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Summary

Membranes are an integral component of many cellu-
lar functions and serve as a barrier to keep pathogenic
bacteria from entering the nutrient-rich host cytosol.
TANK-binding-kinase-1 (TBK1), a kinase of the IkB
kinase family, is required for maintaining integrity of
pathogen-containing vacuoles (PCV) upon bacterial
invasion of host cells. Here we investigate how vacu-
olar integrity is maintained during bacterial infection,
even in the presence of bacterial membrane damaging
agents. We found that Aquaporin-1 (AQP1), a water
channel that regulates swelling of secretory vesicles,
associated with PCV. AQP1 levels were elevated in
TBK1-deficient cells, and overexpression of AQP1 in
wild-type cells led to PCV destabilization, similar to
that observed in tbk1-/- cells. Inhibition of physiologi-
cal levels of AQP1 in multiple cell types also led to
increased instability of PCV, demonstrating a need for
tightly regulated AQP1 function to maintain vacuole
homeostasis during bacterial infection. AQP1-
dependent modulation of PCV was triggered by bacte-
rially induced membrane damage and ion flux. These
results highlight the contribution of water channels to
promoting PCV membrane integrity, and reveal an
unexpected role for TBK1 and AQP1 in restricting
bacterial pathogens to the vacuolar compartment.

Introduction

Infection or invasion by bacterial pathogens results
in compartmentalization of the bacteria within pathogen-
containing vacuoles (PCV). Restriction of bacteria to
PCV can benefit host cells by limiting nutrients and
preventing collateral host damage by antimicrobial mecha-

nisms (Appelberg, 2006). However, many intracellular
pathogens have evolved mechanisms by which they can
survive and replicate within the vacuolar environment.
During infection, bacterial factors that mediate virulence,
including pore-forming proteins, can damage vacuolar
membranes (Aroian and van der Goot, 2007; Gonzalez
et al., 2008). Damage of cellular membranes may tempo-
rarily perturb homeostasis, defined as the physiological
regulation by which cells maintain internal equilibrium. The
mechanisms by which host cells modulate integrity of
subcellular compartments in response to bacterially
induced membrane damage are not completely under-
stood. Such homeostatic mechanisms likely include
resealing of pores and regulation of ion channels that
respond to compartment-specific changes in electro-
chemical gradients (King et al., 2004; Roy et al., 2004).

We previously reported that TANK-binding kinase-1
(TBK1) promotes bacterial compartmentalization within
PCV, restricting replication of some intracellular pathogens
(Radtke et al., 2007). Upon infection of TBK1-deficient
cells, PCV containing the Gram-negative pathogen Salmo-
nella enterica serovar Typhimurium (Salmonella) or the
Gram-positive group A streptococcus (GAS) ruptured,
releasing bacteria into the cytosol between 1 and 2 h post
infection (pi). In contrast, invading bacteria were largely
maintained in vacuoles in tbk1+/+ cells. Salmonella repli-
cated robustly after exit from a LAMP-1+ endosomal com-
partment into the cytosol of tbk1-/- cells, a phenomenon
that we term hyperproliferation, similar to the phenotype
observed for Salmonella mutants that escape into the
cytosol (Beuzon et al., 2000; Brumell et al., 2002).
Although a deficiency in TBK1 led to disruption of PCV in
infected cells, steady-state endocytosis remained intact,
as did vacuoles containing latex beads (Radtke et al.,
2007). Together, these observations led us to hypothesize
that the integrity of PCV is dynamically regulated by spe-
cific host cell factors, and that TBK1 contributes to vacuolar
homeostasis.

The function of TBK1 and other IkB kinase (IKK) family
members in innate immune signalling has been well
studied, however, these kinases also play key roles in
mammalian physiology (Hacker and Karin, 2006). Here
we show that cells deficient in TBK1 exhibit highly
elevated levels of the water channel, Aquaporin-1
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(AQP1), which modulates the integrity of PCV. Aquaporins
are channels that permit movement of water across mem-
branes to regulate osmotic homeostasis (King et al.,
2004). Despite the importance of host membranes as a
key host:pathogen interface, relatively little is known
about how aquaporins function in bacterial infection.
We found that AQP1 colocalized with PCV and promoted
PCV integrity in different cell types. Dysregulated AQP1
expression resulted in increased instability of the PCV in
response to bacterial membrane damaging agents and
ion flux. Our data suggest a model in which bacterially
induced membrane damage triggers electrochemical dis-
equilibrium across the PCV membrane, requiring water
and ion transport to minimize vacuole disruption. We
therefore propose that TBK1 and aquaporins can play a
role in host–bacterial interactions by regulating the
homeostatic response to vacuolar membrane damage
caused by bacterial pathogens.

