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A Blunted GPR183/Oxysterol Axis During Dysglycemia
Results in Delayed Recruitment of Macrophages to the
Lung During Mycobacterium tuberculosis Infection
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Background. We previously reported that reduced GPR183 expression in blood from tuberculosis (TB) patients with diabetes
is associated with more severe TB.

Methods. To further elucidate the role of GPR183 and its oxysterol ligands in the lung, we studied dysglycemic mice infected
with Mycobacterium tuberculosis (Mtb).

Results. We found upregulation of the oxysterol-producing enzymes CH25H and CYP7B1 and increased concentrations of
25-hydroxycholesterol upon Mtb infection in the lungs of mice. This was associated with increased expression of GPR183 indica-
tive of oxysterol-mediated recruitment of GPR183-expressing immune cells to the lung. CYP7B1 was predominantly expressed by
macrophages in TB granulomas. CYP7B1 expression was significantly blunted in lungs from dysglycemic animals, which coincided
with delayed macrophage infiltration. GPR183-deficient mice similarly had reduced macrophage recruitment during early infection.

Conclusions.

Taken together, we demonstrate a requirement of the GPR183/oxysterol axis for positioning of macrophages to the

site of infection and add an explanation to more severe TB in diabetes patients.
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Type 2 diabetes (T2D) increases the risk for developing active
tuberculosis (TB). Tuberculosis patients with T2D comorbidity
are at higher risk of adverse TB treatment outcomes and in-
creased mortality [1]. Several different animal models of dia-
betes show increased susceptibility to TB [2-8]. We previously
reported that dysglycemic Mycobacterium tuberculosis (Mtb)-
infected mice had more severe TB with a trend towards higher
lung bacterial burden, significantly lower pulmonary concen-
trations of tumor necrosis factor-a and interferon (IFN)-y
during early infection (3 weeks postinfection) accompanied
by more severe lung pathology at 8 weeks postinfection com-
pared to normoglycemic control animals [2]. Although various
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mechanisms likely contribute to an impaired host defense in
subjects with hyperglycemia, chronic low-grade inflamma-
tion leading to defects in the innate immune responses against
Mtb and the subsequent delay in activating adaptive immune
responses have been suggested as cellular mechanisms of TB
susceptibility [6]. This arises, at least in part, through impaired
recognition of Mtb by diabetic alveolar macrophages (AMs) [8].

After infection of AMs with Mtb, the lungs are infiltrated by
various cell populations, with neutrophils, interstitial mono-
cytes, macrophages, dendritic cells [9], and eosinophils [10]
being recruited to the lung during the first 2 weeks of infection.
This cellular migration requires effective chemotactic signals
to direct the immune cells to the lung, and signals from Mtb-
infected AMs are likely to play a critical part [9].

In addition to classic chemokines, oxidized cholesterols,
so-called oxysterols, have been identified as chemoattractants
controlling the movement of distinct immune cells to pos-
ition them to specific tissues [11]. The oxysterol 7a,25-OHC,
the most potent endogenous agonist for the G protein-coupled
receptor GPR183, is produced from cholesterol via 2 hydrox-
ylation steps by the enzymes Cholesterol 25-hydroxylase
(CH25H) and Cytochrome P450 Family Subfamily B Member 1
(CYP7B1), respectively. This oxysterol can subsequently be me-
tabolised by hydroxyl D-5-steroid dehydrogenase, 3b- and ste-
roid D-isomerase 7 (HSD3B7) into 4-cholesten-7a,25-0l-3-one
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[12]. In addition to B cells and T cells, GPR183 is also expressed
on innate immune cells such as macrophages and natural killer
cells [13, 14]. GPR183 and 7a,25-OHC are important for che-
motactic distribution of immune cells to secondary lymphoid
organs [15-21] and positioning of innate lymphoid cells (ILCs)
in the gut [22, 23].

