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Summary
Intracellular chloride channel protein 1 (CLIC1) is a 241 amino acid protein of the glutathione S transferase fold family with redox- and

pH-dependent membrane association and chloride ion channel activity. Whilst CLIC proteins are evolutionarily conserved in Metazoa,
indicating an important role, little is known about their biology. CLIC1 was first cloned on the basis of increased expression in activated
macrophages. We therefore examined its subcellular localisation in murine peritoneal macrophages by immunofluorescence confocal

microscopy. In resting cells, CLIC1 is observed in punctate cytoplasmic structures that do not colocalise with markers for endosomes or
secretory vesicles. However, when these macrophages phagocytose serum-opsonised zymosan, CLIC1 translocates onto the phagosomal
membrane. Macrophages from CLIC12/2 mice display a defect in phagosome acidification as determined by imaging live cells
phagocytosing zymosan tagged with the pH-sensitive fluorophore Oregon Green. This altered phagosomal acidification was not

accompanied by a detectable impairment in phagosomal-lysosomal fusion. However, consistent with a defect in acidification, CLIC12/2

macrophages also displayed impaired phagosomal proteolytic capacity and reduced reactive oxygen species production. Further,
CLIC12/2 mice were protected from development of serum transfer induced K/BxN arthritis. These data all point to an important role

for CLIC1 in regulating macrophage function through its ion channel activity and suggest it is a suitable target for the development of
anti-inflammatory drugs.
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Introduction
Chloride intracellular channel protein 1 (CLIC1), a member of

the highly evolutionarily conserved CLIC family of chloride ion

channel proteins, was first cloned because of its increased

expression in activated macrophages (Valenzuela et al., 1997).

Proteins of the CLIC family are small in size and exist in both

soluble cytoplasmic and integral membrane forms, with only a

single putative transmembrane region, all features that are

unusual for ion channel proteins (Warton et al., 2002). The

crystal structure of the soluble monomeric CLIC1 showed that it

belongs to the glutathione S-transferase (GST) fold family

(Harrop et al., 2001).

Despite these atypical features, the chloride ion channel

activity of several CLIC family members has been extensively

documented both in transfected cells and using purified

recombinant protein added to artificial lipid bilayers (reviewed

by Littler et al., 2010). The integral membrane form of CLIC1 is

oriented in the plasma membrane with the N-terminus on the

exterior and an inward cytoplasmic C-terminus (Tonini et al.,

2000). Additionally, the CLIC1 ion channel activity is increased

by both oxidative and acidic conditions (Warton et al., 2002;

Tulk et al., 2002).

Whilst there is still limited data on the biological role of CLICs,

their importance is indicated by their conservation across evolution

(Littler et al., 2010). In C. elegans, the deletion of one of the two

CLIC homologues (EXC-4) causes malformation of the excretory

canal suggesting a role in tubulogenesis (Berry et al., 2003). In a

somewhat similar process, CLIC42/2 mice display impaired

angiogenesis and the formation of collateral vessels (Chalothorn

et al., 2009; Ulmasov et al., 2009). In addition, CLIC42/2 mice are

protected from endotoxin lipopolysaccharide mortality with

reduced serum inflammatory cytokine levels (He et al., 2011).

The jitterbug mice, which carry a natural mutation in the clic5

gene, have impaired hearing and balance (Gagnon et al., 2006).

These mice also have proteinuria and are hyperphagic, but are

highly resistant to diet-induced obesity (Pierchala et al., 2010;

Bradford et al., 2010). Lastly, CLIC12/2 mice we have created are

phenotypically normal but have mild platelet dysfunction with
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prolonged bleeding time and decreased response to ADP, mediated

via the P2Y12 receptor (Qiu et al., 2010).

CLIC1 is highly expressed in macrophages, which are key
cells in innate and adaptive immunity. As such, they play crucial
roles in tissue homeostasis, wound repair and host defence. In

chronic inflammatory diseases, they are a major source of pro-
inflammatory molecules. Macrophages ingest pathogens, foreign
particulates, or apoptotic cells by phagocytosis to form

phagosomes. During the course of phagocytosis, phagosomes
mature progressively by fusion with acidic early and late
endosomes, as well as lysosomes, resulting in progressive

phagosomal acidification (Vieira et al., 2002; Russell et al.,
2009). The process of phagosome maturation is in part dependent
on Rho GTPases and the scaffold proteins ezrin-radixin-moesin
(ERM), both of which are regulators of the reorganisation of the

actin cytoskeleton (Erwig et al., 2006).

Whilst the phagosome’s acquisition of constituents from the
fusion with endosomes plays a key role in its acidification,

phagosomal membrane ion channels and transporters are also
important. The vacuolar-type H+-ATPase (v-ATPase) is a proton
pump distributed to various exocytic and endocytic vesicles and
is recruited to the phagosomes from lysosomes during

phagosomal maturation (Sun-Wada et al., 2009), where it plays
an important role in phagosomal acidification (Lukacs et al.,
1990), perhaps by providing a net positive charge of the

phagosomal lumen (Lamb et al., 2009). A voltage-gated proton
channel is also found on phagosomal membranes (Okochi et al.,
2009) and both v-ATPase and the proton channel are thought to

compensate the charge generated by the activation of NADPH
(nicotinamide adenine dinucleotide phosphate) oxidase (Rybicka
et al., 2011), during the respiratory burst.

NADPH oxidase is the reactive oxygen species (ROS)

generating oxidase activated during the respiratory burst in
response to pathogen invasion. In the resting state it is composed
of the integral membrane subunits gp91phox and p22phox and

the soluble, cytosolic subunits p67phox, p47phox, p40phox and
Rac2, a Rho GTPase. Upon activation the soluble subunits of the
NADPH oxidase complex are recruited to phagosomal

membranes where they bind gp91phox resulting in the transfer
of electrons across the wall of the phagocytic vacuole and the
generation of superoxide in the lumen (Segal and Shatwell,
1997). The passage of electrons across the membrane results in a

negatively charged lumen (Lamb et al., 2009), which is
compensated by the influx of protons via the v-ATPase and the
voltage-gated proton channel (Liu and Chu, 2006; DeCoursey,

2010).

