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Many invasive bacteria establish pathogen-containing vacuoles
(PVs) as intracellular niches for microbial growth. Immunity to these
infections is dependent on the ability of host cells to recognize PVs as
targets for host defense. The delivery of several host defense
proteins to PVs is controlled by IFN-inducible guanylate binding
proteins (GBPs), which themselves dock to PVs through poorly
characterized mechanisms. Here, we demonstrate that GBPs detect
the presence of bacterial protein secretion systems as “patterns of
pathogenesis” associated with PVs. We report that the delivery of
GBP2 to Legionella-containing vacuoles is dependent on the bacterial
Dot/Icm secretion system, whereas the delivery of GBP2 to Yersinia-
containing vacuoles (YCVs) requires hypersecretion of Yersinia trans-
locon proteins. We show that the presence of bacterial secretion
systems directs cytosolic carbohydrate-binding protein Galectin-3 to
PVs and that the delivery of GBP1 and GBP2 to Legionella-containing
vacuoles or YCVs is substantially diminished in Galectin-3–deficient
cells. Our results illustrate that insertion of bacterial secretion sys-
tems into PV membranes stimulates Galectin-3–dependent recruit-
ment of antimicrobial GBPs to PVs as part of a coordinated host
defense program.
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Most pathogenic bacteria remodel the phagosomes that they
occupy into vesicles defective for phagolysosomal fusion

(1). In addition to blocking lysosomal maturation, pathogens
commonly manipulate their surrounding vacuolar compartments
in a number of ways to assure nutrient acquisition. To customize
phagosomes into beneficial pathogen-containing vacuoles (PVs),
intravacuolar bacteria use secretion systems to release effector
proteins from the bacterial cytoplasm into the host cell cytosol
(1). These secretion systems are essential for bacterial virulence.
Some of the structural components of bacterial secretion systems
are highly conserved and shared among many distinct bacterial
species (2). This conservation is exploited by the innate immune
system, which evolved cytosolic pattern recognition receptors
(PRRs) that can detect conserved components such as the basal
body rod component or the needle protein of type III secretion
systems (T3SS) (3). Distinct molecular features of these con-
served T3SS structural proteins constitute pathogen-associated
molecular patterns (PAMPs) that are directly recognized by host
PRRs. In addition to the direct recognition of structural com-
ponents of bacterial secretion systems, the host is also able to
detect the presence of secretion system indirectly by sensing
cellular perturbations caused by secreted bacterial effector pro-
teins. These microbe-directed perturbations are often shared
among different types of infections and thus constitute conserved
“pattern of pathogenesis” (4). For example, some bacterial ef-
fectors modify the lipid composition of PVs. As a potential

consequence of these lipid modifications, PVs are more likely to
rupture when exposed to cytoskeleton motor-dependent me-
chanical forces (5, 6). Although pathogens such as Legionella
pneumophila or Salmonella enterica secrete effectors to coun-
teract destabilizing effects of membrane manipulations to
maintain the PV as a replicative niche (7–9), subsets of Legion-
ella-containing vacuoles (LCVs) or Salmonella-containing vacu-
oles (SCVs) nonetheless fail to maintain their membrane
integrity (7, 10).
Vacuolar instability is recognized by host β-gal–binding pro-

teins of the Galectin family (11). Galectins are nucleocytoplas-
mic proteins that can also be exported from cells through a
poorly defined unconventional secretion pathway. Extracellular
Galectins can bind directly to bacteria, mediate bacteriostatic or
bactericidal effects, and modify inflammatory signaling events
(11). More recently, intracellular Galectin-3 was characterized as
a sensor of vacuolar rupture that occurs when bacteria such as
Shigella flexneri actively enter the host cell cytosol (12). Galectin-
3 also detects LCVs and SCVs, and Galectin-8 and -9 were also
shown to associate with SCVs (7, 10, 13). The association of
Galectins with SCVs is largely dependent on host glycans re-
stricted to the vacuolar lumen, indicating that SCVs display
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membrane lesions that can be recognized by the host. Galectin-8
was shown to interact with the autophagy adaptor protein
NDP52 and to promote the delivery of NDP52 to SCVs, which
results in diminished intracellular bacterial survival (10). The
functional consequences of recruiting Galectin-9 or Galectin-3 to
SCVs or other PVs have remained unexplored.
Whereas galectins are constitutively expressed in macrophages

and other cell types (11), many cell-intrinsic host defense pro-
grams are activated by proinflammatory cytokines, and IFNs in
particular (14, 15). IFNs robustly induce the expression of host
resistance factors, including immunity-related GTPases (IRGs)
and guanylate binding proteins (GBPs) (16, 17). IRGs and GBPs
facilitate cell-intrinsic immunity in vitro and host resistance in
vivo to a broad spectrum of intracellular pathogens (16). In in-
fected cells, IRGs and GBPs colocalize with intracellular bac-
terial pathogens residing in the host cell cytosol or within PVs
(16, 18), and several studies have suggested functional interac-
tions between members of the IRG and GBP families (18–23).
Although IRGs and GBPs can combat intracellular infections
cooperatively, mounting evidence suggests that these two protein
families also execute unique cellular functions independent of
one another (16). For example, IRGs facilitate the delivery of
ubiquitin E3 ligases to Toxoplasma- and Chlamydia-containing
vacuoles independent of GBPs (21, 22). GBPs, on the contrary,
were reported to control the deposition of the NADPH oxidase
NOX2 at Mycobacterium-containing phagosomes independent of
IRGs (24). These studies broadly characterize IRGs and GBPs
as escorts for distinct antimicrobial factors en route to PVs.
However, the mechanisms by which IRGs and GBPs detect and
bind to PVs remain poorly characterized (25).
We previously demonstrated that IRGs are essential for tar-

geting GBPs to Toxoplasma- and Chlamydia-containing vacuoles
(20, 21). In this study, we describe an IRG-independent pathway
by which GBPs are delivered to PVs. We show that Galectin-3
and murine GBP2 (mGBP2) form protein complexes, which
associate with vacuoles harboring secretion system-competent
L. pneumophila or Yersinia pseudotuberculosis. We demonstrate
that the secretion of translocon proteins by Y. pseudotuberculosis
is critical for the recruitment of Galectin-3 and mGBP2 to Yersinia-
containing vacuoles (YCVs). We further describe a functional role
for Galectin-3 in the delivery of mGBP2 and mGBP1 to YCVs and
LCVs. Our study thus characterizes bacterial secretion apparatuses
as PV-associated patterns of pathogenesis that trigger Galectin-3–
dependent recruitment of antimicrobial GBPs.

