell.2017.11.025
https://doi.org/10.1073/pnas.1218599110
https://doi.org/10.1073/pnas.0400983101
https://doi.org/10.1189/jlb.0105015
http://www.hoejetypt.nl/letter/Kleine%20letter%20i%20met%20acute
http://www.hoejetypt.nl/letter/Kleine%20letter%20i%20met%20acute
https://doi.org/10.4049/jimmunol.0901698
https://doi.org/10.1016/j.immuni.2015.02.005
https://doi.org/10.3389/fimmu.2014.00420
https://doi.org/10.1038/emm.2001.32
https://doi.org/10.1016/S0065-2571(01)00061-9
https://doi.org/10.1016/S0065-2571(01)00061-9


Dichloroacetate Controls Intracellular Stm Survival | 179 
 

C
h

ap
te

r 1
 

C
h

ap
te

r 2 
C

h
ap

te
r 3

 
C

h
ap

te
r 4

 
C

h
ap

te
r 5 

C
h

ap
te

r 6 

K+ Channel Axis Is Suppressed in Cancer and its Normalization Promotes Apoptosis and Inhibits 
Cancer Growth. Cancer Cell (2007) 11(1):37–51. doi: 10.1016/j.ccr.2006.10.020 

33. Mayers RM, Butlin RJ, Kilgour E, Leighton B, Martin D, Myatt J, et al. AZD7545, a Novel Inhibitor 
of Pyruvate Dehydrogenase Kinase 2 (PDHK2), Activates Pyruvate Dehydrogenase In Vivo and 
Improves Blood Glucose Control in Obese (Fa/Fa) Zucker Rats. Biochem Soc Trans (2003) 31(Pt 
6):1165–7. doi: 10.1042/bst0311165 

34. Stacpoole PW, Moore GW, Kornhauser DM. Metabolic Effects of Dichloroacetate in Patients With 
Diabetes Mellitus and Hyperlipoproteinemia. N Engl J Med (1978) 298(10):526–30. doi: 
10.1056/NEJM197803092981002 

35. Ty MC, Pn L, Alberola J, Rodriguez A, Rodriguez-Cortes A. Immuno-Metabolic Profile of Human 
Macrophages After Leishmania and Trypanosoma Cruzi Infection. PloS One (2019) 
14(12):e0225588. doi: 10.1371/journal.pone.0225588 

36. Vijayan V, Pradhan P, Braud L, Fuchs HR, Gueler F, Motterlini R, et al. Human and Murine 
Macrophages Exhibit Differential Metabolic Responses to Lipopolysaccharide-a Divergent Role 
for Glycolysis. Redox Biol (2019) 22:101147. doi: 10.1016/j.redox.2019.101147 

37. Hackett EE, Charles-Messance H, O’Leary SM, Gleeson LE, Munoz-Wolf N, Case S, et al. 
Mycobacterium tuberculosis Limits Host Glycolysis and IL- 1beta by Restriction of PFK-M via 
MicroRNA-21. Cell Rep (2020) 30(1):124– 36.e4. doi: 10.1016/j.celrep.2019.12.015 

38. Cumming BM, Addicott KW, Adamson JH, Steyn AJ. Mycobacterium tuberculosis Induces 
Decelerated Bioenergetic Metabolism in Human Macrophages. eLife (2018) 7:e39169. doi: 
10.7554/eLife.39169 

39. Braverman J, Sogi KM, Benjamin D, Nomura DK, Stanley SA. HIF-1alpha Is an Essential 
Mediator of IFN-Gamma-Dependent Immunity to Mycobacterium tuberculosis. J 
Immunol (2016) 197(4):1287–97. doi: 10.4049/jimmunol.1600266 

40. Huang L, Nazarova EV, Tan S, Liu Y, Russell DG. Growth of Mycobacterium tuberculosis 
In Vivo Segregates With Host Macrophage Metabolism and Ontogeny. J Exp Med (2018) 
215(4):1135–52. doi: 10.1084/ jem.20172020 