Results

AQP1 expression is elevated in the absence of TBK1

The vacuolar membrane surrounding invading bacterial
pathogens loses integrity between 1 and 2 h pi in the
absence of TBK1 (Radtke et al., 2007). We performed live
cell imaging of infected tbk1+/+ and tbk1-/- mouse embry-
onic fibroblast (MEFs) to observe kinetic or physiological
differences in PCV. MEFS were infected with GAS in the
presence of a fluid phase fluorescent dye, Texas Red
(TR)-dextran (70 kDa), as an indicator of vacuolar integrity
(Fig. 1A and Movie S1). As early as 45 min pi, GAS in
tbk1-/- MEFs were found in vacuoles that appeared to
enlarge over time, compared with GAS in wild-type cells,
which were contained in tight vacuoles. The apparent
difference in vacuolar volume between tbk1-/- and tbk1+/+

MEFs was maintained until approximately 90 min pi, when
the fluorescent TR-dextran associated with GAS was
abruptly lost in the tbk1-/- MEFs. However, vacuoles
without bacteria retained the dye in tbk1-/- MEFs, suggest-
ing that loss of membrane integrity was specific to PCV.
Although GAS can secrete the pore-forming toxin, Strep-
tolysin O (SLO), TR-dextran remained associated with
GAS-containing vacuoles in tbk1+/+ cells throughout the
2.5 h infection. These data are consistent with previous
reports suggesting that intracellular GAS secrete lower
levels of SLO, preventing efficient vacuolar escape
(Hakansson et al., 2005). The larger volume of PCV in
tbk1-/- MEFs prior to vacuole rupture led us to hypothesize
that physiological mechanisms of vacuole volume regula-
tion, or homeostasis, might be dysregulated in TBK1-
deficient cells.

The study of cell and vesicle volume regulation has
revealed that homeostasis is maintained through the con-
certed action of ion channels and water transporters, such

as the aquaporins (Lang et al., 1998). Specifically, AQP1
regulates swelling of exocytic vesicles and is found on the
parasitophorous vacuole in Plasmodium falciparum infec-
tions (Cho et al., 2002; Murphy et al., 2004; Cho and
Jena, 2006). Quantitative analysis of aqp1 mRNA levels
and AQP1 protein expression in wild-type and tbk1-/-

MEFs, revealed substantially increased levels of AQP1 in
TBK1-deficient cells compared with wild-type cells
(Fig. 1B and C). In wild-type mouse tissues, AQP1 levels
were inversely proportional to the amount of TBK1, with
some tissues such as kidney, expressing low levels of
TBK1 and high levels of AQP1 (Fig. 1D). These data
suggested that tbk1+/+ and tbk1-/- MEFs might be utilized
as a model to explore how vacuolar homeostasis is regu-
lated during bacterial infection in different cell or tissue
types with varying levels of AQP1. Taken together with our
previous studies, these data indicate that TBK1 modu-
lates PCV integrity, and indirectly or directly leads to sup-
pression of aqp1 gene expression.

AQP1 is present on pathogen-containing vacuoles

If AQP1 participated locally to affect PCV homeostasis, the
protein should be present on vacuoles containing Salmo-
nella or GAS. We performed confocal immunofluores-
cence microscopy to determine the subcellular localization
of AQP1 in infected tbk1-/- cells (Fig. 2A). At 1 h pi, AQP1
exhibited marked localization around intracellular bacteria
(Salmonella 79.7% � 3.2%; GAS 85% � 3.6%), consis-
tent with the possibility that AQP1 functions at the PCV
membrane. We further investigated if AQP1 colocalized
with PCV in wild-type cells. As AQP1 levels could not
reliably be detected by immunofluorescence in tbk1+/+ cells
(Fig. S1), we utilized a mouse intestinal epithelial cell line,
m-ICc12 that has easily detectable AQP1 expression
(Fig. 2B). In m-ICc12 cells,AQP1 displayed marked colocal-
ization with Salmonella PCV (73% � 3.0%). GAS infected
m-ICc12 cells poorly; thus an example of AQP1 colocaliza-
tion with GAS is shown, but colocalization was not quanti-
fied. Previous studies have shown that AQP1 is present in
cholesterol-rich microdomains, sites where many bacterial
pathogens preferentially invade (Kobayashi et al., 2004).
Consistent with these reports, we found that cholesterol
depletion of tbk1-/-cells by methyl-b-cyclodextrin substan-
tially decreased AQP1 colocalization with intracellular bac-
teria (Fig. S2). We conclude from these data thatAQP1 can
be found associated with PCV during intracellular bacterial
infection.