Results
GBPs Associate with LCVs Independent of ATG and IRG Proteins.
Members of the GBP and IRG families of IFN-inducible
GTPases have been shown to colocalize with several types of PVs
(16). To determine whether this extends to LCVs, we first
monitored the subcellular localization of ectopically expressed
mGBP1, mGBP2, and mGBP7 GFP-fusion proteins in murine
RAW 264.7 macrophages. In these and all subsequent experi-
ments, we used flagellin-deficient (ΔflaA) L. pneumophila strains
to prevent the flagellin-dependent activation of the NAIP5-
NLRC4 inflammasome and the subsequent pyroptotic cell death
(26, 27). We observed that ectopically expressed mGBPs deco-
rated LCVs in RAW 264.7 cells (Fig. 1A), as did endogenous
mGBP2 in IFN-γ–primed bone marrow-derived macrophages
(BMDMs; Fig. 1B). Recruitment of mGBP2 to LCVs was de-
tected as early as 20 min postinfection, albeit at low frequency.
The frequency of mGBP2-positive LCVs steadily increased over
the course of the first 2 h of infection (Fig. 1C). LCVs also
attracted the IRG proteins Irgb10 and Irgb6 (Fig. 1D), thus
mimicking observations made for PVs formed by the bacterium
Chlamydia trachomatis and the protozoan Toxoplasma gondii (28,
29). We previously reported that the regulatory IRG proteins
Irgm1 and Irgm3 are required for delivery of Irgb10 and Irgb6 to

Chlamydia and Toxoplasma PVs (20). Similar to these previous
observations, we found that the recruitment of Irgb10 and Irgb6
to LCVs was greatly diminished in Irgm1−/−Irgm3−/− BMDMs
(Fig. 1D), suggesting a shared regulatory role for Irgm1 and
Irgm3 proteins in the targeting of IRG proteins to LCVs and
Chlamydia and Toxoplasma PVs.
Irgm1 and Irgm3 not only control the subcellular localization

of other IRGs but also are essential for the delivery of GBPs to
Chlamydia and Toxoplasma PVs in mouse cells (20, 21). In
Irgm1−/−Irgm3−/− BMDMs, mGBP2 mislocalizes to vesicular
structures (19), as independently confirmed in the present study
(Fig. S1A). However, despite this altered staining pattern,
mGBP2 associated with LCVs at a comparable frequency in WT
and Irgm1−/−Irgm3−/− BMDMs (Fig. 1E and Fig. S1A). We then
proceeded to test additional host factors known to be required
for the targeting of GBPs to Chlamydia and Toxoplasma PVs for
their role in the recruitment of mGBP2 to LCVs. One such host
factor is the protein ATG5 (30–33), which participates in auto-
phagosome formation and the lipidation of ubiquitin-like ATG8
proteins, including the autophagosomal marker LC3 (34). Al-
though some mGBP2 protein mislocalized to ring-like structures
in Atg5−/− BMDMs (Fig. S1A), we found that ATG5 was not
required for the recruitment of mGBP2 to LCVs (Fig. 1F).
Additionally, we observed that mGBP2 targeting to LCVs was
independent of the autophagy proteins Beclin1 and Atg7 (Fig.
S1B). Together, these data indicate that mGBP2 recruitment to
LCVs is mechanistically distinct from its targeting to Chlamydia
and Toxoplasma PVs.

The Presence of Bacterial Secretion Systems Dictates the Recruitment
of mGBP2 to LCVs and YCVs. To characterize this newly described
IRG- and ATG-independent GBP delivery system, we asked
what specific properties of LCVs were recognized by the cell-
autonomous immune system to assure the specific targeting of
mGBP2 to LCVs. The most simplistic model posited that
mGBP2 was indiscriminately recruited to the phagocytic cup or
early phagosomes, and as such would target to any internalized
cargo. To test this model, we fed live and dead L. pneumophila
bacteria or latex beads to IFN-γ–primed BMDMs. At 2 h post-
infection (hpi), mGBP2 frequently decorated LCVs formed by
live bacteria but remained absent from phagosomes containing
formalin-fixed or heat-inactivated bacteria or latex beads (Fig.
2A). These data demonstrated that mGBP2 was exclusively
recruited to vacuoles containing live bacteria. We therefore hy-
pothesized that vacuoles containing live L. pneumophila featured
a unique PAMP or pattern of pathogenesis that is detected by
the host and prompts the deposition of mGBP2 at LCVs.
Common to many bacterial pathogens is the use of bacterial

secretion systems to deliver virulence factors across eukaryotic
membranes. We therefore hypothesized that the presence of
bacterial secretion systems at PVs could constitute a pattern
recognizable by host GBPs. L. pneumophila extensively remodels
its surrounding vacuole through the secretion of bacterial ef-
fector proteins by the Dot/Icm type IV secretion system (T4SS),
a process that requires the bacterial scaffolding protein dotA (35,
36). We found that vacuoles containing dotA-deficient bacteria
remained devoid of mGBP2 (Fig. 2B). In macrophages coin-
fected with ΔdotA and WT L. pneumophila, mGBP2 exclusively
recruited to WT LCVs (Fig. S2). These data demonstrated that
the host recognizes the presence of the Dot/Icm T4SS in a
phagosome-intrinsic manner, resulting in the deposition of
mGBP2 at WT LCVs.
We reasoned that the host could detect PV-associated bacte-

