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ABSTRACT 21 

We previously reported that the oxidised cholesterol-sensing receptor GPR183 is significantly 22 

downregulated in blood from tuberculosis (TB) patients with diabetes compared to TB patients 23 

without co-morbidities and that lower GPR183 expression in blood is associated with more 24 

severe pulmonary TB on chest-x-ray consistent with observations in dysglycemic mice. To 25 

further elucidate the role of this receptor and its endogenous high affinity agonist 7α,25-di-26 

hydroxycholesterol (7α,25-OHC) in the lung, we studied high fat diet (HFD)-induced 27 

dysglycemic mice infected with M.tuberculosis .  28 

We found that the 7α,25-OHC-producing enzymes cholesterol 25-hydroxylase (CH25H) and 29 

cytochrome P450 family 7 subfamily member B1 (CYP7B1) were highly upregulated upon M. 30 

tuberculosis infection in the lungs of normoglycemic mice, and this was associated with 31 

increased expression of GPR183 indicative of effective recruitment of GPR183-expressing 32 

immune cells to the site of infection. We demonstrated that CYP7B1 was predominantly 33 

expressed by macrophages in the centre of TB granulomas. Expression of CYP7B1 was 34 

significantly blunted in lungs from HFD-fed dysglycemic animals and this coincided with 35 

delayed recruitment of macrophages to the lung during early infection and more severe lung 36 

pathology. GPR183 deficient mice similarly had reduced macrophage recruitment during early 37 

infection demonstrating a requirement of the GPR183/oxysterol axis for macrophage 38 

infiltration into the lung in TB. 39 

Together our data demonstrate that oxidised cholesterols and GPR183 play an important role 40 

in positioning macrophages to the site of M. tuberculosis infection and that this is impaired by 41 

HFD-induced dysglycemia, adding a mechanistic explanation to the poorer TB outcomes in 42 

patients with diabetes.  43 

 44 
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BACKGROUND 45 

Type 2 diabetes (T2D)  increases the risk for developing active tuberculosis (TB). TB patients 46 

with T2D co-morbidity are at higher risk of adverse TB treatment outcomes and increased 47 

mortality [1]. Several different animal models of diabetes show increased susceptibility to TB 48 

[2-8]. We previously reported that dysglycemic M. tuberculosis (Mtb) -infected mice had more 49 

severe TB with a trend towards higher lung bacterial burden, significantly lower pulmonary 50 

concentrations of tumor necrosis factor (TNF)-α and interferon (IFN)-γ during early infection 51 

(3 weeks post infection (p.i.)) accompanied by significantly worse lung pathology at 8 weeks 52 

p.i. compared to normoglycemic control animals [2]. While various mechanisms likely 53 

contribute to an impaired host defense in subjects with hyperglycemia, chronic low-grade 54 

inflammation leading to defects in the innate immune responses against Mtb and the subsequent 55 

delay in activating adaptive immune responses have been suggested as cellular mechanisms of 56 

TB susceptibility [6]. This arises, at least in part, through impaired recognition of Mtb by 57 

diabetic alveolar macrophages (AMs) [8].  58 

After infection of AMs with Mtb, the lungs are infiltrated by various cell populations, with 59 

neutrophils, interstitial monocytes, macrophages, dendritic cells [9], and eosinophils [10] being 60 

recruited to the lung during the first two weeks of infection. This cellular migration requires 61 

effective chemotactic signals to direct the immune cells to the lung, and signals from Mtb-62 

infected AMs likely to play a critical part [9].  63 

In addition to classical chemokines, oxidised cholesterols so called oxysterols, have been 64 

identified as chemoattractants controlling the movement of distinct immune cells to  position 65 

them to specific tissues [11]. The oxysterol 7α,25-OHC, the most potent endogenous agonist 66 

for the G-protein coupled receptor GPR183, is produced from cholesterol via two 67 

hydroxylation steps by the enzymes Cholesterol 25-hydroxylase (CH25H) and Cytochrome 68 
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P450 Family Subfamily B Member 1 (CYP7B1), respectively. This oxysterol can subsequently 69 

be metabolised by hydroxyl D-5-steroid dehydrogenase, 3b- and steroid D-isomerase 7 70 

