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Background: GILT is known to reduce disulfide bonds in endosomes, lysosomes, and phagosomes.
Results: GILT, in addition to reducing disulfide bonds, maintains phagosomal proteolytic activity, particularly in alternatively
activated macrophages.
Conclusion: GILT maintains activity of cysteine proteases in phagosomes.
Significance: These results reveal a novel role for GILT that may affect antigen processing and efficiency of hydrolysis of
phagocytosed protein.

Although it is known that lysosomal cysteine cathepsins
require a reducing environment for optimal activity, it is not
firmly established how these enzymes are maintained in their
reduced-active state in the acidic and occasionally oxidative
environment within phagosomes and lysosomes. �-Interferon-
inducible lysosomal thiol reductase (GILT) has been the only
enzyme described in the endosomes, lysosomes, and phago-
somes with the potential to catalyze the reduction of cysteine
cathepsins. Our goal in the current study was to assess the effect
of GILT on major phagosomal functions with an emphasis on
proteolytic efficiency in murine bone marrow-derived macro-
phages. Assessment of phagosomal disulfide reduction upon
internalization of IgG-opsonized experimental particles con-
firmed a major role for GILT in phagosomal disulfide reduction
in both resting and interferon-�-activated macrophages. Fur-
thermore we observed a decrease in early phagosomal proteo-
lytic efficiency in GILT-deficient macrophages, specifically in
the absence of an NADPH oxidase-mediated respiratory burst.
This deficiency was more prominent in IL-4-activated macro-
phages that inherently possess lower levels of NADPH oxidase
activity. Finally, we provide evidence that GILT is required for
optimal activity of the lysosomal cysteine protease, cathepsin S.
In summary, our results suggest a role for GILT in maintaining
cysteine cathepsin proteolytic efficiency in phagosomes, partic-
ularly in the absence of high NADPH oxidase activity, which is
characteristic of alternatively activated macrophages.

The phagosome is a versatile organelle that performs a vari-
ety of functions including the clearance of cellular debris,
destruction of microorganisms and generation of antigenic
peptides. These functions are mediated by the highly orches-

trated fusion events that drive the maturation of nascent pha-
gosomes to highly degradative, mature phagolysosomes. Dur-
ing this transition, the lumens of maturing phagosomes
undergo a rapid transformation characterized by decreasing
pH, changes in ion composition, the addition of various hydro-
lases and antimicrobial peptides, and often, dramatic changes
to the redox microenvironment (1– 4). Although the individual
chemistries within the phagosome are for the most part well
characterized, how these chemistries affect one another and
alter overall phagosome function has recently garnered great
attention. Microenvironmental conditions that inhibit the
activity of lysosomal proteases within the phagosomal lumen
have undergone recent scrutiny (5, 6). Of particular relevance
to the current study, an oxidative microenvironment within the
phagosome has been shown to inhibit lysosomal cysteine cathe-
psins within the phagosome of macrophages and dendritic cells
(7, 8). Because the proteolytic activity of cysteine cathepsins
relies on the active site cysteine (Cys-25, papain numbering)
being in a thiol (reduced) state, the oxidation of this residue
renders the enzyme inactive. This is particularly evident during
a respiratory burst when the reactive oxygen species (ROS)2

produced by the phagosomal NADPH oxidase (NOX2) com-
plex lead to a dramatic decrease in phagosome-specific proteo-
lytic efficiency. Because NOX2 activity is induced by the expo-
sure of macrophages to proinflammatory stimuli such as
interferon � (IFN�) and lipopolysaccharide, the effect of NOX2
on phagosomal proteolysis is more pronounced in classically
activated macrophages (M1). In contrast, alternatively acti-
vated macrophages (M2) show little inhibition of cysteine
cathepsins after phagocytosis due to a down-regulation of
NOX2 in these cells. The lowered level of oxidative inactivation
of cysteine cathepsins combined with induced expression of
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several lysosomal proteases enables alternatively activated
macrophages to become extremely proficient at hydrolyzing
phagocytosed protein (9).