Chloride ion channels and transporters are also important in
regulating the phagosomal environment through counter ion
regulation and charge compensation (Scott and Gruenberg,

2011). During phagosomal-endosomal acidification an influx of
Cl2 occurs through ion channels and transporters like members
of the ClC family (Lamb et al., 2009) and the cystic fibrosis

transmembrane-conductance regulator (CFTR; Di et al., 2006;
Deriy et al., 2009). For example, both early and late endosomes
from ClC-3 null hepatocytes display decreased acidification and

chloride ion concentration (Hara-Chikuma et al., 2005).
However, it is not clear exactly how the chloride ion channels
and transporters are regulated in relation to phagosomal

maturation. Whilst some (Di et al., 2006; Deriy et al., 2009)
have reported that deletion of CFTR in murine alveolar
macrophages, but not peritoneal macrophages, caused

substantial impairment of phagosomal acidification, others
(Haggie and Verkman, 2007; Barriere et al., 2009) found no
correlation between CFTR activity and phagosomal/lysosomal
acidification in either macrophages or epithelial cells. More

recently it was found that neither the deletion of CFTR nor ClC-7
from the RAW264.7 and J774 macrophages resulted in abnormal
lysosomal acidification (Steinberg et al., 2010).

Since CLIC1 is an intracellular chloride ion channel protein
highly expressed in macrophages, we sought to investigate its

role in macrophage phagosome function. In this study, we show
that in resting macrophages, CLIC1 is widely distributed in the
cytoplasm in a punctate pattern. Shortly after initiation of

phagocytosis CLIC1 appears on phagosomal membranes where it
can be seen along with ERM proteins, the Rho GTPases, Rac2
and RhoA, and NADPH oxidase components. Comparison
between macrophages from CLIC1+/+ and CLIC12/2 mice

show that CLIC12/2 macrophages have an elevated
phagosomal pH. We then demonstrate that several
consequences on phagosomal function from an elevated pH

include decreased phagosomal proteolytic activity and reduced
ROS production. Consistent with this, CLIC12/2 mice are
protected from the development of a macrophage-dependent

immune-complex mediated arthritis.

Results
Subcellular localisation of CLIC1 in peritoneal macrophage

To help decipher the role of CLIC1 in macrophage function, we
first employed immunofluorescence confocal microscopy to
determine its subcellular localisation. In the resting peritoneal

macrophage, CLIC1 staining was punctate and denser toward the
centre of the cells in the perinuclear region (Fig. 1). No staining
was present in CLIC12/2 cells (data not shown).

In order to try to determine whether the punctate CLIC1
staining was on early endosomes, we first examined the spatial

correlation between CLIC1 and EEA1 (Fig. 1A-D). Whilst both
are distributed throughout the cytoplasm and are at higher density
in the perinuclear area, CLIC1 and EEA1 do not co-localise as
can be seen in areas towards the periphery of the cell, where the

staining is not overly dense (Fig. 1C,D). Similarly CLIC1
staining does not colocalise with transferrin-positive endosomes
(Fig. 1E-H) or a number of other vesicular markers including

LBPA (late endosome), LAMP1 (lysosome), rab11 (recycling
endosome), calnexin (endoplasmic reticulum; ER), and PM130
(Golgi) (data not shown). These data indicate that in resting

macrophages, the punctate CLIC1 staining is not associated with
typical endosomes, lysosomes, ER or Golgi apparatus. However,
it is possible that the CLIC1-containing structures are vesicles

which lack typical endosomal markers. In addition, as CLIC1 has
no signal peptide it would be synthesised on cytoplasmic
ribosomes which also display a punctate staining pattern.

CLIC1 is present on phagosomal membranes

In order to determine whether CLIC1 translocates to phagosomal
membranes, we stained peritoneal macrophages 5 minutes
after they had undergone synchronised phagocytosis of serum-

opsonised zymosan (Fig. 2). The zymosan containing phagosomes
are clearly identifiable by their quasi-circular cross section and
well-defined void. As EEA1 is a known membrane protein, the

spatial correlation of CLIC1 and EEA1 indicates both proteins are
in or on the phagosomal membrane at this time point (Fig. 2A,B,
arrows). Consistent with an early point in phagosome maturation,

Journal of Cell Science 125 (22)5480
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at 5 minutes after phagocytosis, LAMP1 staining appears in

sections of some phagosomal membranes (Fig. 2E), but there is

minimal overlap with CLIC1 (Fig. 2F).

It should be noted that the morphology of the macrophages in

the Fig. 2 appears somewhat different compared to that in the

Fig. 1 is due to the difference in the focal plains for confocal

microscopy. Fig. 1 is of a resting macrophage and the imaging

focal plane is close to the glass slide where many distinguishable

‘punctate’ CLIC1 structures can be seen. Following addition of

opsonised zymosan, the cells become activated and change

shape. Further the zymosan particles are about 3-5 mm in

diameter which also define the size of phagosomes. Thus in

order to display the most representative view for phagosomes, the

focal plane is a few microns above the glass slide (Fig. 2).

Spatial correlation of CLIC1 with ERM, Rac2, and RhoA on
phagosomal membranes

Phagosome maturation requires significant cytoskeleton

reorganisation which is regulated by the scaffold proteins ERM,

and small GTPases such as Rac2 and RhoA which localise to the

phagosomal membrane during this process (Erwig, et al., 2006;

Marion, et al., 2011). We therefore next asked whether CLIC1 was

localised in proximity to these cytoskeletal or membrane proteins

that regulate phagosomal maturation (Fig. 3). At 5 minutes after

synchronised phagocytosis, CLIC1 can be seen on the phagosomal

membrane as well as ERM proteins (Fig. 3A-C), Rac2 (Fig. 3D-F)

and RhoA (Fig. 3G-I). Consistent with the cellular distribution of

ERM proteins, in addition to the phagosomal membrane, ERM

proteins are also seen along pseudopodia (Fig. 3B,C). These

markers are also examined on the CLIC12/2 macrophages after

5 min synchronised phagocytosis and their presence on

phagosomal membranes is not detectably altered (data not shown).

Fig. 2. CLIC1 is localised to the phagosome membrane. Confocal

fluorescence microscopy of peritoneal macrophages 5 min after phagocytosis

of serum-opsonised zymosan particles. Cells were stained with antibody to

CLIC1 (A,C,D,F, red), and the membrane markers EEA1 (B,C, green) or

LAMP1 (E,F, green). Scale bar: 5 mm.