Dysregulation of AQP1 expression or function
destabilizes PCV

We hypothesized that increased AQP1 in tbk1-/- MEFs
contributed to impaired water homeostasis between the
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PCV and the cytosol, causing vacuolar membrane
instability. If this were the case, perturbation of AQP1
levels or function would result in changes in vacuolar
membrane integrity. To test this hypothesis, we transiently
overexpressed AQP1 in MEFs, HeLa and m-ICc12 cells,
and infected cells with Salmonella to quantify loss of PCV
integrity by hyperproliferation, as this phenotype is asso-
ciated with PCV rupture (Radtke et al., 2007). AQP1 over-
expression increased the number of wild-type host cells

exhibiting hyperproliferation to a level similar to that
observed in tbk1-/- MEFs (Fig. 3A and B). Our results
suggest that increased expression of aqp1 in tbk1-/- cells
is largely responsible for instability of the PCV associated
with loss of TBK1. Thus, elevated levels of AQP1 impair
the ability of host cells to restrict bacteria to the vacuolar
compartment.

If AQP1 function contributes to vacuolar homeostasis in
wild-type cells infected with Salmonella, then inhibition of
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Fig. 1. AQP1 levels are elevated in the absence of TBK1.
A. Live cell imaging of tbk1+/+ and tbk1-/- MEFs infected with GAS at an moi of 25 for 30 min in medium containing 70 kDa TR-dextran to label
intact vacuoles. GAS is indicated by a white arrowhead; images are shown at 15 min intervals, labelled with time in minutes post infection
(mpi). A TR-dextran labelled vacuole with no bacterium is indicated by the white open arrowhead for comparison.
B. Fold change in aqp1 mRNA expression in MEFs quantified by qRT-PCR, setting the value for tbk1+/+ MEFs = 1 (n = 3; **P < 0.001).
Values for aqp1 mRNA were normalized to levels of actin mRNA.
C. Immunoblot analysis of 20 mg whole cells lysate from tbk1+/+ and tbk1-/- MEFs and probed with anti-TBK1 antibody, then stripped and
re-probed with anti-AQP1 antibody.
D. Immunoblot analysis of 50 mg of brain, liver, kidney and spleen tissue homogenate. The immunoblot was probed with anti-TBK1 antibody,
then stripped and re-probed with anti-AQP1 antibody.
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AQP1 would increase PCV instability, resulting in more
host cells exhibiting the hyperproliferation phenotype.
We first determined the relative levels of AQP1 in MEFs,
HeLa and m-ICc12 cells by immunoblot analysis using an
anti-AQP1 antibody (Fig. 4A, insert). Prior to infection with
Salmonella-GFP (green fluorescent protein), cells were
left untreated or treated with the AQP1 inhibitor mercuric
chloride (HgCl2), followed by quantification of bacterial
hyperproliferation (Figs 4A and S3; Yang et al., 2006).
Upon HgCl2 inhibition of AQP1 in wild-type MEFs, HeLa
and m-ICc12, we observed a significant increase in Salmo-
nella hyperproliferation. In contrast, HgCl2 treatment sup-
pressed the Salmonella hyperproliferative phenotype in
tbk1-/- MEFs. We interpret these data to suggest HgCl2
restores PCV integrity in tbk1-/- MEFs because AQP1
is overexpressed, but exacerbates hyperproliferation in

