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 2 

Abstract 30 

Mycobacterium tuberculosis (Mtb) infecZon of macrophages reprograms cellular metabolism to 31 

promote lipid retenZon. While it is clearly known that intracellular Mtb uZlize host derived faPy 32 

acids and cholesterol to fuel the majority of its metabolic demands, the role of macrophage lipid 33 

catabolism on the bacteria’s ability to access the intracellular lipid pool remains undefined. We 34 

uZlized a CRISPR geneZc knockdown approach to assess the impact of sequenZal steps in faPy 35 

acid metabolism on the growth of intracellular Mtb. Our analyzes demonstrate that knockdown 36 

of lipid import, sequestraZon and metabolism genes collecZvely impair the intracellular growth 37 

of Mtb in macrophages. We further demonstrate that modulaZng faPy acid homeostasis in 38 

macrophages impairs Mtb replicaZon through diverse pathways like enhancing producZon of pro-39 

inflammatory cytokines, autophagy, restricZng the bacteria access to nutrients and increasing 40 

oxidaZve stress. We also show that impaired macrophage lipid droplet biogenesis is restricZve to 41 

intracellular Mtb replicaZon, but increased inducZon of the same by blockade of downstream 42 

faPy acid oxidaZon fails to rescue Mtb growth. Our work expands our understanding of how host 43 

faPy acid homeostasis impacts Mtb growth in the macrophage.  44 
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 3 

Significance 59 

Mycobacterium tuberculosis (Mtb) primarily infects macrophages in the lungs. In infected 60 

macrophages, Mtb uses host lipids as key carbon sources to maintain infecZon and survive. In this 61 

work, we used a CRISPR-Cas9 gene knockout system in murine macrophages to examine the role 62 

of host faPy acid metabolism on the intracellular growth of Mtb. Our work shows that 63 

macrophages which cannot either import, store or catabolize faPy acids restrict Mtb growth by 64 

both common and divergent anZ-microbial mechanisms, including increased glycolysis, increased 65 

producZon of reacZve oxygen species, producZon of pro-inflammatory cytokines, enhanced 66 

autophagy and nutrient limitaZon. Our findings demonstrate that manipulaZng lipid metabolism 67 

in macrophages controls Mtb through mulZple other mechanisms, beyond limiZng the bacteria’s 68 

access to nutrients. 69 

 70 

 71 

 72 

 73 

 74 

 75 

 76 

 77 

 78 

 79 

 80 

 81 

 82 

 83 

 84 

 85 

 86 

 87 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 23, 2024. ; https://doi.org/10.1101/2024.07.22.604660doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.22.604660
http://creativecommons.org/licenses/by-nc-nd/4.0/


 4 

Introduc;on 88 

Mycobacterium tuberculosis (Mtb), the causaZve agent of tuberculosis (TB), has caused disease 89 

and death in humans for centuries (1). Mtb primarily infects macrophages in the lung (2, 3) 90 

wherein the bacterium relies on host derived faPy acids and cholesterol for synthesis of its lipid 91 

rich cell wall, and to produce energy and virulence factors (4-10). Within the lung 92 

microenvironment, resident alveolar macrophages preferenZally oxidize faPy acids and are more 93 

permissive to Mtb growth while recruited intersZZal macrophages are more glycolyZc and 94 

restricZve of Mtb replicaZon (11-13). Globally, Mtb infecZon modifies macrophage metabolism 95 

in a manner that enhances its survival. Mtb infected macrophages shig their mitochondrial 96 

substrate preference to exogenous faPy acids which drives the formaZon of foamy macrophages 97 

that are laden with cytosolic lipid droplets (4-6, 14, 15). Foamy macrophages are found in 98 

abundance in the central and inner layers of granulomas, a common histopathological feature of 99 

human TB (5, 16). Interference with key regulators of lipid homeostasis, such as the miR-33 and 100 

the transcripZon factors peroxisome proliferator-acZvated receptor α (PPARα) and PPAR-γ 101 

enhances macrophage control of Mtb (17-19). Moreover, compounds which modulate lipid 102 

metabolism such as the anZ-diabeZc drug mekormin and some cholesterol lowering drugs are 103 

under invesZgaZon for host directed therapeuZcs (HDTs) against Mtb (20, 21). Although the 104 

dependence of intracellular Mtb on host faPy acids and cholesterol is well documented (22), the 105 

impact of specific aspects of macrophage lipid metabolism on the bacteria remains opaque. In 106 

Mtb infected foamy macrophages, bacteria containing phagosomes are found in close apposiZon 107 

to intracellular lipid droplets (4). It is believed that the bacterial inducZon of a foamy macrophage 108 

phenotype in host cells results in a steady supply of lipids that addresses the bacteria’s nutriZonal 109 

requirements (4-7). In fact, intracellular Mtb has been shown to import faPy acids from host lipid 110 

droplet derived triacylglycerols (7). However, other studies indicate that macrophage lipid droplet 111 

formaZon in response to Mtb infecZon can lead to the inducZon of a protecZve, anZ-microbial 112 

response (23). Mtb appears unable to acquire host lipids when lipid droplets are induced by 113 

sZmulaZon with interferon gamma (IFN-g) (23).  Moreover, there is some evidence that lipid 114 

droplets can be sites for the producZon of host protecZve pro-inflammatory eicosanoids (7, 23). 115 

Lipid droplets can also act as innate immune hubs against intracellular bacterial pathogens by 116 
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clustering anZ-bacterial proteins (24). InhibiZon of macrophage faPy acid oxidaZon by knocking 117 

out mitochondrial carniZne palmitoyl transferase 2 (CPT2) or using chemical inhibitors of CPT2 118 

also restrict intracellular growth of Mtb (11, 25). These data demonstrate that modulaZon of the 119 

different stages in lipid metabolism inside Mtb infected macrophages can result in conflicZng 120 

outcomes. 121 

 122 

We carried out a candidate-based, CRISPR mediated knockdown of lipid import and metabolism 123 

genes in macrophages to determine their roles in intracellular growth of Mtb. By targeZng genes 124 

involved in faPy acid import, sequestraZon, and metabolism in Hoxb8 derived condiZonally 125 

immortalized murine macrophages (26), we show that impairing lipid homeostasis in 126 

macrophages at different steps in the process negaZvely impacts the growth of intracellular Mtb, 127 

albeit to differing degrees. The impact on Mtb growth in the mutant macrophages was mediated 128 

through different mechanisms despite some common anZ-microbial effectors. Mtb infected 129 

macrophages deficient in the import of long chain faPy acids increased producZon of pro-130 

inflammatory markers such as interleukin 1b (IL-1b). In contrast, ablaZon of lipid droplet 131 

biogenesis and faPy acid oxidaZon increased producZon of reacZve oxygen species and limited 132 

the bacteria’s access to nutrients. We also found that suppression of Mtb growth in macrophages 133 

that are unable to produce lipid droplets could not be rescued by exogeneous addiZon of faPy 134 

acids indicaZng that this is not purely nutriZonal restricZon. Our data indicate that interference 135 

of lipid metabolism in macrophages leads to suppression of Mtb growth via mulZple routes.  136 