Fig. 3. Spatial correlation of phagosome localised CLIC1 with ERM,

Rac2, and RhoA. Confocal fluorescent microscopy of peritoneal

macrophages, 5 min after phagocytosis of serum-opsonised zymosan

particles, were stained for CLIC1 (A,C,D,F,G,I, red) and either

ERM (B,C, green), Rac2 (E,F, green) or RhoA (H,I, green). Scale bar:

5 mm.

Fig. 1. Subcellular localisation of CLIC1 in resting

macrophage. Immunofluorescence confocal

microscopic images show a resting peritoneal

macrophage from CLIC1+/+ mice (A–D) stained with

the CLIC1 antibody (A,C,D, red) which does not

colocalise with EEA1 positive early endosomes

(B,C,D, green). The nuclei have been stained (blue)

using TO-Pro 3 (A–C). (E–H) The CLIC1 punctate

structure (E,G,H, red) does not colocalise with

transferrin positive endosomes (F,G,H, green). Scale

bar: 5 mm.

CLIC1 regulation of macrophage function 5481
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Spatial correlation of CLIC1 and NADPH oxidase
components on the phagosomal membranes

As shown above, on phagosomal membranes of activated

macrophages, CLIC1 colocalises with Rac2, a small GTPase,

which can form part of the NADPH oxidase complex (Fig. 3D-F).

NADPH oxidase is a phagocytic ROS generating enzyme complex

present on the macrophage phagosomal membrane. We next

examined the spatial relationship between CLIC1 and the other two

NADPH oxidase components in macrophages that had phagocytosed

serum-opsonised zymosan. As expected, both gp91phox (Fig. 4A-C),

the membrane integrated subunit, and p67phox, the soluble subunit

that forms a membrane-bound complex with gp91phox on activation

(Fig. 4D-F) are present on phagosomal membrane although CLIC1

and the integrated membrane gp91phox clearly had distinct

distribution patterns (C, arrow). The presence of NADPH oxidase

components on the phagosomal membrane of CLIC12/2

macrophages does not show detectable difference when compared

to CLIC1+/+ macrophages (data not shown).

Phagosomes from CLIC12/2 macrophages display
impaired acidification

The localisation of the CLIC1 chloride ion channel protein to

phagosomal membranes suggests that it may participate in the

regulation of phagosomal pH. We therefore monitored the

process of phagosomal acidification by live cell imaging of

peritoneal macrophages that had phagocytosed serum-opsonised

zymosan particles labelled with either FITC or Oregon Green

488. These two probes were used as FITC can effectively

differentiate pHs between 5.5 and 7.5 and Oregon Green between

3.5 and 5.5 (supplementary material Fig. S2).

Following synchronised phagocytosis, the phagosomes rapidly

acidified. Over the first 4 minutes, phagosomal pH dropped from near

neutral to below 5.5 in both CLIC1+/+ and CLIC12/2 macrophages

with no distinguishable difference between the two (Fig. 5A). From

4-7 min, the phagosomal pH dropped by ,0.5 pH units with the

acidification of CLIC12/2 cells clearly less than CLIC1+/+ cells for

time points beyond 6 min (Fig. 5A). In both CLIC1+/+ and CLIC12/2

macrophage phagosomes, the rate of acidification slowed from 8 min

onwards and reached a steady state at about 20-30 min at which point

the average phagosomal pH (Fig. 5B) of CLIC12/2 macrophages

(4.1360.02, n57 animals and .10 zymosan containing phagosomes

analysed per animal) was about 0.2 units higher than that of the

CLIC1+/+ (3.9260.03, n57 animals and .10 zymosan containing

phagosomes analysed per animal, P,0.001, unpaired two tailed t-

test). CLIC12/2 macrophages clearly exhibit an impaired capacity to

acidify phagosomes.

The CLIC1 ion channel blocker IAA94 raises the pH of
CLIC1+/+ phagosomes

IAA94 blocks the ion channel activity of CLIC1 and other CLIC

family ion channel proteins (Landry et al., 1989; Tulk et al.,

2000; Warton et al., 2002). IAA94 treatment of CLIC12/2

macrophages had no effect on phagosomal pH (4.1460.01, n53

animals and .10 zymosan containing phagosomes analysed per

animal, P50.79); but treatment of CLIC1+/+ macrophages

significantly raised their phagosomal pH from 3.9260.03 to

pH 4.1760.05 (n54 animals and .10 zymosan containing

phagosomes analysed per animal, P,0.001 unpaired two tailed

t-test) (Fig. 5B). The latter was not significantly different to that

of CLIC12/2 macrophages. This provides further support for the

role of CLIC1 on phagosomal acidification. The fact that IAA94

did not further impair phagosomal acidification in CLIC12/2

macrophages, as it did in CLIC1+/+ macrophages indicates the

effect is CLIC1 specific and does not involve the compensatory

contribution of other CLICs. Further it also indicates that IAA94

does not have any off-target effects in this system.

Deficient ROS production does not alter macrophage
phagosomal pH

As CLIC1 chloride channel activity may be influenced by redox,

we wished to determine whether CLIC1 dependent phagosomal

acidification is also dependent on NADPH oxidase activity. We

therefore examined the phagosomal pH of macrophages from

gp91phox2/2 mice which lack NADPH oxidase activity. Using

live cell imaging as above, we found the deletion of gp91phox

does not alter the kinetics of the acidification curve (data not

shown) nor the steady state phagosomal pH (3.9160.01; n53

animals and .10 zymosan containing phagosomes analysed per

animal, P50.96) (Fig. 5B). This is consistent with previously

published data (Rybicka et al., 2010) and indicates that activation

of the NADPH oxidase complex and consequent ROS production

does not influence macrophage phagosomal pH.

Fig. 4. Spatial correlation of CLIC1 with NOX2 components.

Confocal fluorescent microscopy of peritoneal macrophages

5 min after phagocytosis of serum-opsonised zymosan particles

were stained for CLIC1 (A,C,D,F, red) and either gp91phox

(B,C, green) or p67phox (E,F, green). CLIC1 and both gp91phox

and p67phox appear on the phagosomal membrane although

CLIC1 and gp91phox have different distribution patterns

(arrows, A–C). Scale bar: 5 mm.