wild-type cells because AQP1 cannot function at all. HgCl2
is a commonly used AQP1 inhibitor, but can also inhibit
other aquaporins (Sugiya and Matsuki, 2006; Yang et al.,
2006). To test the specific role of AQP1 in modulating
PCV integrity, we performed siRNA knockdown of aqp1,
validating the efficiency of knockdown by immunoblot
(Fig. 4B, insert), and infected the treated cells with
Salmonella-GFP to score hyperproliferation. As AQP1
protein expression was low in wild-type MEFs, we vali-
dated aqp1 knockdown by qRT-PCR, and observed a
4.2-fold decrease in mRNA expression compared with
control-treated cells (data not shown). Wild-type infected
cells treated with aqp1 siRNA exhibited more hyper-
proliferation than control-treated cells, while infected
tbk1-/- MEFs subjected to aqp1 knockdown supported
less hyperproliferation, consistent with HgCl2 treatment
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Fig. 2. AQP1 colocalizes with pathogen-containing vacuoles. Confocal immunofluorescence microscopy of tbk1-/- MEFs (A) and m-ICc12 (B)
infected for 1 h pi with GAS (arrowheads) as observed by DAPI staining, or Salmonella-GFP, and stained with anti-AQP1 antibody, followed by
a rhodamine-conjugated secondary antibody. Percentages represent no. of bacteria/100 bacteria colocalized with AQP1 as quantified by
confocal imaging from three independent experiments (NQ = not quantified).
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Fig. 3. Dysregulated AQP1 expression allows bacterial escape into the host cytosol.
A. Merged confocal immunofluorescence images representative of MEFs transfected with mCherry-N1 (transfection control) and expression
vector or aqp1:pcDNA3, infected at an moi of 10 with Salmonella-GFP, and fixed at 8 h pi.
B. MEFs, HeLa and m-ICc12 cells transfected with aqp1:pcDNA3 or vector alone, infected with Salmonella-GFP at an moi of 10, and fixed at
8 h pi. Percentages represent no. of cells with > 10 Salmonella/100 infected + transfected cells from three independent experiments (*P < 0.05
and **P < 0.001).
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(Fig. 4B). These results suggest that tightly regulated
AQP1 expression and function are necessary to modulate
homeostasis and membrane stability of the PCV.

AQP1 controls membrane integrity in response to
bacterially induced membrane damage

We reasoned that AQP1 function could be stimulated by
perturbations to the PCV membrane, resulting in regu-
lated water flux to restore vacuolar integrity in wild-type
cells but dysregulated water flux in AQP1-overexpressing
cells leading to vacuole rupture. In support of this idea,
high levels of AQP1 in tbk1-/- cells destabilize PCV, but
uninfected vacuoles or bead-containing vacuoles remain
intact (Radtke et al., 2007). We therefore tested whether a
bacterial component triggered AQP1-dependent modula-
tion of vacuolar integrity, using destabilization of the PCV
in cells overexpressing AQP1 as a readout. Salmonella
and GAS can damage host membranes through the Type
III secretion system (TTSS) needle-like apparatus or SLO
respectively (Aroian and van der Goot, 2007). We first
confirmed that AQP1 was still able to colocalize with SLO-

GAS, or with SPI-1-Salmonella-GFP (Fig. 5A and B).
Colocalization was observed, but to a lesser degree than
with the wild-type parental bacteria, possibly due to
decreased association of the mutants with cholesterol-
rich microdomains (Garner et al., 2002; Rohde et al.,
2003). We then asked whether SLO- GAS could mediate
disruption of PCV in tbk1-/- MEFs, where AQP1 levels
are elevated. Wild-type and TBK1-deficient MEFs
were infected by GAS or SLO- GAS, and the number of
bacteria colocalized with LAMP-1 at 1 h pi was deter-

mined by confocal immunofluorescence microscopy.
Greater than 90% of the SLO- bacteria remained in
LAMP-1+ vacuoles throughout infection, compared with
approximately 50% localization with wild-type bacteria
at 4 h pi (Fig. 5C–E). We previously demonstrated that
SPI-1 deficient Salmonella did not escape from PCV in
either tbk1+/+ or tbk1-/- MEFs (Radtke et al., 2007). Thus,
AQP1-dependent modulation of the PCV is responsive to
bacterially induced membrane damage.

