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Invading bacteria can be degraded by selective autophagy, known as xenophagy. Recent studies have shown that the recruitment
of autophagy adaptor proteins such as p62 to bacteria and its regulation by activated TANK-binding kinase 1 (TBK1) are required
to overcome bacterial infection. However, the detailed molecular mechanisms behind this are not yet fully understood. Here, we
show that the human guanylate-binding protein (GBP) family, especially GBP1, directs xenophagy against invading Group A
Streptococcus (GAS) by promoting TBK1 phosphorylation. GBP1 exhibits a GAS-surrounding localization response to
bacterially caused membrane damage mediated by the membrane damage sensor galectin-3. We found that GBP1 knockout
attenuated TBK1 activation, followed by reduced p62 recruitment and lower bactericidal activity by xenophagy. Furthermore,
GBP1-TBK1 interaction was detected by immunoprecipitation. Our findings collectively indicate that GBP1 contributes to
GAS-targeted autophagy initiated by membrane damage detection by galectin-3 via TBK1 phosphorylation.

1. Introduction

During bacterial infection, interferons (IFNs) activate the
expression of a series of “interferon-stimulated genes” to
trigger the immune response pathway [1, 2]. These genes
include members of the guanylate-binding protein (GBP)
family, which has 11 homologs in mice and 7 in humans
and has been reported to exert antipathogenic effects in both
species [3, 4]. For instance, mouse GBP7 interacts with
NADPH oxidase components, promoting Listeria monocyto-
genes or Mycobacterium bovis BCG degradation [5]. In con-
trast, it has been reported that human GBP1 targets
lipopolysaccharide (LPS), a component of the cell wall of
Gram-negative bacteria. Polymerized human GBP1 binds
to LPS to promote bacterial outer membrane degradation
and support caspase-4 activation required for inflamma-
some formation [3, 6–8]. Additionally, human GBP1 regu-
lates GBP2, GBP3, and GBP4 recruitment to Shigella
flexneri and inhibits the motility of this bacterium when it

attempts to degrade GBPs via the ubiquitin-proteasome sys-
tem [9–11]. Thus, the GBP family is involved in the immune
response of host cells to bacteria in multiple ways.

Another immune response during bacterial infection is
autophagy. Autophagy is a widely conserved intracellular
degradation mechanism. As its name suggests, selective
autophagy mediates the degradation of specific components
and contributes to the maintenance of intracellular homeo-
stasis by degrading depolarized mitochondria, damaged
lysosomes, and aggregated proteins [12, 13]. Autophagy
has also been reported to function as an immune response
by degrading invading bacteria in a process known as “xeno-
phagy.” It is triggered by the detection of invading bacteria
by the host. First, the host labels the pathogen via E3
ligase-mediated ubiquitination, the mechanisms of which
have recently been a focus of study [14–16]. The next step
is for the host to crosslink the ubiquitinated bacteria to the
autophagosome precursor, the isolation membrane. The
adaptor proteins NDP52, p62, NBR1, TAX1BP1, and OPTN

Hindawi
Cellular Microbiology
Volume 2022, Article ID 8612113, 18 pages
https://doi.org/10.1155/2022/8612113

https://orcid.org/0000-0002-1822-5553
https://orcid.org/0000-0001-6552-1702
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/8612113


are responsible for this process by entrapping the bacteria
via the crosslinking of ubiquitin and ATG8 (LC3/
GABARAP) anchored to the isolation membrane [17].
TANK-binding kinase 1 (TBK1) phosphorylates the adaptor
proteins NDP52, p62, and OPTN to promote their binding
to ubiquitin after its activation through bacterial infection.
TBK1 activation evoked by bacterial remnants such as
DNA and LPS has been reported [18]. We also recently
reported that intracellular signaling with Ca2+ induced by
bacterial toxin facilitates TBK1 activation during bacterial
infection [19]. However, how host sensors recognize bacte-
rial infection and induce TBK1’s activation remains unclear.

Both the GBP family and xenophagy are involved in
immune responses, and their interaction is also gradually
being reported. For example, in the human monocytic cell
THP1, human GBP1 or GBP2 knockdown increases mono-
meric ATG5 and ATG12, whose complex is essential for
autophagy induction and associated with the degradation
of Chlamydia [20]. Furthermore, mouse GBP1 was reported
to contribute to the degradation of Listeria and BCG by
binding to p62 [5]. However, the functions of the GBP fam-
ily differ among cell types and pathogens [5, 6, 21], so this
family remains incompletely understood.

In this study, we examine the functions of the GBP fam-
ily in xenophagy induced by Group A Streptococcus (GAS), a
typical human pathogen that causes various severe infectious
diseases [22]. We show that the recruitment of GBP1 to bac-
teria mediated by the recognition of membrane damage by
the host is critical for xenophagy. Furthermore, we identify
GBP1 as a regulator of TBK1 phosphorylation and clarify
the GBP1-TBK1 axis.

1.1. GBP1 Is Localized at the Autophagosome around GAS in
a GTPase Activity- and Lipidation-Dependent Manner. To
investigate whether GBP family members are involved in
GAS-induced autophagy, we observed their localization dur-
ing GAS infection. HeLa cells overexpressing mCherry-LC3
as an autophagosomal marker [23] and GFP-fused members
of the GBP family were infected with the GAS strain JRS4 for
4 h, followed by observation using confocal microscopy. We
first checked the localization of the GBPs. Of the seven
human GBPs, GBP1, GBP2, and GBP4 were colocalized with
LC3 around the GAS, reflecting an autophagosome contain-
ing GAS [23] (Figure 1(a)). GBP1 had the most pronounced
localization among these GBPs, which reached almost 40%
of total autophagosomes surrounding GAS, which was twice
that of GBP2, the second most common GBP (Figure 1(b)).
It has been reported that GBP1 interferes with the expansion
of infection by inhibiting bacterial cell-to-cell spread in epi-
thelial cells. Additionally, other reports have demonstrated
that human GBP1 has high homology with mouse GBP2,
contributing to bacterial degradation [24, 25]. For these rea-
sons, we decided to focus on the dynamics of GBP1 in GAS
infection.

