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ORIGINAL RESEARCH

GLUT1-dependent glycolysis regulates exacerbation
of fibrosis via AIM2 inflammasome activation

Soo Jung Cho,' Jong-Seok Moon,? Kiichi Nikahira," Ha Seon Yun,' Rebecca Harris,'
Kyung Sook Hong," Huarong Huang," Augustine M K Choj," Heather Stout-Delgado’

ABSTRACT

Background Idiopathic pulmonary fibrosis (IPF) is a
rapidly progressive, fatal lung disease that affects older
adults. One of the detrimental natural histories of IPF is
acute exacerbation of IPF (AE-IPF), of which bacterial
infection is reported to play an important role. However,
the mechanism by which bacterial infection modulates
the fibrotic response remains unclear.

Objectives Altered glucose metabolism has been
implicated in the pathogenesis of fibrotic lung diseases.
We have previously demonstrated that glucose
transporter 1 (GLUT1)-dependent glycolysis regulates
fibrogenesis in a murine fibrosis model. To expand

on these findings, we hypothesised that GLUT1-
dependent glycolysis regulates acute exacerbation of
lung fibrogenesis during bacterial infection via AIM2
inflammasome activation.

Results In our current study, using a murine model of
Streptococcus pneumoniae (S. pneumoniae) infection, we
investigated the potential role of GLUT1 on mediating
fibrotic responses to an acute exacerbation during
bleomycin-induced fibrosis. The results of our current
study illustrate that GLUT1 deficiency ameliorates S.
pneumoniae-mediated exacerbation of lung fibrosis
(wild type (WT)/phosphate buffered saline (PBS), n=3;
WT/S. pneumoniae, n=3; WT/Bleomycin, n=5 ; WT/
Bleomycin+S. pneumoniae, n=7; LysM-Cre-Glut1""/PBS,
n=3; LH/SM—Cre—G/uHﬂ/“/S. pneumoniae, n=3; LysM-Cre-
Glut1™/Bleomycin, n=6; LysM-Cre-Glut1""/Bleomycin-+S.
pneumoniae, n=9, p=0.041). Further, the AIM2
inflammasome, a multiprotein complex essential for
sensing cytosolic bacterial DNA as a danger signal, is an
important regulator of this GLUT 1-mediated fibrosis and
genetic deficiency of AIM2 reduced bleomycin-induced
fibrosis after S. pneumoniae infection (WT/PBS, n=6; WT/
Bleomycin-+S. pneumoniae, n=15; Aim2~~/PBS, n=6,
Aim2"‘/BIeomycin+S. pneumoniae, n=11, p=0.034).
GLUT1 deficiency reduced expression and function of the
AIM2 inflammasome, and AIM2-deficient mice showed
substantial reduction of lung fibrosis after S. pneumoniae
infection.

Conclusion Our results demonstrate that GLUT1-
dependent glycolysis promotes exacerbation of lung
fibrogenesis during S. pneumoniae infection via AIM2
inflammasome activation.

INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a rapidly
progressive, fatal lung disease that has a mean
survival of less than 3 years after diagnosis.' > While
the aetiology of IPF still remains unknown, several

What is the key question?

» What is the mechanism by which superimposed
Streptococcal pneumoniae infection regulates
exacerbation of pulmonary fibrosis?

What is the bottom line?

» Using in vivo and in vitro models of lung
fibrosis, we illustrated how enhanced glucose
transporter 1 (GLUT1)-dependent glycolysis
can regulate exacerbation of pulmonary
fibrosis during streptococcal infection via AIM2
inflammasome activation.

Why read on?

» This is the first study to show a novel
mechanism in which AIM2 inflammasome
activation is a pivotal link between GLUT1-
mediated glycolysis and exacerbation of lung
fibrogenesis during bacterial infection.

factors, such as genetic changes, infection, inha-
lation of fibres and particles (cigarette smoke and
asbestos), and gastro-oesophageal reflux, have been
implicated as causative agents in irreversible fibrop-
roliferative disease of the lung.® A detrimental
natural history of IPF is the acute exacerbation of
IPF (AE-IPF), a sudden acceleration of the disease
or an idiopathic acute lung injury superimposed
on pre-existing disease that leads to a significant
fibrosis and decline in lung function.* Although the
dominant trigger of AE-IPF is unclear, there is some
evidence to suggest a role for bacterial infection in
its pathogenesis.’

Recent work has demonstrated that a distinct
microbiota is present in both healthy and diseased
airways.”® Using 16S rRNA gene sequencing,
Han et al showed distinct alteration of micro-
biota in bronchoalveolar lavage (BAL) of patients
with IPE, with Streptococcus and Staphylococcus
species significantly associated with IPF progres-
sion.® Additional studies, by Molyneaux et al, have
reported Haemophilus, Streptococcus, Neisseria
and Veillonella spp to be more abundant in BAL
of patients with IPE.’ Taken together, these inde-
pendent observations suggest that the presence of
bacteria in the respiratory tract may play a role in
driving IPF disease progression.