41. Kuijl C, Savage ND, Marsman M, Tuin AW, Janssen L, Egan DA, et al. Intracellular Bacterial 
Growth is Controlled by a Kinase Network Around PKB/Akt1. Nature (2007) 450(7170):725–
30. doi: 10.1038/nature06345 

42. Korbee CJ, Heemskerk MT, Kocev D, van Strijen E, Rabiee O, Franken K, et al. Combined Chemical 
Genetics and Data-Driven Bioinformatics Approach Identifies Receptor Tyrosine Kinase 
Inhibitors as Host-Directed Antimicrobials. Nat Commun (2018) 9(1):358. doi: 
10.1038/s41467-017- 02777-6 

43. Price JV, Jiang K, Galantowicz A, Freifeld A, Vance RE. Legionella Pneumophila Is Directly 
Sensitive to 2-Deoxyglucose-Phosphate via Its UhpC Transporter But Is Indifferent to Shifts in 
Host Cell Glycolytic Metabolism. J Bacteriol (2018) 200(16):e00176-18. doi: 10.1128/JB.00176-
18 

44. Wang F, Zhang S, Vuckovic I, Jeon R, Lerman A, Folmes CD, et al. Glycolytic Stimulation Is Not a 
Requirement for M2 Macrophage Differentiation. Cell Metab (2018) 28(3):463–75.e4. doi: 
10.1016/j.cmet.2018.08.012 

45. Blischak JD, Tailleux L, Mitrano A, Barreiro LB, Gilad Y. Mycobacterial Infection Induces a 
Specific Human Innate Immune Response. Sci Rep (2015) 5:16882. doi: 10.1038/srep16882 

46. Sanchez WY, McGee SL, Connor T, Mottram B, Wilkinson A, Whitehead JP, et al. 
Dichloroacetate Inhibits Aerobic Glycolysis in Multiple Myeloma Cells and Increases Sensitivity 
to Bortezomib. Br J Cancer (2013) 108(8):1624–33. doi: 10.1038/bjc.2013.120 

47. Rardin MJ, Wiley SE, Naviaux RK, Murphy AN, Dixon JE. Monitoring Phosphorylation of the 
Pyruvate Dehydrogenase Complex. Anal Biochem (2009) 389(2):157–64. doi: 
10.1016/j.ab.2009.03.040 

48. Shen H, Hau E, Joshi S, Dilda PJ, McDonald KL. Sensitization of Glioblastoma Cells to Irradiation 

https://doi.org/10.1016/j.ccr.2006.10.020
https://doi.org/10.1042/bst0311165
https://doi.org/10.1056/NEJM197803092981002
https://doi.org/10.1371/journal.pone.0225588
https://doi.org/10.1016/j.redox.2019.101147
https://doi.org/10.1016/j.celrep.2019.12.015
https://doi.org/10.7554/eLife.39169
https://doi.org/10.4049/jimmunol.1600266
https://doi.org/10.1084/jem.20172020
https://doi.org/10.1084/jem.20172020
https://doi.org/10.1038/nature06345
https://doi.org/10.1038/s41467-017-02777-6
https://doi.org/10.1038/s41467-017-02777-6
https://doi.org/10.1128/JB.00176-18
https://doi.org/10.1128/JB.00176-18
https://doi.org/10.1016/j.cmet.2018.08.012
https://doi.org/10.1038/srep16882
https://doi.org/10.1038/bjc.2013.120
https://doi.org/10.1016/j.ab.2009.03.040


180 | Chapter 5 
 

 

by Modulating the Glucose Metabolism. Mol Cancer Ther (2015) 14(8):1794–804. doi: 
10.1158/1535-7163.MCT-15-0247 

49. De Preter G, Neveu MA, Danhier P, Brisson L, Payen VL, Porporato PE, et al. Inhibition of the 
Pentose Phosphate Pathway by Dichloroacetate Unravels a Missing Link Between Aerobic 
Glycolysis and Cancer Cell Proliferation. Oncotarget (2016) 7(3):2910–20. doi: 
10.18632/oncotarget.6272 