To identify the functional regions of GBP1 required for
the localization to GAS, we constructed mutants with
impairments in GTPase and GDPase activity, membrane
binding ability, and an altered ubiquitination site. For both
R48A (GTPase-deficient) and D184N (GTPase-constitu-

tively active) [26, 27], the localization of GBP1 to GAS was
completely abolished, whereas for G68A (GDPase-deficient)
[28], it was drastically but not completely reduced
(Figures 1(c) and 1(d)). These results suggest that nucleotide
recycling, especially that of GTP and GDP, is critical for the
recruitment. Moreover, C589S and ΔCTIS, prenylation-
deficient mutants [29, 30], did not exhibit recruitment to
the bacteria (Figures 1(c) and 1(d)), implying that GBP1 is
localized on the host membrane because prenylation is crit-
ical for membrane binding. In contrast, for the K382R
mutant with mutation of a ubiquitination site [31], there
was only a slight decrease in its localization at the bacteria
(Figures 1(c) and 1(d)). These results indicate that GBP1 is
recruited in a manner dependent on its nucleotide hydroly-
sis activity and lipidation.

1.2. GBP1 Localization Does Not Depend on the Canonical
Autophagy Pathway. A previous report demonstrated that
ATG5-knockout mouse embryonic fibroblasts (MEFs),
which are unable to undergo autophagy, showed a drastic
reduction of mouse GBP2 localization around Toxoplasma
and Chlamydia [32]. Therefore, we wanted to clarify
whether human GBP1 localization to GAS is under the con-
trol of ATG5, the canonical autophagy regulator. Among
infected cells, the rate of cells containing GBP1-positive bac-
teria was slightly increased in ATG5-knockout HeLa cells,
but this did not reach significance (Figure 1(e)). Therefore,
we concluded that GBP1 localization to GAS is independent
of canonical autophagy.

1.3. Recognition of Membrane Rupture by Galectin-3 Is
Required for GBP1 Localization to GAS. We next investi-
gated how GBP1 is recruited to GAS. During infection,
GAS invades epithelial cells via endocytosis and then escapes
into the cytosol by secreting the pore-forming toxin strepto-
lysin O (SLO) [23]. Cells detect the pore via galectin-3, and
their autophagy is induced [33]. A previous study reported
that, under Legionella pneumophila or Yersinia pseudotuber-
culosis infection, mouse GBP2 is recruited to the bacteria in
a pore-forming protein-dependent manner [25]. To examine
whether membrane damage caused by GAS infection trig-
gers GBP1 recruitment, we infected SLO-deficient GAS
and observed GBP1 localization. We found that infection
by SLO-deficient GAS resulted in the complete abolition of
GBP1 recruitment (Figure 2(a)). As for pore detection by
galectin-3, GBP1 was found to colocalize with galectin-3
around GAS (Figure 2(b)). Furthermore, GBP1 recruitment
was reduced in galectin-3-knockout cells (Figures 2(c) and
2(d)), while this reduction was recovered by galectin-3 over-
expression (Figure 2(e)). In contrast to GBP1, there were no
changes in the localization of GBP2 and GBP4 in galectin-3-
knockout cells (Supplementary Figure 1A). These findings
suggest that GBP1 recruitment to GAS is dependent on
pore formation by SLO and the detection of membrane
damage by galectin-3. Mouse GBP2 has been reported to
interact with galectin-3 in a manner dependent on
membrane damage [25], so we next examined whether
human GBP1 and galectin-3 interact. Immunoprecipitation
revealed that GBP1 interacted with galectin-3, which was
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Figure 1: Continued.
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enhanced by GAS infection (Supplementary Figure 2A, 4th

and 5th lanes from the left). Interestingly, other galectins
that have been reported to be involved in autophagy
induced by GAS infection also showed interaction with
GBP1 to a lesser extent than galectin-3 (Supplementary
Figure 2A). These results suggest that GBP1-galectin-3
interaction is especially potentiated by GAS infection,
which leads to the recruitment of GBP1 to GAS.

1.4. GBP1 Is Recruited to Not Only Bacteria But Also
Damaged Lysosome. We additionally evaluated whether

other types of membrane damage can alter the localization
of GBP1. L-Leucyl-L-leucine methyl ester (LLOMe) induces
damage to lysosomal membranes, which is recognized by
galectin-3, leading to lysosomal degradation called lyso-
phagy [34]. It has been reported that LLOMe treatment in
human embryonic kidney (HEK) 293T cells induced GBP1
recruitment close to galectin-3 [25], but this was not
confirmed in HeLa cells. We also found that GBP1 coloca-
lized with galectin-3-positive puncta upon treatment with
LLOMe, reflecting recruitment to the ruptured lysosomes
(Figure 2(f)). As in bacterial infection, this indicates that
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Figure 1: GBP1 localization around the autophagosome depending on guanine nucleotide recycling and lipidation. (a) Confocal
micrographs of the GBP family around an autophagosome in GAS-infected cells. HeLa cells expressing the indicated EmGFP-GBPs
(green) and mCherry-LC3 (red) were infected with GAS for 4 h. Cellular and bacterial DNA was stained with DAPI (cyan). All images
are representative of three independent experiments. Insets: enlargements of the indicated areas. Scale bar: 10 μm. (b) Quantification of
cells containing the GBP-positive autophagosome among GAS-infected cells; cells were manually counted by observing
immunofluorescence using confocal microscopy. Data are presented as the mean ± SD from three independent experiments (100 infected
cells were examined in each experiment). Of the seven GBP homologs, only data of autophagosome-localized GBPs are shown. (c)
Confocal micrograph of GBP1 mutants and the autophagosome in GAS-infected cells. HeLa cells cotransfected with EmGFP-GBP1
mutants and mCherry-LC3 were infected with GAS for 4 h. Cellular and bacterial DNA was stained with DAPI. All images are
representative of three independent experiments. Insets: enlargements of indicated areas. Scale bar: 10 μm. (d) Quantification of cells
containing the GBP1 mutant-positive autophagosome in GAS-infected cells. Cells were manually counted by observing
immunofluorescence using confocal microscopy. Data are presented as the mean ± SD from three independent experiments (50 infected
cells were examined in each experiment). Asterisks indicate statistically significant differences (∗p < 0:05) as determined by two-tailed
Student’s t-test. (e) Quantification of cells containing GBP1-positive GAS in HeLa WT and ATG5-knockout cells [57]. Cells were
manually counted by observing immunofluorescence using confocal microscopy. Data are presented as the mean ± SD from three
independent experiments (50 infected cells were examined in each experiment).