However, only a few studies evaluated the role of
oxysterols in the lung. Various oxysterols were increased in
bronchoalveolar lavage fluid from asthma patients and as-
sociated with infiltration of eosinophils, neutrophils, and
lymphocytes to the lung [24]. The upregulation of CH25H
and CYP7B1 was also observed in the inflamed lungs of pa-
tients with chronic obstructive pulmonary disease [25]. In
a murine model of lipopolysaccharide (LPS)-induced acute
lung inflammation, 25-hydroxycholesterol (25-OHC) was
upregulated in the lung [26]. However, the role of oxysterols
and GPR183 in infectious respiratory diseases including TB
has not been investigated. We previously observed signifi-
cantly lower GPR183 expression in blood from TB patients
with T2D compared with TB patients without comorbidities,
and lower GPR183 expression correlated with increased TB
disease severity assessed by chest x-ray irrespective of dia-
betes status [27], suggesting GPR183 and 7a,25-OHC may be
important in TB pathogenesis.

In the present study, we investigated the role of GPR183 and
7a,25-OHC in immune cell recruitment to the Mtb-infected
lung in normoglycemic and dysglycemic mice. We report that
CH25H and CYP7B1 are upregulated and 25-hydroxycholesterol
concentrations are increased in the lung in response to Mtb in-
fection in normoglycemic mice. In dysglycemic mice, however,
the Mtb-infection induced induction of CYP7B1 expression
was absent and associated with reduced macrophage infiltration
into the lung. Likewise, mice genetically deficient for GPR183,
who have higher Mtb loads during early infection [27], had
reduced macrophage recruitment upon Mtb infection, which
suggests a requirement of GPR183 for effective macrophage in-
filtration into the lung and effective containment of Mtb.

METHODS

Murine Models and Mycobacterium tuberculosis Infection

We have previously characterized the high-fat diet (HFD)
murine model of dysglycemia and tuberculosis [2]. In brief,
6-week-old male C57BL/6 mice were fed a HFD, which con-
tained 43% available energy as fat (total fat: 23.50%; SF04-001;
Specialty Feeds, Glen Forrest, Western Australia). Control an-
imals were fed normal chow diet (NCD) with 12% available
energy from fat for the same period (total fat: 4.60%; Standard
rodent diet; Specialty Feeds). At 12 weeks on the respective
diets, mice were infected via aerosol using the GlasCol inhala-
tion exposure system (Model A4224; GlasCol LLC, Terre Haute,
Indiana, USA) with approximately 150 colony-forming units of
Mtb H, R as previously described [2]. GPR183KO mice were

infected with Mtb as previously described [27]. Tissues were
collected for downstream analysis at either 2, 3, 5, or 8 weeks
postinfection as indicated in figure legends.

Ribonucleic Acid Extraction and Quantitative Reverse-Transcription
Polymerase Chain Reaction

Ribonucleic acid (RNA) was isolated from lung and blood
using Isolate II RNA Mini Kit protocol (Bioline Reagents
Ltd., London, UK) with slight modification. In brief, blood
cell pellet and lung lobes were homogenized in TRIzol, vig-
orously mixed with chloroform (2.5:1), and centrifuged at
12 000 xg for 15 minutes at 4°C. The RNA in the aqueous
phase was precipitated by mixing in 4°C 70% ethanol (1:2.5)
followed by column-based RNA isolation using kit protocol
including DNase treatment to remove genomic deoxyribo-
nucleic acid (DNA) contamination. Complementary DNA
was synthesized using 2 ug of RNA and the Tetro cDNA syn-
thesis kit (Bioline Reagents Ltd.) according to manufacturer’s
instructions. Gene expression analysis was performed by
quantitative real-time polymerase chain reaction (PCR) with
SensiFAST SYBR Lo-ROX Kit (Bioline Reagents Ltd.) run
on the QuantStudio 7 Flex Real-Time PCR System (Applied
Biosystems). All gene expression levels were normalized to
Hprtl internal controls in each sample, and the fold changes

were calculated using the 274"

method. The list of primers
used is given in Supplemental Table S1. Primer efficiencies are
provided in Supplemental Figure 2, and consistent amplifica-
tion of the housekeeping gene Hprt across the experimental

conditions is shown in Supplemental Figure 3.