50. Kluza J, Corazao-Rozas P, Touil Y, Jendoubi M, Maire C, Guerreschi P, et al. Inactivation of the 
HIF-1alpha/PDK3 Signaling Axis Drives Melanoma Toward Mitochondrial Oxidative 
Metabolism and Potentiates the Therapeutic Activity of Pro-Oxidants. Cancer Res (2012) 
72(19):5035–47. doi: 10.1158/0008-5472.CAN-12-0979 

51. Selak MA, Armour SM, MacKenzie ED, Boulahbel H, Watson DG, Mansfield KD, et al. Succinate 
Links TCA Cycle Dysfunction to Oncogenesis by Inhibiting HIF-a Prolyl Hydroxylase. Cancer Cell 
(2005) 7(1):77–85. doi: 10.1016/j.ccr.2004.11.022 

52. Florio R, De Lellis L, Veschi S, Verginelli F, di Giacomo V, Gallorini M, et al. Effects of 
Dichloroacetate as Single Agent or in Combination With GW6471 and Metformin in 
Paraganglioma Cells. Sci Rep (2018) 8(1):1–14. doi: 10.1038/s41598-018-31797-5 

53. McCall CE, Zabalawi M, Liu T, Martin A, Long DL, Buechler NL, et al. Pyruvate Dehydrogenase 
Complex Stimulation Promotes Immunometabolic Homeostasis and Sepsis Survival. JCI Insight 
(2018) 3(15):e99292. doi: 10.1172/jci.insight.99292 

54. Van den Bossche J, Baardman J, de Winther MP. Metabolic Characterization of Polarized M1 
and M2 Bone Marrow-Derived Macrophages Using Real- Time Extracellular Flux Analysis. J Vis 
Exp (2015) 105):e53424. doi: 10.3791/ 53424 

55. Chiba S, Hisamatsu T, Suzuki H, Mori K, Kitazume MT, Shimamura K, et al. Glycolysis Regulates 
LPS-Induced Cytokine Production in M2 Polarized Human Macrophages. Immunol Lett 
(2017) 183:17–23. doi: 10.1016/ j.imlet.2017.01.012 

56. Arts RJ, Carvalho A, La Rocca C, Palma C, Rodrigues F, Silvestre R, et al. Immunometabolic 
Pathways in BCG-Induced Trained Immunity. Cell Rep (2016) 17(10):2562–71. doi: 
10.1016/j.celrep.2016.11.011 

57. Kurtoglu M, Gao N, Shang J, Maher JC, Lehrman MA, Wangpaichitr M, et al. Under Normoxia, 
2-Deoxy-D-Glucose Elicits Cell Death in Select Tumor Types Not by Inhibition of Glycolysis But 
by Interfering With N-Linked Glycosylation. Mol Cancer Ther (2007) 6(11):3049–58. doi: 
10.1158/1535- 7163.MCT-07-0310 

58. Ralser M, Wamelink MM, Struys EA, Joppich C, Krobitsch S, Jakobs C, et al. A Catabolic Block Does 
Not Sufficiently Explain How 2-Deoxy-D-Glucose Inhibits Cell Growth. Proc Natl Acad Sci USA 
(2008) 105(46):17807–11. doi: 10.1073/pnas.0803090105 

59. James MO, Jahn SC, Zhong G, Smeltz MG, Hu Z, Stacpoole PW. Therapeutic Applications of 
Dichloroacetate and the Role of Glutathione Transferase Zeta- 1. Pharmacol Ther (2017) 
170:166–80. doi: 10.1016/j.pharmthera.2016.10.018 

60. Tataranni T, Piccoli C. Dichloroacetate (DCA) and Cancer: An Overview Towards Clinical 
Applications. Oxid Med Cell Longev (2019) 2019:8201079. doi: 10.1155/2019/8201079 

61. Abdelmalak M, Lew A, Ramezani R, Shroads AL, Coats BS, Langaee T, et al. Long-Term Safety of 
Dichloroacetate in Congenital Lactic Acidosis. J Mol Genet Metab (2013) 109(2):139–43. doi: 
10.1016/j.ymgme.2013.03.019 