Journal of Cell Science 125 (22)5482
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Deficient CLIC12/2 phagosomal acidification is not due to

a decrease in phagosomal-lysosomal fusion

Time-dependent fusion between lysosomes and the maturing

phagosome is an important mechanism mediating phagosomal

acidification. Since we have observed that CLIC12/2

macrophages displayed a decreased capacity to acidify their

phagosomal lumen, we wanted to know whether this change may

be caused by or have an impact on the rates or extents of

phagosomal-lysosomal fusion. To this end we performed a real-

time assay that utilises the Förster resonance energy transfer

(FRET) principle to measure the signal between an acceptor

fluorophore that has been chased into lysosomes and a donor

fluorophore restricted to an IgG-opsonised bead (Yates et al.,

2005; Yates and Russell, 2008). The FRET fusion profiles

generated in CLIC1+/+ and CLIC12/2 macrophages (Fig. 6)

demonstrate that the absence of CLIC1 does not influence the

phagosomal-lysosomal fusion process in macrophages.

Small pH differences modulate in vitro proteolysis

Whilst CLIC12/2 mice have a clear defect in macrophage

phagosomal acidification, the pH difference between CLIC12/2

and CLIC1+/+ mice is small, raising the question as to whether this

pH difference is sufficient to alter phagosomal functions. In order

to determine if alteration in phagosome pH, of as little as 0.2 units,

will result in significant alteration of protein degradation, we first

used an in vitro model of phagosome proteolysis using BSA in

buffers that mimic the acidic phagosomal conditions. Isolated

microsomes from the murine brain macrophage (microglial) cell

line BV2, were incubated with BSA at a range of different pH

values between 4.0 and 4.6. SDS-PAGE with Coomassie Blue

staining was used to monitor the degradation patterns of BSA.

Each increment of 0.2 units substantially altered the pattern of

BSA proteolysis (Fig. 7A). Thus, over the pH range in question,

pH differences as small as 0.2 pH units are able to alter the rate and

pattern of protein degradation by acidic proteases associated with

microglial microsomes.

CLIC12/2 macrophages display impaired phagosomal
proteolysis

To directly examine whether reduced phagosomal acidification in

CLIC12/2 macrophages alters phagosomal proteolysis, we used

live cell imaging to monitor cells that had engulfed 3 mm silica

Fig. 5. Phagosomal acidification. Intraphagosomal pH of peritoneal

macrophages that had undergone synchronised phagocytosis of serum-

opsonised zymosan particles covalently coupled with the pH-sensitive

fluorescence probe Oregon Green, were monitored by live cell imaging on an

inverted Zeiss Axiovert 200 M microscope with excitation at 490 nm and

emission at 525 nm. Zymosan containing macrophage phagosomes from 7

pairs of CLIC1+/+ and CLIC12/2 mice were followed in real time and the pH

calculated at 60 second intervals (A). The steady state pH, calculated as the

average pH between 20 and 30 minutes after synchronised phagocytosis, is

displayed for CLIC1+/+ and CLIC12/2 macrophage phagosomes, with or

without the CLIC ion channel blocker IAA94 (B). Steady state phagosomal pH

from peritoneal macrophages from gp91phox2/2 mice is also displayed (B).

Fig. 6. Phagosomal-lysosomal fusion. Absence of CLIC1 channel does not

affect phagosomal-lysosomal fusion in macrophages. Phagosomal-lysosomal

fusion was measured by recording FRET efficiency between a particle-bound

donor fluorophore Alexa Fluor 488 (excitation 485 nm; emmision 520 nm) and

a fluid-phase lysosomal acceptor fluorophore Alexa Fluor 594 hydrazide

(excitation 485 nm; emmision 620 nm) relative to the donor fluorescence.

Relative fluorescent units (RFU) indicate the concentration of lysosomal

constituents within the phagosome at any given point in time. Error bars denote

SEM. No statistically significant differences were found between samples using

Student’s t-test. The data are representative of six independent experiments.

(A) Representative real-time trace. (B) Average rate of the FRET efficiency

acquisition over six independent experiments. Rates were determined by

calculation of the slope of the linear portion of the real-time traces (as described

by y5mx+c, where y is relative fluorescence, m is the slope and x is time).

CLIC1 regulation of macrophage function 5483
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beads. These beads were coupled to Alexa Fluor 594 as a

reference dye and DQ bodipy BSA, which becomes more

fluorescent as its self-quenching is reduced by BSA proteolysis

(Seetoo et al., 1997). Isolated peritoneal macrophages from 3

pairs of CLIC1+/+ and CLIC12/2 mice, underwent synchronised

phagocytosis of the labelled beads which were then monitored by

live cell imaging. Change in fluorescence was recorded for

60 min and BSA proteolysis was determined by the gain in

fluorescence intensity (Fig. 7B). Proteolysis of BSA was

calculated as the area under curve generated by data from at

least 30 bead containing phagosomes per animal (Fig. 7C). For

CLIC1+/+ macrophages this was 71.962.8 U, which was

significantly more than for CLIC12/2 cells (49.464.1 U, n53,

P,0.01). As fluorescence increase is correlated to BSA

degradation, this clearly indicates that CLIC12/2 macrophages

have much less efficient phagosomal proteolytic capacity.

CLIC12/2 macrophages have attenuated ROS production

The data above clearly depicts macrophage dysfunction in

CLIC12/2 mice, which correlates with impaired acidification

during phagosomal maturation. Another pH sensitive phagosomal

function is NADPH oxidase mediated ROS production. We

monitored ROS production using real time measurement of HRP-

enhanced luminol chemiluminescence in 96 well plates containing

,50,000 isolated CLIC12/2 or CLIC1+/+ peritoneal macrophages

per well. The cells in the reaction mix were first monitored for the

background chemiluminescence for 10 min before addition of

serum-opsonised zymosan (50 mg/ml) and the gain in

chemiluminescence intensity with the production of ROS were

recorded over the next 60 min (Fig. 8A). Calculated as the area

under the curve, CLIC12/2 produced about 30% less ROS

(85.765.26103 U, n55) than CLIC1+/+ cells (123.7610.76103 U,

n55, P50.0127) (Fig. 7B). Further, the CLIC ion channel blocker

IAA94 reduced the ROS production from CLIC1+/+ macrophage so

that it was not significantly different to that of CLIC12/2

macrophage (67.565.66103 U, n55, for CLIC1+/+; and

60.867.66103 U, n55, for CLIC12/2; P50.498). As expected,

the NADPH oxidase inhibitor DPI abolished the ROS production

Fig. 7. CLIC12/2 macrophages display a reduced proteolysis. BSA

(100 mg) was incubated with isolated microsomes (20 ml) from BV2 cells for

30 min at 37 C̊ in a buffer with pH calibrated to either 4, 4.2, 4.4 or 4.6,

respectively. The BSA degradation pattern was demonstrated by SDS-PAGE

and Coomassie Blue staining of the whole gel (A). Phagosomal proteolysis of

BSA was monitored in real time by live cell imaging of individual

phagosomes from peritoneal macrophages that had undergone synchronised

phagocytosis of 3 mm silica beads covalently coupled with DQ-bodipy BSA

and Alexa Fluor-594 on an inverted Zeiss Axiovert 200 M microscope.