4 Cellular Microbiology



GAS WT ΔSLO

D
A

PI
/E

m
G

FP
-G

BP
1

(a)

DAPI
EmGFP-GBP1
anti-galectin-3

(b)

HeLa WT Galectin-3 KO

D
A

PI
/E

m
G

FP
-G

BP
1

(c)

30

10

40

20

0

Ce
ll 

w
ith

 G
BP

1-
po

sit
iv

e b
ac

te
ria

 (%
)

WT Galectin-3
KO

⁎

(d)

30

10

40

20

0

Ce
ll 

w
ith

 G
BP

1-
po

sit
iv

e b
ac

te
ria

 (%
)

mCherry mCherry mCherry-
galectin-3

WT
Galectin-3 KO

⁎⁎

(e)

Figure 2: Continued.
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GBP1 is recruited to the damaged membrane. These findings
together suggest that membrane damage by SLO and its
recognition by galectin-3 are critical for the localization of
GBP1 to GAS.

1.5. GBP1 Is Required for Autophagosome Formation
Dependent on Its Localization to Bacteria. To date, we have
focused on GBP1 dynamics during GAS infection. Now, we
move on to investigating whether GBP1 is involved in auto-
phagosome formation. We generated GBP1-knockout HeLa
cells using CRISPR/Cas9 genome editing (Figure 3(a)). The
autophagosome formation response to GAS infection was par-
tially but significantly decreased in these knockout cells
(Figures 3(b) and 3(c)). To confirm the involvement of
GBP1 in autophagosome formation, we rescued GBP1 expres-
sion in GBP1-knockout cells. As expected, autophagosome
formation was recovered by GBP1 expression (Figure 3(d)).
We also evaluated autophagosome maturation using LAMP1,
a lysosome marker, because autophagosomes fuse with lyso-
somes to degrade their components. As with autophagosome
formation, GBP1 knockout reduced LAMP1 localization
around GAS, while this recruitment was recovered by GBP1

complementation (Supplementary Figures 3A and 3B).
These findings indicate that GBP1 is involved in
autophagosome formation and thereby affects subsequent
autophagosome maturation.

Figure 1 clarifies that GBP1 localizes to GAS in a manner
dependent on its nucleotide-binding cycling and prenylation
at the C-terminus, so we hypothesized that GBP1 regulates
the autophagosome formation against invading GAS by
being recruited close to bacteria. To examine this, we used
GBP1 mutants lacking the ability to be recruited to GAS.
The reduction of GAS-surrounding autophagosomes in
GBP1-knockout cells was recovered by the artificial overex-
pression of GBP1 (Figure 3(d)). However, none of the GBP1
mutants tested in this experiment recovered autophagosome
formation with such overexpression (Figure 3(d)), suggesting
that GBP1 regulates autophagosome formation upon GAS
infection by recruitment to the bacteria.

We also examined the effects of GBP1 knockout on bacte-
rial killing activity by xenophagy. Because human epithelial
lung carcinoma A549 cells efficiently eliminate intracellular
GAS through xenophagy, we used A549 cells to investigate
the bactericidal activity by examining intracellular viable
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Figure 2: GBP1 localization is dependent on membrane damage and its recognition by galectin-3. (a) Confocal micrographs of GBP1
localization with infection of GAS wild type (WT) or slo deletion mutant. HeLa cells overexpressing EmGFP-GBP1 were infected with
the indicated bacteria for 4 h. Cellular and bacterial DNA was stained with DAPI. An overview of the merging of all channels (top) and
a magnified view of each channel and that of the merging of all channels (bottom) are shown. Scale bar: 10μm. (b) GBP1 and galectin-3
localization in GAS-infected cells. HeLa cells were transfected with EmGFP-GBP1. After GAS infection for 4 h, cells were stained with
anti-galectin-3 and DAPI. An overview of the merging of all channels (top) and a magnified view of each channel and that of the
merging of EmGFP-GBP1 and galectin-3 (bottom) are shown. Scale bar: 10μm. (c) GBP1 recruitment in galectin-3-knockout cells [50].
WT and galectin-3-knockout (KO) HeLa cells were transfected with EmGFP-GBP1, followed by GAS infection for 4 h. Cellular and
bacterial DNA was stained with DAPI. An overview of the merging of all channels (top) and a magnified view of each channel and that
of the merging of DAPI and EmGFP-GBP1 (bottom) are shown. Scale bar: 10 μm. (d) Quantification of GBP1 recruitment in (c). Cells
were manually counted by observing immunofluorescence using confocal microscopy. Data are presented as the mean ± SD from three
independent experiments (100 infected cells were examined in each experiment). Asterisks indicate statistically significant differences
(∗p < 0:05) as determined by two-tailed Student’s t-test. (e) Quantification of GBP1 recruitment in galectin-3 complementation. Cells
were transfected with the indicated plasmid, infected with GAS for 4 h, and stained with DAPI. Cells were manually counted by
observing immunofluorescence using confocal microscopy. Data are presented as the mean ± SD from three independent experiments
(50 infected cells were examined in each experiment). Asterisks indicate statistically significant differences (∗p < 0:05) as determined by
two-tailed Student’s t-test. (f) GBP1 recruitment to the damaged lysosome after L-leucyl-L-leucine methyl ester (LLOMe) treatment.
HeLa cells transfected with the indicated plasmids were treated with 0.5mM LLOMe for 2 h. Cellular and bacterial DNA was stained
with DAPI. Scale bar: 10μm.
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Figure 3: GBP1 is required for autophagosome formation in a localization-dependent manner. (a) GBP1-KO cells were generated using the
CRISPR/Cas9 gene editing system. HeLa WT and GBP1-KO cells were treated with 20 ng/mL IFN-γ for 24 h and then collected to confirm
GBP1 expression by immunoblotting. (b) Autophagosome formation in HeLa WT and GBP1 KO cells. Cells were transfected with
mCherry-LC3 as an autophagosome marker and then infected with GAS for 4 h. An overview of the merging of all channels (top) and a
magnified view of each channel and that of the merging of all channels (bottom) are shown. All images are representative of three
independent experiments. Scale bar: 10 μm. (c) Autophagosome formation rate in GAS-infected cells. Data are presented as the mean ±
SD from three independent experiments (100 infected cells were manually counted in each experiment). Asterisks indicate statistically
significant differences (∗p < 0:05) as determined by two-tailed Student’s t-test. (d) Percentage of autophagosome formation in GBP1-KO
HeLa cells under conditions of GBP1 mutant overexpression. HeLa WT and GBP1-KO cells were transfected with EmGFP, EmGFP-
GBP1 intact, or mutants. Data are presented as mean ± SD from three independent experiments (100 infected cells were manually
counted in each experiment). Asterisks indicate statistically significant differences (∗p < 0:05) as determined by two-tailed Student’s t
-test. (e) Viability of GAS in A549 WT, GBP1-KO #1, and ATG5-KO cells. In each experiment, triplicate samples were used and
colonies were counted manually. Data are presented as the mean ± SD from four independent experiments. Asterisks indicate statistically
significant differences (∗p < 0:05) as determined by two-tailed Student’s t-test. The same data of GBP1 KO #2 are shown in
Supplementary Figure 2D.
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Figure 4: Continued.
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bacteria after infection. First, we checked GBP family localiza-
tion in A549 during GAS infection. As in HeLa cells, GBP1,
GBP2, and GBP4 were localized at autophagosomes surround-
ing GAS (Supplementary Figure 4A). Therefore, we moved to
generate GBP1-knockout cells using A549. Two different
deletion strains were established for eliminating clonal effect
from the assay (Supplementary Figures 4B and 4C). We
infected these cells with GAS and determined the bacterial
survival at 6 h postinfection. As shown in Figure 3(e), in
wild-type A549 cells, the intracellular survival of GAS was
reduced by about half from 2 to 6h, while this did not occur
in ATG5-knockout cells, a mutant with severe deficiency in