Not only does the regulation of the lysosomal cysteine cathep-
sins (including cathepsin B, L, Z, and S) influence the effi-
ciency of protein hydrolysis within the phagosome, it is also
critical to the efficient antigen and invariant chain processing
necessary for antigenic presentation (10, 11). Unsurprisingly,
the activity of these enzymes is tightly regulated at multiple
levels, including expression, trafficking, zymogen processing,
and pH (12). However, although it has been recently shown that
the oxidative inactivation of these enzymes during a respiratory
burst additionally influences their phagosomal activity, how
these enzymes are returned and maintained in their reduced,
active state is poorly defined (13). In other cellular compart-
ments, reductive machinery consisting of small molecule
reductants (such as glutathione and cysteine) and enzymes
(such as thioredoxin and glutaredoxin) can maintain or restore
the activity of redox-sensitive proteins by reducing thiols in
cysteine residues that have been oxidized (14). For example,
thioredoxin, the prototypical cellular thiol reductase, is
involved in maintaining the activity of certain peroxidases that
are oxidized after reaction with hydrogen peroxide (15).
Whether or not reductive machinery present in the endo/lyso-
somal system can maintain cysteine cathepsin activity in a
mechanistically similar fashion is currently unknown. In recon-
stituted systems cathepsin B activity can be maintained with
glutathione as well as thioredoxin (16, 17) and papain by
NADPH through the thioredoxin reductase/thioredoxin sys-
tem (18). However, glutathione and thioredoxin have not been
shown to be active in the lysosome. To date, �-interferon-in-
ducible lysosomal thiol reductase (GILT) has been the only
reductase described within endosomes, lysosomes, and phago-
somes with the potential to maintain cysteine cathepsins in
their reduced and active states (19).

Our objective in the current study was to evaluate the role of
GILT on major phagosomal chemistries in macrophages under
various activation states, with an emphasis on proteolysis.
Using fluorometric-based assays that evaluate phagosomal
parameters in live macrophages in real time, we observed a role
for GILT in maintaining early phagosomal proteolytic effi-
ciency, particularly in the absence of NOX2 activity. This role
was most apparent in alternatively activated macrophages,
which have decreased phagosomal NOX2 activity and
increased cysteine cathepsin expression.

EXPERIMENTAL PROCEDURES

Cells and Animals—C57BL/6 (wild type (WT)) and the con-
genic mouse strain B6.129S6-Cybb�/� (Cybb�/�) were pur-
chased from The Jackson Laboratory (20). C57BL/6 GILT�/�

(GILT�/�) mice were provided by Dr. Peter Cresswell (Yale
University School of Medicine, New Haven, CT). C57BL/6
CtsS�/� (CatS�/�) mice were provided by Dr. Kenneth Rock
(University of Massachusetts Medical School, Worcester, MA).
C57BL/6 GILT�/�/CatS�/� and GILT�/�/Cybb�/� double
knock-out mice were generated at the University of Calgary
using the GILT�/�, CatS�/�, and Cybb�/� mice as a part of this
study. All animal experiments were conducted according to

protocols approved by the University of Calgary Animal Care
and Use Committee. Bone marrow-derived macrophages
(BMMØs) were derived from 8 –12-week-old mice using L929-
conditioned medium as previously described (21). Alternative
activation was achieved by treating BMMØs with 10 ng/ml
recombinant murine interleukin-4 (IL-4; Peprotech) for 40 h
before phagosomal assessment (9). IFN� activation was
achieved by treating BMMØs with 100 units/ml recombinant
murine IFN� (Peprotech) for 18 h before phagosomal assess-
ment. Pharmacologic inhibition of NOX2 was achieved with
treatment of BMMØs with 0.5 �M diphenyleneiodonium (DPI;
EMD Chemicals) for 10 min preceding phagocytosis of experi-
mental particles (7). For fluorometric phagosomal analysis,
1.5 � 105 BMMØs were plated in every well of a �-clear 96-well
plate (Greiner Bio-One) to achieve confluency.

Analysis of Phagosomal Hydrolytic Activities—3-�m silica
experimental particles bearing various fluorescent substrates/
reporters that allow for phagosomal lumenal characterization
in a population of live BMMØs were prepared as previously
described (21–23). Briefly, the hydrolytic activities of phago-
somal �-galactosidase, bulk protease, cathepsin B/S/L, and
cathepsin D/E were measured by recording the rates of sub-
strate-liberated fluorescence relative to a calibration fluor
(Alexa Fluor 594 succinimidyl ester (SE); Invitrogen) using the
particle-bound fluorogenic substrates 5-dodecanoylamino-
fluorescein di-�-D-galactopyranoside (Invitrogen), DQ Green
BODIPY albumin (DQ-albumin; Invitrogen), (biotin-LC-Phe-
Arg)2-rhodamine 110 (kindly provided by David Russell, Cor-
nell University, Ithaca, NY), and methoxycoumarin-GKPILF-
FRLK(dinitrophenol)-r-NH2 (Anaspec), respectively. Reduced
DQ-albumin was prepared by incubating experimental parti-
cles in 1 mM dithiothreitol followed by alkylation with 2 mM

iodoacetic acid as previously described (24). �-Galactosidase
activity was measured using a Fluostar OPTIMA microplate
reader (BMG Labtech). Bulk proteolysis was measured using a
Flex Station microplate reader (Molecular Devices). Cathepsin
B/S/L and cathepsin D/E activity was monitored using an Envi-
sion multilabel reader (PerkinElmer Life Sciences). Measure-
ments were taken every 120 s. All assays were performed at
37 °C in assay buffer (tissue culture grade PBS supplemented
with 1 mM CaCl2, 2.7 mM KCl, 0.5 mM MgCl2, 5 mM dextrose,
and 0.25% gelatin).