Glucose transporter 1 (GLUT1) is the most highly
conserved and widely distributed glucose trans-
porter in mammalian cells.” ' Our previous findings
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demonstrated that GLUT1-dependent glycolysis is critical for
parenchymal fibrosis and airway inflammation in a bleomycin-
induced lung injury model.'’ On a cellular level, heightened
anaerobic glycolysis in macrophages is thought to mediate innate
immune responses by activating inflammasomes.'> ** Inflam-
masomes are multiprotein complexes that recognise pathogen-
associated molecular patterns and danger-associated molecular
patterns, and ultimately promote the maturation and secretion
of proinflammatory cytokines such as interleukin (IL)-1B and
IL-18 via caspase-1 activation.'* Previous work has illustrated
that NLRP3 inflammasome activation can contribute to lung
fibrogenesis."” '® However, in NLRP3-deficient mice, despite a
dramatic decrease in bleomycin-induced pulmonary fibrosis, a
significant amount of fibrosis remained."” The AIM2 (Absent in
Melanoma 2) inflammasome recognises self and foreign double-
stranded DNA (dsDNA).!"?! Recent work has illustrated that
extracellular mitochondrial DNA (mtDNA) concentrations
are increased in plasma and BAL collected from patients with
IPF, with excessive mtDNA levels in plasma being a predictor
of mortality.”? As circulating cell-free mtDNA can contribute
to AIM2 inflammasome-mediated responses in other models
of chronic inflammation, the goal of our current study was to
examine the role the AIM2 inflammasome plays in mediating
acute exacerbation and lung fibrogenesis.”®

In this study, we report that (1) GLUT1-dependent glycolysis
mediates acute exacerbation of pulmonary fibrosis in response
to streptococcal infection, (2) GLUT1-dependent glycolysis
regulates AIM2 inflammasome activation and (3) genetic defi-
ciency of AIM2 ameliorates exacerbation of pulmonary fibrosis
in response to streptococcal infection. These findings support
our overarching hypothesis that GLUT1-dependent glycolysis
regulates acute exacerbation of lung fibrogenesis during bacterial
infection via AIM2 inflammasome activation.
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MATERIALS AND METHODS
Detailed methods are described in the online supplementary
materials and methods.

Animal studies

Bleomycin instillation: Young mice (8 weeks of age) were
exposed to PBS or bleomycin (0.01 mg/mouse) via oropharyn-
geal aspiration. Streptococcus pneumoniae infection: All mice (8
weeks of age) underwent intranasal instillation with S. preumo-
niae (ATCC 6303). For details, see online supplementary mate-
rials and methods.

Human lung samples

The Brigham and Women’s Hospital and Weill Cornell Medi-
cine institutional review board (IRB) approved all experimental
procedures involving use of human samples. Fresh-frozen
human lung tissues were collected from patients with IPF under-
going lung transplantation or from failed donor controls. The
human tissues provided by Brigham and Women’s Hospital are
not identifiable. Therefore, neither IRB approval nor a notice of
exemption is required for this project.

Glucose uptake assay

18F-fluorodeoxyglucose (**F-FDG) was administered intrave-
nously via the tail vein. "*F-FDG injection and PET/CT imaging
was performed using the Siemens Inveon system, followed by
a CT scan. For details, see online supplementary materials and
methods.

Transfection of Glut1 siRNA
Glut1l small interfering RNA (siRNA) was complexed with
GenMute siRNA transfection reagent for 15 min before being
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Streptococcal pneumoniae infection exacerbates bleomycin-induced lung fibrosis. (A) Experimental layout of primary bleomycin-induced

lung injury (day 0 instillation of bleomycin 0.01 mg/mouse followed by day 14 instillation of PBS) and S. pneumoniae infection (day 0 instillation of
bleomycin 0.01 mg/mouse followed by day 14 instillation of 1x10° CFU of S, pneumoniae). (B) Representative lung sections of bleomycin-treated

mice subsequently infected with S. pneumoniae. Stained with Masson trichrome staining. Scale bars 200 pm. (C) Total lung collagen was quantified

by Sircol assay (PBS/PBS, n=3; PBS/S. pneumoniae, n=3; bleomycin/PBS, n=14, bleomycin/S. pneumoniae, n=14). Fold change is relative to control
lungs. Data are mean+95% Cl. *p<0.05 by analysis of variance. (D) Immunoblot analysis for collagen type 1 in bleomycin-treated lung tissue lysates in
response to S. pneumoniae infection. B-actin served as the standard. Results are representative of three or more independent experiments.
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added to macrophage cultures. Glut1 siRNA-transfected cells
were cultured for 24 hours before Lipopolysaccharide (LPS) and/
or poly(dA:dT) stimulation. For details, see online supplemen-
tary materials and methods.