 137 
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 6 

Results 146 

Knockdown of fa+y acid import and metabolism genes restricts Mtb growth in macrophages 147 

To apply a holisZc approach to assessing the role(s) of faPy acid metabolism on the intracellular 148 

growth of Mtb, we used a CRISPR geneZc approach to knockout genes involved in lipid import 149 

(CD36, FATP1), lipid droplet formaZon (PLIN2) and faPy acid oxidaZon (CPT1A, CPT2) in mouse 150 

primary macrophages (Fig. 1A). DeleZon of CD36 or CPT2 from mouse macrophages has been 151 

shown to impair intracellular growth of Mtb (25, 27). But the role of specialized long chain faPy 152 

acid transporters (FATP1-6) on Mtb growth in macrophages is uncharacterized. FATP1 and FATP4 153 

are the most abundant faPy acid transporter isoforms in macrophages (28). PLIN2, or adipophilin, 154 

is known to be required for lipid droplet formaZon (29, 30). Five isoforms of mammalian perilipins 155 

(PLIN) are involved in lipid droplet biogenesis amongst which PLIN2 is the dominant isoform 156 

expressed in macrophages (23). However, macrophages derived from PLIN2-/- mice show no 157 

defects in producZon of lipid droplets nor do they impair intracellular growth of Mtb (23).  We 158 

targeted each of these genes with at least 2 sgRNAs in Hoxb8 Cas9+ condiZonally immortalized 159 

myeloid progenitors (26) to generate a panel of mutants that were deficient in the following 160 

candidates of interest; FATP1-/-, PLIN2-/-, CD36-/-, CPT1A-/- and CPT2-/-. Each individual sgRNA 161 

achieved >85% CRISPR-mediated deleZon efficiency for all the 5 genes, as analyzed by the 162 

Inference for CRISPR Edits (ICE) tool (31) (Table. S1). We verified the protein knockdown 163 

phenotypes by flow cytometry and western blot analysis of differenZated macrophages derived 164 

from the CRISPR deleted Hoxb8 myeloid precursors (Fig. S1).  165 

To confirm certain knockdown phenotypes funcZonally, we checked lipid droplet 166 

biogenesis in PLIN2-/- macrophages in comparison to macrophages transduced with a non-167 

targeZng scramble sgRNA by confocal microscopy of BODIPY stained cells.  Cells were cultured for 168 

24 hours in the presence of exogenous oleate to enhance the formaZon of lipid droplets (32).  We 169 

observed a complete absence of lipid droplet formaZon in PLIN2-/- macrophages as compared to 170 

controls (Fig. S2). This is contrary to previous observaZons in macrophages derived from PLIN2 171 

knockout mice which were reported to have no defect in lipid droplet formaZon (23). We also 172 

assessed the ability of CPT2-/- macrophages to oxidize faPy acids using the Agilent Seahorse XF 173 

Palmitate OxidaZon Stress Test. Scrambled sgRNA and CPT2-/- macrophages were cultured in 174 
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substrate limiZng condiZons and supplied with either bovine serum albumin (BSA) or BSA 175 

conjugated palmitate. As shown in Fig. S2B, control macrophages were able to uZlize and oxidize 176 

palmitate in substrate limiZng condiZons indicated by a significant increase in oxygen 177 

consumpZon rates (OCRs) in contrast to cells supplied with BSA alone. AddiZon of the CPT1A 178 

inhibitor, etomoxir, inhibited the cell’s ability to use palmitate in these condiZons (Fig. S2B). CPT2 179 

knockdown in CPT2-/- macrophages impaired the cell’s ability to oxidize palmitate to a degree 180 

comparable to etomoxir treatment as evidenced by baseline OCRs when compared to scrambled 181 

sgRNA control (Fig. S2C).  182 

We then assessed the different knockdown mutant macrophages in their ability to support 183 

the intracellular growth of Mtb. We infected macrophages with Mtb Erdman at a mulZplicity of 184 

infecZon (MOI) of 0.4 and assessed intracellular bacterial growth rates by counZng colony forming 185 

units (CFUs) 5 days post infecZon. All the 5 mutant macrophages significantly impaired Mtb 186 

growth rates when compared to scrambled sgRNA as assessed by CFUs counts on day 5 (Fig. 1C). 187 

PLIN2-/-, FATP1-/- and CPT2-/- macrophages displayed the strongest growth restricZon phenotypes 188 

while CD36-/-macrophages had a moderate, but significant, impact on Mtb growth.  We quanZfied 189 

intracellular bacteria on day 0, 3 hours post infecZon (Fig. 1B), to ascertain that subsequent 190 

differences on day 5 were not due to defects in iniZal phagocytosis. The moderate growth 191 

restricZon phenotypes of CD36-/- macrophages were consistent with previous findings which 192 

reported similar impact on Mtb and M. marinum growth in macrophages derived from CD36-/- 193 

mice (27).  Impaired growth of Mtb in CPT1A-/- and CPT2-/- macrophages is also consistent with 194 

previous reports that geneZc and chemical inhibiZon of faPy acid oxidaZon is detrimental to the 195 

growth of Mtb within macrophages (11, 25).  196 

 197 

Mtb infected macrophages with impaired fa+y acid import and metabolism display altered 198 

mitochondrial metabolism and elevated glycolysis. 199 

Impairment of faPy acids metabolism by FATP1 knockout in macrophages rewires their substrate 200 

bias from faPy acids to glucose (33). We reasoned that deleZon of genes required for downstream 201 

processing of lipids (Fig. 1A) could also reprogram macrophages and increase glycolysis which 202 

could, in part, explain bacterial growth restricZon. We analyzed the metabolic states of 3 203 
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knockout macrophages (FATP1-/-, PLIN2-/- and CPT2-/-) in uninfected and Mtb infected condiZons 204 

by monitoring oxygen consumpZon rates (OCR) and extracellular acidificaZon rates (ECARs) using 205 

the Agilent Mito and Glucose Stress Test kits. All 3 mutant uninfected macrophages displayed 206 

reduced mitochondrial respiraZon as evidenced by lower basal and spare respiratory capacity 207 