62. Chu QS, Sangha R, Spratlin J, Vos LJ, Mackey JR, McEwan AJ, et al. A Phase I Open-Labeled, Single-
Arm, Dose-Escalation, Study of Dichloroacetate (DCA) in Patients With Advanced Solid Tumors. 
Invest New Drugs (2015) 33(3):603– 10. doi: 10.1007/s10637-015-0221-y 

63. Kaufmann P, Engelstad K, Wei Y, Jhung S, Sano M, Shungu D, et al. Dichloroacetate Causes 
Toxic Neuropathy in MELAS: A Randomized, Controlled Clinical Trial. J Neurol (2006) 
66(3):324–30. doi: 10.1212/ 01.wnl.0000196641.05913.27 

64. Stacpoole PW, Martyniuk CJ, James MO, Calcutt NA. Dichloroacetate- Induced Peripheral 

https://doi.org/10.1158/1535-7163.MCT-15-0247
https://doi.org/10.18632/oncotarget.6272
https://doi.org/10.1158/0008-5472.CAN-12-0979
https://doi.org/10.1016/j.ccr.2004.11.022
https://doi.org/10.1038/s41598-018-31797-5
https://doi.org/10.1172/jci.insight.99292
https://doi.org/10.3791/53424
https://doi.org/10.3791/53424
https://doi.org/10.1016/j.imlet.2017.01.012
https://doi.org/10.1016/j.imlet.2017.01.012
https://doi.org/10.1016/j.celrep.2016.11.011
https://doi.org/10.1158/1535-7163.MCT-07-0310
https://doi.org/10.1158/1535-7163.MCT-07-0310
https://doi.org/10.1073/pnas.0803090105
https://doi.org/10.1016/j.pharmthera.2016.10.018
https://doi.org/10.1155/2019/8201079
https://doi.org/10.1016/j.ymgme.2013.03.019
https://doi.org/10.1007/s10637-015-0221-y
https://doi.org/10.1212/01.wnl.0000196641.05913.27
https://doi.org/10.1212/01.wnl.0000196641.05913.27


Dichloroacetate Controls Intracellular Stm Survival | 181 
 

C
h

ap
te

r 1
 

C
h

ap
te

r 2 
C

h
ap

te
r 3

 
C

h
ap

te
r 4

 
C

h
ap

te
r 5 

C
h

ap
te

r 6 

Neuropathy. J Int Rev Neurobiol (2019) 145:211–38. doi: 10.1016/bs.irn.2019.05.003 
65. Stacpoole PW, Martyniuk CJ, James MO, Calcutt NA. Chapter Eight - Dichloroacetate-Induced 

Peripheral Neuropathy. In: P Fernyhough, NA Calcutt, editors. International Review of 
Neurobiology, vol. 145. Oxford, United Kingdom: Academic Press (2019). p. 211–38. doi: 
10.1016/bs.irn.2019.05.003 

66. Majowicz SE, Musto J, Scallan E, Angulo FJ, Kirk M, O’Brien SJ, et al. The Global Burden of 
Nontyphoidal Salmonella Gastroenteritis. Clin Infect Dis (2010) 50(6):882–9. doi: 
10.1086/650733 

67. Marzel A, Desai PT, Goren A, Schorr YI, Nissan I, Porwollik S, et al. Persistent Infections by 
Nontyphoidal Salmonella in Humans: Epidemiology and Genetics. J Clin Infect Dis (2016) 
62(7):879–86. doi: 10.1093/cid/civ1221 

68. Rodrigues AS, Correia M, Gomes A, Pereira SL, Perestrelo T, Sousa MI, et al. Dichloroacetate, 
the Pyruvate Dehydrogenase Complex and the Modulation of mESC Pluripotency. PloS One 
(2015) 10(7):e0131663. doi: 10.1371/ journal.pone.0131663 

69. Rosenberg G, Yehezkel D, Hoffman D, Mattioli CC, Fremder M, Ben-Arosh H, et al. Host Succinate is an 
Activation Signal for Salmonella Virulence During Intracellular Infection. Science (2021) 
371(6527):400–5. doi: 10.1126/science.aba8026 