Immunohistochemistry

Formalin-fixed paraffin-embedded lung sections were de-
waxed in xylene before hydrating with decreasing ethanol
changes. Endogenous peroxidase activity was blocked with 3%
hydrogen peroxide (HL001-2.5L-P; Chem Supply, Adelaide,
South Australia) for 10 minutes, and antigen was retrieved
using proteinase K (P6556; Sigma-Aldrich) in Tris-EDTA pHS8
buffer for 4 minutes at room temperature. Nonspecific anti-
body binding was blocked using Background Sniper (Biocare
Medical, Concord, CA). Immunolabeling was performed
with rabbit antibodies against IBA1 (019-19741; NovaChem),
CYP7B1 (BS-5052R; Bioss Antibodies Inc, Massachusetts,
USA), or isotype control (rabbit IgG; 31235; Thermo Fisher) di-
luted in Da Vinci Green Diluent (Biocare Medical) for 120 min-
utes. Sections were subsequently incubated with horseradish
peroxidase-conjugated goat antirabbit (ab6721; Abcam). To de-
velop reactions, diaminobenzidine (Dako, Agilent) was used as
per the manufacturer’s instructions for 2 minutes. Sections were
counterstained with Mayer’s hematoxylin (Sigma-Aldrich), im-
aged using VS120 slide scanner (Olympus, Tokyo, Japan), and
analyzed using Visiopharm software (Visiopharm, Hoersholm,
Denmark) or a Olympus BX50 microscope via Olympus
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CellSens standard software 7.1 (Olympus). The method of
quantification of the positive staining is described in the
Supplement and presented as percentage positive stain of total
lung section area.

Mass Spectrometric Quantitation of 25-Hydroxycholesterol (OHC) and
70,25-0HC in Lung Homogenates

The oxysterol quantification method was adapted from
McDonald et al [28] and is described in the Supplement.

Ethics Statement

All experiments were carried out in accordance with protocols
approved by the Health Sciences Animal Ethics Committee
of The University of Queensland (MRI-UQ/413/17 and
MRI-UQ/596/18) and performed in accordance with the
Australian Code of Practice for the Care and Use of Animals for
Scientific Purposes.

RESULTS

Mycobacterium tuberculosis Infection Increases CH25H and CYP7B1
Expression in the Lung Which Results in Increased Oxysterol Production

To investigate whether Mtb-infection induces the production
of oxidized cholesterols in the lung, we infected mice with Mtb
and determined the messenger RNA (mRNA) expression of
oxysterol-producing enzymes. Cholesterol is hydroxylated by
the enzyme CH25H to form 25-OHC and subsequently hydrox-
ylated by CYP7BL1 to form 7a,25-OHC (Figure 1A), the high-
affinity agonist for GPR183. The 7a,25-OHC can be further
metabolized by the enzyme HSD3B7. We found that Mtb in-
fection significantly upregulated the expression of both Ch25h
and Cyp7bl, whereas Hsd3b7 was downregulated in the lung at
3 weeks after infection (Figure 1B, black bars). To determine
whether increased expression of these enzymes results in in-
creased oxysterol production, we performed mass spectrometry
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Figure 1. Expression of Ch25h, Cyp7b1, Gpr183, and 25-0OHC concentrations in lungs from uninfected (Uninf) and Mycobacterium tuberculosis (Mtb)-infected normogly-

cemic and dysglycemic mice. (A) The biosynthetic pathway of 25-OHC and 7a.,25-0HC. Normoglycemic and dysglycemic mice were infected with ~100 colony-forming units

aerosolized Mth H, R

37V

and mRNA expression of (B) Ch25h, Cyp7b1, and Hsd3b7 was measured by quantitative real-time polymerase chain reaction (qRT-PCR) at 3 and 8

weeks postinfection. (C) Concentrations of 25-OHC were measured in the lungs 8 weeks postinfection. Uninfected mice fed a high-fat diet or normal chow diet are repre-
sented by the dotted line. Expression of (D) blood and lung Gpr183 mRNA at 3 and 8 weeks postinfection was determined by gRT-PCR. Data are means + standard error of
the mean of n = 9-10 infected mice/group analyzed from 1 experiment. Circles represent normoglycemic mice and squares represent dysglycemic mice. Data analysis was
performed by Mann-Whitney Utest. *, P<.05; **, P<.01; ***; P<.001; ****, P<.0001. ns, not significant.
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on lung homogenates for detection of 25-OHC and 7a,25-OHC.
The Mtb infection significantly increased 25-OHC production
compared to 25-OHC concentrations in uninfected lung hom-
ogenates (Figure 1C, black bar vs dotted line). We were unable
to accurately determine 70,25-OHC concentrations in the lung
homogenates because they were below the detection limit of the
system. However, these results demonstrate that Mtb infection
induces expression of Ch25h and Cyp7b1 likely via interferons
[29] and results in increased production of 25-OHC and likely
also increased production of 7a,25-OHC, both being ligands for
GPR183.