autophagy [35] (Supplementary Figure 4D). In GBP1-
knockout cells, the number of surviving bacteria at 6h after
infection was significantly higher than that in WT cells
(Figure 3(e), Supplementary Figure 4E), supporting the
assertion that GBP1 contributes to the bacterial killing
through the autophagy pathway.

To confirm definitively that GBP1 is involved in auto-
phagosome formation in A549 cells as well as HeLa cells, we
also observed autophagosomes surrounding GAS in A549 cells.
GBP1 deletion decreased the rate of autophagosome formation,
which was recovered by GBP1 complementation, the same as in
HeLa cells (Supplementary Figure 4F), supporting our
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Figure 4: GBP1 is involved in p62 recruitment to GAS. (a) Recruitment of autophagy-related proteins to invading GAS. Cells were
transfected with the indicated plasmid prior to infection or labeled with antibodies for the indicated protein after infection. Cellular and
bacterial DNA was stained with DAPI. All images are representative of three independent experiments for 2 h of infection. Insets:
enlargements of indicated areas. Scale bar: 10μm. (b) Percentage of indicated protein recruitment to GAS in (a). Cells were infected with
GAS for 2 or 4 h. Data are presented as the mean ± SD from three independent experiments (100 infected cells were manually counted
in each experiment). Asterisks indicate statistically significant differences (∗p < 0:05) as determined by two-tailed Student’s t-test. (c)
Percentage of p62 recruitment to GAS under conditions of GBP1 mutant overexpression. HeLa WT and GBP1-KO cells were transfected
with EmGFP, EmGFP- GBP1 intact, or mutants. Data are presented as mean mean ± SD from three independent experiments (100
infected cells were manually counted in each experiment). Asterisks indicate statistically significant differences (∗p < 0:05) as determined
by two-tailed Student’s t-test. (d) Degradation of the lysosome damaged by LLOMe treatment. HeLa cells were treated with 0.5mM
LLOMe for 2 h. Damaged lysosomes were labeled with an anti-galectin-3 antibody. Scale bar: 10 μm. (e) Starvation-induced
autophagosome formation in HeLa WT and GBP1-KO cells. Indicated cells stably expressing mCherry-LC3 as an autophagosome
marker were incubated in the medium without serum for 2 h. All images are representative of three independent experiments. Scale bar:
10μm. (f) Quantification of mCherry-LC3 puncta in (e). At least 30 cells were obtained from five randomly selected fields in each
condition (repeated three times). Puncta were counted automatically using the Analyze Particle plugin in Fiji software (ImageJ; National
Institutes of Health).
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conclusion that GBP1 contributes to bacterial killing through
xenophagy.

According to a previous report that described that GBP1 is
essential for the recruitment of GBP2, GBP3, and GBP4 to Shi-
gella, we examined the recruitment of GBP2 and GBP4 to GAS
in GBP1-knockout cells. As shown in Supplementary
Figure 1C, there was no difference between the WT and
knockout cells. This suggests that the mechanism of
recruitment of GBP2 and GBP4 differs between Shigella
infection and GAS infection.

In Chlamydia infection, IFN-dependent suppression of
bacterial infectivity requires both GBP1 and GBP2 [20]. To
investigate the involvement of GBP2 in GAS growth sup-
pression, we also established GBP2-knockout cells and
infected the cells with bacteria. Unlike GBP1-knockout cells,
GBP2-knockout cells showed no decrease in the rate of auto-
phagosome formation (Supplementary Figure 1B). Taking
this and the previous results together, it is suggested that
GBP1 is a key regulator of GAS-induced autophagy in the
human GBP family.
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Figure 5: GBP1 interacts with TBK1 and regulates its phosphorylation. (a) Western blotting image of phosphorylated TBK1 (pTBK1) in
HeLa WT and GBP1-KO cells during GAS infection. Cells were collected at the indicated time point. (b) Quantification of the pTBK1/
TBK1 ratio in (a). Data are presented as the mean ± SD from three independent experiments. Asterisks indicate statistically significant
differences (∗p < 0:05) as determined by two-tailed Student’s t-test. (c) pTBK1 recruitment to GAS in HeLa WT and GBP1-KO cells.
Cells were transfected with the indicated plasmids and then infected with GAS for 4 h. pTBK1 was colocalized with the bacteria (white
outlined arrowhead) and GBP1 (white arrowhead). All images are representative of three independent experiments. Scale bar: 10 μm. (d)
Percentage of cells containing pTBK1-positive GAS. Data are presented as the mean ± SD from three independent experiments (100
infected cells were examined in each experiment, counted manually using fluorescence microscopy). Asterisks indicate statistically
significant differences (∗p < 0:05) as determined by two-tailed Student’s t-test. (e) Immunoprecipitation of GFP-GBP1 intact or GBP1
mutants and FLAG-TBK1. Cells cotransfected with the indicated plasmids were subjected to immunoprecipitation using GFP-Trap. The
immunoprecipitated proteins and total cell lysates were analyzed by immunoblotting with anti-GFP and anti-FLAG antibodies. (f)
Schematic representation of intact GBP1 and mutants with deletion of different domains of GBP1. (g) Immunoprecipitation of GFP-
GBP1 intact or mutants with deletion of GBP1 domains and FLAG-TBK1. Cells cotransfected with the indicated plasmids were subjected
to immunoprecipitation using GFP-Trap. The immunoprecipitated proteins and total cell lysates were analyzed by immunoblotting with
anti-GFP and anti-FLAG antibodies.
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1.6. IFN Priming Does Not Affect Autophagosome Formation
Response to GAS Infection. GBP1 is usually expressed at a
low level in HeLa cells but is drastically upregulated by
IFN-γ [36]. We hypothesized that GBP1 regulates auto-
phagosome formation by its increased expression in
response to GAS infection. However, the GBP1 expression
level remained low, and its increase was not observed during
GAS infection (data not shown). Moreover, IFN-γ-primed
HeLa cells did not show any change in the rate of auto-
phagosome formation (Supplementary Figure 5A), in
contrast to the case upon Chlamydia infection [36]. These
findings together demonstrate that the GBP1-mediated
regulation of xenophagy is not dependent on the GBP1
expression level; specifically, GBP1 can exert its function
even at a low expression level, without IFN-γ treatment.