(SRC) when compared to scrambled sgRNA controls (Fig. S3A, 3SB). Mtb infecZon proporZonally 208 

reduced basal and SRC rates across all the mutant macrophages and scrambled controls (Fig. 2A, 209 

2B) when compared to uninfected macrophages, which is consistent with previous findings (14). 210 

PLIN2-/- macrophages displayed the most marked reducZon in mitochondrial acZvity in both 211 

uninfected and infected condiZons, while FATP1-/- macrophages were the least affected (Fig. 2A, 212 

Fig. S3A). As reported previously (33), uninfected FATP1-/- macrophages were more glycolyZcally 213 

acZve with higher basal and spare glycolyZc capacity (SGC) compared to scrambled controls (Fig. 214 

S3D, S3E). Uninfected PLIN2-/- and CPT2-/- macrophages were also more glycolyZcally acZve, but 215 

to a greater degree than FATP1-/- (Fig. S3D, S3E).  Mtb infecZon increased the glycolyZc capacity 216 

of all the 3 mutant macrophages (Fig. 2C, 2D). Overall, PLIN2-/- macrophages exhibited the highest 217 

glycolyZc capacity (Fig. 2C, Fig. S3D). Our data indicates that impairment of faPy acid metabolism 218 

at different steps significantly impacts mitochondrial respiraZon and reprograms cells towards 219 

glycolysis. Increased glycolyZc flux in macrophages has been linked to the control of intracellular 220 

Mtb growth (34, 35). Metabolic realignment as a consequence of interference with lipid 221 

homeostasis, which results in enhanced glycolysis may contribute to Mtb growth restricZon in 222 

these mutant macrophages. 223 

 224 

Knockdown of lipid import and metabolism genes in macrophages ac;vates AMPK and 225 

stabilizes HIF-1a 226 

Mtb infecZon is known to induce increased glycolysis or the “Warburg effect” in macrophages, 227 

mouse lungs and human TB granulomas (34-36). Several studies have demonstrated that the 228 

Warburg effect is mediated by the master transcripZon factor hypoxia-inducible factor-1 (HIF-1) 229 

(37). During Mtb infecZon, HIF-1 is acZvated by producZon of reacZve oxygen species (ROS), TCA 230 

cycle intermediates and hypoxia in the cellular microenvironments as a consequence of altered 231 

metabolic acZviZes and increased immune cell funcZons (34-36, 38). We assessed HIF-1 stability 232 
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in the 3 mutant macrophage lineages (FATP1-/-, PLIN2-/- and CPT2-/-) by monitoring total HIF-1a 233 

protein levels by western blot, having confirmed that they were all more glycolyZcally acZve than 234 

the scrambled controls (Fig. 2, Fig. S3). Indeed, all the 3 mutant macrophages displayed 235 

significantly higher amounts of total HIF-1a when compared to scrambled controls in uninfected 236 

condiZons and ager Mtb infecZon for 48 hours (Fig. 3A, 3B). We also checked the phosphorylaZon 237 

status of the adenosine monophosphate kinase (AMPK), a master regulator of cell energy 238 

homeostasis (39), in the mutant macrophages since Seahorse flux analyses indicated that they 239 

had impaired mitochondrial acZviZes (Fig. 2, Fig. S3). Western blot analysis revealed that in both 240 

Mtb infected and uninfected condiZons, impaired faPy acid metabolism correlated with 241 

moderate acZvaZon of AMPK as indicated by increased AMPK phosphorylaZon (Fig. 3C, 3D). 242 

These data point to a metabolic reprogramming of cells through acZvaZon of HIF-1a and AMPK 243 

to promote glycolysis. In energeZcally stressed cellular environments, acZvated AMPK promotes 244 

catabolic processes such as autophagy to maintain nutrient supply and energy homeostasis (39). 245 

Autophagy is also an innate immune defense mechanism against intracellular Mtb in 246 

macrophages (40). We examined the levels of autophagic flux in the mutant macrophages by 247 

monitoring LC3I to LC3II conversion by western blot and by qPCR analysis of selected autophagy 248 

genes (AMBRA1, ATG7, MAP1LC3B and ULK1). We observed a moderate increase in autophagic 249 

flux by western blot in uninfected FATP1-/- and CPT2-/- macrophages, which was amplified upon 250 

infecZon with Mtb (Fig. S4A, S4B). Our qPCR analysis revealed that the 4 autophagy genes were 251 

upregulated in both Mtb infected and uninfected condiZons in all the 3 mutants (Fig. S4C, S4D). 252 

These data suggest that impaired faPy acid import and metabolism in macrophages could be 253 

restricZng Mtb growth by promoZng autophagy. These data agree with previous observaZons 254 

that inhibiZon of faPy acid oxidaZon enhances macrophage xenophagic acZvity whichleads to 255 

improved control of Mtb (25). 256 

 257 

Exogenous oleate fails to rescue the Mtb icl1-deficient mutant in FATP1-/-, PLIN2-/- and CPT2-/- 258 

macrophages 259 

The mycobacterial isocitrate lyase (icl1) acts as an isocitrate lyase in the glyoxylate shunt and as a 260 

methyl-isocitrate lyase in the methyl-citrate cycle (MCC) (41, 42). Mtb uses the MCC to convert 261 
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propionyl CoA originaZng from the breakdown of cholesterol rings and β-oxidaZon of odd chain 262 

faPy acids into succinate and pyruvate, which are eventually assimilated into the TCA cycle (43, 263 