Oxysterol Production Is Associated With Increased GPR183 Expression
We have previously reported that lower GPR183 expression in
blood from TB patients is associated with increased TB disease
severity on chest x-ray [27] and hypothesized that this is due to
chemoattraction of GPR183-expressing immune cells towards a
gradient of 25-OHC and 7a,25-OHC to the site of disease, the
lung. Consistent with our observation in humans, we found that
in Mtb-infected mice Gpr183 expression decreased in blood
compared to uninfected animals, whereas Gpr183 expression in
lung significantly increased upon Mtb infection at both week 3
and 8 postinfection (Figure 1D, black bars). GPR183 expression
positively correlated with the expression of the macrophage
marker Adgrel/F4/80 (Supplemental Figure 1). These data sug-
gest that oxysterol sensing GPR183-expressing immune cells
migrate towards the lung upon infection.

Dysglycemia Blunts Mycobacterium tuberculosis-Induced Expression of
CYP7B1 and GPR183 in the Lung
Because diabetes is a well known risk factor for TB and we pre-
viously showed that mice with HFD-induced dysglycemia have
more severe TB [2], we next investigated whether this is linked
to changes in oxysterol production in the lung. We observed
that Mtb infection in dysglycemic animals induced Ch25h ex-
pression similar to normoglycemic animals (Figure 1B, red vs
black bars), and the concentrations of 25-OHC were similarly
comparable between the animals (Figure 1C, red vs black bar).
However, it is interesting to note that the expression of Cyp7b1
was significantly blunted by dysglycemia and was consistently
lower in dysglycemic compared to normoglycemic mice both
at week 3 and week 8 postinfection (Figure 1B, red vs black
bars). This suggests that the production of 7a,25-OHC is im-
paired during dysglycemia likely due to insulin resistance [30].
Consistent with this, in dysglycemic animals we did not observe
arapid decrease of Gpr183 in blood or a rapid increase of Gpr183
in lung (Figure 1D) within the first 3 weeks postinfection such
as observed in normoglycemic animals. Gpr183 increased only
at week 8 postinfection in the lungs of HFD-fed animals.
Taken together, these results demonstrate that Mtb infec-
tion results in the production of oxysterols that facilitate the
rapid migration of GPR183-expressing immune cells from the

periphery to the lung. This GPR183-oxysterol axis is blunted
during dysglycemia resulting in delayed recruitment of im-
mune cells to the Mtb-infected lung.

Dysglycemia Blunts CYP7B1 Protein in the Lung After Mycobacterium
tuberculosis Infection

To further confirm whether the reduced mRNA expression of
Cyp7bl in dysglycemic animals translates into lower protein
expression of CYP7B1, we performed immunohistochemical
staining of mouse lung sections with a CYP7B1-specific anti-
body. We observed that positive signals of CYP7B1 started to
accumulate around blood vessels and bronchioles by 3 weeks
postinfection with intense signals of CYP7B1 found mostly
located in the center of granulomas by week 8 postinfection
(Figure 2A). Quantification of positive immunolabeling con-
firmed the upregulation of CYP7B1 in the lung postinfection
(Figure 2B), and the percentage area of CYP7B1(+) was sig-
nificantly reduced in dysglycemic mice compared to normo-
glycemic controls at 8 week postinfection (Figure 2B). These
results suggest that distinct cell populations involved in granu-
loma formation drive CYP7B1 expression.

CYP7B1 Is Expressed by Alveolar Macrophages and Infiltrating
Macrophages Upon Mycobacterium tuberculosis Infection

We next investigate which cell type in the lung produces CYP7B1
upon Mtb infection and found that CYP7B1 was most abun-
dant in alveolar macrophages, identified as large round cells
with unsegmented nuclei inside alveolar spaces, of Mtb infected
but not in uninfected animals (Figure 3A, middle low image).
At week 8 postinfection, intense signals of CYP7B1 were found
in the center of granulomas (Figure 3A, right low image). We
confirmed that CYP7B1 expression was macrophage derived
by immunolabeling lung sections with the macrophage-specific
marker ionized calcium binding adaptor molecule 1 (IBA1),
the distribution of which overlapped with CYP7B1 expression
(Figure 3B). Cells positive for the IBA1 signal started to appear
around blood vessels and bronchioles by week 3 postinfection,
indicating that IBA1" macrophages from circulation infiltrated
into the lung after Mtb infection, and these IBA1" macrophages
expressed CYP7BI1.