(HSD3B7) into 4-cholesten-7α,25-ol-3-one [12]. Besides B cells and T cells, GPR183 is also 71 

expressed on innate immune cells such as macrophages and natural killer cells [13, 14]. 72 

GPR183 and 7α,25-OHC are important for chemotactic distribution of immune cells to 73 

secondary lymphoid organs [15-21] and positioning of innate lymphoid cells (ILCs) in the gut 74 

[22, 23].  75 

However, only few studies evaluated the role of oxysterols in the lung.Various oxysterols were 76 

increased in bronchoalveolar lavage fluid from asthma patients and associated with infiltration 77 

of eosinophils, neutrophils and lymphocytes to the lung [24]. The upregulation of CH25H and 78 

CYP7B1 has also been demonstrated in the inflammated lungs of patients with chronic 79 

obstructive pulmonary disease [25]. In a murine model of lipopolysaccharide (LPS)-induced 80 

acute lung inflammation 25-hydroxycholesterol (25-OHC) was upregulated in the lung [26]. 81 

However, the role of oxysterols and GPR183 in infectious respiratory diseases including TB 82 

has not been investigated. We previously observed significantly lower GPR183 expression in 83 

blood from TB patients with  T2D compared to TB patients without co-morbidities and, low 84 

GPR183 expression correlated with increased TB disease severity assessed by chest x-ray [27], 85 

suggesting GPR183 and 7a,25-OHC may be important in TB pathogenesis.  86 

In the present study, we investigated the role of GPR183 and 7a,25-OHC in immune cell 87 

recruitment to the Mtb-infected lung in normoglycemic and dysglycemic mice. We report that 88 

CH25H and CYP7B1 are upregulated in the lung in response to Mtb infection. In dysglycemic 89 

mice, however, the Mtb-infection induced induction of CYP7B1 expression was absent [28] 90 

and associated with reduced macrophage infiltration into the lung. Similarly mice genetically 91 

deficient for GPR183, who have higher Mtb loads during early infection [27], had reduced 92 
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macrophage recruitment upon Mtb infection suggesting a requirement of GPR183 for effective 93 

macrophage infiltration into the lung and effective containment of Mtb. 94 

METHODS 95 

Murine Models and Mtb infection 96 

We have previously characterised the high fat diet (HFD) murine model of dysglycemia and 97 

tuberculosis [2]. Briefly, six-week-old male C57BL/6 mice were fed a lard based HFD (HFD), 98 

which contained 43% available energy as fat (total fat: 23.50%, SF04-001, Specialty Feeds, 99 

Western Australia). Control animals were fed normal chow diet (NCD) with 12% available 100 

energy from fat for the same period (total fat: 4.60%, Standard rodent diet, Specialty Feeds, 101 

Western Australia). At 12 weeks on the respective diets mice were infected with approximately 102 

150 cfu of Mtb H37Rv as previously described [2].  GPR183 KO mice were infected with Mtb 103 

as previously described [27].  Tissues were collected for downstream analysis at either 2, 3, 5 104 

or 8 weeks p.i. as indicated in figure legends. 105 

RNA Extraction and qRT-PCR  106 

RNA was isolated from lung and blood using Isolate II RNA mini kit protocol (Bioline 107 

Reagents Ltd., London, UK) with slight modification. Briefly, blood cell pellet and lung lobes 108 

were homogenized in Trizol, vigorously mixed with chloroform (2.5:1) and centrifuged at 109 

12,000 x g for 15 min at 4°C. The RNA in the aqueous phase was precipitated by mixing in 110 

cold 70% ethanol (1:2.5) followed by column-based RNA isolation using kit protocol including 111 

DNase treatment to remove genomic DNA contamination. Complementary DNA was 112 

synthesized using 2 µg of RNA and the Tetro cDNA synthesis kit (Bioline Reagents Ltd., 113 

London, UK) according to manufacturer’s instructions. Gene expression analysis was 114 

performed by quantitative real time PCR (qRT-PCR) with SensiFAST™ SYBR® Lo-ROX Kit 115 

(Bioline Reagents Ltd., London, UK) run on the QuantStudio™ 7 Flex Real-Time PCR System 116 
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(Applied Biosystems). All gene expression levels were normalized to Hprt1 internal controls 117 

in each sample, and the fold changes were calculated using the 2–DDCT method. The list of 118 

primers used is given in Table S1. 119 

Immunohistochemistry 120 

Formalin-fixed paraffin-embedded (FFPE) lung sections were dewaxed in xylene before 121 

hydrating with decreasing ethanol changes. Endogenous peroxidase activity was blocked with 122 