44). The buildup of propionyl CoA is toxic to Mtb and the bacteria relies on the MCC together with 264 

the incorporaZon of propionyl CoA to methyl-branched lipids in the cell wall as an internal 265 

detoxificaZon system (43, 45). Mtb propionyl CoA toxicity is, in part, due to a cellular imbalance 266 

between propionyl CoA and acetyl CoA as an accumulaZon of the former or paucity of the laPer 267 

results in the propionyl CoA mediated inhibiZon of pyruvate dehydrogenase (46). Consequently, 268 

Mtb icl1 deficient mutants (Mtb Dicl1) are unable to grow in media supplemented with 269 

cholesterol or propionate, or intracellularly in macrophages (46). However, this growth inhibiZon 270 

could be rescued both in culture and in macrophages by exogenous supply of acetate or even 271 

chain faPy acids which can be oxidized to acetyl-CoA (46). We took advantage of this metabolic 272 

knowledge to assess whether exogenous addiZon of the even chain faPy acid oleate can rescue 273 

the intracellular growth of Mtb Dicl1 mutants in our CRISPR knockdown macrophages. Scrambled 274 

controls, FATP1-/-, PLIN2-/- and CPT2-/- macrophages in normal macrophage media or media 275 

supplemented with oleate were infected with an Mtb Dicl1 strain expressing mCherry at MOI 5. 276 

Bacterial growth measured by mCherry expression was recorded 5 days post infecZon. Consistent 277 

with previous observaZons (46), the Mtb Dicl1 mutant failed to replicate in both mutant and 278 

scramble macrophages that were grown in normal macrophage media as evidenced by baseline 279 

mCherry fluorescence (Fig. 4A). Oleate supplementaZon successfully rescued the Mtb Dicl1 280 

mutant in scrambled control macrophages.  However, the growth restricZon of the Mtb Dicl1 281 

strain could not be alleviated by exogenous addiZon of oleate to the mutant macrophages (FATP1-282 
/-, PLIN2-/- and CPT2-/-) (Fig. 4A). These data suggest that impaired import (FATP1-/-), sequestraZon 283 

(PLIN2-/-) or β-oxidaZon of faPy acids (CPT2-/-) blocks Mtb’s ability to access and use cellular lipids.  284 

Oleate supplementaZon in macrophages induces the formaZon of lipid droplets and we 285 

were able to confirm the inability to produce lipid droplets in PLIN2-/- macrophages using this 286 

approach (Fig. S2A). As an indirect measure to track the fate of supplemented oleate in the 287 

mutant macrophages, we monitored lipid droplet biogenesis in FATP1-/- and CPT2-/- macrophages 288 

to check if the inability to rescue the Mtb Dicl1 impaired growth phenotypes in these mutant 289 

macrophages could be possibly related to disrupZons in lipid droplet biogenesis. Confocal analysis 290 
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of BODIPY stained cells upon oleate supplementaZon revealed that FATP1-/- macrophages also fail 291 

to generate lipid droplets (Fig. 4B). In contrast, CPT2-/- macrophages produced more and larger 292 

lipid droplets in comparison to scrambled controls (Fig.4B). These data suggest that the inhibiZon 293 

of Mtb growth in these mutant macrophages is not merely through limitaZon of access to faPy 294 

acid nutrients. 295 

 296 

Dual RNA sequencing to iden;fy host and bacterial determinants of Mtb restric;on in mutant 297 

macrophage lineages. 298 

We performed RNA sequencing of both host and bacteria in Mtb infected mutant macrophages 299 

as a preliminary step in idenZficaZon of pathways restricZng bacterial growth. We infected 300 

scrambled controls, FATP1-/-, PLIN2-/- and CPT2-/- macrophages with the Mtb smyc’::mCherry 301 

strain for 4 days and processed the samples for dual RNA sequencing as previously described (47). 302 

Principal component analysis (PCA) of host transcriptomes revealed a clustering of all the 3 303 

mutant macrophages away from scrambled controls (Fig. 5A). InteresZngly, there was a 304 

separaZon in transcripZonal responses between the 3 mutant macrophages as CPT2-/- and PLIN2-305 
/- macrophages clustered closer together and more distant from FATP1-/- (Fig. 5A). Overall, using 306 

an adjusted p-value < 0.05 and absolute log2 fold change > 1.2, we idenZfied 900 genes which 307 

were differenZally expressed (DE) in PLIN2-/- macrophages (589 up, 311 down), 817 genes which 308 

were DE in FATP1-/- macrophages (501 up, 315 down) and 189 genes which were DE in CPT2-/- 309 

(124 up, 65 down) (Table. S2, Fig.5B). Consistent with the PCA analysis, Venn diagram of the DE 310 

genes (Fig.5B) indicated divergent responses in the 3 mutant macrophage populaZons.  We 311 

performed pathway enrichment analysis (48) of the DE genes to idenZfy anZ-microbial pathway 312 

candidates in the 3 mutant macrophages. We found that defects in faPy acid uptake in FATP1-/- 313 

infected macrophages upregulated pro-inflammatory pathways involved in MAPK and ERK 314 

signaling and producZon of inflammatory cytokines (IFN-γ, interleukin-6, Interleukin-1a, β) (Fig. 315 

5D, Table. S3). The pro-inflammatory signatures of the FATP1-/- macrophages are consistent with 316 

previous observaZons that demonstrated that a deficiency in FATP1 exacerbated macrophage 317 

acZvaZon in vitro and in vivo (33). FATP1 is a solute carrier family member (SLC27A1) and Mtb 318 

infected FATP1-/- macrophages showed reduced expression of other solute carrier transporters 319 
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(SLC) such as FATP4 (SLC27A4), GLUT1 (SLC2A1) and 8 SLC amino acid transporters (Fig. S7A, S7B, 320 

Table. S2). InteresZngly, Mtb infected FATP1-/- macrophage transcriptomes exhibited upregulaZon 321 

of macrophage scavenger receptors (MSR1) and the ATP binding cassePe transporter ABCC1 (Fig. 322 

S7A), both of which can independently transport faPy acids into cells (49, 50). 323 

Meanwhile, inability generate lipid droplets in Mtb infected PLIN2-/- macrophages led to 324 

upregulaZon in pathways involved in ribosomal biology, MHC class 1 anZgen presentaZon, 325 

canonical glycolysis, ATP metabolic processes and type 1 interferon responses (Fig. 5C, Table. S3). 326 

In the downregulated PLIN2-/- DE gene set, enriched pathways included those involved in 327 

producZon of pro-inflammatory cytokines; interleukin-6 and 8, IFN-γ and interleukin-1 (Fig. S5A, 328 