Glycolytic function assay

Extracellular acidification rate (ECAR) as a parameter of glyco-
lytic flux was measured on a Seahorse XF96 bioanalyser using
the XF Glycolysis Stress Test kit according to the manufacturer’s
instructions. For details, see online supplementary materials and
methods.

ASC speck formation

Bone marrow—derived macrophages (BMDMs) transfected with
non-target siRNA or siRNA for Glut1 and treated with vehicle
or phloretin were seeded on chamber slides. For details, see
online supplementary materials and methods.

Statistics

Error bars represent 95% CI as indicated in figure legends.
Normality of data was assessed using the D’Agostino—Pearson
omnibus normality test. Normally distributed data are for signif-
icance by a Student’s t-test or analysis of variance (ANOVA),
as appropriate. Data that were not normally distributed were
assessed for significance using a Kruskal-Wallis test followed by a
Dunn post hoc test for multiple comparisons or Mann-Whitney
U test for two group comparison using GraphPad Prism V.7.0.
P<0.05 was considered statistically significant.

RESULTS

S. pneumoniae infection exacerbates bleomycin-induced lung
fibrosis

Patients with IPF are more susceptible to bacterial infection
compared with healthy populations.”* *° Further, increased
bacterial burden in BAL has been reported in patients with IPF
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who have rapid disease progression.®™® Interestingly, among all
infectious organisms screened in a recent study, streptococcal
species were found to be the most abundant in patients with
IPF whose disease process deteriorated rapidly.® To examine the
role of streptococcal infection on exacerbation of lung fibrosis,
mice were initially instilled with bleomycin sulfate (0.01 mg/
mouse; equivalent to 2 international units/kg, once, oropharyn-
geal) to induce injury and development of fibrosis (figure 1A).
On day 14, a time point by which lung has developed signifi-
cant fibrotic changes, mice were instilled with a highly virulent
type 3 strain of S. pnewmoniae (1x10° CFU) commonly asso-
ciated with an increased relative risk of death?® %’ (figure 1A).
When compared with bleomycin or S. preumoniae alone, mice
treated with both bleomycin and S. pneumoniae showed a signif-
icant increase in fibrosis and collagen deposition in lung tissues
(figure 1B). Measurement of collagen levels by Sircol assay illus-
trated that the level of acid-soluble collagen was elevated in
lung tissue of bleomycin-treated mice, with significantly higher
levels present after S. preumoniae infection (figure 1C). Simi-
larly, when compared with bleomycin treatment alone, collagen
protein expression in lung was further augmented in response
to streptococcal infection (Figure 1D, online supplementary
figure 1A). In addition to augmented fibrosis, when compared
with bleomycin or S. prneumoniae instillation alone, there was a
significant increase in morbidity and dose-dependent mortality
in bleomycin-treated mice infected with S. prneumoniae (online
supplementary figure 1B and C).

To investigate if the observed exacerbation of fibrosis is
specific to S. pneumoniae, we next examined the impact of addi-
tional pathogens, such as serotype 1 strain of S. prneumoniae and
influenza A virus (H1N1, 1x 10° PFU), on collagen production in
bleomycin-treated lung. Notably, infection with serotype 1 strain
of S. pneumoniae or HIN1 influenza did not increase collagen
levels in bleomycin-treated mice (online supplementary figure
1D and E). We previously demonstrated that influenza caused
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Figure 2 GLUT1-dependent glycolysis is increased in bleomycin-treated mice after Streptococcal pneumoniae infection. (A) '8F-FDG-PET scan of
lungs from primary bleomycin-induced lung injury (day 0 instillation of bleomycin followed by day 14 instillation of PBS) and S. pneumoniae infection
6 (day 0 instillation of bleomycin followed by day 14 instillation of 1x10° CFU of S. pneumoniae). "*F-FDG uptake is more in bleomycin-treated lung in
response to S.pneumoniae infection compared with controls. (B) Immunoblot analysis for GLUT1 in bleomycin-treated lung tissue lysates in response
to S. pneumoniae infection. B-actin served as the standard. (C) Immunohistochemical staining of GLUT1 (red) in bleomycin-treated lung reveals
enhanced signal in fibrotic foci and inflammatory cells (solid arrow). Scale bars 200 um. Results are representative of three or more independent
experiments. GLUT1, glucose transporter 1; "8F-FDG-PET, "8F-FDG-positron emission tomography.
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Figure 3  GLUT1-dependent glycolysis regulates exacerbation of lung fibrosis after Streptococcal pneumoniae infection. (A) Immunoblot analysis

for Glut1 and collagen type 1 in bleomycin-treated WT and LysM-Cre-Glutimmice

I after S. pneumoniae infection. B-actin served as the standard.