3% hydrogen peroxide for 10 min and antigen retrieved using proteinase K (Sigma-Aldrich, 123 

P6556) in Tris-EDTA pH8 buffer for 4 min at room temp. Non-specific antibody binding was 124 

blocked using Background Sniper (Biocare Medical, Concord, CA). Immuno-labeling was 125 

performed with rabbit antibodies against Iba1 (Novachem, 019-19741), CYP7B1 (BIOSS BS-126 

5052R), or isotype control (Rabbit IgG, ThermoFisher 31235) diluted in Da Vinci Green 127 

Diluent (Biocare Medical) for 120 min. Sections were subsequently incubated with HRP-128 

conjugated goat anti-rabbit (Abcam, ab6721). To develop reactions, diaminobenzidine (Dako, 129 

Agilent) was used as per the manufacturer’s instructions for 2 min. Sections were 130 

counterstained with Mayer's hematoxylin (Sigma-Aldrich), imaged using VS120 slide scanner 131 

(Olympus, TYO, JP), and analyzed using Visiopharm® software (Visiopharm, DK) or a 132 

Olympus BX50 microscope via Olympus CellSens standard software 7.1 (Olympus). 133 

 134 

Mass spectrometric quantitation of 25-OHC and 7a,25-OHC in lung homogenates. 135 

The oxysterol quantification method was adapted from McDonald et al.[29]. Briefly, Mtb-136 

infected lung homogenates were treated with formalin for 24 h before removing samples out 137 

of PC3 lab, following an approved safety protocol for Mtb infected samples. Oxysterols were 138 

extracted using a 1:1 dichloromethane:methanol solution containing 50 µg/mL mL butylated 139 

hydroxytoluene (BHT) in a 30°C ultrasonic bath. Tubes were flushed with N2 to displace 140 
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oxygen, sealed with a polytetrafluoroethylene (PTFE)-lined screw cap, and incubated at 30°C 141 

in the ultrasonic bath for 10 min. Following centrifugation (3,500 rpm, 5 min, 25°C), the 142 

supernatant from each sample was decanted into a new tube. For liquid-liquid extraction, 143 

Dulbecco’s phosphate-buffered saline (DPBS) was added to the supernatant, agitated and 144 

centrifuged at 3,500 rpm for 5 min at 25°C. The organic layer was recovered and evaporated 145 

under N2 using a 27-port drying manifold (Pierce; Fisher Scientific, Fair Lawn, NJ). Oxysterols 146 

were isolated by solid-phase extraction (SPE) using 200 mg, 3 mL aminopropyl SPE columns 147 

(Biotage; Charlotte, NC). The samples were dissolved in 1 ml of hexane and transferred to the 148 

SPE column, followed by a rinse with 1 ml of hexane to elute nonpolar compounds. Oxysterols 149 

were eluted from the column with 4.5 ml of a 23:1 mixture of chloroform:methanol and dried 150 

under N2. Samples were resuspended in 100 µl of warm (37°C) 90% methanol, 0.1% DMSO, 151 

and placed in an ultrasonic bath for 5 min at 30°C. A standard curve was extracted for 25-OHC 152 

(Sigma-Aldrich, H1015) and 7a,25-OHC (Sigma-Aldrich, SML0541) using the above method.  153 

Samples were analysed on AB Sciex QTRAP® 5500 (ABSCIEX, Redwood City, CA) mass 154 

spectrometer coupled to a Shimadzu Nexera2 UHPLC. A Kinetex Pentafluorophenyl (PFP) 155 

column (50 x 2.1mm, 1.7µM, Phenomenex) was used for the separation of 25-OHC and 7α,25-156 

OHC from other oxysterols. Mobile phase used for separation were, A - 0.1% formic acid with 157 

water and B - 100% acetonitrile with 0.1% formic acid. Five µL of sample were loaded at 158 

0.4mL/min and separated using linear gradient with increasing percentage of acetonitrile. 159 