70. Gillis CC, Hughes ER, Spiga L, Winter MG, Zhu W, de Carvalho TF, et al. Dysbiosis-Associated 
Change in Host Metabolism Generates Lactate to Support Salmonella Growth. Cell Host 
Microbe (2018) 23(1):54–64. doi: 10.1016/j.chom.2017.11.006 

71. Jha MK, Song GJ, Lee MG, Jeoung NH, Go Y, Harris RA, et al. Metabolic Connection of 
Inflammatory Pain: Pivotal Role of a Pyruvate Dehydrogenase Kinase-Pyruvate 
Dehydrogenase-Lactic Acid Axis. J Neurosci (2015) 35 (42):14353–69. doi: 
10.1523/JNEUROSCI.1910-15.2015 

72. Na YR, Jung D, Song J, Park JW, Seok SH. Pyruvate Dehydrogenase Kinase is a Negative Regulator 
of Interleukin-10 Production in Macrophages. J Mol Cell Biol (2020) 12(7):543–55. doi: 
10.1093/jmcb/mjz113 

73. Zhu X, Long D, Zabalawi M, Ingram B, Yoza BK, Stacpoole PW, et al. Stimulating Pyruvate 
Dehydrogenase Complex Reduces Itaconate Levels and Enhances TCA Cycle Anabolic 
Bioenergetics in Acutely Inflamed Monocytes. J Leukoc Biol (2020) 107(3):467–84. doi: 
10.1002/JLB.3A1119-236R 

74. Roh J-L, Park JY, Kim EH, Jang HJ, Kwon M. Activation of Mitochondrial Oxidation by PDK2 
Inhibition Reverses Cisplatin Resistance in Head and Neck Cancer. Cancer Lett (2016) 
371(1):20–9. doi: 10.1016/j.canlet. 2015.11.023 

75. Mastroeni P, Vazquez-Torres A, Fang FC, Xu Y, Khan S, Hormaeche CE, et al. Antimicrobial 
Actions of the NADPH Phagocyte Oxidase and Inducible Nitric Oxide Synthase in 
Experimental Salmonellosis. II. Effects on Microbial Proliferation and Host Survival In Vivo. J 
Exp Med (2000) 192 (2):237–48. doi: 10.1084/jem.192.2.237 

76. Shiloh MU, MacMicking JD, Nicholson S, Brause JE, Potter S, Marino M, et al. Phenotype of Mice 
and Macrophages Deficient in Both Phagocyte Oxidase and Inducible Nitric Oxide Synthase. 
Immunity (1999) 10(1):29–38. doi: 10.1016/S1074-7613(00)80004-7 

77. West AP, Brodsky IE, Rahner C, Woo DK, Erdjument-Bromage H, Tempst P, et al. TLR Signalling 
Augments Macrophage Bactericidal Activity Through Mitochondrial ROS. Nature (2011) 
472(7344):476–80. doi: 10.1038/ nature09973 

78. Rhen M. Salmonella and Reactive Oxygen Species: A Love-Hate Relationship. J Innate Immun 
(2019) 11(3):216–26. doi: 10.1159/000496370 

79. Van der Ven BC, Yates RM, Russell DG. Intraphagosomal Measurement of the Magnitude and 
Duration of the Oxidative Burst. Traffic (Copenhagen Denmark) (2009) 10(4):372–8. doi: 
10.1111/j.1600- 0854.2008.00877.x 