Fluorescence signals were acquired from both the DQ-bodipy BSA (excitation

490 nm, emission 525 nm) and Alexa Fluor 594 (excitation 570 nm, emission

620 nm) and used for ratiometric calculation of proteolysis, which appears as

an increase in fluorescence (B). The total BSA proteolysis measured as the

area under the curve is significantly lower in CLIC12/2 macrophages than

that of CLIC1+/+ (C).

Fig. 8. Reactive oxygen species production. ROS production from

peritoneal macrophages from five pairs of CLIC1+/+ and CLIC12/2 mice

initiated by phagocytosis of serum-opsonised zymosan particles, measured by

horse radish peroxidase enhanced luminol chemiluminescence, was

monitored in real time on a FLUOstar OPTIMA microplate reader. At the

conclusion of the experiment, cell number determination was performed on

each well of the 96 well plate to normalise the chemiluminescence signal

(A). The total ROS production measured as the area under the curve is

significantly lower in CLIC12/2 macrophages than that of CLIC1+/+ (B). The

chloride channel blocker IAA94 eliminated any significant difference in ROS

production between CLIC1+/+ and CLIC12/2 macrophages treated as in A.

The NADPH oxidase inhibitor DPI, abolished the ROS production from

CLIC1+/+ and CLIC12/2 macrophages (B).
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from both CLIC1+/+ and CLIC12/2 (Fig. 8B). This data further

supports the presence of broad based alteration of in vitro function of

peritoneal macrophages from CLIC12/2 mice.

CLIC12/2 mice are protected from K/BxN arthritis

As phagosomal proteases and ROS are important mediators of

tissue injury in acute and chronic inflammatory responses, we

examined the effect of CLIC1 gene deletion on the K/BxN serum

transfer model of arthritis (Ditzel, 2004), which is macrophage

dependent (Solomon et al., 2005). Following a single

intraperitoneal injection of K/BxN serum CLIC1+/+ mice almost

immediately developed an inflammatory arthritis which reached

maximum on day 14 with an average of swelling index of

11762.6% (n56) (Fig. 9). The swelling then started to resolve and

almost reduce to the baseline level on day 28 when the study was

terminated. The CLIC12/2 mice, on the other hand, were protected

from the arthritis with minimal if any swelling throughout the

entire course of observation with a swelling index of 10462.3% on

day 14 (n56, P,0.01, unpaired two tailed t-test).

Discussion
In this study, we demonstrate that in resting macrophages, CLIC1

is localised to unidentified punctate cytoplasmic structures

(Fig. 1) and after ingestion of serum-opsonised zymosan, it

moves to the phagosomal membrane (Fig. 2). At least one role of

phagosome localised CLIC1 is to help acidify the phagosome as

CLIC12/2 macrophages consistently display a phagosomal pH

that is 0.2 units higher than CLIC1+/+ cells (Fig. 5). To start to

explore the mechanisms underlying CLIC1 effect in phagosomal

acidification, we first examined whether the CLIC1 chloride

channel activity is responsible by using the chloride channel

blocker IAA94. The blockade of CLIC1 by IAA94 eliminated

any significant pH difference between CLIC12/2 and CLIC1+/+

macrophage phagosomes (Fig. 5). IAA94 is a small and highly

hydrophobic molecule that binds CLIC proteins with high affinity

(Landry et al., 1989). Whilst its mechanism of action is not well

characterised limited data indicates that IAA94 binds to the ion

channel pore of CLIC family proteins (Singh et al., 1991). The

simplest interpretation of these results is that the abrogation of

the CLIC1 ion channel activity is responsible for the reduced

phagosome acidification in macrophages from CLIC12/2 mice.

As IAA94 acts on all CLIC proteins and did not further reduce
pH in CLIC12/2 mice, it is unlikely that other CLICs are

involved in this process.

Apart from ion regulation, an alternative mechanism for
phagosomal acidification lies in phagosome maturation resulting

from step-wise fusion between phagosomes and endosomes/
lysosomes. For this reason we have examined whether CLIC1
participates in phagosomal-lysosomal fusion using a sensitive

FRET based assay (Fig. 6). Our findings clearly indicate that
CLIC1 does not modulate fusion between the phagosome and
lysosomes. Therefore, phagosomal acidification by CLIC1 is

likely to be mediated by its chloride ion channel activity rather
than by altering phagosomal-lysosomal fusion.

There are several unanswered questions about the role of

CLIC1 in phagosomes. Firstly, it is unclear how CLIC1 is
incorporated into the phagosomal membrane. Our data (Fig. 1)
show that CLIC1 normally resides in the ‘punctate’ intracellular

structures but not typical early or late endosomes. This may be
consistent with the fact that CLIC1 is transcribed from RNA
lacking a leader sequence for membrane insertion, and therefore
does not follow conventional secretory pathway through rough

ER and Golgi apparatus (Valenzuela et al., 1997). However, it is
yet to be determined whether CLIC1 is incorporated into the
endosomal membrane before its subsequent presence in the

phagosomal membrane, or CLIC1 inserts into the phagosomal
membrane directly from cytosolic CLIC1, and whether the
CLIC1 membrane incorporation requires synergistic actions of

other proteins, e.g. small GTPases, or ERM proteins.