Samples were washed for 1.3 min after loading with 40% mobile phase B followed by linear 160 

gradient of 40%-99% over 6min. The column was washed with 99% mobile phase B for 2 min 161 

followed by equilibration with 40% B 2 min before next injection. Column oven and auto-162 

sampler were operated 60°C and 6°C, respectively. Elution of analytes from the column was 163 

monitored in positive ion mode (ESI) with multiple reaction monitoring on ABSciex QTRAP 164 

mass spectrometer equipped with Duospray ion source, which was operated at temp 550°C, 165 
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ionspray voltage of 5500, curtain gas (CUR) of 30, ion source gas1 (GS1) of 65 and ion source 166 

gas 2 (GS2) of 50. Quadrupole 1 and 3 were operated at unit mass resolution at all time during 167 

the experiment.  MRM pairs 385.3 > 367.3, 385 >133, 385.3 > 147.1 and 367 >147.1 were 168 

monitored for 25-OHC and for 7α,25-OHC following MRM pairs were used 436.3>383.3, 169 

383.2 > 365.3, 383.2 > 147.3, 383.2 > 159.0. Deuterated 25-OHC (Sapphire Bioscience, 11099) 170 

used as an internal standard. De-clustering potential (DP), Collision energy (CE), Entrance 171 

(EP) and collision cell exit potential (CXP) were optimised for each MRM pair to maximise 172 

the sensitivity. Data processed using AbSciex MultiQuant software (Version 3.0.3) 173 

 174 

Ethics Statement 175 

All experiments were carried out in accordance with protocols approved by the Health Sciences 176 

Animal Ethics Committee of The University of Queensland (MRI-UQ/413/17) and performed 177 

in accordance with the Australian Code of Practice for the Care and Use of Animals for 178 

Scientific Purposes. 179 

 180 

RESULTS 181 

Mtb infection increases CH25H and CYP7B1 expression in the lung which results in 182 

increased oxysterol production 183 

To investigate whether Mtb-infection induces the production of oxidised cholesterols in the 184 

lung we infected mice with Mtb and determined the mRNA expression of oxysterol producing 185 

enzymes. Cholesterol is hydroxylated by the enzyme CH25H to form 25-OHC and 186 

subsequently hydroxylated by CYP7B1 to form 7a,25-OHC (Figure 1A), the high affinity 187 

agonist for GPR183.  7a,25-OHC can be further metabolized by the enzyme HSD3B7. We 188 
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found that Mtb infection significantly upregulated the expression of both Ch25h (Figure 1B, 189 

black bars) and Cyp7b1 (Figure 1C, black bars), while Hsd3b7 was downregulated in the lung 190 

at 3 weeks after infection (Figure 1D, black bars). To determine whether increased expression 191 

of these enzymes results in increased oxysterol production we performed mass spectrometry 192 

on lung homogenates for detection of 25-OHC and 7a,25-OHC. Mtb infection significantly 193 

increased 25-OHC production compared to 25-OHC concentrations in uninfected lung 194 

homogenates (Figure 1E, black bar vs. dotted line). We were unable to accurately determine 195 

7a,25-OHC concentrations in the lung homogenates as they were below the detection limits of 196 

the system. However, these results demonstrate that Mtb infection induces expression of Ch25h 197 

and Cyp7b1 likely via interferons [30] and results in increased production of 25-OHC and 198 

likely also increased production of  7a,25-OHC, both being ligands for GPR183.   199 

Oxysterol production is associated with increased GPR183 expression 200 

We have previously reported that lower GPR183 expression in blood from TB patients is 201 

associated with increased TB disease severity on chest x-ray [27] and hypothesized that this is 202 

due to chemoattraction of GPR183-expressing immune cells towards a gradient of  25-OHC 203 

and 7a,25-OHC to the site of disease, the lung. Consistent with our observation in humans we 204 

found that in Mtb-infected mice Gpr183 expression decreased in blood compared to uninfected 205 

animals (Figure 1 F, black bars), while Gpr183 expression in lung significantly increased upon 206 

Mtb infection at both week 3 and 8 p.i. (Figure 1G, black bars). These data suggest that 207 

oxysterol sensing GPR183-expressing immune cells migrate towards the lung upon infection. 208 

Dysglycemia blunts Mtb-induced expression of CYP7B1 and GPR183 in the lung 209 

Since diabetes is a well known risk factor for TB and we previously showed that mice with 210 