(B) Total lung collagen was quantified by Sircol assay (WT/PBS, n = 3; WT/S. pneumoniae, n = 3, WT/Bleomycin n = 5, WT/Bleomycin+S. pneumoniae,
n==o6; LysM-Cre-GIutI””’/PBS, n=3; LysM—Cre-GlutIﬂ/ﬂ/S. pneumoniae, n = 3; LysM-Cre-Giutr1ﬂ”/BIeomycin, n=6; LysM-Cre-G/uﬂﬂ/”/BIeomycin+S.
pneumoniae, n=6). Fold change is relative to PBS-treated WT lungs. Data are mean+95% Cl. *p<0.05 by ANOVA. (C) Representative lung sections
of WT and LysM-Cre-Glut1™ mice after bleomycin treatment followed by S. pneumoniae infection. Stained with Masson trichrome staining. Scale
bars 200 pm. (D) "®F-FDG-PET scan showed that FDG uptake is less in LysM-Cre-Glut1™" mice after bleomycin treatment followed by S. pneumoniae
infection. Results are representative of two or more independent experiments.'®F-FDG-PET, ®F-FDG-positron emission tomography; WT, wild type.

mortality in aged mice but not in young mice.?® Consistent with
our previous report, no lethality was observed in bleomycin-
treated young mice after 1x10°PFU of HIN1 infection. These
results suggest that fibrosis exacerbation in bleomycin-treated
lung may be a unique characteristic of an infection with a sero-
type 3 strain of S. pneumoniae.

GLUT1-dependent glycolysis is increased in bleomycin-treated
mice after S. pneumoniae infection

Our previous work illustrates that GLUT 1-dependent glycolysis
regulates lung fibrosis in response to bleomycin-induced lung
injury."" To expand on these findings, we investigated the effects
of S. pneumoniae infection on GLUT1-dependent glycolysis in

bleomycin-induced fibrosis. To demonstrate glycolytic activ-
ities in vivo, we used '"F-FDG-positron emission tomography
scan (*F-FDG-PET), a non-invasive measure of cellular glucose
metabolism. Our results illustrate that pulmonary uptake of '*F-
FDG is highly intensified in bleomycin-treated mice in response
to S. pneumoniae (figure 2A). As glycolysis in bleomycin-treated
lung is augmented by S. prneumoniae, we next examined whether
alterations in GLUT1 expression may underlie this metabolic
change. To this extent, we analysed GLUT1 protein levels in
bleomycin-treated lung tissue after S. pneumoniae instillation.
When compared with bleomycin alone, GLUT1 expression was
significantly increased in bleomycin-treated lung in response to
streptococcal infection (figure 2B and C, online supplementary
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Figure 4 AIM2 inflammasome expression and activation is augmented in bleomycin-treated lung after Streptococcal pneumoniae infection. (A)
Total cell count in bronchoalveolar lavage (BAL) in bleomycin-treated mice 3 days after S. pneumoniae infection. Data are mean+95% Cl. *p<0.05.
(B) Immunohistochemical staining of AIM2 (red) in bleomycin-treated lung reveals enhanced signal in inflammatory cells (solid arrow). Scale bars 200
pm. (C) Immunoblot analysis for AIM2, activated caspase-1, cleaved IL-1[ (black arrows) in bleomycin-treated lung after S. pneumoniae infection.
(B-actin served as the standard). Amounts of IL-1f (D) and IL-18 (E), as determined by ELISA in lung tissues (50 pg) after S. pneumoniae infection for
3 days (PBS/PBS, n=3; PBS/S. pneumoniae, n=3; Bleomycin/PBS, n=8, Bleomycin/S. pneumoniae, n=8). Data are mean+95% Cl. *p<0.05. Results are
representative of two or more independent experiments. BAL, bronchoalveolar lavage; IL, interleukin.

figure 2). Further, this augmentation of GLUT1 expression was
seen predominantly in inflammatory cells (figure 2C).

GLUT1-dependent glycolysis regulates exacerbation of lung
fibrosis after S. pneumoniae infection

We next investigated if GLUT1-dependent glycolysis regulates
the exacerbation of lung fibrosis in bleomycin-treated mice
during superimposed S. prneumoniae infection. We generated
myeloid cell-specific Glut1 knockout (LysM-Cre-Glut1"1) mice
by crossing Glut1 floxed mice (Glut1™™) with LysM-Cre mice
in which Cre recombinase is expressed in macrophages, mono-
cytes and dendritic cells. GLUT1 expression was augmented in
lung tissue isolated from wild-type (WT) mice after bleomycin
treatment and subsequent infection on day 14 with S. pneu-
moniae (Figure 3A, online supplementary figure 3A). Myeloid
cell-specific Glut1 deficiency led to decreased protein levels of
collagen in bleomycin-treated lung in response to a S. pneu-
moniae infection (figure 3A, online supplementary figure 3A).
Further, acid-soluble collagen levels in bleomycin-treated lung in
response to infection were significantly decreased in LysM-Cre-
Glut1"" mice (figure 3B). Histologically, when compared with
the WT mice, LysM-Cre-Glut1"" mice showed reduced accu-
mulation of collagen in the subepithelial area and interalveolar

septum (figure 3C). Clinically, LysM-Cre-Glut1"" mice had less
morbidity compared with WT mice after superimposed S. preu-
moniae infection (online supplementary figure 3B). The impact
of GLUT1 deficiency on glycolysis was examined using '*F-F-
DG-PET scans. Pulmonary uptake of **F-FDG was found to be
significantly reduced in bleomycin-treated LysM-Cre-Glut1™"
mice in response to S. pneumoniae (figure 3D). In sum, these
results suggest that GLUT1-dependent glycolysis regulates exac-
erbation of fibrosis in response to S. pneumoniae infection.