1.7. GBP1 Regulates Autophagy Response to GAS Infection
through p62 Recruitment. To analyze which step of the
autophagy induction process involves GBP1, we observed
the recruitment of autophagy-related molecules. Although
the recruitment of ubiquitin and autophagy receptors such
as NDP52, NBR1, and TAX1BP1 did not change, there was
a clear reduction in p62 localization in GBP1-knockout cells
at 2 h postinfection, an early stage of infection (Figures 4(a)
and 4(b)). This reduction was recovered by intact GBP1
complementation (Figure 4(c)). GBP1 mutants with a defi-
ciency in localization around GAS did not achieve the recov-
ery of p62 recruitment, as for autophagosome formation
(Figure 4(c)). This suggests that GBP1 contributes to auto-
phagosome formation by recruiting p62 to the bacteria.

1.8. GBP1 Does Not Affect Lysophagy or Starvation-Induced
Autophagy. Lysophagy, the autophagic degradation of lyso-
somes [37], and xenophagy, autophagy-mediated bacterial
killing [38], share some molecular mechanisms. Because
this study and a previous one [25] demonstrated that
GBP1 is localized with galectin-3, a marker of membrane
damage including ruptured lysosome [39] (Figure 2(f)),
we considered the possibility that GBP1 also regulates
lysophagy. One hour after LLOMe treatment, galectin-3
puncta were observed in HeLa WT cells (Figure 4(d)),
which disappeared 10h after the removal of LLOMe, sug-
gesting lysophagic degradation. The same decrease was
observed in GBP1-deleted cells. This suggests that GBP1
is not essential for lysophagy.

We also examined whether GBP1 is associated with non-
selective autophagy because a previous report showed that
p62-deleted cells accumulated LC3-positive puncta under
starvation conditions, indicating the impairment of autoph-
agic flux [40]. In wild-type HeLa cells stably expressing
mCherry-LC3 [41], starvation-induced autophagy was seen
in the form of LC3 puncta. The puncta were observed simi-
larly even in GBP1-knockout cells (Figures 4(e) and 4(f)),
suggesting that GBP1 is not required for starvation-
induced autophagy. Taken together, our results indicate that
GBP1 specifically regulates bacterial infection-induced
autophagy, not starvation- and lysosomal damage-induced
autophagy, through p62 recruitment.

1.9. GBP1 Promotes TBK1 Phosphorylation during GAS
Infection. We next examined how GBP1 regulates p62
recruitment. TBK1 regulates the p62 localization response
to cellular stresses such as mitochondrial damage and bacte-
rial infection [42, 43], so we speculated that GBP1 is
required for TBK1 function. TBK1 is activated by bacterial
invasion and works as a kinase that phosphorylates serine
403 of p62 to promote interaction with molecules that have
been ubiquitinated as a label, indicating that they are to be
disassembled. To analyze TBK1 activation in GBP1 deletion
mutant, we used immunoblotting to monitor the S172 phos-
phorylation of TBK1, which is critical for TBK1 activation
[44]. Phosphorylated TBK1 (pTBK1) was shown to be
upregulated under GAS infection in HeLa WT cells,
although GBP1 deletion attenuated it (Figures 5(a) and
5(b)). This reduction was also seen in A549 cells (Supple-
mentary Figures 4G and 4H). Moreover, we previously
reported that pTBK1 recruitment around bacteria was
increased by GAS-induced TBK1 phosphorylation [19].
GBP1 knockout significantly reduced pTBK1 localization
around GAS, although this decline was recovered by the
expression of GBP1 (Figures 5(c) and 5(d)). Furthermore,
we found that GFP-GBP1 colocalized not only with
bacteria (Figure 5(c), arrowhead) but also with pTBK1
around bacteria (Figure 5(c), open arrowhead). These
results suggest that GBP1 regulates the TBK1
phosphorylation response to bacterial infection.

1.10. GBP1 Interacts with TBK1 Independently of Nucleotide
Hydrolysis and Lipidation. Previous studies reported that the
phosphorylation of TBK1 is mainly controlled by its local-
ization, consequently triggering dimerization and trans-
autophosphorylation upon stimulation [45]. Because the
colocalization of pTBK1 and ectopically expressed GBP1
was observed, we speculated that GBP1 interacts with
TBK1 and contributes to its phosphorylation. An immuno-
precipitation assay revealed that EmGFP-GBP1 interacts
with FLAG-TBK1 (Figures 5(e), 2 lanes on the left). This
interaction was not interfered with GBP1 mutants unable
to surround GAS (Figures 5(e), 4 lanes on the right). These
results suggest that GBP1 regulates GAS-induced autophagy
in two steps: interaction with TBK1 and localization to GAS,
independently.