HFD-induced dysglycemia have more severe TB [2], we next investigated whether this is 211 

linked to changes in oxysterol production in the lung. We observed that Mtb-infection in 212 
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dysglycemic animals induced Ch25h expression similar to in normoglycemic animals (Figure 213 

1B red vs. black bars), and the concentrations of 25-OHC were similarly comparable between 214 

the animals   (Figure 1E red vs. black bar). Interestingly, however, the expression of Cyp7b1 215 

was significantly blunted by dysglycemia and was consistently lower in dysglycemic compared 216 

to normoglycemic mice both at week 3 and week 8 p.i.  (Figure 1C, red vs. black bars). This 217 

suggests that the production of 7a,25-OHC is impaired during dysglycemia likely due to 218 

insulin resistance[28]. Consistent with this, in dysglycemic animals we did not oberve a rapid 219 

decrease of Gpr183 in blood (Figure 1 F) or a rapid increase of Gpr183 in lung (Figure 1G) 220 

within the first three weeks post infection such as observed in normoglycemic animals. Gpr183 221 

increased only at week 8 p.i. in the lungs of HFD-fed animals. 222 

Taken together, these results demonstrate that Mtb infection results in the production of 223 

oxysterols which facilitate the rapid migration of GPR183-expressing immune cells from the 224 

periphery to the lung.  This GPR183-oxysterol axis isblunted during dysglycemia resulting in 225 

delayed recruitment of immune cells to the Mtb-infected lung.  226 

Dysglycemia blunts CYP7B1 protein in the lung after Mtb infection 227 

To further confirm whether the reduced mRNA expression of Cyp7b1 in dysglycemic animals 228 

translates into lower protein expression of CYP7B1 we performed immunohistochemical 229 

labeling of mouse lung sections with a CYP7B1 specific antibody. We observed that positive 230 

signals of CYP7B1 started to accumulate around blood vessels and bronchioles by 3 weeks 231 

p.i., with intense signals of CYP7B1 found mostly located in the center of granulomas by week 232 

8 p.i. (Figure 2A). Quantification of positive immunolabeling confirmed the upregulation of 233 

CYP7B1 in the lung post infection (Figure 2B), and percent area of CYP7B1(+) was 234 

significantly reduced in dysglycemic mice compared to normoglycemic controls at 8 week p.i. 235 
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(Figure 2B). These results suggest that distinct cell populations involved in granuloma 236 

formation drive CYP7B1 expression.  237 

CYP7B1 is expressed by alveolar macrophages and infiltrating macrophages upon Mtb 238 

infection 239 

We next investigate which cell type in the lung produces CYP7B1 upon Mtb infection and 240 

found that CYP7B1 was most abundant in alveolar macrophages, indentified as large round 241 

cells with unsegmented nuclei inside alveolar spaces, of Mtb-infected but not in uninfected 242 

animals (Figure 3A, middle low image). At week 8 p.i., intense signals of CYP7B1 were found 243 

in the center of granulomas (Figure 3A, right low image). We confirmed that CYP7B1 244 

expression was macrophage derived by immunolabeling lung sections with the macrophage-245 

specific marker ionized calcium binding adaptor molecule 1 (Iba1), the distribution of which 246 

overlapped with CYP7B1 expression (Figure 3B). Cells positive for the Iba1 signal started to 247 

appear around blood vessels and bronchioles by week 3 p.i., indicating that Iba1+ macrophages 248 

from circulation infiltrated into the lung after Mtb infection and these Iba1+ macrophages 249 

expressed CYP7B1.  250 

Taken together, we demonstrate that CYP7B1 is upregulated in both resident alveolar 251 

macrophages and infiltrating macrophages upon Mtb infection and is highly expressed in the 252 

center of granulomas. It is thus possible that the oxysterol/GPR183 axis plays an important role 253 

in positioning of leukocytes around Mtb infected macrophages in the TB granuloma.  254 