Table. S3). OxidaZve phosphorylaZon and processes involved in the respiratory chain electron 329 

transport were also significantly enriched in PLIN2-/- downregulated genes. This suggests that Mtb 330 

infected PLIN2-/- macrophages increase glycolyZc flux and decrease mitochondrial acZviZes, 331 

which is consistent with our metabolic flux analysis data (Fig.2). Unlike FATP1-/- macrophages, 332 

PLIN2-/- macrophages are, however, broadly anZ-inflammatory as most pro-inflammatory genes 333 

were downregulated upon Mtb infecZon.  334 

Further downstream in the lipid processing steps, inhibiZon of faPy acid oxidaZon in CPT2-335 
/- macrophages upregulated pathways involved in MHC class 1 anZgen presentaZon, response to 336 

IFN-γ and interleukin-1 and T-cell mediated immunity (Fig. S6, Table. S3). There was a limited 337 

overlap in enriched pathways in the upregulated genes between Mtb infected CPT2-/- and FATP1-338 
/- macrophages such as those involved in the cellular responses to interleukin-1 and IFN-γ. 339 

However, many pathways over-represented in CPT2-/- macrophages were common to PLIN2-/- 340 

macrophages (Fig. 5C, Fig. S6, Table. S3). Similarly, both Mtb-infected PLIN2-/- and CPT2-/- 341 

macrophages were downregulated in expression of genes involved in oxidaZve phosphorylaZon 342 

(Table. S3). We confirmed expression levels of key genes by qPCR analysis of IL-1b and the type 1 343 

interferon (IFN-b) response during the early Zme points of infecZon. Indeed, 4 hours post 344 

infecZon, IL-1b and IFN-b were both upregulated in FATP1-/- macrophages as compared to 345 

scrambled controls consistent with their pro-inflammatory phenotype (Fig. S8A, S8B). On the 346 

contrary, PLIN2-/- macrophages downregulated IL-1b (Fig. S8B). These data indicate that 347 
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macrophages respond quite divergently to the deleZon of the different steps in faPy acid uptake, 348 

which implies that the intracellular pressures to which Mtb is exposed may also differ. 349 

 350 

Oxida;ve stress and nutrient limita;on are major stresses experienced by Mtb in PLIN2-/- and 351 

CPT2-/- macrophages 352 

We also analyzed transcriptomes from intracellular Mtb from scrambled controls, FATP1-/-, CPT2-353 
/- and PLIN2-/- macrophages in parallel with host transcriptomes in Fig. 5A. Using an adjusted p-354 

value of < 0.1 and an absolute log2 fold change > 1.4, 0 genes were DE in FATP1-/- macrophages, 355 

105 Mtb genes were DE in PLIN2-/- macrophages (69 up, 36 down) and 10 genes were DE in CPT2-356 
/- macrophages (3 up, 7 down) (Fig. 6A). Despite being restricZve to Mtb growth (Fig. 1C) and 357 

appearing more pro-inflammatory (Fig. 5D), FATP1-/- macrophages did not elicit a detectable shig 358 

in the transcripZonal response in Mtb, compared to control host cells. We speculate that pro-359 

inflammatory responses in FATP1-/- macrophages could be enough to restrict the growth of 360 

bacteria, but the resulZng compensatory responses as evidenced by the upregulaZon of 361 

macrophage scavenger receptors (Fig. S7A) alleviate some of the stresses that a lack of faPy acid 362 

import could be duly exerZng on the bacteria.  PLIN2-/- macrophages appeared to elicit the 363 

strongest transcripZonal response from Mtb which is consistent with our CFU data (Fig. 1C) as 364 

PLIN2-/- macrophages exhibited the strongest growth restricZon. Among the DE genes in Mtb 365 

from PLIN2-/- macrophages, a significant number of upregulated genes are involved in nutrient 366 

assimilaZon (Fig. 6B). Mtb in PLIN2-/- macrophages upregulated CobU (Rv0254c) which is 367 

predicted to be involved in the bacteria’s cobalamin (Vitamin B12) biosynthesis. Vitamin B12 is an 368 

important cofactor for the acZvity of Mtb genes required for cholesterol and faPy acid uZlizaZon 369 

(45, 51). Genes involved in de novo long chain faPy acid synthesis (AccE5, Rv281) (52), cholesterol 370 

breakdown (HsaD, Rv3569c) (53), b-oxidaZon of faPy acids (EchA18, Rv3373; FadE22, Rv3061c) 371 

(54), purine salvage (Apt, Rv2584c) (55) and tryptophan metabolism (56) were also upregulated 372 

in Mtb from PLIN2-/- macrophages (Fig. 6B). This metabolic re-alignment response is seen most 373 

frequently under nutrient limiZng condiZons (11, 12, 57). Mtb in PLIN2-/- macrophages also 374 

appears to experience a significant level of other cellular stresses as genes involved in DNA 375 

synthesis and repair, general response to oxidaZve stress and PH survival in the phagosome 376 
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(DnaN, Rv0002; RecF, Rv0003; DinF, Rv2836c; Rv3242c, Rv1264) were upregulated (Fig. 6B). 377 

Amongst the down-regulated genes in Mtb in PLIN2-/- macrophages, FurA (Rv1909c), a KatG 378 

repressor was the most significant (Fig. 6B, Table. S4). FurA downregulaZon derepresses the 379 

catalase peroxidase, KatG, which promotes Mtb survival in oxidaZve stress condiZons (58). These 380 

data suggest that PLIN2-/- macrophages could be, in part, restricZng Mtb growth by increasing 381 

producZon of ROS. The data also suggest that, contrary to a previous report (23), blocking lipid 382 

droplet formaZon in host macrophages does place increased nutriZonal and oxidaZve stress on 383 

intracellular Mtb.  384 

CPT2-/- macrophages elicited a modest shig in transcripZonal response from Mtb, and the 385 

majority of the DE genes (8 out of 10) were also DE in PLIN2-/- macrophages (Table. S4). This in in 386 

agreement with the host transcripZon response as CPT2-/- and PLIN2-/- macrophages share similar 387 

candidate anZ-bacterial responses (Fig.5A-C, S5). In common with the Mtb transcriptome 388 

response in PLIN2-/- macrophages, upregulated genes in Mtb isolated from CPT2-/- macrophages 389 

included those involved in response to oxidaZve stress (DinF, Rv2836c) (Table. S4). To substanZate 390 

some of these pathways, we assessed the levels of total cellular ROS in FATP1-/-, PLIN2-/- and CPT2-391 
/- macrophages in both Mtb infected and uninfected condiZons by staining the cells with the 392 