Taken together, we demonstrate that CYP7B1 is upregulated
in both resident alveolar macrophages and infiltrating macro-
phages upon Mtb infection and is highly expressed in the center
of granulomas. It is thus possible that the oxysterol/GPR183
axis plays an important role in positioning of leukocytes around
Mtb-infected macrophages in the TB granuloma.

Dysglycemia Leads to Lower Macrophage Infiltration to the Mycobacterium
tuberculosis-Infected Lung

We next assessed whether dysglycemia impacts macrophage
migration into the Mtb-infected lung. We found that there was
more than a 5-fold increase in macrophages within the first 3
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Figure 2. Mice with dysglycemia have lower CYP7B1 at protein levels compared to normoglycemic mice. (A) Representative images of immunohistochemical labeling
of CYP7B1 in lung sections from dysglycemic versus normoglycemic mice either uninfected or 3 weeks and 8 week after Mycobacterium tuberculosis (Mtb) infection. (B)
Quantitative analysis of CYP7B1-immunolabeled areas as percentage of total lung section area. Data are means + standard error of the mean of n = 9-10 infected mice/
group analyzed from 1 experiment. Circles represent normoglycemic mice and squares represent dysglycemic mice. Data analysis was performed by Mann-Whitney U test.

¥, P<.05;**, P<.01; ****, P<.0001. HFD, high-fat diet; NCD, normal chow diet.

weeks postinfection in normoglycemic animals; however, mac-
rophage recruitment was significantly lower in dysglycemic
mice at that time point (Figure 4A and B). Taken together, these
results suggest that the lower Gpri83 expression we observed
in dysglycemic animals is due to a reduction in macrophage in-
filtration to the lung during early Mtb infection. We next pos-
tulated that the impaired migration of macrophages to the Mtb
infected lung is oxysterol/GPR183 dependent.

GPR183 Is Required for Efficient Macrophage Infiltration to the Lung During
Early Mycobacterium tuberculosis Infection
To investigate whether the GPR183/70,25-OHC axis is re-
quired for macrophage infiltration into the Mtb infected lung,
we performed experiments in GPR183KO mice. We previously
reported that GPR183KO mice presented with increased Mtb
burden compared with wild-type (WT) animals at 2 weeks after
infection with Mtb H, R, an effect that disappeared at 5 weeks
postinfection [27]. This suggests that GPR183 plays an impor-
tant role during the early innate immune response to Mtb in-
fection. We speculated that absence of GPR183 could alter the
recruitment and distribution of immune cells to the lung in the
context of TB disease. We found that pulmonary macrophage
infiltration was significantly reduced in GPR183KO compared
with WT mice at 2 weeks postinfection. However, the absence
of GPR183 does not result in prolonged macrophage deficiency
in the lungs in infected mice. By week 5 postinfection, signif-
icantly more macrophages infiltrate the lungs of GPR183KO
mice versus WT mice (Figure 5), indicative of a compensatory
GPR183/7a,25-OHC-independent mechanism of macrophage
recruitment to the lung at that later time point during infection.
These results indicate that GPR183 is necessary for effective
recruitment of inflammatory and antimicrobial macrophages

to the lung during the early Mtb infection. This early impair-
ment of macrophage migration to the lung likely contributed
to higher lung bacterial numbers in GPR183KO mice [27]
with a trend towards higher bacterial numbers (P =.07) in
dysglycemic mice [2].