Dysglycemia leads to lower macrophage infiltration to the Mtb-infected lung  255 

We next assessed whether dysglycemia impacts macrophage migration into the Mtb-infected 256 

lung. We found that there was more than a five-fold increase in macrophages within the first 257 

three weeks p.i. in normoglycemic animals; however, macrophage recruitment was 258 

significantly lower in dysglycemic mice at that timepoint (Figure 4A, B). Together these results 259 
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suggest that the lower Gpr183 expression we observed in dysglycemic animals is due to a 260 

reduction in macrophage infiltration to the lung during early Mtb infection. We next postulated 261 

that the impaired migration of macrophages to the Mtb infected lung is oxysterol/GPR183 262 

dependent. 263 

GPR183 is required for efficient macrophage infiltration to the lung during early Mtb 264 

infection 265 

To investigate whether the GPR183/7a,25-OHC axis is required for macrophage infiltration 266 

into the Mtb infected lung, we performed experiments in GPR183KO mice. Previously, we 267 

reported that GPR183KO mice presented with increased Mtb burden compared to WT animals 268 

at 2 weeks after infection with Mtb H37Rv, an effect that disappeared at 5 weeks post infection 269 

[27]. This suggests that GPR183 plays an important role during the early innate immune 270 

response to Mtb infection. We speculated that absence of GPR183 could alter the recruitment 271 

and distribution of immune cells to the lung in the context of TB disease. We found that 272 

pulmonary macrophage infiltration was significantly reduced in GPR183KO compared to WT 273 

mice at 2 weeks p.i.. However, the absence of GPR183 does not result in prolonged 274 

macrophage deficiency in the lungs in infected mice as by week 5 p.i, significantly more 275 

macrophages infiltrate the lungs of  GPR183KO mice vs WT mice (Figure 5) indicative of a 276 

compensatory GPR183/7a,25-OHC independent mechanism of macrophage recruitment to the 277 

lung at that later timepoint during infection.  278 

These results indicate that GPR183 is necessary for effective recruitment of inflammatory and 279 

anti-microbial macrophages to the lung during the early Mtb infection. This early impairment 280 

of macrophage migration to the lung likely contributed to higher lung bacterial numbers in 281 

GPR183KO [27] and dysglycemic mice [2].  282 

DISCUSSION 283 
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In this study we demonstrated a role for oxysterols and GPR183 in positioning of immune cells  284 

to the Mtb-infected lung with potential implications for other bacterial and viral respiratory 285 

tract infections. Previous studies have illustrated the importance of GPR183 in migration of 286 

immune cells to secondary lymphoid organs including the positioning of B cells in lymphoid 287 

tissues [16, 17], dendritic cells to the marginal zone bridging channels in the spleen [16, 31], T 288 

cells in T cells zone or more recently, the localization of ILC3 to lymphoid structures in the 289 

colon [22, 32]. Yet, the role of oxysterols and GPR183 in positioning of immune cells in the 290 

lung is largely unexplored. Jia et al. showed in a mouse model of COPD that GPR183 is 291 

required for the formation of inducible bronchus-associated lymphoid tissue (iBALT), a 292 

secondary lymphoid-like structure within the lung [25]. iBALTs are also formed during Mtb 293 

infection and correlate with protection [33].  The initial host determinants that govern the 294 

induction of iBALT formation during Mtb infection remain to be elucidated, but it is possible 295 

that oxysterols and GPR183 play a major role in iBALT formation during TB by serving as 296 

recruitment and retention signals. Our observation that GPR183 KO mice are more susceptible 297 

to Mtb infection during the first two weeks could at least in part be due to deficiencies in iBALT 298 

formation. However it is also possible that the increased Mtb burden is linked to the lower 299 

macrophage infiltration we observed during early infection in GPR183 KO mice [27]. A 300 

delayed innate immune activation results in  delayed adaptive immune priming. Consistent 301 

with this GPR183KO mice demonstrated delays in  ex vivo pro-inflammatory cytokine 302 

responses with significantly lower IFN-β, IFN-γ and a trend toward lower IL-1β production 303 

compared to WT controls [27]. We showed that during the later stages of infection, GPR183KO 304 

mice accumulated significantly more macrophages in the lung compared to WT animals 305 

through GPR183 independent mechanisms.  These GPR183 independent mechanisms could 306 

include multiple other cellular targets of oxysterols involved in immune regulation [34] or 307 

could be chemokine mediated. 308 
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We found that a lack of GPR183 impacts mainly macrophage infiltration, even though this 309 

receptor is also expressed on other immune subsets. Consistent with our finding others 310 

demonstrated that T cells do not require GPR183 for migration into the Mtb-infected lung [35]. 311 