rial secretion systems by two distinct mechanisms: the host could
sense the presence of the bacterial secretion apparatus or detect
the activity of secreted bacterial effector proteins. To distinguish
between these twomechanisms, we tested whether the apparatus of a
second bacterial secretion system, the T3SS of Y. pseudotuberculosis,
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was necessary and sufficient to trigger mGBP2 delivery to vac-
uoles. The T3SS of Y. pseudotuberculosis secretes a small num-
ber of effector proteins, which includes the antiphagocytic factor
YopE (37). Therefore, WT Y. pseudotuberculosis can block
phagocytosis by macrophages. To allow macrophages to ingest
Y. pseudotuberculosis and to test whether secreted effectors are
required for the recruitment of mGBP2 to PVs, we exposed
IFN-γ–primed BMDMs to the “effectorless” Y. pseudotuberculosis
ΔHOJMEK mutant strain (38), which lacks all known trans-
located effector proteins including YopE. At 2 hpi, approxi-
mately 15% of all YCVs formed by ΔHOJMEK stained
mGBP2-positive (Fig. 2C), demonstrating that the secretion
of T3SS effector proteins is not necessary to trigger mGBP2
recruitment to YCVs.
We next asked whether the presence of the bacterial secretion

system itself could be detected by GBPs. The T3SS system
consists of structural proteins forming the base, the inner rod,
and the needle. This part of the apparatus enables Gram-nega-
tive bacteria to secrete effectors across the inner and outer

membranes of the bacterial cell wall. The delivery of effectors
into the host cell cytosol by extracellular or vacuolar pathogens
requires an additional bacterial translocon complex, which is
inserted into host cell membranes (39). We hypothesized that
GBPs could sense the insertion of such a bacterial pore complex
into PV membranes. In Y. pseudotuberculosis, the T3SS trans-
locon complex is made of the two proteins YopB and YopD (39).
To test our hypothesis that the host detects the YopB/YopD
translocon complex, we monitored recruitment of mGBP2 to
vacuoles containing the effectorless Y. pseudotuberculosis strain
with an additional deletion in yopD (ΔDHOJMEK). Deletion of
yopD largely abrogated the delivery of mGBP2 to YCV (Fig.
2C), indicating that the presence of the YopB/YopD translocon
complex is necessary for the delivery of mGBP2 to YCVs.
The secretion of Yop proteins is tightly controlled by the ef-

fector YopK. YopK-deficient strains release more translocon
proteins than YopK-competent strains (40–42). We therefore
hypothesized that YopK would be able to block mGBP2 re-
cruitment to YCVs, if mGBP2 was indeed able to detect the
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presence of translocon proteins in YCV membranes. To test our
hypothesis, we compared mGBP2 recruitment to YCVs occupied
by ΔEJ or ΔEJK, respectively. We used strains with a ΔEJ genetic
background to permit phagocytosis and to avoid YopJ-mediated
cell death (43, 44). We found that vacuoles harboring the YopK-
deficient strain ΔEJK were decorated with mGBP2 at a higher
frequency than the coisogenic control strain ΔEJ (Fig. 2D),
demonstrating that YopK can protect YCVs against immune
detection by mGBP2. Collectively, these data indicated that the
host delivers mGBP2 to vacuolar membranes that contain
components of bacterial secretion systems.

mGBP2 Colocalizes with Galectin-3 at Vacuoles Containing Bacteria
Expressing Functional T3SS or T4SS. Several cytosolically localized
members of the Galectin protein family were shown to associate
with PVs formed by S. enterica or L. pneumophila (7, 10). Spo-
radic loss of membrane integrity in PVs is thought to be the
underlying reason for the association of Galectins with PVs, but
the molecular cause for the inherent instability of PV mem-
branes remains enigmatic (5). We asked whether the presence of

bacterial secretion systems could contribute to PV instability. To
test this hypothesis, we monitored the subcellular localization of
ectopically expressed YFP-Galectin-3 fusion protein in IFN-
γ–primed, immortalized BMDMs (iBMDMs). As reported pre-
viously (7, 13), we observed that a sizeable percentage of WT
LCVs attracted Galectin-3 (Fig. 3A). We found that Galectin-3
failed to colocalize with vacuoles containing the ΔdotA mutant,
suggesting that the presence of the Dot/Icm T4SS apparatus
contributes to diminished LCV integrity.
The relative instability of WT LCVs compared with ΔdotA

vacuoles could result from the effects of vacuolar remodeling by
secreted effector proteins or the insertion of a bacterial secretion
system into LCV membranes. Distinguishing between these two
competing models is difficult, as L. pneumophila secretes hun-
dreds of effector proteins and an effectorless L. pneumophila
mutant strain is unavailable (35). We therefore pursued an al-
ternative approach by assessing the colocalization of Galectin-3
with vacuoles containing ΔEJK or ΔEJ mutant Y. pseudotuber-
culosis strains, which differ in their secretion and assembly of the
translocon complex (42). We observed a substantial increase in
Galectin-3–positive vacuoles containing the ΔEJK strain, which
secretes excess amounts of the pore-forming proteins YopB and
YopD. These results suggested that the insertion of translocon
proteins into YCV membranes is the underlying cause for vac-
uolar instability (Fig. 3B).
Galectin-3 and mGBP2 associated with LCVs or YCVs at

comparable frequencies (Figs. 2 and 3), suggesting that these two
proteins target the same subset of LCVs and YCVs. In support
of this hypothesis, we observed colocalization of mGBP2 and
YFP–Galectin-3 at LCVs (Fig. 4A) and at YCVs (Fig. 4B) in
IFN-γ–primed BMDMs. The majority of Galectin-3–decorated
LCVs and YCVs also stained positive for mGBP2 and vice versa
(Fig. 4 C and D). As expected, ΔdotA LCVs were devoid of
detectable Galectin-3/mGBP2 costaining, and only a small per-
centage of ΔEJ vacuoles were decorated with either host protein
(Fig. 4 C and D). Together, these data demonstrated that the
presence of the Legionella T4SS or hypersecretion of Yersinia
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T3SS translocon proteins promote the concomitant recruitment
of Galectin-3 and mGBP2 to PVs.