DISCUSSION

In this study, we demonstrated a role for oxysterols and GPR183
in positioning of immune cells to the Mtb-infected lung with
potential implications for other bacterial and viral respiratory
tract infections. Previous studies have illustrated the importance
of GPR183 in migration of immune cells to secondary lymphoid
organs including the positioning of B cells in lymphoid tissues
[16, 17], dendritic cells to the marginal zone bridging channels
in the spleen [16, 31], T cells in the T cell zone, or, more re-
cently, the localization of ILC3 to lymphoid structures in the
colon [22, 32]. However, the role of oxysterols and GPR183 in
positioning of immune cells in the lung is largely unexplored.
Jia et al [25] showed in a mouse model of COPD that GPR183
is required for the formation of inducible bronchus-associated
lymphoid tissue (iBALT), a secondary lymphoid-like structure
within the lung. The iBALTs are also formed during Mtb infec-
tion and correlate with protection [33]. The initial host deter-
minants that govern the induction of iBALT formation during
Mtb infection remain to be elucidated, but it is possible that
oxysterols and GPR183 play a major role in iBALT formation
during TB by serving as recruitment and retention signals. Our
observation that GPR183KO mice are more susceptible to Mtb
infection during the first 2 weeks could at least in part be due
to deficiencies in iBALT formation. However, it is also possible
that the increased Mtb burden is linked to the lower macrophage
infiltration we observed during early infection in GPR183KO

GPR183/Oxysterol Axis in Tuberculosis « JID 2022:225 (15 June) o 2223



Week 3p.i.

A Infiltrating macrophages

Uninfected

CYP7B1

IBA1

Alveolar macrophages

Granuloma

Infected lung week 8

Isotype IgG

Figure 3. CYP7B1 protein expression in alveolar macrophages and in the center of tuberculosis granulomas. (A) Representative images of CYP7B1 immunolabeling on lung
sections from uninfected and Mycobacterium tuberculosis (Mtb)-infected animals at 3 and 8 weeks postinfection. (B) Representative image of IBAT immunolabled serial

sections from the lungs of mice 8 weeks postinfection.

mice [27]. A delayed innate immune activation results in delayed
adaptive immune priming. Consistent with this, GPR183KO
mice had significantly lower IFN-f, IFN-y, and a trend toward
lower IL-1P production compared with WT controls [27]. We
showed that during the later stages of infection, GPR183KO mice
accumulated significantly more macrophages in the lung com-
pared with WT animals through GPR183-independent mech-
anisms. These GPR183-independent mechanisms could include
multiple other cellular targets of oxysterols involved in immune
regulation [34] or could be chemokine mediated.

We found that a lack of GPR183 impacts mainly macrophage
infiltration, even though this receptor is also expressed on other
immune subsets. Consistent with our finding, others demon-
strated that T cells do not require GPR183 for migration into
the Mtb-infected lung [35]. We showed that CYP7B1 is almost

exclusively expressed in alveolar macrophages and infiltrating
macrophages upon Mtb infection and barely expressed in un-
infected lungs. Thus, we identified macrophages as the major
source of oxysterols in the Mtb-infected lung. Previous studies
have reported high expression of CH25H by macrophages
[13, 36-38], and we found that both CH25H and CYP7BI are
upregulated upon Mtb infection in both primary human mono-
cytes and in THP-1 macrophages (data not shown), which is
likely mediated by interferons because CH25H is interferon in-
ducible [29]. In a cigarette smoke-exposed mouse model, Jia et
al [25] demonstrated high expression of Ch25h in the airway ep-
ithelial cells, whereas Madenspacher et al [39] found that Ch25h
and its product 25-OHC are highly expressed in resident lung
alveolar macrophages, but not in macrophages from other com-
partments in LPS-exposed C57BL/6 mice. In lymphoid tissues,
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Reduced infiltration of macrophages in mice with dysglycemia at 3 weeks postinfection. (A) Representative images of the macrophage marker IBAT immunolabeled

lung sections from uninfected and Mycobacterium tuberculosis (Mtb)-infected animals at 3 and 8 weeks postinfection. (B) Quantitative analysis of IBA1(+) labeled areas as
percentage of total lung section area. Data are means + standard error of the mean of n = 9-10 mice from infected groups analyzed from 1 experiment. Circles represent
normoglycemic mice and squares represent dysglycemic mice. Data analysis was performed by Mann-Whitney Utest. *, P< .05; **, P< .01.

stromal cells have been reported to be the main Ch25h and
Cyp7bl expressing cells and major contributors to 7a,25-OHC
generation [31]. These data suggest that the cellular source of
70,25-OHC-producing enzymes varies depending on the type
of stimulus and local environment of the involved organs.