We showed that CYP7B1 is almost exclusively expressed in alveolar macrophages and 312 

infiltrating macrophages upon Mtb infection and not present in uninfected lungs. Thus, we 313 

identified macrophages as the major source of oxysterols in the Mtb-infected lung. Previous 314 

studies have reported high expression of CH25H by macrophages [13, 36-38] and we found 315 

that both CH25H and CYP7B1 are upregulated upon Mtb infection in both primary human 316 

monocytes and in THP-1 macrophages (data not shown) and this is likely mediated by 317 

interferons as CH25H is interferon inducible[30]. In a cigarette smoke-exposed mouse model, 318 

Jia et al demonstrated high expression of Ch25h in the airway epithelial cells [25], while 319 

Madenspacher et al. found that Ch25h and its product 25-OHC are highly expressed in resident 320 

lung alveolar macrophages, but not in macrophages from other compartments in LPS-exposed 321 

C57BL/6 mice [39]. In lymphoid tissues stromal cells have been reported to be the main Ch25h 322 

and Cyp7b1 expressing cells and major contributors to 7a,25-OHC generation [31]. These data 323 

suggest that the cellular source of 7a,25-OHC producing enzymes varies dependent on the type 324 

of stimulus and local environment of the involved organs.  325 

At the later timepoint 8 week p.i., CYP7B1 was abundantly expressed in the center of 326 

granulomas compared to surrounding regions. This suggests that 7a,25-OHC is highly 327 

produced at the center of granulomas to attract other macrophages and lymphocytes making 328 

the oxysterol/GPR183 an important element in positioning immune cells in the granuloma. 329 

Another interesting observation in our study is that the intensity of CYP7B1 signals is not 330 

uniform throughout all granulomas from the same lung lobe and likely reflects heterogeneity 331 

of developmental stages of  granulomas in the Mtb-infected lung [40-42].  332 
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The concentrations of oxysterols in serum are modified by diabetes and obesity with some up- 333 

and some down-regulated [43, 44]. Aberrant oxysterol metabolism in diabetes is also present 334 

in the liver [45]. In an insulin resistant HFD-based mouse model chronic suppression of 335 

CYP7B1 was observed in the liver accompanied by reduced production of 25-OHC [28]. 336 

However whether oxysterol concentrations vary in the lung upon HFD feeding or diabetes has 337 

not been investigated. Here, we demonstrate the Mtb-induced upregulation of CYP7B1 is 338 

blunted during dysglycemia. Reduced CYP7B1 expression likely results in reduced 339 

7a,25-OHC production. A limitation of our study was that we were unable to measure this 340 

oxysterol due to technical constraints. However a reduced 7a,25-OHC production in 341 

dysglycemic compared to normoglycemic mice can explain the delayed recruitment of 342 

macrophages to the site of infection. Delayed infiltration of myeloid cells to the Mtb-infected 343 

lung in diabetic mice has also been shown by others [6], which the authors attributed to aberrant 344 

chemokine production at a time when the significance of oxysterols in immune cell migration 345 

was not yet considered. 346 

In summary, we have shown, that Mtb infection results in increased expression of the oxysterol 347 

producing enzymes CH25H and CYP7B1, increased production of 25-OHC and likely also 348 

7a,25-OHC in the lung (Fig. 6). Expression of CYP7B1 is blunted in dysglycemic animals 349 

likely due to insulin resistance and associated with reduced macrophage infiltration during 350 

early infection, which is also observed in GPR183KO mice. We therefore demonstrated that 351 

the oxysterol/GPR183 axis is important for immune cell positioning and possibly granuloma 352 

formation in TB. Further studies are required to assess how administration of oxysterols or 353 

GPR183 ligands modifies TB pathogenesis and outcomes and whether such compounds can be 354 

exploited for host-directed therapies.  355 

 356 
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 357 

FIGURE LEGENDS 358 

Figure 1: Expression of Ch25h, CYP7B1, GPR183 and 25-OHC concentrations in lungs 359 

from uninfected and Mtb-infected normoglycemic and dysglycemic mice. (A) The 360 

biosynthetic pathway of 25-OHC and 7a,25-OHC. Normoglycemic and dysglycemic mice 361 

were infected with ~100 CFUs aerosolized Mtb H37Rv, and mRNA expression of (B) Ch25h,  362 