Analysis of Phagosomal Acidification and Lysosomal Fu-
sion—Phagosomal pH was calculated by recording the ratio
of the fluorescence emissions at 520 nm of particle-bound
carboxyfluorescein SE (Invitrogen) excited at 490 and 450
nm followed by polynomial regression to a standard curve
using a modified nigericin-based technique as previously
described (8). The rate and extent of phagosome-lysosome
fusion (PL fusion) were monitored by measuring the fluores-
cence resonance energy transfer (FRET) efficiency between
the donor fluor Alexa Fluor 488 SE (Invitrogen) conjugated
to albumin-coated experimental particles and the fluid-
phase acceptor fluor Alexa Fluor 594 hydrazide (Invitrogen)
in lysosomes as previously described (22). Loading of the
lysosomes with acceptor fluor was achieved by incubating
macrophages in BMMØ medium containing 50 �g/ml Alexa
Fluor 594 hydrazide for 18 h followed by a chase period of 4 h
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before analysis. Phagosomal pH and PL fusion were moni-
tored using a Fluostar OPTIMA microplate reader. Meas-
urements were taken every 120 s.

Analysis of Phagosomal Redox Chemistries—Intraphago-
somal reductase activity was evaluated by measuring the
dequenching of particle-bound BODIPY FL L-cystine (Invitro-
gen) relative to the Alexa Fluor 594 SE calibration fluor using a
Fluostar OPTIMA microplate reader. Measurements were
taken every 120 s. BODIPY FL L-cystine particle conjugation
was achieved by coupling the free carboxyl group present
within cystine to amine-modified dextran (Invitrogen)-coated
3-�m silica particles. Briefly, 0.1 mg of BODIPY FL L-cystine
was reacted with 3.2 mg of 1-ethyl-3-[3-dimethylaminopropy-
l]carbodiimide hydrochloride and 6.4 mg of N-hydroxysulfos-
uccinimide in a buffer containing 100 mM MES and 500 mM

NaCl, pH 6 (25, 26). The amine-reactive BODIPY FL L-cystine-
(NHS ester)2 product was directly coupled to amine-modified
70,000 Mr dextran (Invitrogen)-coated silica particles in MES
buffer (total reaction volume of 0.2 ml) for 2 h at room temper-
ature. Beads were washed and resuspended in 0.1 M borate
buffer, pH 8. Biotin SE (Invitrogen) was then conjugated to the
beads through the free amines present on the modified dextran.
Particles were washed in PBS then opsonized with Alexa Fluor
594 SE-labeled anti-biotin IgG before use. The generation of
reactive oxygen species by NOX2 within the phagosomal lumen
was evaluated by measuring the fluorescence after oxidation of
the experimental particle-restricted H2HFF-OxyBURST sub-
strate (Invitrogen) as previously described using an Envision
multilabel reader (23). Measurements were taken every 120 s.
For H2O2 production, plated BMMØs were washed then incu-
bated for 1 h in assay buffer containing 10 mg/ml zymosan
(Sigma). Amplex UltraRed (Invitrogen) at a final concentration
of 10 ng/ml plus 1 unit of horseradish peroxidase (Sigma) were
added to each well supernatant and incubated for 15 min.
Amplex UltraRed fluorescence was monitored using a GENios
Pro microplate reader (Tecan Group Ltd.).

Statistical Analysis for Phagosomal Fluorescence Kinetic
Measurements—Relative rates of phagosomal activity were
determined by calculation of the slope between the times indi-
cated of the real-time trace (as described by y � mx � c, where
y � relative fluorescence, m � slope, and x � time). Error bars
denote S.E. p values were determined by one-way analysis of
variance with the Tukey post hoc test or paired t test where
indicated using GraphPad Prism software.