At the later time point 8 weeks postinfection, CYP7B1 was
abundantly expressed in the center of granulomas compared

with surrounding regions. This suggests that 7a,25-OHC is
highly produced at the center of granulomas to attract other
macrophages and lymphocytes making the oxysterol/GPR183
an important element in positioning immune cells in the gran-
uloma. Another interesting observation in our study is that
the intensity of CYP7BI signals is not uniform throughout
all granulomas from the same lung lobe and likely reflects
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Figure 5. Reduced macrophage infiltration into the lung of GPR183K0 mice at 2 weeks postinfection. Wild-type (WT) and GPR183K0 mice were infected with

Mycobacterium tuberculosis (Mtb) as previously described [27]. (A) Representative IBA1 immunolabeled lung sections from Mtb-infected WT and GPR183K0 mice at 2 and 5
weeks postinfection (B). Quantitative analysis of IBAT-immunolabeled areas as percentage of total lung section area. Data are mean + standard error of the mean of n =10
infected mice/group analyzed from 1 experiment. Circles represent C57BL/6 WT mice and squares represent GPR183K0 mice. Data analysis was performed by Mann-Whitney
Utest. *, P< .05; **, P< .01; **** P< .0001.
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Figure 6. Schematic summary of the role of the oxysterols 25-OHC and 7., 25-OHC and GPR183 in Mycobacterium tuberculosis (Mtb)-infected normoglycemic and hypergly-
cemic mice. The enzymes Cholesterol 25-hydroxylase (CH25H) and Cytochrome P450 Family Subfamily B Member 1 (CYP7B1) are upregulated in the lung upon Mth infection,
resulting in increased production of the oxysterols 25-0HC and 7a.,25-0HC, which in turn leads to effective recruitment of GPR183-expressing immune cells to the site of
infection. CYP7B1 is predominantly expressed by macrophages in the center of tuberculosis (TB) granuloma surrounded by lymphocytes, and therefore the oxysterol/GPR183
axis may contribute to positioning these immune cells in TB granulomas. In high-fat diet fed hyperglycemic mice, this pathway is altered, with CYP7B1 mRNA and protein
expression blunted, which leads to delayed recruitment of macrophages to the lung. (This figure was created with BioRender.).

heterogeneity of developmental stages of granulomas in the
Mtb-infected lung [40-42].

The concentrations of oxysterols in serum are modified by
diabetes and obesity with some up- and some downregulated
[43, 44]. Aberrant oxysterol metabolism in diabetes is also
present in the liver [45]. In an insulin-resistant, HFD-based
mouse model, chronic suppression of CYP7B1 was observed
in the liver accompanied by reduced production of 25-OHC
[30]. However, whether oxysterol concentrations vary in the
lung upon HFD feeding or diabetes has not been investigated.
In this study, we demonstrate the Mtb-induced upregulation
of CYP7BI is blunted during dysglycemia. Reduced CYP7B1
expression likely results in reduced 7a,25-OHC production.
A limitation of our study was that we were unable to measure
this oxysterol due to technical constraints. However, a reduced
70,25-OHC production in dysglycemic compared with normo-
glycemic mice can explain the delayed recruitment of macro-
phages to the site of infection. Delayed infiltration of myeloid
cells to the Mtb-infected lung in diabetic mice has also been
shown by others [6], which the authors attributed to aber-
rant chemokine production at a time when the significance of
oxysterols in immune cell migration was not yet considered.

CONCLUSIONS

In summary, we have shown that Mtb infection results in in-
creased expression of the oxysterol-producing enzymes CH25H
and CYP7BI, increased production of 25-OHC, and likely also
70,25-OHC in the lung (Figure 6). Expression of CYP7BI1 is
blunted in dysglycemic animals likely due to insulin resistance

and associated with reduced macrophage infiltration during
early infection, which is also observed in GPR183KO mice. We
therefore demonstrated that the oxysterol/GPR183 axis is im-
portant for immune cell positioning and possibly granuloma
formation in TB. Further studies are required to assess how ad-
ministration of oxysterols or GPR183 ligands modifies TB path-
ogenesis and outcomes and whether such compounds can be
exploited for host-directed therapies.
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