1.11. Mapping of the TBK1-Interacting Region of GBP1.
Human GBP1 contains three main domains: an N-terminal
domain (aa 1–37), a G-domain that is critical for nucleotide
binding (aa 38–308), and a helical domain that is required
for membrane binding and allosteric conformation (aa
309–588), along with one motif, the CAAX motif, which is
prenylated and critical for membrane binding (Figure 5(f)).
Additionally, one more region called the GB1/RHD3
domain is reported in the Protein Data Bank (PDB 1F5N),
which is also important for guanine nucleotide binding
and hydrolysis (aa 35–278, GB1) (Figure 5(f)). To determine
the region responsible for TBK1-GBP1 interaction, we gen-
erated deletion mutants for each domain/motif. Immuno-
precipitation assays revealed that this interaction was not
affected for ΔG, ΔGB1, and ΔH (Figure 5(g)). Consistent
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with these results, both G and helical domains showed
somewhat faint but concrete interaction with TBK1 (Supple-
mentary Figure 6A). These findings together demonstrate
that a wide region of GBP1 is involved in the interaction
with TBK1.

2. Discussion

In the present study, we demonstrate that several GBP fam-
ily members colocalize with invading GAS, while GBP1 in
particular is involved in autophagosome formation to engulf
bacteria. Reports about GBPs’ function against infection by
Gram-negative bacteria have been published [10, 11, 46,
47]. However, few studies have investigated the dynamics
of GBPs during infection with Gram-positive bacteria. A
previous study reported that mouse GBP2 interacts with
p62 and recruits ubiquitinated bacteria to autophagosomes
during Listeria infection [5], but such function has not been
reported for human GBPs, so their roles in human infection
by Gram-positive bacteria remain incompletely understood.
The present report, which focuses on the dynamics of
human GBPs during GAS infection, contributes to our
knowledge of the immune response to Gram-positive bacte-
ria. Nevertheless, we examined GBP1 function only using
cultured cells in this study. Further investigation using an
animal model or human organoid resembling actual infec-
tious conditions is still needed to clarify the function of
GBP1 comprehensively.

We found that the localization of GBP1 around GAS is
triggered by SLO, a pore-forming toxin secreted by bacteria,
along with the recognition of membrane damage by
galectin-3. As for the association of galectin-3 with the
GBP family, a previous study demonstrated the interaction
between mouse GBP2 and galectin-3 [25]. Meanwhile,
another study reported that GBP1, GBP2, GBP3, and
GBP4 localized with galectin-3-positive Salmonella, indicat-
ing that the rupture of bacterium-containing vacuoles is crit-
ical for GBP recruitment [47]. However, whether galectin-3
can regulate the localization of human GBPs remains to be
elucidated. We demonstrated that the localization of human
GBP1 is regulated by galectin-3 in a membrane damage-
dependent manner, as shown in both GAS infection and
LLOMe treatment. However, we have not yet clarified how
galectin-3 recruits GBP1. In this paper, we demonstrated
that GBP1 interacts with galectin-3, which is enhanced by
GAS infection. Moreover, there is still a possibility that other
galectins are involved in the regulation of GBP localization.
Galectin-3, galectin-8, and galectin-9 have been reported to
accumulate at damaged membranes associated with bacteria
to overwhelm the infection [33, 48, 49]. We recently
reported that galectin-1 and galectin-7 are also recruited to
ruptured membranes around GAS and Staphylococcus
aureus [50]. In this study, we demonstrated that GBP1 inter-
acts with not only galectin-3 but also galectin-1, galectin-7,
and galectin-8. It is worth examining whether GBP1 can
integrate these galectins into bactericidal immune responses.

Our results showed that GBP1 was localized to GAS in a
GTP hydrolysis-, GTP binding-, and prenylation-dependent
manner. The mutants that did not localize to the bacteria

could not complement p62 recruitment and autophagosome
formation. These results suggest that the localization of
GBP1 around the GAS is important for the recruitment of
p62 and subsequent autophagosome formation. In addition,
these results raise the possibility that GBP1 localization pro-
motes the accumulation of phosphorylated TBK1 around
the GAS, which regulates the localization of p62. Given the
finding of a GBP1-TBK1 interaction in this study and the
fact that this interaction is independent of GTP hydrolysis,
GTP binding, and prenylation, there is a possibility that both
the localization of GBP1 around GAS and GBP1-TBK1
interaction are required for GBP1-mediated autophagy.
Since this study did not directly show the functional impor-
tance of the interaction between GBP1 and TBK1 for auto-
phagosome formation, more detailed examination is
needed in future work.

The localization of GBP1 around bacteria was critical for
autophagosome formation, in contrast to the case for lyso-
some degradation (Figures 3(d) and 4(c)). This difference
may be derived from the involvement of TBK1. In bacterial
infection, autophagy receptors, including p62, are induced
to undergo localization around the pathogen by TBK1.
However, it has not been reported that TBK1 participates
in p62 recruitment in lysosomal damage, which could
explain why GBP1 deletion did not affect lysophagy [51,
52]. Moreover, the diversity of GBP1 function in selective
autophagy suggests the variability of the autophagic pathway
that remains to be elucidated. Additional studies to deter-
mine the roles of GBP family members in selective autoph-
agy will be necessary to understand how they work
downstream of membrane damage recognition.

GBP1 has a CAAX motif at its C-terminal, which is
required for membrane binding, as is also the case for
GBP2. However, despite the absence of CAAX motifs,
GBP4 appears to localize at damaged membranes around
GAS (Figure 1(a)). Studies have reported that GBP4 is
recruited around Shigella and Salmonella in a manner
dependent on GBP1, which binds to LPS [3, 10, 11, 46,
47]. Because GAS is a Gram-positive bacterium, GBP4 is
thought to localize around GAS by a mechanism different
from Shigella and Salmonella. One possible explanation for
this is heterodimer formation. GBP4 can localize to vesicles
in cells with the help of other GBPs with CAAX motifs
[30]. In GAS infection, GBP4 may form a heterodimer with
GBP1 or GBP2, GBP members with a CAAX motif, which
then leads to the recruitment of GBP4 to the bacteria.