AQP1-dependent regulation of PCV homeostasis
involves ion flux

In models of cell volume homeostasis, potassium flux
alters the electrochemical gradient across the membrane
leading to increased transport of other ions, such as
Na+ or Cl- (Faundez and Hartzell, 2004). SLO and the
Salmonella SPI-1 TTSS mediate secretion of bacterial
effectors into the cytosol by creating pores in host
membranes, which can result in potassium flux
(Yamanaka et al., 1987; Madden et al., 2001; Galan and
Wolf-Watz, 2006). We therefore hypothesized that
temporally limited pore formation by bacterial factors
would cause potassium flux, altering the electrochemical
gradients across the vacuolar membrane and resulting
in water transport and ion flux to re-establish the gradient
(Fig. 6A; Kelly et al., 2005). We tested the role of potas-
sium flux in AQP1-dependent PCV modulation by treat-
ing cells with Kryptofix, a potassium chelator, and
tetraethylammonium (TEA), an inhibitor of AQP1 and
structurally related potassium channels (Fig. 6B; Yellen
et al., 1991; Beny and Schaad, 2000; Detmers et al.,
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Fig. 4. AQP1 enhances integrity of pathogen-containing vacuoles.
A. MEFs, HeLa and m-ICc12 cells untreated or treated with HgCl2, infected with Salmonella-GFP, and fixed at 8 h pi. Fixed cells were stained
with Texas Red-phalloidin and analysed by standard epifluorescence microscopy. Percentages reflect no. of cells with > 10 Salmonella/100
infected cells from three independent experiments (*P < 0.05 and **P < 0.001). Insert: Anti-AQP1 immunoblot of tbk1+/+ MEFs, HeLa, m-ICc12

and tbk1-/- MEF cells. Lysate from tbk1-/- MEFs was deliberately underloaded to allow visualization of AQP1 in wild-type cells. The blot was
re-probed with anti-actin antibody as a loading control.
B. MEF and HeLa cells transfected with control siRNA or aqp1 siRNA, infected with Salmonella, and fixed 8 h pi. Fixed cells were stained with
Texas Red-phalloidin and analysed by standard epifluorescence microscopy. Percentages represent no. of cells with >10 Salmonella/100
infected cells from three independent experiments (*P < 0.05 and **P < 0.001). Insert: Anti-AQP1 immunoblot of MEFs and HeLa cells treated
with control (con) or aqp1 (si) siRNA. Blots were re-probed with anti-actin antibody as a loading control.
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antibody and DAPI to visualize bacteria.
B. Tbk1-/- MEFs infected with wild-type Salmonella, Salmonella SPI-1- (co-infected with wild-type Salmonella to induce uptake of the
non-invasive mutant strain into independent vacuoles), wild-type GAS, or SLO- GAS, fixed 1 h pi, stained with anti-AQP1 antibody and DAPI
to visualize bacteria, and analysed by confocal microscopy. Percentages represent no. of bacteria colocalized with AQP1/100 bacteria from
three independent experiments (**P < 0.001).
C and D. Confocal immunofluorescence microscopy of MEFs infected with either wild-type GAS (C) or a GAS SLO- mutant (D) (white
arrowheads), fixed at 4 h pi and stained with anti-LAMP-1 antibody and DAPI to visualize bacteria.
E. MEFs treated as in (C) and (D); percentages represent no. of bacteria colocalized with LAMP-1/100 bacteria as analysed by confocal
microscopy from three independent experiments (**P < 0.001).

Fig. 6. Ion flux modulates AQP1-dependent vacuole homeostasis.
A. A model of AQP1 function in modulating vacuolar homeostasis to control membrane integrity during bacterial infection.
B. MEFs were left untreated or treated for 1 h with Kryptofix (potassium chelator), TEA (potassium channel inhibitor), or EGTA (calcium
chelator), infected with Salmonella-GFP, fixed at 8 h pi, stained with TR-Phalloidin and analysed by standard epifluorescence microscopy.
Percentages represent no. of cells with >10 Salmonella-GFP/100 cells at 8 h pi from three independent experiments (**P < 0.001).
C. Tbk1+/+ MEFs were transfected with expression vector alone or aqp1:pcDNA3 and treated with Kryptofix, TEA or EGTA for 1 h. Cells were
infected with Salmonella-GFP and fixed at 8 h pi. The percentages represent no. of transfected cells with >10 Salmonella/100 cells at 8 h pi
from three independent experiments (**P < 0.001).
D. MEFs were left untreated or treated for 1 h with the chloride channel inhibitors DPC (broad specificity inhibitor of inwardly rectifying Cl-