AIM2 inflammasome expression and activation is augmented
in bleomycin-treated lung after S. pneumoniae infection
Although the role of inflammation in fibrosis has engendered
debate, there is evidence that epithelial injury and cell death lead
to chronic inflammation and fibrosis.”’' In agreement with
these findings, our results illustrate a significant increase in the
total number of inflammatory cells in BAL in response to bleo-
mycin alone, which was further augmented by S. preumoniae
(figure 4A). Of note, while there are similar number of macro-
phages in BAL in bleomycin and bleomycin+S. preumoniae
groups, there was a significant increase in the number of neutro-
phils present in the BAL collected from bleomycin+S. pneu-
moniae group when compared with bleomycin alone (online
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Figure 5 GLUT1-dependent glycolysis regulates AIM2 inflammasome activation in vitro. (A) Extracellular acidification rate (ECAR) was measured
in BMDMs from N/rp3‘/" mice (BMDMs, 1x10° cells/well) transfected with non-target siRNA (control siRNA) or siRNA for G/ut1 24 hours prior to LPS
and poly(dA:dT) stimulation, a potent AIM2 inflammasome activator. Data are mean=SEM. (B) Immunoblot analysis for activated caspase-1, cleaved
IL-1B (black arrows) in BMDMs transfected with control siRNA or siRNA for Glut1 24 hours prior to LPS and poly(dA:dT) stimulation. B-actin served
as the standard. (C) Quantification of IL-1p levels from BMDMs from Nirp3™~ mice transfected with control siRNA or siRNA for Glut! 24 hours prior
to LPS and poly(dA:dT) stimulation. Representative immunofluorescence images (n=5 individual images per group) of ASC speck formation (white
arrows) images (D) and quantification (E) in BMDMs from Nlrp3'/' mice transfected with control siRNA or siRNA for Glut1 that were stimulated
without or with LPS and poly(dA:dT). Scale bars, 20 ym. Throughout, data are mean+95% Cl. *p<0.05, **p<0.01 by analysis of variance. Results are
representative of three or more independent experiments. BMDMs, bone marrow—derived macrophages; IL, interleukin; GLUT1, glucose transporter 1.

supplementary figure 4A). Given the impact of overly height-
ened inflammasome expression and activation on fibrosis, we
next investigated the role of inflammasomes on fibrosis exacer-
bation in response to S. pneumoniae. Specifically, we examined if
AIM2 inflammasome expression in bleomycin-treated lung was
altered in response to infection with S. preumoniae. Immunohis-
tologically, we found AIM?2 expression to be increased in alveolar
macrophages (solid arrows) after treatment with either bleomycin
or S. pneumoniae alone, and further heightened in a bleomycin-
treated lung in response to streptococcal infection (figure 4B).
Consistent with these results, immunoblot analysis showed that
AIM2 protein levels, caspase-1 activation and IL-1 cleavage in
lung tissues of bleomycin-treated mice were augmented after S.
pneumoniae infection (Figure 4C, Supplementary figure 4B).
IL-1B and IL-18 production in lung tissue was heightened in
bleomycin-treated mice in response to streptococcal infection
(figure 4D,E). Since the NLRP3 inflammasome is a potent
mediator of lung fibrosis, we next examined whether AIM2
inflammasome activation regulates lung fibrosis exacerbation in
NLRP3 knockout (NIrp3~'7) mice. Consistent with WT mice,
Nlrp3™'~ mice treated with bleomycin and subsequently infected
with S. pneumoniae showed a significant increase in collagen
production in lung tissue when compared with treatment with
bleomycin or S. pneumoniae alone (online supplementary figure

4C). In addition, in the absence of NLRP3, the inflammatory
cell count in BAL was also significantly increased in bleomycin-
treated lung in response to S. pneumoniae (online supplemen-
tary figure 4D). Further, caspase-1 activation and IL-1f cleavage
in lung tissues were increased in bleomycin-treated lung mice
in response to S. pneumoniae, despite the absence of NLRP3
(online supplementary figure 4E). To expand these findings, we
next examined if AIM2 expression was increased in human IPF
lung tissue. Immunoblot analysis showed that levels of AIM2
expression were significantly elevated in advanced IPF lungs
compared with control lungs, whereas levels of NLRP3 expres-
sion were comparable between IPF lungs and controls (online
supplementary figure SA and B).