Irrespective of the mechanism by which CLIC1 modulates
phagosomal pH, impaired phagosome acidification is capable of

causing profound alterations on macrophage function. A change
of 0.2 pH units substantially impairs protein degradation (Fig. 7)
and ROS generation (Fig. 8), but may also modulate other

phagosomal functions, such as the killing and degradation of
engulfed microorganisms, antigen processing and presentation to
T lymphocytes and the course of chronic inflammatory processes.
Consistent with these in vitro actions, we have demonstrated that

the CLIC12/2 mice are protected from developing chronic joint
inflammation in the K/BxN model of immune complex arthritis
(Fig. 9).

K/BxN serum transfer arthritis is initiated by passive transfer
of serum containing anti-glucose-6-phosphate isomerase
autoantibody. This antibody forms immune complexes in mouse

joints, which are endocytosed to initiate an inflammatory response.
Because of the mechanism of initiation, this form of arthritis is
dependent on the innate immune and inflammatory responses and

is largely independent of adaptive immunity. Thus key to the
pathogenesis of this arthritis are leukocytes like neutrophils, mast
cells and macrophages and their major pro-inflammatory products

such as IL-1b and TNFa (Kannan et al., 2005). Directly relevant to
this paper, mice depleted of macrophages were completely
resistant to the K/BxN arthritis (Solomon et al., 2005). Thus

whilst the precise mechanism by which CLIC1 deletion protects
mice from K/BxN inflammatory arthritis is unclear, the fact that
CLIC1 acts on a key macrophage pathways suggests this is likely
to be directly or at least in part responsible. Further, the fact that

consistent effects occur in vivo adds significantly to the weight of
the in vitro observations.

In conclusion, our data provides strong evidence that CLIC1
is localised to phagosomal membranes where it regulates
phagosomal acidification and consequently, other phagosomal

Fig. 9. CLIC12/2 mice are protected from K/BxN serum transfer

arthritis. CLIC12/2 and sex matched CLIC1+/+ mice aged 8-12 weeks, were

injected intraperitoneally with a single dose of 300 ml K/BxN serum. The

development of arthritis was assessed using a swelling index generated from

the thickness of footpads and ankles measured over 28 days using a calliper

before the injection (baseline) and then once every other day. The swelling

index is calculated as: (thickness/baseline)6100.
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functions such as proteolysis and ROS production. These in vitro

changes are reflected in vivo in CLIC12/2 mice which are
protected from at least one animal model of a chronic

inflammatory disease. CLIC1 may thus be a useful target for
the development of therapy for this important group of diseases.

Materials and Methods
Chemicals and antibodies

All the chemicals are from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise
stated. The affinity purified rabbit polyclonal antibodies to EEA1, ERM, RhoA,
Rac2 are from Abcam (Cambridge, England); the purified rat monoclonal anti-
LAMP1 is from BD Biosciences (Franklin Lakes, NJ, USA); anti-gp91phox is
from Santa Cruz Biotechnology (Santa Cruz, CA, USA); and rabbit polyclonal
antiserum to p67phox is a gift from Professor Segal (University College London).
Transferrin-FITC is from Auspep (West Melbourne, VIC, Australia). ToPro-3 is
from Molecular Probes (Eugene, OR, USA). All the secondary antibodies are made
in donkey and are affinity purified and cross species adsorbed (Jackson
ImmunoResearch Labs, West Grove, PA, USA).

Animals

All animal work was approved by the Garvan/St Vincent’s Hospital animal ethics
committee. The germline gene deleted CLIC12/2 mice are on a 129X1/SVJ
background and have been previously described (Qiu et al., 2010). In all instances,
syngeneic 129X1/SVJ mice or cells derived from them were used as CLIC1+/+

control. Gp91phox knock out mice (Dinauer et al., 1997) were kindly provided by
Professor Chris Sobey of Monash University, Melbourne, Australia.

Primary murine resident peritoneal cell isolation and macrophage
enrichment

Primary murine resident peritoneal cells were harvested using peritoneal lavage
(Zhang et al., 2008). RPMI-1640 medium (6 ml) supplemented with FBS (10%),
glutamine (2 mM) and 100 U/ml penicillin 100 mg/ml streptomycin was injected
into the peritoneal cavity and routinely 5 ml of the medium containing cells was
retrieved. The extracted cells were depleted of red blood cells using red blood cell
lysis buffer containing 8.3 g/l ammonium chloride in 10 mM Tris-HCl, pH 7.5 and
washed by centrifugation. The viable cell number was determined by Trypan Blue
exclusion using a Countess Cell Counter (Invitrogen, Grand Island, NY, USA).

The cells harvested were resuspended in the above culture medium then seeded
into either 8-well chamber slides (BD Biosciences, Franklin Lakes, NJ, USA) for
immunofluorescence microscopy, or in 96 well white walled and clear bottomed
plates (Nunc, Rochester, NY, USA) for ROS assay, or onto a Ø42 mm glass
coverslip housed in a Petri dish (BD, Franklin Lakes, NJ, USA) for live cell
imaging. The peritoneal cells were allowed to adhere for 48 hours after which they
were washed three times with culture medium to remove non-adherent cells and to
leave the enriched peritoneal macrophages for experimentation.

Opsonisation of zymosan particles

Saccharomyces cerevisiae zymosan A particles were dissolved in PBS and boiled
for 30 min before washing and resuspending in PBS (1 mg/ml) for storage at room
temperature before use. For opsonisation, the particles were first dispersed by
sonication to form a uniform single particle suspension and pelleted by
centrifugation, then incubated for 30 min at 37 C̊ in the serum, which was
previously collected and stored in aliquots at 270 C̊. The opsonised particles were
then washed and resuspended in PBS before use.

Synchronised phagocytosis

The cell-containing 8 well chamber slides, tissue culture plates, or coverslips were
cooled on ice for 10 min followed by the addition of opsonised zymosan particles.
The cells were incubated on ice for a further 20 min to allow the particles to dock
to the cells. The slides were then transferred to a 37 C̊ incubator to allow
phagocytosis to proceed for the designated time period. In general, for
fluorescence staining or live cell imaging the zymosan particle to cell ratio was
regulated to achieve a proportion of 2:1.