Real-time Polymerase Chain Reaction (QPCR)—To measure
the GILT mRNA levels present in BMMØs, RNA was extracted
from BMMØs plated for 18 h with or without IFN� or for 48 h
with or without IL-4 according to the instructions outlined in
the Aurum Total mRNA Mini kit (Bio-Rad). cDNA was made
from 0.4 �g of RNA using iScript Reverse Transcriptase Super-
mix for RT-QPCR (Bio-Rad). All primers for QPCR were at 300
nM, had a single melting curve, had efficiencies between 90 and
100%, and were designed or verified using Primer 3 (NCBI).
QPCR was conducted using the following primers: 18 S (Fwd,
5�-AGTCGGCATCGTTTATGGTC-3�; Rev, 5�-CGCGG-
TTCTATTTTGTTGGT-3�); GILT (Fwd-5�-GCTTGTCGC-
TACTTCCTCGT-3�; Rev (5�-ATGGTTAGGAACGCTGC-
CTC-3�). 18 S was used as an internal control and did not vary

across treatments. All reactions were used under the following
PCR conditions (in a Bio-Rad iQ5 thermocycler): 95°C for 5
min, 40 cycles of 95 °C for 30 s, and 58 °C for 30 s and ran using
the iQ SYBER Green Supermix (Bio-Rad) protocol. mRNA lev-
els are presented relative to 18 S expression and made relative
to unactivated BMMØs. Experimental groups were compared
by paired t test using GraphPad Prism software.

SDS-Polyacrylamide Gel Electrophoresis and Western Blot-
ting—Analysis of cathepsin expression in whole cell lysates
derived from unactivated or IL-4-activated BMMØs was per-
formed by Western blotting with the following antibodies:
cathepsin B (Biovision), cathepsin S, cathepsin D, (Santa Cruz
Biotechnology), cathepsin L (R&D Systems), and GAPDH (Cell
Signaling Technology) as previously described (9). Volume of
pixels was determined using Quantity One 1-D analysis soft-
ware (Bio-Rad). Each calculated pixel volume was normalized
to the calculated pixel volume of GAPDH expression from the
same sample. Relative band densities of pro and mature forms
were determined by calculation of normalized pixel volume rel-
ative to WT controls. The pro-form of cathepsin B was not
detectable. Experimental groups were compared by paired t test
where appropriate using GraphPad Prism software. Images of
bands in the unsaturated range of exposure were used to quan-
tify pixel volume. Representative images presented in the fig-
ures may not be at the exposure used for data quantification.

Reconstituted Cathepsin S Activity Assays—The cathepsin S
substrate Ac-KQKLR-AMC (Anaspec) was diluted in assay
buffer (20 mM sodium acetate, pH 5.5, containing 0.675 mM

KCl, 0.25 mM CaCl2, 0.125 mM MgCl2) supplemented with 500
�M L-cysteine:cystine (600:1 molar ratio) (12). 0.5 �g of cathep-
sin S purified from human spleen (Sigma) and 0.625 �g of
human recombinant GILT (rGILT) (Acris Antibodies Inc.)
were each diluted in assay buffer then sequentially added to
each well in a total reaction volume of 50 �l. Heat inactivation
of rGILT was performed at 90 °C for 10 min before the addition
to cathepsin S. Experiments were performed in 1⁄2 area �-clear
96-well plates (Greiner), and cleavage of the cathepsin S sub-
strate was monitored using a Fluostar OPTIMA microplate
reader.

RESULTS

Assessment of Phagosomal Redox Functions in GILT�/�

BMMØs—The reduction of disulfide bonds plays a critical role
in the processing of endocytosed/phagocytosed antigens (27).
To date, GILT has been the only thiol reductase described in
endosomes, lysosomes, and phagosomes (19); however, its con-
tribution to overall reductive activity has not been directly
assessed in live cells in real time. We, therefore, evaluated pha-
gosomal relative rates of disulfide reduction between 40 and 60
min in GILT�/� BMMØs using experimental particles bearing
the self-quenched BODIPY FL L-cystine substrate in unacti-
vated and IFN�-activated BMMØs. Although GILT is consti-
tutively active in antigen-presenting cells, we measured GILT
mRNA levels in IFN�-activated cells. In IFN�-activated WT
BMMØs we observed a modest but significant increase in GILT
mRNA levels (1.31 � 0.07-fold increase; Fig. 1A). After phago-
cytosis of the experimental particle, disulfide reduction was
monitored by measuring fluorescence dequenching of the
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BODIPY FL L-cystine substrate relative to the calibration fluor.
Because the generation of ROS by NOX2 has been shown to
significantly decrease rates of disulfide reduction in phago-
somes, these assays were performed in the presence or absence
of the respiratory burst using the NOX2 inhibitor DPI. As
expected, we found that rates between 40 and 60 min of phago-
somal disulfide reduction were significantly lower in GILT�/�

BMMØs compared with WT controls in both untreated and
DPI-treated cells (54.4 � 7.7% and 51.0 � 7.1% decrease respec-
tively; Fig. 1, B and D). Although overall rates of phagosomal
disulfide reduction were decreased after BMMØ activation

with IFN�, the relative differences between WT and GILT�/�

BMMØs were more notable (68.1 � 9.7% and 62.7 � 5.7%
decrease for untreated and DPI-treated samples respectively;
Fig. 1, C and D), possibly indicating a greater role for GILT in
reducing phagosomal disulfides after classical activation. The
observed negative values seen in the real-time traces may rep-
resent photobleaching of the substrate. This was most apparent
in experimental groups, which exhibit low disulfide reductase
activity. Because the absence or inhibition of certain cellular
reductive systems are known to affect the ROS scavenging and
antioxidant functions in other cellular compartments (28 –30),

FIGURE 1. Phagosomal reductive and oxidative processes in GILT�/� BMMØs. BMMØs derived from WT and GILT�/� mice were incubated for 18 h in the
presence/absence of IFN�. A, total mRNA levels of GILT in unactivated and IFN�-activated BMMØs were determined by QPCR. Averaged relative mRNA levels
from four independent QPCR experiments are shown. Relative expression was expressed as mRNA levels relative to 18 S and presented relative to unactivated
BMMØs. Error bars denote S.E. *, p � 0.05. 10 min before addition and subsequent phagocytosis of experimental particles, BMMØs were treated with the NOX2
inhibitor DPI (0.5 �M) where indicated. B, C, and D, phagosomal disulfide reduction of the BODIPY FL L-cystine substrate conjugated to IgG-opsonized
dextran-coated experimental particles. E and F, phagosomal oxidation of the OxyBURST Green H2HFF BSA substrate conjugated to IgG-opsonized experimen-
tal particles. G, extracellular H2O2 production relative to unactivated/untreated WT control after phagocytosis of serum opsonized zymosan particles as
measured by oxidation of the Amplex UltraRed reagent. B, C, and E, representative real-time traces. Relative fluorescence units (RFU) values are proportional to
the degree of substrate reduction/oxidation. D and F, averaged rates relative to unactivated/untreated WT controls of four independent experiments are
shown for each phagosomal measurement. Average relative rates of disulfide reduction were calculated between 40 and 60 min after particle internalization.
Relatives rate of OxyBURST Green H2HFF BSA oxidation were calculated between 30 and 80 min after particle internalization. A, D, F, and G, error bars denote
S.E. of four independent experiments. *, p � 0.05.
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we set out to determine whether GILT impacted the NOX2
respiratory burst by measuring the rates of oxidation of cargo
within the phagosome and hydrogen peroxide (H2O2) liberated
from BMMØs after phagocytosis. No significant differences in
the oxidation rates of particle-restricted OxyBURST Green
H2HFF BSA were observed within the phagosomes of WT and
GILT�/� BMMØs in the presence or absence of IFN� (Fig. 1, E
and F). Furthermore, no significant differences in extracellular
H2O2 levels between WT and GILT�/� BMMØs (with or with-
out prior IFN� exposure) were noted after phagocytosis of
serum-opsonized zymosan (as measured by Amplex UltraRed;
Fig. 1G). Together these results confirm a major role for GILT
in phagosomal disulfide reduction. However, GILT does not
appear to impact potential antioxidant functions in BMMØ
phagosomes at a level that would impact the effects of the pha-
gosomal respiratory burst.

GILT�/� Macrophages Display Lower Levels of Phagosomal
Proteolysis during NOX2 Inhibition—It is well established that
cysteine cathepsins require a reducing environment for optimal
activity (31). Due to the acidic environment of lysosomes and
its effect on the pKa of thiols, it is likely that the reductive main-
tenance of thiols within lysosomes would be facilitated by an
enzyme such as GILT with a low pH optimum as opposed to
small molecule reductants such as cysteine or glutathione alone
(12). We, therefore, evaluated bulk phagosomal proteolysis in
GILT�/� BMMØs to test the hypothesis that the reductive
activity of GILT could sustain activity. Bulk phagosomal prote-
olysis was measured in both unactivated and IFN�-activated
BMMØs using IgG-opsonized experimental particles bearing
the proteolytic substrate DQ-albumin. Because cysteine
cathepsin activities have been shown to be overwhelmingly
inhibited in the phagosome during the oxidative burst, we eval-
uated the effect of GILT on phagosomal proteolysis in the pres-
ence and absence of the NOX2 inhibitor DPI (7). In the absence
of NOX2 activity, we found a modest but significant decrease
(27.6 � 4.0% decrease) in the rates of bulk phagosomal prote-
olysis between 40 and 60 min between GILT�/� and WT unac-
tivated BMMØs, whereas no statistical significance was
observed in the absence of NOX2 inhibition or in IFN�-acti-
vated BMMØs (Fig. 2, A–C). Similar results were obtained
using non-opsonized mannosylated particles targeted for phag-
ocytic uptake through the mannose receptor (Fig. 2, D–F). To
rule out the potential effect of differential cathepsin expres-
sion in GILT�/� BMMØs, we evaluated the expression of a
selection of major phagosomal proteases. Semiquantitative
Western blotting revealed no significant differences in the
expression levels of cathepsin B (mature form), S, L (pro/
mature forms), and cathepsin D (pro/mature form) between
unactivated WT and GILT�/� BMMØs, indicating that the
lower phagosomal proteolysis in GILT�/� BMMØs was not
due to decreased cathepsin expression (Fig. 2G). Because GILT
did not significantly impact proteolytic efficiency of phago-
somes in the absence of NOX2 inhibition and given that GILT
is also likely to be susceptible to oxidative inactivation, we rea-
soned that phagosomal ROS may be sufficient to prevent the
activity of GILT. Thus, in this scenario the effect of GILT on
phagosomal proteolytic efficiency would be greatest in macro-
phage states with low NOX2 activity.