80. Vazquez-Torres A, Fang FC. Salmonella Evasion of the NADPH Phagocyte Oxidase. Microbes 

https://doi.org/10.1016/bs.irn.2019.05.003
https://doi.org/10.1086/650733
https://doi.org/10.1093/cid/civ1221
https://doi.org/10.1371/journal.pone.0131663
https://doi.org/10.1371/journal.pone.0131663
https://doi.org/10.1126/science.aba8026
https://doi.org/10.1016/j.chom.2017.11.006
https://doi.org/10.1523/JNEUROSCI.1910-15.2015
https://doi.org/10.1093/jmcb/mjz113
https://doi.org/10.1002/JLB.3A1119-236R
https://doi.org/10.1016/j.canlet.2015.11.023
https://doi.org/10.1016/j.canlet.2015.11.023
https://doi.org/10.1084/jem.192.2.237
https://doi.org/10.1016/S1074-7613(00)80004-7
https://doi.org/10.1038/nature09973
https://doi.org/10.1038/nature09973
https://doi.org/10.1159/000496370
https://doi.org/10.1111/j.1600-0854.2008.00877.x
https://doi.org/10.1111/j.1600-0854.2008.00877.x


182 | Chapter 5 
 

 

Infect (2001) 3(14-15):1313–20. doi: 10.1016/S1286-4579 (01)01492-7 

81. Moreira JD, Koch BEV, van Veen S, Walburg KV, Vrieling F, Mara Pinto Dabés Guimarães T, et 
al. Functional Inhibition of Host Histone Deacetylases (HDACs) Enhances In Vitro and In Vivo 
Anti-Mycobacterial Activity in Human Macrophages and in Zebrafish. Front Immunol (2020) 
11(36):36. doi: 10.3389/fimmu.2020.00036 

82. Vrieling F, Kostidis S, Spaink HP, Haks MC, Mayboroda OA, Ottenhoff TH, et al. Analyzing 
the Impact of Mycobacterium tuberculosis Infection on Primary Human Macrophages by 
Combined Exploratory and Targeted Metabolomics. Sci Rep (2020) 10(1):1–13. doi: 
10.1038/s41598-020- 62911-1 

83. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: An Open-
Source Platform for Biological-Image Analysis. Nat Methods (2012) 9(7):676–82. doi: 
10.1038/nmeth.2019 

  

https://doi.org/10.1016/S1286-4579(01)01492-7
https://doi.org/10.1016/S1286-4579(01)01492-7
https://doi.org/10.3389/fimmu.2020.00036
https://doi.org/10.1038/s41598-020-62911-1
https://doi.org/10.1038/s41598-020-62911-1
https://doi.org/10.1038/nmeth.2019


Dichloroacetate Controls Intracellular Stm Survival | 183 
 

C
h

ap
te

r 1
 

C
h

ap
te

r 2 
C

h
ap

te
r 3

 
C

h
ap

te
r 4

 
C

h
ap

te
r 5 

C
h

ap
te

r 6 

Supplementary Figures 

 

 
SUPPLEMENTAL FIGURE 1 | Stm and Mtb induced a more glycolytic phenotype in human 
macrophages compared to uninfected cells. M1 and M2 were unstimulated (unstim.) or stimulated 
with 10 µg/ml Stm or Mtb lysate for 4 hours and inserted in the Seahorse analyzer. D-Glucose (10 
mM), oligomycin (oligo, 1 µM) and carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP, 2 
µM) were sequentially injected after 18, 54 and 72 minutes, respectively. ECAR and OCR profiles of 
one representative donor out of four donors analyzed. Data represent the mean ± S.D. of triplicates. 
  

Supplemental Figure 1. Stm and Mtb induced a more glycolytic phenotype in human mac-

rophages compared to uninfected cells. M1 and M2 were unstimulated (unstim.) or stimulated 

with 10 µg/ml Stm or Mtb lysate for 4 hours and inserted in the Seahorse analyzer. D-Glucose (10 

mM), oligomycin (oligo, 1 µM) and carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP, 2 

µM) were sequentially injected after 18, 54 and 72 minutes, respectively. ECAR and OCR profiles of 

one representative donor out of four donors analyzed. Data represent the mean ± S.D. of triplicates.
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SUPPLEMENTAL FIGURE 2 | Metabolic genes were regulated in human macrophages upon Stm and 
Mtb infection. Heatmap displaying median log2 fold changes (FC) of all genes involved in ‘glucose 
metabolism’ and ‘the citric acid (TCA) cycle and respiratory electron transport’ in M2 obtained from 
six donors 18 hours post Stm or Mtb infection (MOI 5) compared to uninfected controls. Genes that 
were significantly up- or downregulated by limma-voom (adjusted p-value < 0.05) are shown using 
a red to white to blue color scale. Grey indicates non-significant genes. Data obtained from Blischak 
et al. (45). 
  