Mouse and Human GBPs Colocalize with Galectin-3 at Sterilely
Damaged Host Vesicles. Galectins bind to glycosylated proteins
residing extracellularly or on the luminal face of intracellular
vesicles. Ruptured vesicles expose glycosylated proteins to the
host cell cytosol and thereby recruit Galectins. Because mGBP2
and Galectin-3 colocalize at LCVs and YCVs (Fig. 4), we asked
whether mGBP2 and Galectin-3 could also be corecruited to
sterilely damaged vesicles. To test our hypothesis, we induced
damaged vesicles by hypotonic shock. As expected, cells exposed
to hypotonic shock conditions accumulated Galectin-3 puncta,
which is indicative of the formation of damaged vesicles (Fig. 5A
and Fig. S3). Similarly, we observed an accumulation of mGBP2
puncta in IFN-γ–primed BMDMs exposed to hypotonic shock
(Fig. 5A and Fig. S3) and found that approximately 20% of all
Galectin-3 puncta formed in these cells also stained positive for
mGBP2 (Fig. 5A). Next, we exposed mouse embryonic fibro-
blasts (MEFs) to calcium phosphate precipitates (CPPs) known
to cause endosomal damage and to recruit Galectin-3 (45). We
observed that more than half of all CPP-damaged, Galectin-
3–positive endosomes acquired mGBP2 in IFN-γ–primed MEFs
(Fig. 5B). As a third method to sterilely induce vesicular damage,
we exposed IFN-γ–primed BMDMs to the lysosomotropic
compound L-Leucyl-L-leucine methyl ester (LLOMe), which
disrupts lysosomal membranes (46). LLOMe treatment induced
the formation of Galectin-3–positive structures, of which ap-
proximately half also stained positive for mGBP2 (Fig. 5C).

Together, these data demonstrated that mGBP2 was recruited to
multiple types of damaged vesicles.
GBPs constitute relatively large protein families in rodents

and primates, with 11 murine and 7 human family members (16).
We next asked whether the ability of mGBP2 to detect damaged
vesicles was conserved in any of the human GBP orthologs. To
address this question, we individually expressed mCherry-
hGBP1-7 fusion proteins in human embryonic kidney (HEK)
293T cells that also expressed YFP–Galectin-3. We then induced
vesicular damage by CPP or LLOMe treatment and found that
hGBP1 colocalized with ∼60% of Galectin-3 puncta in CPP-
treated HEK 293T cells and 35% of Galectin-3 puncta in
LLOMe-treated HEK 293T cells (Fig. 5D). With the exception
of a few colocalization events between hGBP2 and Galectin-3,
we failed to detect recruitment of any of the other ectopically
expressed human GBP paralogs to damaged vesicles in 293T
cells (Fig. 5D). Collectively, these data showed that the targeting
of GBPs to damaged vesicles is conserved from mice to humans.

Galectin-3 and mGBP2 Form Protein Complexes. Because Galectin-3
and mGBP2 colocalized at damaged vesicles and at PVs, we
asked whether these proteins would also physically interact. To
address this question, we used GFP-Trap immunoprecipitations
(IPs) in IFN-γ–primed iBMDMs transduced with an YFP–
Galectin-3 expression construct. GFP-Trap beads efficiently im-
munoprecipitated YFP–Galectin-3 and coimmunoprecipitated
endogenous mGBP2 from LLOMe-treated iBMDMs, and, to a
lesser degree, from untreated iBMDMs (Fig. 6A). As expected,

WT
∆do

tA
0

5

10

15

20

25

A

∆EJK ∆EJ
0

5

10

15

B

0

100

200

300

0

100

200

300

Fl
uo

re
sc

en
ce

 in
te

ns
ity mGBP2

C

L.p. Gal3 mGBP2 Y.p. Gal3 mGBP2

***

***

D

Legionella pneumophila Yersinia pseudotuberculosis
Fl

uo
re

sc
en

ce
 in

te
ns

ity

Gal3
L.p.

mGBP2
Gal3
Y.p.

Gal3+mGBP2+Gal3+mGBP2+

mGBP2+mGBP2+

Gal3+ Gal3+

%
 C

ol
oc

al
iza

tio
n

%
 C

ol
oc

al
iza

tio
n

Fig. 4. Galectin-3 and mGBP2 colocalize at PVs. YFP-Gal3–expressing iBMDMs
were infected with dsRED+ WT L. pneumophila (L.p.) (A) or mCherry+ WT
Y. pseudotuberculosis (Y.p.) (B) and stained for endogenous mGBP2 at 2 hpi.
Representative colocalization analysis and line trace are shown. The percentage
of LCVs (C) or YCVs (D) staining positive for Galectin-3 only, mGBP2 only, or
dual-positive for Galectin-3 and mGBP2 are shown. A minimum of 100 infected
cells were quantified per condition and experiment. At least three independent
experiments were performed. Statistical analysis by two-tailed student’s t test
for double-positive bacteria is shown (***P < 0.005). (Magnification, 63×.)