The Decrease in Phagosomal Proteolysis Observed in
GILT�/� Macrophages Is More Pronounced in an Alternatively
Activated State—The production of ROS, even at low levels,
may promote an oxidizing environment that could limit the
ability of GILT to maintain proteolytic activity. As IL-4 has
been shown to decrease NOX2 activity in macrophages (Fig. 2,
H and I) (9) as well as increase GILT expression (32), we
hypothesized that the role of GILT in maintaining cysteine
cathepsin activities would be greater in alternatively activated
macrophages. Furthermore, IL-4 specifically increases the
expression of cysteine cathepsins S and L, both of which could
be potential targets of GILT (9, 33). Because the mannose
receptor is highly expressed in alternatively activated macro-
phages (34) and to avoid Fc receptor-enhanced NOX2 assembly
(35), we used mannosylated experimental particles in these
experiments. QPCR analysis of GILT mRNA in IL-4-activated
wild type BMMØs revealed a modest but significant increase
(1.31 � 0.10-fold increase; Fig. 3A). In IL-4-activated BMMØs,
proteolytic rates measured between 40 and 60 min were signif-
icantly lower in GILT�/� BMMØs in the presence and absence
of NOX2 inhibition by DPI (decreases of 38.5 � 7.1% and
43.5 � 4.4%, respectively; Fig. 3, B and C). Although DPI is a
commonly used inhibitor of NOX2 activity (36, 37), DPI has
been shown to inhibit flavoenzymes other than NOX2, such as
those involved in mitochondrial ROS production (38, 39). To
omit any off-target effects of DPI that may affect phagosomal
function, we generated a GILT�/�/Cybb�/� double knock-out
mouse to further observe the effect of GILT on phagosomal
proteolysis in BMMØs without the gp91phox subunit of NOX2.
As anticipated, the decrease in bulk phagosomal proteolysis
in GILT�/�/Cybb�/� BMMØs compared with Cybb�/�

BMMØs was similar to the decrease seen in DPI-treated sam-
ples (42.4 � 8.5%; Fig. 3, B and C). Interestingly, the differences
in proteolytic rates at later time points were not significant,
suggesting a role for GILT in supporting earlier phagosomal
proteolytic events.

In the early phagosome, GILT may directly support the pro-
teolytic machinery or, conversely, may indirectly support early
phagosomal proteolysis through the reduction of intramolecu-
lar disulfides of phagocytosed protein facilitating its denatur-
ation. To examine whether or not the observed increase in pha-
gosomal proteolysis in the presence of GILT was a result of
GILT-mediated reduction of disulfides within the DQ-albumin
substrate itself, we evaluated proteolysis of a pre-reduced/alkyl-
ated DQ-albumin substrate in WT and GILT�/� phagosomes.
The decrease in phagosomal bulk proteolysis of the reduced
DQ-albumin substrate was maintained in untreated and DPI-
treated GILT�/� BMMØs relative to wild type controls (46.9 �
3.7% and 41.0 � 3.7%, respectively; Fig. 3, D and E). These data
support a role for GILT in directly maintaining activities of
proteolytic enzymes within the phagosome.