TBK1 works as a kinase activated by trans-
autophosphorylation [45]. In selective autophagy, phosphory-
lated TBK1 facilitates the recruitment of receptor proteins to
the object to be degraded [41, 42, 53], which consequently pro-
motes engulfment by autophagosomes. In pathogenic infec-
tion, the causative agents of TBK1 phosphorylation were
reported to be only bacterial remnants such as DNA, LPS,
and their ligands in the host cells [18, 54, 55]. In this study,
we demonstrate that GBP1, whose localization is regulated
by recognizing membrane damage, interacts with TBK1 and
enhances its phosphorylation. To the best of our knowledge,
this is the first report suggesting the existence of a direct path-
way from the identification of membrane damage to TBK1
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phosphorylation. Intriguingly, we recently reported that TBK1
activation during GAS infection does require Ca2+/TBC1D9
signaling, but not bacterial DNA sensing, which consequently
recruits NDP52 through TBK1 phosphorylation [19]. Taking
these findings together, it is suggested that host cells use differ-
ent bacterial remnant-independent TBK1 activation pathways
for each adaptor protein. Intriguingly, the Ca2+/TBC1D9 axis
affects not only NDP52 localization but also that of p62 [19].
Taking these findings together with our study, p62 recruit-
ment to GAS may be regulated by several pathways, including
the GBP1-TBK1 axis and the Ca2+/TBC1D9 one. This may be
why GBP1 knockout only partially affects p62 recruitment and
subsequent autophagosome formation. In addition, neither
GBP1 KO nor Ca2+/TBC1D9 signaling depletion can
completely inhibit adaptor protein recruitment, so the possi-
bility of there being other pathways activating TBK1 remains.

In conclusion, we have demonstrated GBP1’s involve-
ment in xenophagy in a manner dependent on membrane
damage recognition. We also showed that GBP1 regulates
TBK1 phosphorylation and GBP1-TBK1 interaction. These
findings provide new insights into patterns of immune
response and may help elucidate therapeutic targets for
infectious diseases.

3. Experimental Procedures

3.1. Cell Culture and Transfection. HeLa and A549 cells were
purchased from American Type Culture Collection (ATCC).
Cells were maintained in 5% CO2 at 37°C in Dulbecco’s
modified Eagle’s medium (Nacalai Tesque) supplemented
with 10% fetal bovine serum (Gibco) and 50μg/mL gentami-
cin (Nacalai Tesque). To induce starvation, cells were incu-
bated in Dulbecco’s modified Eagle’s medium (Nacalai
Tesque) without serum. Polyethylenimine (Polyscience)
was used for transfection.

3.2. Group A Streptococcus. Group A Streptococcus strain
JRS4 (M6+ F1+) was kindly provided by Dr. E. Hanski
(Hebrew University, Israel). The bacteria were grown in
Todd-Hewitt broth (BD Diagnostic Systems) supplemented
with 0.2% yeast extract.

3.3. Reagents and Antibodies. The following antibodies were
used: rat anti-human GBP1 (sc-53857; Santa Cruz Biotech-
nologies), mouse anti-galectin-3 (B2C10, 556904; BD Phar-
mingen), mouse anti-multi-ubiquitin (FK2, MFK-004;
Nippon Bio-Test Laboratories), rabbit anti-TAX1BP1
(D1D5, 5105S; Cell Signaling Technology), rabbit anti-
NBR1 (D2E6, 9891; Cell Signaling Technology), mouse
anti-p62 (D-3, sc-28359; Santa Cruz), rabbit anti-Atg5
(D5F5U, 12994; Cell Signaling Technology), rabbit anti-
TBK1 (EP611Y, ab40676; Abcam), rabbit anti-pTBK1/
NAK (S172, D52C2; Cell Signaling Technology), mouse
anti-GFP (GF200, 04363-24; Nacalai Tesque), and mouse
anti-FLAG (M2, A2220; Sigma). The following reagents
were used: L-leucyl-L-leucine methyl ester (LLOMe) (Cay-
man Chemical) and recombinant human IFN-γ (285-IF;
RSD).

3.4. Plasmids. Human GBP1-7 was amplified by RT-PCR
from HeLa total mRNA and cloned into pcDNA-6.2/N-
EmGFP-DEST and pcDNA-6.2/N-3xFLAG-DEST using
Gateway (Invitrogen) technology. The resulting constructs
were N-terminally fused with corresponding tags. GBP1
was mutated by site-directed mutagenesis using the PrimeS-
TAR Mutagenesis Basal Kit (Takara).

3.5. Generation of Knockout Cell Lines Using the CRISPR/
Cas9 Gene Editing System. ATG5-knockout and galectin-3-
knockout HeLa cells had previously been established in our
laboratory [41, 50]. GBP1-knockout A549 and ATG5-
knockout HeLa and A549 cell lines were generated using
the CRISPR/Cas9 gene editing system [56]. The designed
gRNAs were cloned into the px459 vector (#62988;
Addgene); the sequences were 5′-GCGGCAGCTACGGG
GGATCC-3′ for ATG7, 5′-CATTACACAGCCTATG
GTGG-3′ for HeLa GBP1-knockout cells, and 5′-TTTAGT
GTGAGACTGCACCG-3′ for A549 GBP1-knockout cells.
The vector was transfected into HeLa cells or A549 cells,
and 48 h later, the cells were cultured in selection medium
containing 2μg/mL puromycin (Invivogen). Single colonies
were picked up and cultured in 24-well plates; after expand-
ing the cultures, deletion of the target gene was confirmed by
immunoblotting and sequencing of the target loci.

3.6. Bacterial Infection. Cells were cultured in 24-well plates
at a density of 4 × 104 cells/well for overexpression of the
gene of interest or at 1 × 105 cells without gene manipula-
tion. After replacing medium without antibiotics, cells were
infected with GAS at a multiplicity of infection (MOI) of
100 for 1 h, washed with PBS, and cultured in medium con-
taining 100μg/mL gentamicin to kill the extracellular bacte-
ria until the indicated time point of experimental use.

3.7. Fluorescence Microscopy. HeLa cells were plated on 0.1%
gelatin-coated coverslips in 24-well plates. After GAS infec-
tion or the indicated treatment, cells were fixed with 4%
paraformaldehyde for 15min, washed with PBS, and perme-
abilized with 0.1% Triton X-100 in PBS for 10min. After
blocking with 2% BSA at room temperature for 1 h, cells
were probed with a specific primary antibody diluted with
blocking buffer at 4°C overnight, washed with PBS, and
reacted with secondary antibody at room temperature for
2 h. Cellular and bacterial DNA was stained with 4′,6-diam-
idino-2-phenylindole (DAPI). Confocal micrographs were
acquired using an FV1000 laser scanning microscope.