A
Gal3 mGBP2 Merge

B

C

LL
O

M
e

C
PP

hGBP1

H
yp

ot
on

ic
S

ho
ck

Untre
ate

d
CPP

LLOMe
0

20

40

60

80

%
of

hG
B

P
+

G
al

3
Pu

nc
ta

hGBP1
hGBP2
hGBP3
hGBP4
hGBP5
hGBP6
hGBP7

D

Gal3

Gal3

Gal3

Gal3 mGBP2

mGBP2

hGBP1

Merge

Merge

Merge

Merge

C
PP

LL
O

M
e

0

1

2

3

4

5

G
al

3+
P

un
ct

a
/C

el
l

0.0

0.2

0.4

0.6

0.8

G
al

3+
P

un
ct

a
/C

el
l

0

5

10

15

G
al

3+
P

un
ct

a
/C

el
l

Gal3+mGBP2+

Gal3+

Gal3+mGBP2+

Gal3+

Gal3+mGBP2+

Gal3+

- +

- +

- +

HS

CPP

LLOMe

Fig. 5. Galectin-3 and GBPs colocalize at sterilely damaged vesicles. YFP-
Gal3–expressing iBMDMs were exposed to hypotonic shock, and the for-
mation of Gal3+ puncta and the frequency of their colocalization with
mGBP2 are shown (A). Endosomal damage in MEFs expressing YFP-Gal3 was
induced by CPP treatment, and the quantification of Gal3+ puncta and
colocalization with mGBP2 are shown by treatment (B). YFP-Gal3–expressing
iBMDMs were damaged with LLOMe, and the formation of Gal3+ puncta
and colocalization with mGBP2 were quantified (C). HEK 293T cells expressing
YFP-Gal3 and hGBP-mCherry fusion proteins were treated with CPP or LLOMe.
The percentages of YFP-Gal3 puncta colocalizing with individual hGBP
orthologs are shown (D). A minimum of100 damaged cells were quantified
per condition and experiment. HS, hypotonic shock. (Magnification, 63×.)

E1702 | www.pnas.org/cgi/doi/10.1073/pnas.1615771114 Feeley et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615771114/-/DCSupplemental/pnas.201615771SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615771114/-/DCSupplemental/pnas.201615771SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1615771114


GFP-Trap beads failed to coimmunoprecipitate endogenous
mGBP2 in untransduced control iBMDMs (Fig. 6A). As an
independent approach, we performed proximity ligation assays
(PLAs) in YFP-Galectin-3–expressing MEFs. Using antibodies
directed against YFP and mGBP2, we detected a significant
increase in PLA puncta in IFN-γ–primed cells treated with

CPP (Fig. 6B). Collectively, these data demonstrated that
Galectin-3 and mGBP2 form protein complexes in response to
vesicular damage.

Galectin-3 Promotes the Recruitment of mGBP2 and p62 to PVs. Be-
cause Galectin-3 and mGBP2 form protein complexes that lo-
calize to PVs, we asked whether Galectin-3 or other members of
the Galectin family could control the recruitment of mGBP2 to
PVs. To test this hypothesis, we first screened a set of YFP-
Galectin expression constructs for colocalization with LCVs. We
found that Galectin-8 and Galectin-9, in addition to Galectin-3,
associated with LCVs in iBMDMs (Fig. 7A). To determine
whether LCV-resident Galectins played a role in the delivery of
mGBP2 to LCVs, we interfered with the expression of individual
LCV-associated Galectins by using shRNAs. We observed a re-
duced percentage of mGBP2-positive LCVs in IFN-γ–primed
iBMDMs that expressed Galectin-3 shRNAs or, albeit to a lesser
extent, Galectin-8 shRNAs (Fig. 7B). To independently in-
terrogate the function of Galectin-3 in directing mGBP2 to PVs,
we monitored the subcellular localization of mGBP2 in BMDM
derived from Galectin-3–deficient (Gal3−/−) mice. As expected,
Gal3−/− and WT BMDMs expressed comparable levels mGBP2
protein under IFN-γ priming conditions (Fig. S4). Nonetheless,
recruitment of endogenous mGBP2 to LCVs (Fig. 7C) or YCVs
(Fig. 7D) was significantly reduced in IFN-γ–primed Gal3−/−

relative to WT BMDM. Ectopically expressed GFP-mGBP1 or
GFP-mGBP2 also displayed reduced colocalization with YCVs
in Gal3−/− iBMDM (Fig. 7E). Because Galectin-8–mediated
recruitment of NDP52 to SCVs is dependent on the recognition
of intravacuolar host glycans (10), we asked whether recruitment
of mGBP2 to PVs was regulated in a similar fashion. To answer
this question, we treated RAW 264.7 cells with the O-glycosyl-
ation inhibitor benzyl-GalNAc (BGN) before infection with
Y. pseudotuberculosis. We found that BGN treatment signifi-
cantly reduced the association of mGBP2 with ΔEJK (Fig. 7F)
or ΔHOJMEK vacuoles (Fig. S5), suggesting that Galectin-
3–mediated recruitment of mGBP2 to YCVs requires recogni-
tion of host glycans.
We next monitored the localization of the mGBP1-interacting

protein p62 to YCVs. We observed a decrease in the percentage
of p62-positive YCVs in GBP-deficient (GBPchr3−/−) and, to a
lesser degree, in Gal3−/− BMDMs (Fig. 7H). This decrease in
p62 recruitment correlated with a similar decrease in the number
of ubiquitin-decorated YCVs in GBPchr3−/− and Gal3−/−

BMDMs (Fig. 7I), indicating that GBPs recruit the ubiquitin-
binding protein p62 to PVs directly or, alternatively, indirectly
through the activation of a PV-targeted ubiquitination pathway.
Because the number of ubiquitin-positive YCVs was only partially
reduced in GBPchr3−/− BMDMs, we tested whether GBP-in-
dependent YCV ubiquitination pathways existed. We previously
demonstrated an essential role for the IRG proteins Irgm1 and
Irgm3 in the ubiquitination of C. trachomatis PVs in mouse cells
(21). Here, we found that the absence of Irgm1 and Irgm3 partially
reduced the number of ubiquitin-decorated YCVs (Fig. S6), sug-
gesting that IRGs and GBPs control parallel pathways of PV rec-
ognition and ubiquitination. In agreement with a model in which
IRGs and Galectin-3/GBPs control parallel, functionally redundant
pathways of YCV and LCV recognition, we found IFN-γ–primed
Gal3−/− BMDMs to restrict bacterial growth, similar to WT
BMDMs (Fig. S7). Together, our findings demonstrate that
Galectin-3 promotes the recruitment of mGBP2 to LCVs and
YCVs in a host glycan-dependent manner as part of a complex
network of PV recognition pathways.