Immunofluorescence confocal microscopy

The cells with or without phagocytosed zymosan particles were fixed with 4%
paraformaldehyde for 20 min, permeabilised with 0.05% saponin in PBS for
30 min at room temperature and incubated with a blocking buffer containing 2%
IgG free BSA (Jackson ImmunoResearch Labs, West Grove, PA, USA) and 5%
normal donkey serum (Jackson ImmunoResearch Labs, West Grove, PA, USA)
overnight at 4 C̊. To also inhibit Fc receptor mediated binding of antibodies to
cells, the blocking buffer also contained an anti-mouse CD16/CD32, also known as
Fcc III/II receptor (0.5 mg/ml, BD, Franklin Lakes, NJ USA). CLIC1 was stained
with an in-house developed affinity purified sheep polyclonal antibody followed
by cy3-labelled affinity purified, cross species adsorbed anti-sheep IgG as

previously described (Qiu et al., 2010). The cells were then stained with the
antibodies against either EEA1, ERM, RhoA, Rac2, p67phox, gp91phox or
LAMP1, followed by their respective cy2-labelled secondary antibodies. ToPro-3
was used to identify the nuclei. Confocal images were obtained on a Leica TCS SP
confocal microscope and processed using Adobe Photoshop CS2 v.9 software.

Intraphagosomal pH measurement

Intraphagosomal pH was measured using live cell imaging of macrophages which
had phagocytosed serum-opsonised zymosan particles covalently linked to a pH
sensitive dye: either Oregon Green 488-X (zOG) or FITC (zFITC). To make zOG
conjugate, zymosan (5 mg/ml in PBS) was first subject to sonication to form single
particle suspension before incubation with Oregon Green 488-X succinimidyl ester
(1 mg/ml, Molecular Probes, Eugene, OR, USA) for 2 hours at 37 C̊. Unbound dye
was removed by 10 washes using PBS. zFITC was purchased from Molecular
Probes (Eugene, OR, USA). Both labelled zOG and zFITC were stored in PBS
(5 mg/ml) supplemented with Na azide (0.01%) at 4 C̊.

For live cell imaging, macrophages enriched on a Ø42 mm glass coverslip were
placed in an incubation chamber containing 2 ml HBSS buffer supplemented with
HEPES (10 mM), glucose (6 mM), sodium bicarbonate (10 mM) and sodium
pyruvate (1 mM) and mounted onto a heated stage of an inverted Zeiss Axiovert
200 M fluorescence microscope (Carl Zeiss, New York, USA) equipped with a
406numerical aperture 1.45 objective, a halide light source of Prior Lumen200 and
a CCD camera. A neutral density filter was fitted to minimise photobleaching.
Over the 30 minutes of recording the loss of fluorescence intensity due to
photobleaching is negligible (supplementary material Fig. S1). After initiating
synchronised phagocytosis, the fluorescence of either zOGs or zFITCs was
recorded over 60 min, in a time-lapse mode, at a rate of one image per minute
(excitation 490 nm and emission 525 nm). The brightfield of the same view was
also recorded to demonstrate the cell morphology and facilitate the track of
phagocytosed zymosan particles.

In some instances, IAA94 (100 mM), a cell permeable CLIC1 ion channel
blocker, or DMSO (vehicle) was included in the chamber buffer to test CLIC1
specific effect on phagosomal acidification.

To calibrate the probe fluorescence to phagosomal pH, time lapse recordings
were carried out of macrophages that had phagocytosed serum opsonised zOG or
zFITC, incubated in a series of buffers from pH 2 to 7.5 which also contained
bafilomycin A1 (100 nM), nigericin (10 mM), valinomycin (10 mM) and carbonyl
cyanide m-chlorophenylhydrazone (10 mM) to disruption membrane channel
activities and allow equilibration of intracellular pH with that of the extracellular
buffer. The calibration curves for both zOG and zFITC are shown in
supplementary material Fig. S2.

Intraphagosomal proteolysis

Adapting a spectrofluorometric method (Yates and Russell, 2008), we covalently
coupled the 3.0 mm carboxylate-modified silica particles (Si-COOH, Kisker
Biotech, Steinfurt, Germany) with Alexa Fluor 594(R) carboxylic acid,
succinimidyl ester (mixed isomers) (Alexa594-SE) (Molecular Probes, Eugene,
OR, USA) and DQ green bodipy BSA (DQ - bodipy BSA, Molecular Probes,
Eugene, OR, USA). Live images of intraphagosomal proteolysis of BSA were
recorded on a Zeiss Inverted microscope as described above after synchronised
phagocytosis of the labelled beads. The fluorescence signals from both the green
bodipy (excitation 490, emission 525) and Alexa Fluor 594 (excitation 570,
emission 620) were acquired and used for a ratiometric data analysis of
intraphagosomal proteolysis.

Live imaging data analysis

Live imagining data analysis was performed using MBF ImageJ64 (NIH). First of
all, the brightfield and the fluorescence channels of the images were superimposed
to allow tracking phagocytosed beads in the cells. Free unphagocytosed beads are
excluded from data analysis. Each phagocytosed bead was followed individually
over the observation time and the fluorescence intensity of either the green or the
red channel was generated after subtraction of background noise using the intensity
vs time plot function of ImageJ64. To avoid bias, all the phagocytosed zymosan
particles in the recording optical field were processed for data analysis except for:
1) unhealthy cells which failed to move or change shape over time; or 2) cells that
phagocytosed multi-particle zymosan clumps. Typically 5-20% of the cells may be
excluded from analysis.

For intraphagosomal pH measurement, the calibration curves were constructed
using a non-linear sigmoidal regression in Prism 5 (GraphPad Software Inc., La
Jolla, CA, USA) and the conversion of fluorescence intensity to pH was via the
built in ‘interpolate’ read out function.