As DQ-albumin measures total proteolysis and thus the
combined activity of phagosomal proteases other than cysteine
cathepsins (9, 21) and to further rule out the enhancement of
proteolytic activity through GILT-mediated reduction of disul-
fide bonds within the DQ-albumin substrate, we evaluated the
efficiency of proteolysis of the cysteine cathepsin-specific sub-
strate (biotin-LC-Phe-Arg)2-rhodamine 110 (cathepsin B 	
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S 	 L) in IL-4-activated BMMØs. Indeed, cysteine cathepsin-
specific activity was significantly decreased in IL-4-activated
GILT�/� BMMØs in the absence and presence of DPI com-

pared with wild type controls (24.3. � 3.1% and 12.4 � 2.3%,
respectively; Fig. 3, F and G). In addition, a significant decrease
in the cysteine cathepsin-specific substrate hydrolysis was
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observed in GILT�/�/Cybb�/� double knock-out BMMØs
compared with the Cybb�/� single knock-out control (19.7 �
3.3%; Fig. 3, F and G). No significant differences in aspartic
protease activity between WT and GILT�/� BMMØs were
observed in the presence or absence of DPI (Fig. 3, H and I). We
also evaluated any differences in major protease expression
between IL-4-activated WT and GILT�/� BMMØs. No signif-
icant differences in the expression of cathepsins B, S, L, and D
were noted (Fig. 3J).

GILT�/� Macrophages Display Normal Rates of PL Fusion
and Phagosomal Acidification—To determine whether the dif-
ferences in disulfide reduction and bulk proteolysis were due to
any changes in membrane trafficking events during phago-
somal maturation, we monitored phagosomal acidification and
PL fusion of engulfed mannosylated particles in WT and
GILT�/� BMMØs with/without IL-4 activation. No significant
differences were observed in either phagosomal acidification or
the delivery of lysosomal content (Fig. 4, A–D). Furthermore,
because delivery of �-galactosidase (a specific lysosomal
enzyme) to the phagosome is known to correlate with the
degree of PL fusion, we measured �-galactosidase activity in
unactivated and IL-4-activated macrophages. Similarly, no sig-
nificant differences were found in �-galactosidase substrate
hydrolysis in any of the experimental groups (Fig. 4, E and F).
These results indicate that the defects in disulfide reduction
and decreased proteolytic activity observed in phagosomes of
GILT�/� BMMØs are not a result of altered acidification or
membrane trafficking during phagosomal maturation and thus
are likely due to direct enzymatic activity of GILT within the
phagosome.

Validation of the Use of DPI and Proteolytic Substrates in
IL-4-activated BMMØs—In IL-4-activated BMMØs, the larg-
est difference in DQ-albumin proteolytic efficiency between
GILT and WT BMMØs was observed in the presence of DPI.
To ensure that DPI was not non-specifically altering general
phagosomal function, we measured both phagosomal acidifica-
tion and �-galactosidase activity in IL-4-activated wild type
BMMØs in the presence of DPI. No significant differences in
phagosomal acidification or �-galactosidase activity were
observed in the presence of DPI (Fig. 5, A–D). Next, to ensure
that the proteolytic substrates used in this study were suitable
to assess phagosome-specific cathepsin-mediated proteolysis
in IL-4-activated BMMØs, we evaluated DQ-albumin and (bio-
tin-LC-Phe-Arg)2-rhodamine 110 hydrolysis in cathepsin
S-deficient (CtsS�/�) BMMØs. In the presence and absence of

DPI, we observed significant decreases in DQ-albumin (49.7 �
6.3%; DPI, 48.8 � 2.0%) and (biotin-LC-Phe-Arg)2-rhodamine
110 (39.4 � 1.4%; DPI, 41.5 � 4.1%) hydrolysis in CtsS�/�

BMMØs compared with wild type controls (Fig. 5, E and F).
GILT Maintains Cathepsin S Activity in a Reconstituted

System—As GILT exhibited the greatest effect on early phago-
somal proteolytic activity, where cathepsin S is a dominant pro-
tease (40), we hypothesized that GILT may specifically or dis-
proportionately act to maintain cathepsin S activity. We,
therefore, evaluated the ability of GILT to alter cathepsin S
activity in a reconstituted system. Enzymatic activity of purified
human cathepsin S on the cathepsin S-specific substrate Ac-
KQKLR-AMC was measured in the presence/absence of
human rGILT. rGILT increased the rate of Ac-KQKLR-AMC
hydrolysis by purified cathepsin S nearly 2-fold (1.83 � 0.16-
fold increase) as compared with cathepsin S alone (Fig. 6, A and
B). No increase in Ac-KQKLR-AMC hydrolysis was observed
when rGILT was heat-inactivated before the addition to
cathepsin S. rGILT alone did not display any Ac-KQKLR-AMC
hydrolysis. To determine whether GILT influences cathepsin S
activity in BMMØs, we compared bulk proteolysis in IL-4-acti-
vated macrophages derived from WT, GILT�/�, CatS�/�, and
GILT�/�/CatS�/� double knock-out mice. GILT�/� BMMØs
displayed similar levels of proteolysis as CatS�/� single knock-
out BMMØs compared with WT BMMØs in the presence/ab-
sence of DPI (untreated, 50.2 � 5.2%, 54.8 � 7.6%, respectively;
DPI, 57.1 � 5.5%, 49.7 � 7.2%, respectively; Fig. 6, C–F). Fur-
thermore, BMMØs derived from the GILT�/�/CatS�/� double
knock-out had no significant changes in DQ-albumin proteol-
ysis compared with the CatS�/� single knock-out control. This
suggests that the majority of the decrease in total proteolysis
observed in GILT�/� phagosomes is due to decreased cathep-
sin S activity in these compartments. Collectively these results
demonstrate the involvement of GILT in the maintenance of
cathepsin S activity within the phagosome of macrophages.