Cyp7b1 and Hsd3B7 was measured by qRT-PCR at 3-and-8 weeks post infection. (C) 363 

Concentrations of 25-OHC were measured in the lungs 8 weeks post infection. Uninfected mice 364 

fed a HFD or NCD diet are represented by the dotted line. Expression of (D) blood and  lung 365 

Gpr183 mRNA at 3 and 8 weeks post infection was determined by qRT-PCR. Data are means 366 

± SEM of n=9-10 infected mice/group analyzed from one experiment. Circles represent 367 

normoglycemic mice and squares represent dysglycemic mice. Data analysis was performed 368 

by Mann-Whitney U test. ns = not significant, *p < 0.05, **p<0.01, ***p < 0.001 and ****p < 369 

0.0001. 370 

Figure 2: Mice with dysglycemia have lower CYP7B1 at protein levels compared to 371 

control normoglycemic mice. (A) Representative images of immunohistochemical labeling 372 

of CYP7B1 in lung sections from dysglycemic vs. normoglycemic mice either uninfected or 373 

3 weeks and  8 week after Mtb infection. (B) Quantitative analysis of CYP7B1 374 

immunolabeled areas. Data are means ± SEM of n=9-10 infected mice/group analyzed from 375 

one experiment. Circles represent normoglycemic mice and squares represent dysglycemic 376 

mice. Data analysis was performed by Mann-Whitney U test. *p < 0.05.**p < 0.01 and ****p 377 

< 0.0001. 378 

Figure 3: CYP7B1 protein expression in alveolar macrophages and in the center of  TB 379 

granulomas. (A) Representative images of CYP7B1 immunolabeling on lung sections from 380 
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uninfected and Mtb-infected animals at 3 and 8 weeks p.i..(B) Representative image of serial 381 

sections immunolabeled for Iba1 from the lung of mice 8 weeks post infection.  382 

Figure 4: Reduced infiltration of  macrophages in mice with dysglycemia at 3 weeks p.i.. 383 

(A) Representative images of the macrophage marker Iba1 immunolabeled lung sections 384 

from uninfected and Mtb-infected animals at 3-and-8 weeks p.i. (B) Quantitative analysis of 385 

Iba1(+) labeled areas. Data are means ± SEM of n=9-10 mice from infected groups analyzed 386 

from one experiment. Circles represent normoglycemic mice and squares represent 387 

dysglycemic mice. Data analysis was performed by Mann-Whitney U test. *p < 0.05 and **p 388 

< 0.01.  389 

Figure 5: Reduced macrophages infiltration to the lung of GPR183KO mice at 2 weeks 390 

after Mtb infection. WT and GPR183KO mice were infected with Mtb as previously 391 

described [27]. (A). Representative Iba1 immunolabeled lung sections from Mtb-infected WT 392 

and GPR183KO mice at 2 and 5 weeks p.i. (B). Quantification of Iba1+ labeled areas. Data 393 

are means ± SEM of n=10 infected mice/group analyzed from one experiment. Circles 394 

represent C57/BL6 wildtype mice and squares represent GPR183KO mice. Data analysis was 395 

performed by Mann-Whitney U test. *p < 0.05; **p<0.01 and ****p < 0.0001.  396 

Figure 6: Schematic summary of the proposed role of the oxysterols 25-OHC and 7a,25-397 

OHC and GPR183 in Mtb-infected normoglycemic and hyperglycemic mice. In the 398 

mouse lung after Mtb infection, the enzymes Cholesterol 25-hydroxylase (CH25H) and 399 

Cytpchrome P450 Family Subfamily B Member 1 (CYP7B1) are upregulated, along with the 400 

oxysterol 25-OHC and 7a,25-OHC resulting in effective recruitment of GPR183-expressing 401 

immune cells to the site of infection. CYP7B1 is predominantly expressed by macrophages in 402 

the centre of TB granuloma surrounded by a lymphocytes and therefore the 403 

oxysterol/GPR183 axis may contribute to positioning these immune cells in TB granulomas. 404 
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In HFD-fed hyperglycemic mice, this pathway is altered, with CYP7B1 RNA and protein 405 

expression blunted in lungs coinciding with delayed recruitment of macrophages to the lung 406 

during early infection.   407 
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