Invitrogen CellROX dye and confocal microscopy analysis of live stained cells. In both infected and 393 

uninfected condiZons, all the 3 mutants displayed significantly elevated total cellular ROS when 394 

compared to scramble controls (Fig. S9A, S9B). 395 

 396 

Inhibitors of lipid metabolism block intracellular growth of Mtb in macrophages but not in broth 397 

culture 398 

We next examined if pharmacological inhibitors would phenocopy the growth inhibiZon 399 

phenotypes we observed with specific gene deleZons. Compounds which modulate lipid 400 

homeostasis are currently being invesZgated for HDT against TB, which is an area of considerable 401 

interest (59). Such compounds include mekormin, a widely used anZ-diabeZc drug which 402 

acZvates AMPK, inhibits faPy acid synthesis and promotes b-oxidaZon of faPy acids (21, 60). 403 

Chemical inhibiZon of faPy acid β-oxidaZon is already known to promote macrophage control of 404 

Mtb (11, 25). We targeted macrophage lipid homeostasis with trimetazidine (TMZ), an inhibitor 405 
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of b-oxidaZon of faPy acids, mekormin, and an FATP1 inhibitor, FATP1 In (61). We assessed the 406 

impact of these compounds on extracellular Mtb cultured in broth over 9 days in the presence of 407 

the inhibitors (DMSO, TMZ; 500 nM, Mekormin; 2 mM, FATP1 In; 10 µM, Rifampicin; 0.5 µg/ml). 408 

None of the 3 lipid metabolism inhibitors had a measurable effect on Mtb growth in liquid culture 409 

media when compared to DMSO controls (Fig. 7A). Treatment with rifampicin completely blocked 410 

bacterial growth under the same condiZons (Fig. 7A). We next infected scrambled sgRNA control 411 

macrophages with Mtb at MOI 0.5. Inhibitors were added to infected macrophages 3 hours post 412 

infecZon and bacterial CFUs were enumerated 4 days post treatment. Consistent with previous 413 

observaZons (21, 25), TMZ and mekormin significantly reduced bacterial loads in macrophages 414 

when compared to DMSO controls (Fig.7B). Similarly, FATP1 In also impacted the intracellular 415 

growth of Mtb (Fig. 7B). The results provide independent data that both geneZc and chemical 416 

modulaZon of faPy acid metabolism at different steps in the process negaZvely impacts 417 

intracellular growth of Mtb. 418 

 419 

Discussion 420 

It is clearly established that host derived faPy acids and cholesterol are important carbon sources 421 

for Mtb (22). However, the relaZonship between Mtb and the infected host cell lipid metabolism 422 

remains a subject of conjecture. In this report, we characterized the role of macrophage lipid 423 

metabolism on the intracellular growth of Mtb by a targeted CRISPR mediated knockout of host 424 

genes involved in faPy acid import, sequestraZon and catabolism. Macrophage faPy acid uptake 425 

is mediated by the scavenger receptor CD36 and specialized long chain faPy acid transporters, 426 

FATP1 and FATP4 (62). Earlier studies reported that a deficiency of CD36 enhances macrophage 427 

control of Mtb, albeit to a modest degree (27). Work from Hawkes et al.(27) indicated that the 428 

anZ-microbial effectors in CD36 deficient macrophages were not due to bacterial uptake 429 

deficiencies, differences in the rate of Mtb induced host cell death, producZon of ROS or pro-430 

inflammatory cytokines (27). We similarly observed a moderate Mtb growth restricZon 431 

phenotype in our CRISPR generated CD36-/- macrophages. However, a strong growth restricZon 432 

of Mtb was observed when we knocked out the long chain faPy acid transporter, FATP1. FATP1-/- 433 

macrophages displayed altered metabolism characterized by stabilizaZon of HIF-1a, acZvated 434 
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AMPK, increased glycolysis and reduced mitochondrial funcZons. Given that both CD36 and 435 

FATP1 perform similar funcZons, it is expected that they should be some degree of compensaZon 436 

between the transporters when either of the genes are deleted.  Indeed, we found out that FATP1 437 

knockout resulted in the upregulaZon of other lipid import transporters (MSR1, ABCC1). This 438 

would be consistent with the moderate anZ-Mtb phenotypes in CD36-/- macrophages which could 439 

easily be compensated by the presence of FATPs to alleviate the reducZon in faPy acid supply 440 

experienced by intracellular Mtb. However, the FATP1-/- macrophage phenotype appears to be 441 

more severe on Mtb and could be exacerbated by an elevated pro-inflammatory response as has 442 

been reported previously both in vitro and in vivo (33). 443 

 444 

Ager uptake into the cells, most faPy acids either undergo b-oxidaZon in the mitochondria to 445 

provide energy or are esterified with glycerol phosphate to form triacylglycerols that may be 446 

incorporated into lipid droplets in the endoplasmic reZculum (62). Over the last 2 decades, it has 447 

been believed that lipid droplets are a nutrient source for Mtb in macrophages (4-7). However, 448 

recent work indicates lipid droplets may serve as centers for the producZon of pro-inflammatory 449 

markers and anZ-microbial pepZdes (23, 24). It has also been reported that bone marrow 450 

macrophages derived from PLIN2-/- mice did not have defects in the formaZon of lipid droplets 451 

and supported robust intracellular Mtb replicaZon (23). However, our mutant macrophages with 452 

myeloid specific knockout of PLIN2 are unable to form lipid droplets and are defecZve in 453 

supporZng the growth of Mtb. The discrepancies with previous observaZons (23) could be a 454 

consequence of compensatory responses to PLIN2 knockout in whole mice which when 455 

performed at embryonic level would allow for sufficient Zme for the cells to recover by 456 

upregulaZng related PLIN isoforms. In fact, PLIN2-/- macrophages displayed the strongest anZ-457 