Generation of Alexa Fluor 488 (AF488)-conjugated experimental particles
and measurement of the phagosomal-lysosomal fusion

The experimental AF488-conjugated particles were prepared as previously
described (Yates et al., 2005; Yates and Russell, 2008). Approximately 500 mL
of 3 mm silica COOH-beads (Kisker Biotech, Steinfurt, Germany) were washed
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twice with PBS. The beads were then re-suspended in 16PBS containing 25 mg/
mL of cyanamide and incubated for 15 minutes at room temperature with rotation.
Subsequently, the beads were washed in 0.1 M borate buffer (pH 8.0) and re-
suspended in borate buffer containing 1 mg of human IgG. The beads were
incubated at room temperature for 2-3 minutes, which was followed by addition of
5 mg of fatty acid-free BSA. The beads were then incubated overnight with
rotation at 4 C̊. The following day the beads were washed twice with 0.1 M borate
buffer and re-suspended in borate buffer. The bead suspension was then combined
with 8 mg of AF488 and incubated at room temperature with rotation for
30 minutes. The beads were then washed twice with 16PBS containing 100 mM
glycine (Sigma, Oakville, ON) to quench any reactive amines. Prior to use the
beads were incubated with 10 mg rabbit anti-BSA antibody (Rockland
Immunochemicals, Gilbertsville, PA). The beads were used at an MOI of 1-2.
The cells were seeded in a microwell plate at confluence in 50 mL of BMMØ
growth media containing 50 mg/mL of AF594 hydrazide (Molecular Probes,
Carlsbad, CA). The cells were incubated overnight at 37 C̊ and 7% CO2. The
following day the pulse media containing AF594 was removed and the cells were
thoroughly washed with fresh, pre-warmed media. The cells were then chased for
1 hour at 37 C̊ using fluor-free growth media. The cells were subsequently washed
with 100 mL of an assay buffer (16PBS supplemented with 1 mM CaCl2, 2.7 mM
KCl, 0.5 mM MgCl2, 5 mM dextrose, and 0.25% gelatin) followed by addition of
the AF488-conjugated beads.

Lysosomal contribution to the phagosome was measured using Förster
resonance energy transfer (FRET) efficiency between a particle-conjugated
donor fluorophore Alexa Fluor 488 (excitation 485 nm; emmision 520 nm) and
a fluid-phase lysosomal acceptor fluorophore Alexa Fluor 594 hydrazide
(excitation 594 nm; emmision 615 nm) relative to the donor fluorescence. The
changes in fluorescence were recorded using the FLUOstar OPTIMA fluorescent
plate reader (BMG Labtech, Ortenberg, Germany) and were reported as relative
fluorescent units, which were indicative of the concentration of the lysosomal
constituents within the phagosome at any given point in time. Relative fluorescent
units (RFU) defined by the equation RFU5SFRT/CFRT (where SFRT5substrate
fluorescence in real time and CFRT5calibration fluorescence in real time) were
plotted against time. For comparison of phagosomal-lysosomal fusion across
experiments, the gradients (as described by the equation y5mx+c, where y5RFU,
m5gradient, and x5time) of the linear portion of the relative substrate
fluorescence plotted against time were calculated.

Microsome preparation

Microsomes were prepared essentially as described (Cox and Emili, 2006). All the
procedures were performed on ice. Briefly, BV2 cells maintained in RPMI culture
medium were washed then harvested by scraping and the cell pellet resuspended in
the homogenisation buffer (HB) containing sucrose (10%) and imidazole (3 mM).
dithiothreitol 2 mM was also included in the HB as CLIC1 is sensitive to
oxidation. The cytoplasmic membranes were ruptured by passing the cells 15 times
through a 25 gauge needle, followed by centrifugation at 1000 g for 15 min at 4 C̊.
The resultant supernatant, or post nuclear supernatant (PNS) which contains a
mixture of endosomes and other vesicles are designated here as microsomes. PNS
was then subject to ultracentrifugation at 100,000 g for 60 min at 4 C̊ to separate
cytosol fraction and the microsome fraction (pellet).

In vitro BSA proteolysis

Microsomes harvested from ,50,000 cells were resuspended in 20 ml of the
lysosome buffer (DTT 2 mM, CHAPS 0.5%, EDTA 0.5 M, Sodium Acetate
100 mM), which had been calibrated to pH 4, 4.2, 4.4 and 4.6 respectively. BSA
(100 mg) was added to the 20 ml buffered microsome preparations and incubated
for 60 min at 37 C̊. The proteolytic reactions were terminated when SDS sample
buffer (Invitrogen, Grand Island, NY, USA) was added into each vial and heated
for 10 min at 70 C̊. The entire contents were then loaded into a NuPage 4-12% bis-
Tris gel (Invitrogen, Grand Island, NY, USA). After electrophoresis at 200 volts
for 35 min, the gels were stained with Coomassie Blue R250 and destained. The
images were obtained using a ChemiDoc (BioRad, Gladesville, NSW, Australia)
with Quantity One software (BioRad, Gladesville, NSW, Australia).

Chemiluminescence measurement of ROS production from peritoneal
macrophages

Enriched resident peritoneal macrophages were seeded in a 96 well plate (100,000
cell/well) and cultured for 48 hours before use. For ROS assay, the culture medium
was removed and replaced with a reaction mixture containing luminol (50 mM) and
horse radish peroxidase (5 units) in 150 ml buffer (in mM: HEPES 10, pH 7.4, NaCl
137, NaHCO3 12, KCl 2.7, NaH2PO4.2H2O 0.36, glucose 10 and CaCl2 1). The
chemiluminescence intensity from each well was recorded kinetically over 30 min at
37 C̊ in a microplate reader (FLUOstar OPTIMA, BMG Labtech, Mornington, Vic,
Australia). ROS generation in macrophages was stimulated by addition of serum
opsonised zymosan (50 mg/ml) at the beginning of the measurement. To compensate
for the variation due to uneven seeding of the cells, an accurate determination of the
cell number in each well was performed after completion of the experiment using a

CyQuant kit (Molecular Probes, Eugene, OR, USA) following manufacturer’s
instruction and the chemiluminescence signals corrected accordingly.

K/BxN arthritis

K/BxN arthritis was induced in mice by passive serum transfer (Ditzel, 2004). In
brief, CLIC12/2 and the age (8-12 weeks) and sex matched CLIC1+/+ mice were
injected intraperitoneally with a single dose of 300 ml K/BxN serum (Garvan
Institute of Medical Research, Darlinghurst, NSW, Australia). The development of
arthritis was assessed using a swelling index generated from the thickness of
footpads and ankles measured over 28 days using a calliper (Fowler Tools and
Instruments, Boston, MA, USA) in millimetre before the injection (baseline) and
then once every second day. The swelling index for each time point is calculated
as: (thickness/baseline)6100 and plotted over time to compare disease severity.

Statistical data analysis

All data were expressed as the mean6s.e.m. Statistical comparisons were
performed using Student’s t-test or Two-way Repeated-Measures ANOVA as
indicated. P values ,0.05 were considered to be statistically significant.
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