Supplemental Figure 2. Metabolic genes were regulated in human macrophages upon Stm 

and Mtb infection.                                                                           ‘    

               ’     ‘                                                              ’                

from six donors 18 hours post Stm or Mtb infection (MOI 5) compared to uninfected controls. Genes 

that were significantly up- or downregulated by limma-voom (adjusted p-value < 0.05) are shown 

using a red to white to blue color scale. Grey indicates non-significant genes. Data obtained from 

Blischak et al. (45). 
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SUPPLEMENTAL FIGURE 3 | Top ten most upregulated and top ten most downregulated metabolic 
genes in human macrophages upon Stm and Mtb infection. Heatmap displaying median log2 fold 
changes (FC) of the top ten most upregulated or downregulated genes involved in ‘glucose 
metabolism’ and ‘the citric acid (TCA) cycle and respiratory electron transport’ in M2 obtained from 
six donors 18 hours post Stm or Mtb infection (MOI 5) compared to uninfected controls. Genes that 
were significantly up- or downregulated by limma-voom (adjusted p-value < 0.05) are shown using 
a red to white to blue color scale. Data obtained from Blischak et al. (45). 
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SUPPLEMENTAL FIGURE 4 | DCA markedly inhibited bacterial outgrowth of Stm but not Mtb. (A) 
Flow cytometer plots of Stm-infected M1 and M2 that were treated with 10 mM DCA or vehicle 
control DMSO (0.1% v/v) overnight. Shown are the side scatter area on the y-axis and the DsRed-PE 
area on the x-axis of one representative donor (left panel) and the quantified bacterial load (DsRed-
positive cells) as percentage of the total cell number (right panel). Lines connect data points from 
the same donor, with a total of three donors tested. Cells were gated for DsRed-positivity based on 
uninfected control cells. Differences were significant by a paired t-test. (B) Stm CFUs following 
treatment with H-89 (10 µM), DCA (10 mM) or vehicle control DMSO (0.1% v/v) at 2, 4, 24 or 48 
h.p.i. Data represent the median ± range of three donors. CFUs are expressed as percentage of 
DMSO. Differences were significant by RM Two-way ANOVA with Dunnett’s-multiple comparison 
test against DMSO. (C) Mtb CFUs following treatment with DCA (5-20 mM) or vehicle control DMSO 
(0.1% v/v) at 24, 48 or 72 h.p.i. Data represent the median ± range of four donors. CFUs are 
expressed as percentage of DMSO. Differences were tested by RM Two-way ANOVA with Dunnett’s-
multiple comparison test against DMSO. Dots represent the mean of triplicates from a single donor. 
* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.   
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Supplementary Tables 

Supplemental Table 1 | Stm infection induces cytokine/chemokine production in human 

macrophages and DCA has little effect on cytokine/chemokine production on top of infection. 

    M1 M2 

    Mock Stm Mtb Mock Stm Mtb 

    