GLUT1-dependent glycolysis regulates AIM2 inflammasome
activation

We next investigated whether GLUT1-dependent glycolysis
can regulate inflammation by modulating AIM2 inflammasome
activation during S. prneumoniae infection. To this extent, we
first examined whether GLUT1 regulates glycolysis in BMDMs
from NIrp3~'~ mice. We treated primary BMDMs with missense
or GLUT1-specific siRNA and measured glycolic activity using
Seahorse analysis. We assessed the ECAR, as a measure of lactate

232

Cho SJ, et al. Thorax 2020;75:227-236. doi:10.1136/thoraxjnl-2019-213571


https://dx.doi.org/10.1136/thoraxjnl-2019-213571
https://dx.doi.org/10.1136/thoraxjnl-2019-213571
https://dx.doi.org/10.1136/thoraxjnl-2019-213571
https://dx.doi.org/10.1136/thoraxjnl-2019-213571
https://dx.doi.org/10.1136/thoraxjnl-2019-213571
https://dx.doi.org/10.1136/thoraxjnl-2019-213571
https://dx.doi.org/10.1136/thoraxjnl-2019-213571
https://dx.doi.org/10.1136/thoraxjnl-2019-213571
https://dx.doi.org/10.1136/thoraxjnl-2019-213571

A * B
4x10°
" [ ]
5
3 3x10°
T
3 2x10° % v
&
ke N }
° 1x10°
= v
v
lete g 0000
Bleomycin 0
+ - i = i

S. pneumoniae Wt | ysit-Cre-Glut1™

Aim2

Caspase 1p20 =

Interstitial lung disease

wT LysM-Cre-Glut1"”"
Bleomycin Bleomycin
Control + i Control + )
S. pneumoniae S. pneumoniae
#1 #2 #3 #1 #2 #3 #1 #2 #3 #1 #2 #3 kDa
-42

Pro caspase 1 we wew ."'- -——ww w ww 45

-‘— - -20<m

Pro1L-18 | B ..... WEmwww
- 44

- L
1L-1B p17 [ - - Jj-ﬂ‘
B-actin -—a -4
C * D *
300 — 800 —
v
- 600 .
= 200 n
£ fy
2 {» £ 400 % v
@ e
e H 2 200 ‘f' ' % ¥
= - 5,
Bl . o.ui 0
eor+nycm B N B & BIeoTycm - _ -

S. pneumoniae

WT  LysM-Cre-Glut1™"

S. pneumoniae

WT  LysM-Cre-Glut1""

Figure 6 GLUT1-dependent glycolysis regulates AIM2 inflammasome activation in murine fibrosis exacerbation model. (A) Total BAL cell count

in bleomycin-treated WT and LysM-Cre-Giut1™"

mice 3 days after Streptococcal pneumoniae infection. (B) Immunoblot analysis for AIM2, activated

caspase-1, cleaved IL-1f (black arrows) in bleomycin-treated lung after S. pneumoniae infection. B-actin served as the standard. Amounts of IL-13
(C), IL-18 (D), as determined by ELISA in lung tissues (50 pg) after S. pneumoniae infection for 3 days. (WT/PBS, n=3; WT/Bleomycin+S. pneumoniae,
n=7; LysM-Cre-Giut1™"|PBS, n=8, LysM-Cre-Giut1""/Bieomycin+S. pneumoniae, n=1 0). Throughout, data are mean+95% Cl. *p<0.05 by analysis
of variance. Results are representative of three or more independent experiments. BAL, bronchoalveolar lavage; IL, interleukin; GLUT1, glucose

transporter 1; WT, wild type.

production (a surrogate for the glycolytic rate), and ECAR was
measured after the addition of glucose. Oligomycin (2 uM) was
injected after glucose (10mM) to inhibit mitochondrial respira-
tion. 2DG (100 mM) injection reduced ECAR down to baseline
by inhibiting hexokinase. With Glut1 knockdown in macro-
phages, a significant decrease in ECAR after glucose challenge
was observed (figure 5A). We then used LPS priming followed
by poly(dA:dT) transfection, a potent AIM2 inflammasome-
specific activator,”® to test if GLUT1-dependent glycolysis regu-
lates AIM2 inflammasome activation. Poly(dA:dT) is a synthetic
analogue of microbial dsDNA that has been used to mimic intra-
cellular bacteria and dsDNA virus infection which is known
to activate AIM2 inflammasome. When Glut1 expression was
knocked down in BMDMs, a significant decrease in caspase-1
activation and IL-1f cleavage after LPS and poly (dA:dT) stim-
ulation was observed when compared with missense siRNA-
treated BMDMs (figure 5B,C). GLUT1-dependent glycolysis
was furthermore found to regulate the oligomerisation of ASC,
which is required for AIM2 inflammasome formation and AIM2-
dependent caspase-1 activation. The formation of ASC specks
induced by LPS and poly(dA:dT) stimulation was significantly
increased in WT BMDMs when compared with similarly treated
Glut1 knockdown BMDMs (figure 5D,E).