channels), IAA-94 (blocks Ca2+ activated Cl- channels) and tamoxifen (inhibitor of volume activated outwardly rectifying Cl- channels). Cells
were then infected with Salmonella-GFP in the presence of inhibitor, fixed 8 h pi, stained with TR-Phalloidin and analysed by standard
epifluorescence microscopy. Percentages represent no. of cells with >10 Salmonella-GFP/100 cells at 8 h pi from three independent
experiments (*P < 0.05 and **P < 0.001).
E. Tbk1+/+ MEFs were transfected with aqp1:pcDNA3 or vector alone, and left untreated or treated with DPC, IAA-94 or tamoxifen for 1 h.
Cells were then infected with Salmonella-GFP in the presence of inhibitor and fixed at 8 h pi. The percentages represent no. of transfected
cells with >10 Salmonella-GFP/100 cells at 8 h pi from three independent experiments (*P < 0.05 and **P < 0.001).
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2006). Both treatments decreased the number of tbk1-/-

cells exhibiting Salmonella hyperproliferation from 42.7%
in untreated cells to approximately 10% in the treated
cells, but did not affect extracellular bacterial growth
(data not shown). Ethylene glycol tetra-acetic acid
(EGTA), a chelator of extracellular calcium, had no effect
on hyperproliferation in tbk1-/- cells, indicating specificity
for potassium flux in triggering vacuole rupture. Pertur-

bation of vacuolar homeostasis by potassium flux
involved AQP1 but not other TBK1-dependent targets, as
TEA and Kryptofix also suppressed Salmonella hyper-
proliferation in AQP1-overexpressing tbk1+/+ MEFs from
60% in untreated cells to approximately 10% in Kryptofix-
treated cells (Fig. 6C). We interpret these data to
suggest that potassium flux due to pore formation in
vacuolar membranes can trigger AQP1 function.
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To determine if active ion transport plays a role in
regulating homeostasis of PCV, we treated Salmone-
lla-infected cells with inhibitors of different classes of
ion channels, DPC (blocks non-specific inwardly recti-
fying Cl- channels), IAA-94 (blocks Ca2+ activated Cl-

channels) and tamoxifen (blocks volume activated
outwardly rectifying Cl- channels) (Duan et al., 1997;
Cremaschi et al., 2001, Parai and Tabrizchi, 2002).
These inhibitors did not affect extracellular bacterial
growth (data not shown). Tamoxifen substantially
increased hyperproliferation in wild-type and tbk1-/-

MEFs, and in AQP1-overexpressing cells, indicating loss
of PCV integrity in the absence of regulated chloride
transport (Fig. 6D and E). These results lead us to
propose that AQP1 modulates stability of PCV in
response to changes in electrochemical gradients
across the vacuolar membrane, caused by bacterially
induced membrane damage.

Discussion

In this study, we show that AQP1 modulates membrane
integrity of PCV. During intracellular bacterial infection,
AQP1 could be found associated with PCV. Upon pertur-
bation of AQP1 by overexpression, inhibition or TBK1
deficiency, infected cells were unable to maintain the
homeostatic balance between the vacuolar environment
and the cytosol, eventually leading to membrane disrup-
tion upon bacterially induced membrane stress and
subsequent ion flux. Overall, our data suggest that regu-
lated AQP1 function enhances the ability of host cells to
keep invading pathogens in the restrictive vacuolar
compartment.

The function of aquaporins in cellular processes such
as water transport and cell migration has been well docu-
mented; however, the role of aquaporins during infection
is not well understood. Recently, several studies have
indicated that aquaporins may be an integral part of infec-
tion and pathology caused by some microbial pathogens.
The murine attaching/effacing bacterial pathogen, Citro-
bacter rodentium, causes mislocalization of aquaporins
that contribute to diarrhoeal-like disease in mice (Guttman
et al., 2007). Cryptosporidium parvum, a protozoan
parasite, recruits AQP1 and a Na+/glucose transporter to
facilitate invasion (Chen et al., 2005). AQP9, the major
glycerol transporter in mouse erythrocytes contributes to
Plasmodium berghei infection in a mouse model of
malaria (Liu et al., 2007). Altogether, these data and ours
suggest that regulation of aquaporin expression and func-
tion is a key aspect of host–pathogen interactions.