Discussion
IFN-inducible GBPs provide cell-autonomous immunity to intra-
cellular pathogens residing within customized PVs. Although it has
been shown that GBPs translocate to PVs and kill PV-resident
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microbes, the mechanisms by which GBPs specifically identify
and bind to PVs are largely unknown (16). Here, we demonstrate
that vacuolar disruption mediated by bacterial secretion appa-
ratuses provides a pattern of pathogenesis, which prompts the
delivery of antimicrobial GBPs to PVs.
To combat infections with PV-resident pathogens, the host

must be able to discriminate between “nonself” PV membranes
and endomembranes. To do so, a subset of “membrane-survey-

ing” PRRs are predicted to detect patterns that are unique to PV
membranes (25). One such pattern is provided by the occasional
compromise of PV membrane integrity. Although pathogens
such as S. enterica and Mycobacterium tuberculosis are tradi-
tionally classified as vacuolar pathogens, a proportion of these
bacteria exits PVs and replicates inside the host cell cytosol (47,
48). The host cell can detect the breakdown of these PVs and
activate host resistance mechanisms (49). The rupture of Myco-
bacterium-containing vacuoles (MCVs) by the bacterial ESX-1
virulence system, for example, triggers the recruitment of the
host ubiquitin E3 ligase parkin to MCVs, leading to MCV
ubiquitination and subsequent targeting and degradation of
bacteria within autophagosomes (50).
Although active egress from PVs is occasionally executed by

vacuolar pathogens as a strategy to promote intracellular repli-
cation, loss of membrane integrity may also occur as an un-
intended consequence of PV manipulations by resident bacteria
(5). Previous studies have demonstrated that PV membrane
remodeling and manipulations of PV trafficking by secreted ef-
fector proteins can stabilize and destabilize PV membranes (7–
9). The present study shows that hypersecretion of Yersinia
YopB/YopD pore proteins is sufficient to recruit the vacuolar
damage sensor Galectin-3 to YCVs independent of the secretion
of bacterial effectors. Thus, our work suggests that the insertion
of bacterial translocation pores into PV membranes is in itself a
pattern of pathogenesis that can be detected by the innate im-
mune system. The tight control over the secretion of bacterial
pore complexes, as illustrated by the function of YopK in lim-
iting the translocation of YopB and YopD (40, 41), is therefore
likely designed as a microbial stealth strategy to avoid immune
detection (51, 52).
Loss of vacuolar integrity renders the luminal side of PVs ac-

cessible to the host cell cytosol. As a consequence of increased PV
membrane permeability, cytosolic Galectins bind to glycans con-
fined to the PV interior (11). The disintegration of PVs attracts
Galectin-3, -8, and -9, but only the functional consequences of
Galectin-8 recruitment to PVs was previously reported (10). Here,
we describe a function for Galectins in regulating the delivery of
GBPs to PVs. We demonstrate that Galectin-3 and mGBP2 form a
protein complex and that Galectin-3 facilitates the targeting of
mGBP2 to PVs. Galectin-8 appears to also promote the delivery of
mGBP2 to PVs, albeit less efficiently. Galectin-8–mediated delivery
of mGBP2 to YCVs or LCVs likely explains the rare occurrence of
mGBP2-positive but Galectin-3–negative PVs (Fig. 4). Similar to
previous observations (10), our data suggest that host cells detect
ruptured PVs as a result of the cytosolic exposure of intravacuolar
host glycans. We demonstrate that inhibition of host O-glycosylation
reduces the recruitment of mGBP2 to YCVs, but not in full.
Therefore, N-glycosylated host proteins or bacterial PAMPs as-
sociated with PV membranes could provide additional signals
that direct Galectins and GBPs to PVs.
Galectin-mediated recognition of PVs is not the only pathway

by which the host can deliver GBPs to PVs. We previously reported
that IFN-γ priming triggers the ubiquitination of Chlamydia and
Toxoplasma PVs and the ubiquitin-dependent recruitment of GBPs
to these PVs (21). The ubiquitination of Chlamydia and Toxoplasma
PVs and the subsequent recruitment of GBPs to PVs requires the
IFN-γ–inducible GTPases Irgm1 and Irgm3 (20, 21). In the current
study, we show that the association of GBPs with LCVs is in-
dependent of Irgm1 and Irgm3, demonstrating that GBPs can be
delivered to PVs by Irgm-dependent and -independent pathways. It
is currently unknown whether these two pathways mediate the
translocation of all or only subsets of GBPs to PVs, whether addi-
tional GBP targeting pathways exist, and if and how pathogens
interfere with Galectin-dependent attacks on PVs.
Finally, our study reveals an unexpected role for GBPs in

mobilizing ubiquitin to PVs. GBPs are dispensable for the
ubiquitination of Chlamydia or Toxoplasma PVs in mouse cells, a
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iBMDMs at 2 hpi (E). RAW 264.7 cells were treated with 2 mM BGN or DMSO
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ages of mGBP2+ YCVs were quantified at the indicated time points (F).
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process that instead requires Irgm1 and Irgm3 (21, 22). In hu-
man cells, on the contrary, ubiquitination of Chlamydia PVs is
hIRGM-independent (53). Here, we show that Irgm-dependent
and GBP-dependent pathways target ubiquitin to YCVs inside
IFN-γ–primed mouse macrophages. Whether these two pathways
are independent from one another or ultimately converge will need
to be examined in the future. The possibility of functional re-
dundancy between IRG- and GBP-mediated cell-autonomous im-
munity directed at PVs may explain why GBPchr3−/− and Gal3−/−

BMDMs restrict intracellular growth of L. pneumophila or
Y. pseudotuberculosis, similar to WT BMDMs (Fig. S7) (13). Al-
ternatively, Galectin-3– and GBP-dependent PV ubiquitination may
play regulatory roles, for example, in modulating cellular signaling
that is initiated at PVs. Although a detailed understanding of the
molecular and cellular activities of PV-resident GBPs remains
elusive, the present study provides a vastly improved understanding
of the mechanism by which GBPs identify and dock to PVs and
thereby substantially advances the emerging field of GBP biology.