Mtb phenotypes amongst our mutants exhibiZng acZvated AMPK, increased glycolysis and 458 

autophagy and impaired mitochondrial funcZons. Mtb isolated from PLIN2-/- macrophages 459 

displayed signatures of severe nutrient limitaZon and oxidaZve stress damage. 460 

 It has also been previously reported that chemical, geneZc or miR33 mediated blockade 461 

of faPy acid b-oxidaZon in macrophages induces lipid droplet formaZon (19, 25) but that this 462 

enhanced lipid droplet formaZon does not correlate with improved intracellular Mtb growth (25). 463 
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We observed a similar phenotype as CPT2-/- macrophages that generated larger and more 464 

abundant lipid droplets than scrambled control macrophages were sZll restricZve to Mtb growth. 465 

This implies that the presence or absence of lipid droplets does not in itself indicate whether a 466 

macrophage will support or restrict Mtb growth, and that the anZ-microbial environment extends 467 

beyond simple nutrient availability.    468 

 469 

In summary, our study shows that blocking macrophage’s ability to import, sequester or 470 

catabolize faPy acids chemically or by geneZc knockdown impairs Mtb intracellular growth. There 471 

are shared features between potenZal anZ-microbial effectors in macrophages which lack the 472 

ability to import (FATP-/-) or metabolize faPy acids (PLIN2-/-, CPT2-/-) such as increased glycolysis, 473 

stabilized HIF-1a, acZvated AMPK, enhanced autophagy and producZon of ROS.  However, there 474 

are also intriguing points of divergence as FATP-/- macrophages are more pro-inflammatory while 475 

PLIN2-/- macrophages appear to be broadly anZ-inflammatory.  The routes to Mtb growth 476 

restricZon in these mutant macrophages are clearly more complex than the bacteria’s inability to 477 

acquire nutrients. The data further emphasizes that targeZng faPy acid homeostasis in 478 

macrophages at different steps in the process (uptake, storage and catabolism) is worthy of 479 

exploring in the development of new therapeuZcs against tuberculosis.  480 

 481 

 482 

 483 

 484 

 485 

 486 

 487 

 488 

 489 

 490 

 491 

 492 
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Materials and methods 493 

All materials and methods are as described (47) unless otherwise specified.  494 

 495 

Flow cytometry and western blot analysis 496 

GeneraZon of CRISPR mutant Hoxb8 macrophages was carried out described previously (47). 497 

AnZbodies used for both western blot and flow cytometry were as follows: rat anZ-Mouse 498 

CD36:Alexa Fluor®647 (Biorad, 10 μl/million cells), rabbit anZ-PLIN2 (Proteintech, 1:1000), rabbit 499 

anZ-FATP1 (Affinity biosciences, 1:1000), rabbit anZ-CPT1A anZbody (Proteintech, 1:1000), rabbit 500 

anZ-CPT2 anZbody (Proteintech, 1:1000), rabbit anZ-HIF-1a anZbody (Proteintech, 1:1000), 501 

rabbit anZ-AMPKa(1:1000, Cell signalling Technology), rabbit anZ-Phospho-AMPKa(1:500, Cell 502 

signalling Technology), rabbit anZ-LC3B (1:1000, Cell signalling Technology) and rabbit anZ-b AcZn 503 

(1:1000, Cell Signalling Technology). For western blots, secondary anZbodies used were anZ-504 

rabbit/mouse StarBright Blue 700 (1:2500, Biorad). Blots were developed and imaged as 505 

described previously (47). 506 

 507 

Staining for cellular lipid droplets 508 

Macrophages monolayers in Ibidi eight-well chambers were supplemented with exogenous 400 509 

μM oleate for 24 hours to induce the formaZon of lipid droplets (32). Cells were then fixed in 4% 510 

paraformaldehyde and stained with BODIPY™ 493/503 (Invitrogen, 1 μg/ml) in 150 mM sodium 511 

chloride. Stained cells were mounted with media containing DAPI and imaged using a Leica SP5 512 

confocal microscope. 513 

 514 

Seahorse XF palmitate oxida;on stress test 515 

A modified Seahorse mitochondrial stress test was used to measure macrophage’s ability to 516 

oxidize palmitate in substrate limiZng condiZons. 2 days before the assay, 1 x 105 cells were plated 517 

in Seahorse cell culture mini plates. 1 day before the assay, macrophage media was replaced with 518 

the Seahorse substrate limited growth media (DMEM without pyruvate supplemented with 0.5 519 

mM glucose, 1 mM glutamine, 1% FBS and 0.5 mM L-CarniZne). On the day of the assay, substrate 520 

limited media was replaced with assay media (DMEM without pyruvate supplemented with 2 mM 521 
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glucose and 0.5 mM L-CarniZne). In selected treatment condiZons, cells were either supplied with 522 

bovine serum albumin (BSA), BSA palmitate or BSA palmitate plus etomoxir (4 μM). Oxygen 523 

consumpZon rates (OCRs) were measured using the Mito Stress Test assay condiZons as 524 

described previously (47). 525 

 526 

Rescue of the Mtb Dicl1 mutant in oleate supplemented media 527 

The Mtb H37Rv Dicl1 mutant expressing mCherry (46) was used for the rescue experiments. The 528 

strain was maintained in 7H9 OADC broth as previously described (47) in the presence of 529 

Kanamycin (25 μg/ml) and hygromycin (50 μg/ml). 24 hours before infecZon, macrophages were 530 

cultured in normal macrophage media or media supplemented with 400 μM oleate. Cells were 531 

then infected with the Mtb Dicl1 mutant at MOI 5. The bacterial mCherry signal was measured 532 

on day 0 and day 5 post infecZon on an Envision plate reader (PerkinElmer). Oleate was 533 

maintained throughout the experiment in the rescue assay condiZons. 534 

 535 

Measurement of total cellular ROS 536 

Uninfected or Mtb infected macrophages monolayers in Ibidi eight-well chambers were stained 537 

with the CellROX Deep Red dye (Invitrogen) as per manufacturer’s staining protocol. Live stained 538 

cells were imaged on a Leica SP5 confocal microscope. Z-stacks were re-constructed in ImageJ 539 

from which mean fluorescence intensiZes (MFI) for individual cells were obtained. 540 

 541 

Datasets The RNA-seq data from the Dual RNA-seq analysis of infected mouse macrophages, 542 

which includes both macrophage and Mtb reads are available in GEO: GSE270571. 543 