The physical properties of vacuoles are tightly regulated
to maintain vesicle volume and osmotic homeostasis
between the vacuole and the cytosol (Bone et al., 1998).
Aquaporins are thought to be important for control of

vacuolar homeostasis to neutralize osmotic and hydro-
static pressure gradients under conditions of stress or
appropriate physiological stimuli (Hill et al., 2004). AQP1 is
found on secretory granules in pancreatic acinar cells, and
regulates granule swelling and exocytosis in association
with chloride and potassium ion channels (Cho et al., 2002;
Kelly et al., 2005; Cho and Jena, 2006). By analogy, we
propose that during bacterial infection,AQP1 acts to equili-
brate electrochemical gradients created across the PCV
membrane caused by bacterial factors (Fig. 6A). In this
manner, infected cells maintain vacuolar volume and integ-
rity, restricting bacteria to the vacuolar compartment.Aqua-
porins, and host factors such as TBK1 that affect aquaporin
expression and function, may impact many aspects of
cellular physiology during microbial infection, from estab-
lishment of a microbial niche to more complex aspects of
disease such as intestinal inflammation and diarrhoea.

Experimental procedures

Reagents, plasmids and strains

Antibodies against specified antigens were obtained from the
following sources: LAMP-1 (1D4B; Santa Cruz Biotechnology),
TBK1 (IMG-139A; Imgenex), AQP1 (AB3065; Chemicon Inter-
national), TR-phalloidin (T-7471; Molecular Probes) and actin
(sc-1615; Sigma-Aldrich). 4′,6-diamidino-2 phenylindole dihy-
drochloride (DAPI) was purchased from BioChemika, and
70 000 mw fluorescent TR-dextran was purchased from
Invitrogen. Chemical reagents were obtained from Sigma-Aldrich
except where otherwise specified. Where indicated, MEFs were
pretreated with 10 mM HgCl2, 1.75 mM Kryptofix 2.2.2, 20 mM
TEA chloride, 0.5 mM EGTA, 25 mM R(+)-IAA-94, 15 mM tamox-
ifen (MP Biomedicals, LLC), and 0.75 mM N-phenylanthranilic
acid (DPC). All siRNA reagents were obtained from Ambion and
transfected using Lipofectamine 2000 (Invitrogen) as reported
(Radtke et al., 2007).

The AQP1 expression vector was constructed by amplifying
aqp1 cDNA from tbk1-/- MEF total RNA, which was subcloned
into pcDNA3 (Invitrogen) (aqp1:pcDNA3) (Table S1). pcDNA-
CMV-EGFP or mCherry-N1 were used as controls for transfec-
tion efficiency. Tbk1:pcDNA3 was constructed as previously
described (Radtke et al., 2007).

The Salmonella enterica serovar Typhimurium strains used
were wild-type SL1344, wild-type SL1344 expressing GFP, or an
SL1344 orgA::tet mutant expressing an rpsM promoter-driven
eGFP (Valdivia and Falkow, 1996). The GAS strains used were
wild-type GAS188 or GAS188SLO- (Sierig et al., 2003; Hakans-
son et al., 2005).

Cell culture and infections

Tbk1+/+ and tbk1-/- MEFs and HeLa cells (American Type Culture
Collection) were derived and cultured and infected as previously
described (Radtke et al., 2007). M-ICc12 cells were grown under
the conditions previously reported (Bens et al., 1996); m-ICc12

cells were infected similarly to MEFs at an moi of 10.
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Microscopy

Olympus BX60 Microscope with Epi-Fluorescence was used to
quantify the % cells with >10 Salmonella, as previously reported
(Radtke et al., 2007). Briefly, cells were infected with Salmonella
expressing GFP, fixed at 8 h pi, host cells stained with
TR-phalloidin, and the number of viable host cells (with normal
nuclear morphology as observed by DAPI staining) containing
>10 Salmonella-GFP per 100 infected cells was counted in at
least three independent experiments. Tbk1-/- MEFs displayed a
bimodal Salmonella population at 8 h pi; Salmonella-GFP growth
appeared either as in Fig. 3A or as in tbk1+/+ MEFs, and as
previously described (Radtke et al., 2007). All other immunofluo-
rescence images, analysis and quantification other then deter-
mining % cells with >10 Salmonella were analysed by confocal
microscopy, performed as previously reported (Radtke et al.,
2007). Colocalization of bacteria with AQP1 or LAMP-1 was
determined by fixing cells at indicated times, staining the cells
with anti-AQP1 antibody or anti-LAMP-1 antibody and DAPI, then
counting # bacteria colocalized with AQP1 or LAMP-1 per 100 in
three independent experiments. For transfection experiments,
only bacteria in cells expressing co-transfected eGFP or mCherry
expressing control plasmids were counted. Live cell imaging was
performed by infecting MEFs on 25 mm coverslip with medium
containing GAS and 5 mg ml-1 TR-dextran for 30 min. The cells
were washed once, followed by addition of Ringer’s Buffer with
100 mg ml-1 gentamicin to the live cell imaging chamber. Cells
were visualized on an Olympus IX70 inverted microscope;
frames were taken every 2 min. Movies were generated using
Metamorph Premier software (Universal Imaging Corporation).