Materials and Methods
Cell Culture, Virus Production, Transduction, and Ectopic Gene Expression.
BMDMs and MEFs were derived from the indicated mouse lines. WT (C57/
BL6J) and Gal3−/− (54) mice were purchased from Jackson Laboratories.
GBPchr3−/−, Irgm1−/−Irgm3−/−, LysM-Cre+Atg5flox/flox, LysM-Cre+Atg7flox/flox,
and LysM-Cre+Beclinflox/flox mice were previously described (14, 23, 55).
BMDMs were isolated from mouse femurs as described previously (13).
Briefly, mouse bone marrow cells were cultured in BMDM media [RPMI 1640 +
20% (vol/vol) FBS + 12% (vol/vol) macrophage colony stimulating factor-condi-
tioned media]. Immortalized iBMDMs were generated by culturing bone mar-
row cells in BMDM media and the presence of J2 virus as described previously
(13). iBMDMs were grown for at least five passages after final virus treatment
before experiments. MEFs were generated and cultured as described pre-
viously (28). Raw 264.7 and HEK 293T cells were obtained from the American
Tissue Culture Collection (ATCC) and cultured according to ATCC recom-
mendations. To deplete host glycans, Raw 264.7 cells were cultured for 3 d in
the presence of 2 mM BGN. At 12 h before infection, cells were plated on
poly-lysine–coated glass coverslips and primed with IFN-γ. Viral particles
were produced in HEK 293T cells, and transduction was performed as de-
scribed previously (20). At 48 h post transduction, cells were treated with
puromycin or Blasticidin S (Invivogen), as appropriate for selection. The
pLK0.1 lentiviral shRNA vectors TRCN0000301479, TRCN0000301480, and
TRCN0000301477 (Gal3); TRCN0000066415, TRCN0000066416, and
TRCN0000066417 (Gal8); and TRCN0000288518 and TRCN0000288440 (Gal9)
were used to interfere with gene expression. More information on the constructs
is available through the Broad Institute Web site (portals.broadinstitute.org/gpp/
public/clone/search). M6P plasmids were used to produce recombinant murine
leukemia virus (MLV) for the expression of YFP-tagged Galectin proteins in
mammalian cells, as described previously (10). For increased transduction effi-
ciency in iBMDMs, MLV particles were pseudotyped with vesicular stomatitis
virus G protein. GFP-Gbp1, GFP-Gbp2, and GFP-Gbp7 were cloned inmurine stem
cell virus (MSCV) expression vectors by using standard procedures. MSCV trans-
duction was performed as described previously (13). All seven human GBP
paralogs were cloned into the expression vector pmCherry-C1 (Clontech) to
generate fusion proteins with N-terminal mCherry tags. Constructs were trans-
fected into HEK 293 cells to monitor subcellular localization of individual hGBP
fusion proteins.

Bacterial Strains and Infections. All L. pneumophila experiments were con-
ducted by using a flagellin-deficient LP01 strain (ΔflaA) (26) (annotated as
WT) or a coisogenic ΔflaAΔdotA strain (annotated as ΔdotA). Bacteria were
grown in N-(2-Acetamido)-2-aminoethanesulfonic acid (ACES) buffered
yeast extract broth at 37 °C overnight to reach postexponential phase. In-
fections were performed by using bacteria harvested from broth culture at
an OD600 of 3.4–4. BMDMs were infected at a multiplicity of infection (MOI)
of 1. Wt and ΔdotA coinfection experiments were not conducted at 4 °C as
described previously (56), but at room temperature to render infections
asynchronous. Bioluminescent L. pneumophila strains and growth assays
were conducted as described previously (57). Luciferase readings were taken
by using a Perkin–Elmer EnSpire plate reader. Y. pseudotuberculosis infec-
tions were carried out as follows. Bacteria were grown in 2× yeast extract
tryptone broth overnight at 26 °C. Bacteria were then diluted into fresh
media and supplemented with 20 mM sodium oxalate and 20 mM MgCl2 for
1 h at 26 °C, followed by 2 h at 37 °C, before infection. Cells were infected

with an MOI of 1 (ΔEJ, ΔEJK) or 0.5 (ΔHOJMEK, ΔDHOJMEK ). Where in-
dicated, cells were primed with murine IFN-γ (Millipore) at 100 U/mL overnight
(12–16 h) before infection. All Y. pseudotuberculosis strains are coisogenic to
IP2666. The strains ΔEJ, ΔEJK, and ΔHOJMEK were previously described (51, 52).
To generate ΔDHOJMEK, an in-frame deletion in YopD was introduced in a
ΔHOJMEK background. Strains were transformed with the GFP expression
plasmid pFPV25.1 (Addgene) and mCherry expression plasmid pSS128, which
constitutively expresses mCherry (generated and provided by the laboratory of
Sunny Shin, University of Pennsylvania, Philadelphia).

Sterile Vesicle Damage. Endosomal damage by CPP was performed essentially
as described before (45). Briefly, cells were plated on poly-D-lysine–treated
coverslips. CPPs were prepared with equal volumes of CaCl2 (256 mM) and
buffer A (50 mM Hepes, 3 mM Na2HPO4, pH 7.05). CPPs were added drop-
wise to cells at 20% vol/vol and incubated for 4 h. Cells were fixed for 10 min
in 4% (vol/vol) paraformaldehyde (PFA) and processed according to the
standard immunofluorescence protocol. Hypotonic shock experiments were
performed as described previously (10). Briefly, cells were incubated for
10 min in a solution of 10% (vol/vol) PEG 1,000 and 0.5 M sucrose, followed by
two washes in PBS solution. They were then incubated in 60% (vol/vol) PBS
solution in water for 3 min and returned to BMDM media for 20 min. Cells
were then fixed for 10 min in 4% (wt/vol) PFA and processed for immuno-
fluorescence. Lysosomal damage was induced by incubating cells with the
lysosomotropic LLOMe at 1.5 mM for 2 h, except for the GFP-Trap experi-
ments, in which LLOMe was used at 0.5 mM for 1 h.