Growth 
factors 

EGF  10 18 16 9 26 19 

FGF-2 75 98 71 54 81 67 

Ftl-3L  24 34 31 20 36 28 

PDGF-AB/BB 18 45 24 24 41 43 

VEGF  89 155 91 49 127 91 

Anti-
inlammatory 

cytokines 

TGFα 12 24 11 2 23 8 

IL-10  7 68 7 9 608 327 

IL-13  6 9 7 2 9 5 

IL-1Ra  2967 5282 2799 388 2956 554 

IL-4  29 151 47 51 229 173 

Pro-
inflammatory 

cytokines 

G-CSF  153 1171 185 120 3804 359 

GM-CSF  20 433 32 9 250 37 

IFN-α2 53 96 68 42 83 63 

IFN-γ 9 22 12 3 29 6 

IL-12p40 34 372 49 21 57 35 

IL-12p70 4 16 4 5 30 5 

IL-15  4 6 3 5 12 5 

sCD40L 15 32 7 18 39 17 

IL17A  5 9 6 6 6 7 

IL-1α  5 14 7 9 38 12 

IL-9 8 14 10 8 14 10 

IL-1β 5 285 7 4 1168 67 

Il-6  6 1908 17 3 4970 129 

IL-7  15 105 21 17 137 36 

IL-8  590 12676 2363 9451 12767 13563 

TNFα 32 10000 135 24 10000 593 

Chemokines 

MDC  29426 28171 27763 601 320 466 

Eotaxin 14 28 19 17 26 24 

MCP-1  1065 8902 1240 1250 9472 4427 

MIP-1α  254 12104 944 96 11151 3513 

MIP-1β 288 30991 772 98 30225 2119 

RANTES 19 1789 57 67 3921 252 

MCP-3  277 4187 331 57 711 138 

Fractalkine 190 401 193 224 489 312 

GRO  72 1076446 606 1349 2145300 251082 

CXCL10 47 384 81 828 2781 575 
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    M1 M2 

    Stm Mtb Stm Mtb 

    DMSO DCA DMSO DCA DMSO DCA DMSO DCA 

Growth 
factors 

EGF  18 20 16 14 26 19 19 17 

FGF-2 98 93 71 58 81 83 67 67 

Ftl-3L  34 43 31 24 36 28 28 14 

PDGF-
AB/BB 45 33 24 29 41 34 43 18 

VEGF  155 126 91 78 127 125 91 114 

Anti-
inlammatory 

cytokines 

TGFα 24 15 11 9 23 14 8 8 

IL-10  68 12 7 7 608 609 327 128 

IL-13  9 11 7 6 9 11 5 7 

IL-1Ra  5282 4865 2799 2861 2956 2288 554 538 

IL-4  151 155 47 51 229 233 173 224 

Pro-
inflammatory 

cytokines 

G-CSF  1171 1179 185 216 3804 5275 359 562 

GM-CSF  433 500 32 28 250 411 37 64 

IFN-α2 96 108 68 70 83 94 63 66 

IFN-γ 22 26 12 10 29 22 6 5 

IL-12p40 372 487 49 35 57 76 35 35 

IL-12p70 16 25 4 5 30 30 5 5 

IL-15  6 7 3 4 12 11 5 6 

sCD40L 32 32 7 22 39 34 17 15 

IL17A  9 10 6 8 6 7 7 6 

IL-1α  14 20 7 6 38 37 12 15 

IL-9 14 17 10 10 14 14 10 9 

IL-1β 285 704 7 6 1168 1249 67 145 

Il-6  1908 1876 17 17 4970 5007 129 386 

IL-7  105 92 21 20 137 140 36 51 

IL-8  12676 13176 2363 3580 12767 13523 13563 13466 

TNFα 10000 10000 135 210 10000 10000 593 1526 

Chemokines 

MDC  28171 38029 27763 58604 320 434 466 1112 

Eotaxin 28 29 19 22 26 29 24 25 

MCP-1  8902 7437 1240 961 9472 7591 4427 4365 

MIP-1α  12104 11242 944 1368 11151 10334 3513 9063 

MIP-1β 30991 15365 772 795 30225 24640 2119 2834 

RANTES 1789 1876 57 72 3921 5150 252 448 

MCP-3  4187 2270 331 335 711 625 138 232 

Fractalkine 401 480 193 248 489 433 312 290 

GRO  1076446 76066 606 606 2145300 2145300 251082 2145300 

CXCL10 384 139 81 96 2781 2385 575 732 

Shown are median cytokine/chemokine levels (in pg/ml) of 6 different donors in supernatants of M1 and M2 
following Stm, Mtb or mock infection overnight or in supernatants of Stm- or Mtb-infected M1 and M2 
exposed to DCA (10 mM) or an equal volume of DMSO (0.1% v/v) overnight. Of the 41 analytes measured, 
only cytokines/chemokines that were above 10 pg/ml in at least one experimental condition are shown.