Pharmacological inhibition of GLUT1 in BMDMs was then
performed and responses to LPS and poly(dA:dT) were assessed.
GLUT1 activity in BMDMs was inhibited by treatment with
phloretin, a potent GLUT1 inhibitor. Similar to our GLUT1
siRNA findings, phloretin suppressed ECAR after glucose chal-
lenge (online supplementary figure 6A). Moreover, caspase-1

activation and IL-1B production were decreased after LPS and
poly (dT:dA) stimulation when compared with vehicle control
(online supplementary figure 6B and C). ASC oligomerisation
was also significantly reduced in phloretin-treated BMDMs as
compared with untreated BMDMs, as assessed by the number of
cells with ASC specks that were induced by LPS and poly(dA:dT)
(online supplementary figure 6D and E).

We next examined if GLUT1 deficiency can reduce AIM2
inflammasome activation and lung inflammation in our murine
fibrosis exacerbation model. The total number of inflamma-
tory cells present in the BAL was significantly decreased in
bleomycin-treated LysM-Cre-Glut1" mice after S. pneumoniae
infection (Figure 6A, online supplementary figure 7A). When
compared with WT mice, AIM2 expression, caspase-1 activation
and production of IL-1p and IL-18 were all decreased in lung
isolated from bleomycin Glut1 knockout mice in response to S.
pneumoniae (figure 6B-D). These results suggest that GLUT1-
dependent glycolysis is critical for inflammation and the activa-
tion of AIM2 inflammation in vitro and in vivo.

Deficiency of AIM2 ameliorates fibrosis in bleomycin-treated
lung after S. pneumoniae infection

We next examined the role of the AIM2 inflammasome on the
exacerbation of fibrosis observed after S. pneumoniae infection.
When compared with WT, Aim2 knockout (Aim27/7) mice had
reduced accumulation of collagen in the subepithelial area and
interalveolar septum in response to S. prneumoniae instillation 14
days after bleomycin treatment (figure 7A). Further, there was a
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reduction in the acid-soluble collagen content present in Aim2 ™/~
lung tissue in response to S. prneumoniae (figure 7B). As assessed
by immunoblot analysis, lung tissue collected from Aim2 ™'~ mice
exhibited decreased collagen protein levels compared with simi-
larly treated WT mice (figure 7C, online supplementary figure
8A). Interestingly, there was similar collagen content in the lung
of Aim2™~ mice and WT lung after treatment with bleomycin
alone (online supplementary figure 8B). Genetic deficiency of
AIM2 ameliorated the profound weight loss seen in WT mice
observed after bleomycin instillation and subsequent S. preu-
moniae infection (p<0.0001 by one-way ANOVA and p=0.016
between WT/Bleomycin+S. prneumoniae and AIM2 ™'~ /Bleomy-
cin+S. pneumoniae by post hoc analysis) (online supplementary
figure 8C). Consistent with our understanding that AIM2 func-
tions by activating caspase-1 to promote cleavage of proinflam-
matory cytokines, we found that lung tissue of Aim2™'~ mice
exhibited less caspase-1 activation and decreased levels of IL-1
and IL-18 (figure 7D-F). In sum, our findings demonstrate that
GLUT1-dependent glycolysis promotes exacerbation of lung

activation-mediated fibrosis. IL, interleukin; GLUT1, glucose transporter 1; WT, wild type.

fibrogenesis during S. prneumoniae infection via AIM2 inflam-
masome activation (figure 7G).

DISCUSSION

In this study, we identify GLUT1-dependent glycolysis as a
critical regulator of fibrogenesis in response to S. prneumoniae
infection via AIM2 inflammasome activation. We have previ-
ously demonstrated that GLUT 1-dependent glycolysis regulates
fibrogenesis in murine lung via fibroblast activation. The novel
finding in our current study is that GLUT1-dependent glycolysis
in macrophages regulates fibrosis via AIM2 inflammasome acti-
vation during a subsequent infection with S. preumoniae.