Immunocytochemistry, PLAs, and Data Analysis. Cells were seeded onto glass
coverslips in 24-well plates. Cells were treated as appropriate for the assay.
Cells were fixed in 4% (wt/vol) PFA for 10 min at room temperature. Cells
were then washed twice with PBS solution. For antibody staining, cells were
permeabilized with 0.1% Triton X-100 for 15 min, blocked in 1% BSA sup-
plemented with 0.3 M glycine for 30 min, and then incubated with primary
antibodies for 1 h at room temperature. Subsequently, cells were incubated
with secondary antibody at the appropriate dilution and treated with
Hoechst 33258 to counterstain nuclei. Coverslips were then mounted to glass
slides in a solution of Mowiol (Sigma) and 0.1% p-phenylenediamine (Sigma).
Images were acquired on a Carl Zeiss Axio Observer.Z1 microscope or a Zeiss
LSM 510 inverted confocal microscope. Colocalization and line trace analysis
was performed with Fiji software (ImageJ; National Institutes of Health). To
perform PLA, a Duolink In Situ Detection Kit (Sigma) was used following the
manufacturer’s recommended procedure for PLA probe dilutions and in-
cubation times, rolling circle amplification times, and polymerase concen-
trations. For dual recognition of GBP2 and Gal3-YFP, the experiments were
performed by using the anti-rabbit PLUS and anti-mouse MINUS secondary
probes. Fluorescence image acquisition was performed on a Carl Zeiss Axio
Observer.Z1 microscope or a Zeiss LSM 510 inverted confocal microscope. For
all experiments, quantifications were performed from at least 10 images.
High-resolution images from single scans were analyzed in Fiji to calculate
the number of PLA puncta. Images were first smoothed, and a threshold was
selected manually to discriminate PLA puncta from background fluorescence.
When it had been selected, this threshold was applied uniformly to all images
in the sample set. The built-in macro “Analyze Particles” was used to count
and characterize all objects within images. The following primary antibodies
and dilutions were used for immunofluorescence: rabbit polyclonal anti-Irgb10
at 1:1,000 (28), rabbit polyclonal anti-Irgb6 at 1:1,000 (19), rabbit polyclonal
anti-GBP2 at 1:1,000 (20), mouse anti-Ubiquitin (FK2; Enzo) at 1:500, and rabbit
anti-p62/SQSTM1 (MBL International) at 1:500. For PLA assays, mouse anti-GFP
at 1:1,000 (Clontech) and rabbit anti-GBP2 1:2,000 were used.

GFP-Trap IP and Immunoblotting. To perform GFP-Trap IP, 5 × 106 YFP-Gal3–
expressing iBMDMs or control iBMDMs were seeded in 10-cm untreated
tissue culture dishes and then primed with 100 U/mL IFN-γ overnight or left
unprimed. The following day, cells were treated with 0.5 mM LLOMe for 1 h.
Cells were collected mechanically and spun at 600 × g for 5 min, resus-
pended, and washed twice in 1 mL PBS solution. Cells were incubated with
2 mM of the membrane-permeable cross-linker DSP (Thermo Scientific) for
30 min at room temperature. To stop the reaction, cells were incubated with
20 μM Tris, pH 7.5, for 15 min. The co-IP assay was performed with Chro-
motek GFP-Trap beads per manufacturer guidelines with slight modifica-
tions. To remove the cross-linking solution, cells were washed twice in cold
PBS solution and lysed in 200 μL lysis buffer (10 mM Tris·HCl, pH 7.5, 150 mM
NaCl, 0.5 mM EDTA, 0.5% Nonidet P-40) for 30 min on ice with vigorous
pipetting every 10 min. The cell lysate was then spun at 20,000 × g for 10 min
at 4 °C, and the supernatant was collected and diluted with 300 μL 4 °C
dilution buffer (10 mM Tris·HCl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA); 25 μL
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was saved for lysate analysis. The diluted sample was mixed with washed
GFP-Trap beads and incubated with end-over-end tumbling for 2 h at 4 °C.
After incubation, 25 μL supernatant was saved for analysis (i.e., unbound),
and the beads were washed three times in cold dilution buffer. To collect
bead-bound proteins, the beads were resuspended in 50 μL 2× SDS sample
buffer [120 mM Tris·Cl, pH 6.8, 20% (vol/vol) glycerol, 4% (wt/vol) SDS,
0.04% bromophenol blue, 10% (vol/vol) β-mercaptoethanol, and 20 mM
DTT]. A total of 25 μL 2× SDS sample buffer was added to the 25 μL total
lysate and unbound samples. SDS/PAGE was performed with BioRad 4–20%
(wt/vol) precast Tris·glycine stain-free gels. Samples were run at 150 V for
45 min. Postelectrophoresis protein loading equivalency was checked by
using a UV imager. Subsequently, the gel was transferred to nitrocellulose
by using the BioRad semidry transfer apparatus. The transferred blot was
blocked with 1% BSA for 30 min. Primary antibodies rabbit anti-Gbp2
(1:1,000) and mouse anti-eGFP (1:1,000) diluted in 1% BSA were incubated
overnight at 4 °C. Blots were washed and incubated with secondary anti-

rabbit and anti-mouse HRP antibodies for 30 min at room temperature. The
membrane was activated with ECL (Perkin-Elmer/Western Lightning). Blots
were developed on the Odyssey imaging system (LI-COR Biosciences).

Statistical Analysis. Where designated, statistical significance was deter-
mined by using the unpaired Student’s t test or one- or two-way ANOVA
as appropriate.
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