Tissue homogenization

Liver, brain, kidney and spleen from a wild-type C57Bl/6 mouse
were placed in 5 ml of PBS and homogenized with a
7 mm ¥ 75 mm Generator and tissue homogenizer from Pro
Scientific. A fraction of the homogenate was added to 2¥ SDS-
PAGE buffer and analysed by SDS-PAGE followed by immuno-
blot with anti-AQP1 and anti-TBK1 antibodies.

Quantitative RT-PCR

Total RNA isolation, cDNA synthesis and qRT-PCR analysis were
performed as previously described (Radtke et al., 2007). The fold
change between samples was determined by the DDCt method
and normalized to actin levels (Pfaffl, 2001). The sequences of
the primers used are listed in Table S1.

Statistical analysis

Data sets in triplicate were analysed using Microsoft Excel and
SPSS software to calculate the Student’s unpaired t-test for
independent samples. P-values of < 0.05 (*) and < 0.001 (**)
were considered significant and highly significant respectively.
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Supporting Information

Fig. S1. Subcellular localization of AQP1 in uninfected cells.
Confocal immunofluorescence microscopy of uninfected tbk1+/+

MEFs, tbk1-/- MEFS and m-ICc12 stained with anti-AQP1
antibody.
Fig. S2. PCV can acquire AQP1 upon pathogen entry at choles-
terol rich microdomains (CRM).
A. Immunoblot analysis of non-detergent based isolation CRM
from tbk1+/+ and tbk1-/- MEFs. Numbers represent sequential
fractions taken from a discontinuous sucrose gradient containing
cell lysate; 1-top fraction, P-pellet. CRM located in fractions 1–3,
non-CRM fractions located in fractions 4–7 and the pellet con-
tains whole cells. The immunoblots were probed for AQP1,
caveolin-1; control for CRM localized proteins, and calnexin;
control for non-CRM protein localization. Tbk1-/- MEFs were
treated for 1 h with MBCD to deplete cholesterol and probed with
anti-AQP1 and anti-caveolin-1 antibody.
B. Confocal immunofluorescence microscopy of tbk1-/- MEFs
untreated or treated with MBCD for 1 h to deplete membrane
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cholesterol, washed and replaced with medium without FBS.
Cells were infected for 1 h p.i. with GAS (arrowheads) and
stained with anti-AQP1 antibody and DAPI to visualize bacteria.
C. Tbk-/- MEFs treated as in (B); percentages represent no. of
GAS that colocalized with AQP1/100 bacteria from three inde-
pendent experiments (**P < 0.001).
Fig. S3. Dysregulated AQP1 function leads to loss of PCV
integrity. MEFs, HeLa, HEK and RAW264.7 cells were left
untreated or treated with HgCl2 and infected with Salmonella and
fixed at 24 h p.i. Percentages reflect no. of cells with > 10
Salmonella/100 cells (n = 3); mean of triplicates � SD is shown.
The asterisks indicate P < 0.05 comparing treated to untreated
cells for each cell type. Insert: Immunoblot of AQP1 expression in
cells using anti-AQP1 antibody. Blots were loaded with ~3 times

more protein than in Fig. 1C to permit visualization of AQP1, and
re-probed with anti-actin antibody as a loading control.
Table S1. Primer sequences used in this study.
Movie S1. Live-cell imaging of tbk1-/- MEFs infected with GAS
(phase dark chains) for 30 min in medium containing 70 kDa
Texas Red-dextran to label intact vacuoles (red). Frames were
taken every 2 min for 2.

Additional Supporting Information may be found in the online
version of this article.
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