 544 
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Figure legends 722 

Fig.1 Knockdown of fa+y acid import and metabolism genes restricts Mtb growth in 723 

macrophages. (A) SchemaZc of lipid import and metabolism genes in macrophages. Genes 724 

targeted for CRISPR-Cas9 mediated knockdown are highlighted in red. (B-C) Scramble or indicated 725 

mutant macrophages were infected with the Mtb Erdman strain at MOI 0.4. CFUs were plated 3 726 

hours post infecZon (B) and on Day 5 (C) to determine intracellular Mtb replicaZon rates. n=6; 727 

****, P < 0.0001.  728 

 729 

Fig. 2. Mtb infected macrophages with impaired fa+y acid import and metabolism display 730 

reduced mitochondrial ac;vi;es and are more glycoly;c. (A) Seahorse flux analyses of scramble 731 

or PLIN2-/-, FATP1-/- and CPT2-/- macrophages infected with Mtb Erdman strain at MOI 1 24 hours 732 

post infecZon. Oxygen consumpZon rates (OCR) were measured using the Cell Mito Stress Test 733 

Kit (Agilent). Oligo, oligomycin; FCCP, fluoro-carbonyl cyanide phenylhydrazone; Rot/A, rotenone 734 

and anZmycin A. (B) Comparison of basal respiraZon and spare respiratory capacity (SRC) from A. 735 

SRC was calculated by subtracZng the normalized maximal OCR from basal OCR. n=3 (2 technical 736 

repeats per replicate); ****, P < 0.0001. (C) Extracellular acidificaZon rates (ECARs) of scramble 737 

or PLIN2-/-, FATP1-/- and CPT2-/- macrophages infected with Mtb as in A. ECARs were measured 738 

using the Agilent Seahorse Glycolysis Stress Test kit. 2DG, 2-Deoxy-D-glucose. (D) Comparison of 739 

basal glycolysis and spare glycolyZc capacity (SGC) in the indicated mutant macrophages. SGC was 740 

calculated as SRC above. n=3 (2 technical repeats per replicate); *, P < 0.05, ****, P < 0.0001. 741 

 742 

Fig. 3. Knockdown of fa+y acid import and metabolism genes in macrophagesac;vate AMPK 743 

and stabilizes HIF-1a. (A) Western blot analysis of HIF-1a in uninfected and Mtb infected 744 

scramble or PLIN2-/-, FATP1-/- and CPT2-/- macrophages. In Mtb infected condiZons, cells were 745 

infected with the bacteria at MOI 1 for 48 hours before preparaZon of cell lysates. (B) Western 746 

blot analysis of total and phosphorylated AMPK in uninfected and Mtb infected scramble or 747 

PLIN2-/-, FATP1-/- and CPT2-/- macrophages. Cell lysates were prepared as in A.  748 

 749 
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Fig. 4. Supplementa;on with exogenous oleate fails to rescue the Mtb Dicl1 mutant in PLIN2-/-, 750 

FATP1-/- and CPT2-/- macrophages. (A) Scramble or indicated mutant macrophages were infected 751 

with the Mtb H37Rv Dicl1 mutant expressing mCherry at MOI 5. Oleate supplementaZon (400 752 

µM) was commenced 24 hours before infecZon in the treatment group, removed during Mtb 753 

infecZon and re-added 3-hours post infecZon for the enZre duraZon of the experiment. Growth 754 

kineZcs of Mtb were measured by monitoring mCherry fluorescence using a plate reader. n=4; 755 

****, P < 0.0001. (B) Uninfected scramble or FATP1-/- and CPT2-/- macrophages were 756 

supplemented with 400 µM oleate for 24 hours. Cells were then fixed for 20 minutes and stained 757 

for lipid droplet inclusions using the Bodipy 493/503 dye. DAPI was used as a counterstain to 758 

detect nuclei.  759 

 760 

Fig. 5. Dual RNA sequencing to iden;fy host and bacterial determinants of Mtb restric;on in 761 

macrophages with fa+y acid import and metabolism knockdown genes. (A) Principal 762 

component analysis (PCA) of scramble or PLIN2-/-, FATP1-/- and CPT2-/- macrophages 763 

transcriptomes infected with the Mtb smyc’::mCherry strain at MOI 0.5 4 days post infecZon. (B) 764 

Venn diagram of DE gene sets (Table S2) in PLIN2-/-, FATP1-/- and CPT2-/- mutant macrophages as 765 

compared to scramble showing overlapping genes. DE genes cutoff; abs (log2 fold change) > 0.3, 766 

adjusted p-value < 0.05. (C-D) Tree plot of top 80 enriched gene ontology terms (biological 767 

process) in Mtb infected PLIN2-/- and FATP1-/- upregulated genes. 768 

 769 

Fig. 6. Nutri;onal and oxida;ve stress define the core transcriptome response of Mtb inside 770 

PLIN2-/- macrophages. (A) SchemaZc showing DE genes in Mtb transcriptomes isolated from 771 

PLIN2-/-, FATP1-/- and CPT2-/- macrophages in Fig.5A. (B) Heatmaps of nutriZonal and oxidaZve 772 

stress DE genes in PLIN2-/- macrophages. Arrows show genes which are also DE in CPT2-/- 773 

macrophages in a similar trend (Table S4).  774 

 775 

Fig. 7. Inhibitors of fa+y acid transport and metabolism block intracellular growth of Mtb in 776 

macrophages. (A) Growth of Mtb in liquid broth in the absence of drug (DMSO) or presence of 777 

mekormin, FATP1 inhibitor (FATP1 In, 10 µM) and the b-oxidaZon of faPy acid inhibitor, 778 
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Trimetazidine (TMZ, 500 nM). Mtb Erdman was grown to log phase and diluted to OD600 0.01 in 779 

7H9 media in the presence of the above inhibitors. Growth kineZcs were monitored by OD600 780 

measurements using a plate reader. Rifampicin (RIF) at 0.5 µg/ml was used as a total killing 781 

control. (B) Scramble macrophages were infected with Mtb Erdman at MOI 0.5. Inhibitors were 782 

added 3 hours post infecZon following which CFUs were plated 4 days post infecZon. n=5; **, P 783 

< 0.01; ****, P < 0.0001. 784 
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Figure 3 814 
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Figure 4. 817 
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Figure 5. 820 
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Figure 6. 824 
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