There have recently been multiple studies investigating the
role of lung microbiome in pathogenesis of IPF. Previous studies
using 16S rRNA gene sequencing have demonstrated that when
compared with control subjects, patients with IPF have a higher
bacterial load in BAL. In addition, differences in specific oper-
ational taxonomic units between IPF cases and control subjects
have been reported, notably the presence of more abundant
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Streptococcus, Haemophilus, Neisseria and Veillonella species
in patients with IPE.> In another study, Martinez and colleagues
have recently presented data for the abundance of streptococcal
species in individuals with IPF, and strong correlation between
streptococcal burden and IPF disease progression and survival.®
These independent observations suggest that the presence
of treptococcal species, the most common pathogen causing
pneumonia in patients with IPE, may play a role in driving IPF
disease progression. Based on these association studies, we tested
whether S. prneumoniae infection has mechanistic influence on
the exacerbation of lung fibrosis. Prior work has suggested pneu-
molysin, a pore-forming toxin from S. prneumoniae, as a cause
of lung fibrosis in murine models.”> However, mechanisms by
which S. prneumoniae regulate inflammation and fibrogenesis in
fibrosis exacerbation remain unclear. We are the first to report
that secondary S. pneumoniae infection exacerbates lung fibro-
genesis by augmenting glycolysis through GLUT1 upregulation.
In agreement with previous work, our results also illustrated that
influenza A (HIN1) does not exacerbate murine lung fibrosis.**
In agreement with these findings, we do not detect an increase in
lung fibrosis in response to influenza A infection.

Glycolysis is the primary bioenergetic pathway in many
human disease states.** Studies have reported that glycolysis and
its metabolites are associated with disease severity and progres-
sion in chronic lung diseases such as IPF.>>"* Lactate is the final
metabolite of glycolytic pathway, and Kottmann et al showed that
lactate production promotes lung fibroblasts differentiation and
activation via a pH-dependent activation of transforming growth
factor (TGF)-B.** It has been suggested that, mechanistically,
specific glycolytic enzymes such as 6-phosphofructo-2-kinase/
fructose-2,6-biphosphatase 3 (PFKFB3) and pyruvate kinase
muscle 2 (PKM2) provoke fibrogenesis by activating fibroblast
activation and differentiation.”’ We have previously reported
that GLUT1, the most abundant glucose transporter in mamma-
lian cells, is enhanced in aged mice treated with bleomycin.""
In our current study, we demonstrate that GLUT1 expression
is further increased in bleomycin-treated lung in response to
streptococcal infection. Functional analysis using '*F-FDG-PET,
a non-invasive functional measure to detect glucose uptake,
revealed *F-FDG uptake to be more prominent in fibrotic lungs
after infected with S. prneumoniae.

Our study illustrates that abolishing myeloid cell-specific
GLUT1 ameliorates fibrogenesis exacerbated by S. pneumoniae
infection in the bleomycin-induced mouse lung injury model.
Our findings support prior evidence that activated macrophages
contribute to the pathogenesis of pulmonary fibrotic process in
IPF lungs and murine models.”” We have also uniquely demon-
strated that inhibiting GLUT1-dependent glycolysis limits the
capacity of macrophages to activate AIM2 inflammasome. Our
findings suggest that inhibition of GLUT1-mediated glycolysis in
macrophages is a promising therapeutic target for the treatment
of chronic fibrotic lung diseases such as IPF.

The role of glycolysis on the regulation of inflammasome acti-
vation in immune cells, such as macrophages, has previously been
established.’ »* Glycolysis mediated by PKM2, an enzyme that
dephosphorylates phosphoenolpyruvate to pyruvate, promotes
both NLRP3 and AIM2 inflammasome activation."® Hexokinase
1, which phosphorylates glucose to produce glucose-6-phosphate
(G6P), is another glycolytic enzyme reported to regulate NLRP3
inflammasome activation.'? Although these and other glycolytic
enzymes have been reported to mediate activation of inflam-
masomes, the role of GLUT1 in inflammasome activation has not
previously been investigated. In the current study, we show that
AIM2 inflammasome activation is regulated by GLUT 1-dependent

glycolysis in vitro. Further, our results demonstrate that lungs of
myeloid cell-specific Glut1 knockout mice exhibit decreased levels
of AIM2 expression and activation in vivo.

As we previously reported NLRP3 inflammasome activation
to play an important role in fibrogenesis in our murine fibrosis
model™ and NLRP3 is reported to be regulated by glycolysis,'*
we used BMDMs isolated from N/rp3 knockout mice to eliminate
the effect of crosstalk between AIM2 and NLRP3. Consistent with
WT mice, our results demonstrated that N/7p3 knockout mice still
have a significant increase in fibrosis and inflammation in response
to bleomycin treatment followed by S. prneumoniae infection. In
addition, we used BMDMs isolated from N/rp3 knockout mice to
exclude the effect of NLRP3 inflammasome activation. Similar to
WT BMDMs, Nirp3 knockout BMDMs showed decreased AIM2
inflammasome activation by poly(dA:dT) stimulation after both
genetic and pharmacological inhibition of GLUT1.

Our findings provide a novel mechanism in which AIM2 inflam-
masome activation is a pivotal link between GLUT1-mediated
glycolysis and exacerbation of lung fibrogenesis during bacterial
infection. GLUT1 has been a therapeutic target for many solid
tumours.* OQur current study extends promise that GLUT1 may
be used to monitor IPF disease severity and progression, and also
serve as a potential target of therapy for exacerbation of fibrosis,
particularly in the setting of bacterial infection.
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