3.8. Bacterial Invasion and Viability Assays. A549 cells cul-
tured at a density of 1 × 105 in 24-well plates were infected
with GAS at an MOI of 10 for 1 h, as described in the previ-
ous section. Subsequently, cells were washed with PBS and
cultured in medium containing 100μg/mL gentamicin to kill
extracellular bacteria before collecting the lysate. At 1, 2, and
6h postinfection, cells were washed with PBS and lysed in
sterile distilled water. Serial dilutions of the lysates were
plated on tryptic soy broth agar plates. The bacterial inva-
sion rate was calculated as the ratio of intracellular bacteria
at 2 h postinfection to cell-attached bacteria at 1 h
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postinfection. The GAS growth ratio was determined as the
ratio of intracellular bacteria at 6 h postinfection to that at
2 h postinfection.

3.9. Immunoprecipitation. For immunoprecipitation assays,
cells were transfected with the indicated plasmids using a
polyethylenimine reagent and harvested 2 days later. After
washing with PBS, cells were collected and lysed with buffer
containing 10mM Tris-HCl (pH7.4), 1% NP-40, 150mM
NaCl, 1mM ethylenediaminetetraacetic acid (EDTA), 5%
glycerol, and proteinase-inhibitor cocktail (Nacalai Tesque).
Lysates were centrifuged at 15,000 rpm for 20min, and the
supernatant was incubated with GFP-trap Agarose (Chro-
motek) for 1 h at 4°C. Subsequently, the beads were washed
five times with lysis buffer and the immunoprecipitants were
eluted with 2× Laemmli sample buffer. For immunoblotting,
proteins were separated using SDS-PAGE, transferred to
PVDF membranes, and detected using specific primary anti-
bodies with overnight incubation at 4°C, followed by labeling
with an appropriate secondary antibody.
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Supplementary Materials

Supplementary 1. Supplementary Figure 1: dynamics of
GBP2 and GBP4 on autophagosome formation. (A) Quanti-
fication of GBP2 and GBP4 recruitment in HeLa WT and
galectin-3-KO cells. (B) Autophagosome formation rate in
HeLa WT and GBP2-KO cells. (C) GBP2 and GBP4 recruit-
ment ratio in HeLa WT and GBP1-KO cells. Data are pre-
sented as the mean ± SD from three or four independent
experiments (>50 infected cells were manually counted in
each experiment).

Supplementary 2. Supplementary Figure 2: GBP1 interacts
with galectins. (A) Immunoprecipitation of FLAG-GBP1
and GFP-galectins. Cells cotransfected with the indicated
plasmids were subjected to immunoprecipitation using
GFP-Trap. The immunoprecipitated proteins and total cell
lysates were analyzed by immunoblotting with anti-GFP
and anti-FLAG antibodies.

Supplementary 3. Supplementary Figure 3: GBP1 deletion
affects autophagosome maturation, following autophago-
some formation. (A) Recruitment of LAMP1 around GAS
in HeLa WT and GBP1-KO cells. Cells were transfected with
EmGFP or EmGFP-GBP1 and infected with GAS for 4 h.
After fixation, cells were stained with a LAMP1 antibody.
An overview of the merging of all channels and a magnified
view of it are shown. All images are representative of three
independent experiments. Scale bar: 10μm. (B) LAMP1-
positive rate in GAS-infected cells. Data are presented as
the mean ± SD from three independent experiments (50
infected cells were manually counted in each experiment).
Asterisks indicate statistically significant differences
(∗p < 0:05, ∗∗p < 0:01) as determined by two-tailed Student’s
t-test.

Supplementary 4. Supplementary Figure 4: A549 GBP1-KO
cells show a phenotype similar to that of HeLa GBP1-KO
cells. (A) Confocal micrographs of the GBP family around
an autophagosome in GAS-infected cells. A549 cells
expressing the indicated EmGFP-GBPs (green) and
mCherry-LC3 (red) were infected with GAS for 4 h. Cellu-
lar and bacterial DNA was stained with DAPI (cyan).
Insets: enlargements of the indicated areas. Scale bar:
5μm. (B) Western blotting images of A549 WT and
GBP1-KO cells. Cells were incubated in 10 ng/mL IFN-γ-
containing medium for 24 h. (C) Sequence alignment of
A549 WT and GBP1-KO cell lines. The query is human
GBP1 CDS (NCBI accession number: Homo sapiens gua-
nylate binding protein 1, mRNA, NM_002053.3). (D)
Western blotting images of A549 WT and ATG5-KO cells.
(E) Viability of GAS in A549 WT, GBP1-KO #2, and
ATG5-KO cells. Triplicate samples were used in each
experiment, and colonies were counted manually. Data
are presented as the mean ± SD from four independent
experiments. Asterisks indicate statistically significant dif-
ferences (∗p < 0:05) as determined by two-tailed Student’s
t-test. The same data of GBP1 KO #1 are shown in Sup-
plementary Figure 2D. (F) Autophagosome formation rate
of GBP1-KO A549 cells. Cells were transfected with
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mCherry-LC3, as an autophagosome marker, and EmGFP
or EmGFP-GBP1. Data are presented as the mean ± SD
from three independent experiments (100 infected cells
were manually counted in each experiment). Asterisks indi-
cate statistically significant differences (∗p < 0:05) as deter-
mined by two-tailed Student’s t-test. (G) Western blotting
image of pTBK1 in A549 WT and GBP1-KO cell lines during
GAS infection. Cells were collected at the indicated time point.
(H) Quantification of the pTBK1/TBK1 ratio in (F). Data are
presented as the mean ± SD from three independent experi-
ments. Asterisks indicate statistically significant differences
(∗p < 0:05) as determined by two-tailed Student’s t-test.

Supplementary 5. Supplementary Figure 5: IFN priming does
not affect autophagosome formation during GAS infection.
(A) Rate of autophagosome formation in naïve and IFN-γ-
primed HeLa cells. Cells were transfected with mCherry-
LC3 as an autophagosome marker and then infected with
GAS for 4 h. Under primed conditions, cells were incubated
in 1ng/mL IFN-γ-containing medium for at least 16 h before
GAS infection. Data are presented as the mean ± SD from
three independent experiments (100 infected cells were
manually counted in each experiment).

Supplementary 6. Supplementary Figure 6: single domain of
GBP1 interacts with TBK1. (A) Immunoprecipitation of
EmGFP-GBP1 intact or GBP1 deletion mutants and
FLAG-TBK1. Cells cotransfected with the indicated plas-
mids were subjected to immunoprecipitation using GFP-
Trap. The immunoprecipitated proteins and total cell
lysates were analyzed by immunoblotting with anti-GFP
and anti-FLAG antibodies.
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