DISCUSSION

This body of work in addition to demonstrating the disulfide
reductive function of GILT within phagosomes in real time,
reports on the involvement of GILT in maintaining the proteo-
lytic efficiency of phagosomes in the macrophage. This novel
role of GILT in supporting cysteine cathepsin activity is most
apparent during states of low or no NOX2 activity, as observed
in alternatively activated macrophages. Thus GILT may func-

FIGURE 2. GILT�/� BMMØs display lower rates of phagosomal proteolysis in the absence of NOX2 activity. BMMØs derived from WT and GILT�/� mice
were incubated for 18 h in the presence/absence of IFN�. 10 min before addition and subsequent phagocytosis of experimental particles, BMMØs were treated
with the NOX2 inhibitor DPI (0.5 �M) where indicated. A, B, and C, bulk phagosomal proteolysis as measured by hydrolysis of DQ-albumin conjugated to
IgG-opsonized experimental particles in unactivated/IFN�-activated BMMØs in the presence/absence of DPI. D, E, and F, bulk phagosomal proteolysis as
measured by hydrolysis of DQ-albumin conjugated to mannosylated experimental particles in unactivated/IFN�-activated BMMØs in the presence/absence of
DPI. A, B, D, and E, representative real-time traces. Relative fluorescence units (RFU) values are proportional to the degree of substrate hydrolysis. C and F,
averaged rates relative to unactivated/untreated WT controls from four independent experiments. Relative rates were calculated between 40 and 60 min after
particle internalization. G, relative abundance of the lysosomal proteases in whole cell lysates of WT and GILT�/� BMMØs as detected by semiquantitative
Western blotting. Mature forms of cathepsins B, S, L, and D and the pro-forms for cathepsins S, L, and D are shown. Representative images and average of band
relative density from 4 – 6 independent experiments are shown. Each calculated pixel volume was normalized to the calculated pixel volume of GAPDH
expression from the same sample. Relative density was determined by calculation of normalized pixel volume relative to WT sample using Quantity One
analysis software. ns, not significant. Error bars denote S.E. *, p � 0.05. H, phagosomal oxidation of the OxyBURST Green H2HFF BSA substrate conjugated to
IgG-opsonized experimental particles in unactivated, IL-4-activated (40 h), and IFN�-activated (40 h) WT BMMØs. Averaged rates relative to unactivated control
are shown. I, relative extracellular H2O2 production in unactivated, IL-4-activated (40 h), and IFN�-activated (40 h) WT BMMØs after phagocytosis of serum-
opsonized zymosan particles as measured by oxidation of the Amplex UltraRed reagent. Error bars denote S.E. *, p � 0.05.

Maintenance of Phagosomal Proteolytic Activity by GILT

NOVEMBER 14, 2014 • VOLUME 289 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 31897



Maintenance of Phagosomal Proteolytic Activity by GILT

31898 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 46 • NOVEMBER 14, 2014



FIGURE 3. GILT�/� BMMØs display significantly lower rates of phagosomal proteolysis after IL-4-activation. BMMØs derived from WT, GILT�/�, Cybb�/�,
and GILT�/�/Cybb�/� mice were incubated for 40 h in the presence 10 ng/ml IL-4. 10 min before the addition and subsequent phagocytosis of experimental
particles, BMMØs were treated with the NOX2 inhibitor DPI (0.5 �M) where indicated. A, total mRNA levels of GILT in unactivated and IL-4-activated BMMØs
were determined by QPCR. Averaged relative mRNA levels from four independent QPCR experiments are shown. Relative expression was expressed as mRNA
levels relative to 18 S and presented relative to unactivated BMMØs. Error bars denote S.E. *, p � 0.05. RFU, relative fluorescence units. B and C, bulk proteolysis
as measured by hydrolysis of the DQ-albumin substrate conjugated to experimental particles in IL-4-activated BMMØs (four independent experiments). D and
E, bulk proteolysis as measured by hydrolysis of the prereduced and alkylated DQ-albumin substrate (four independent experiments). Reduced DQ-albumin
was prepared by incubating experimental particles in 1 mM dithiothreitol followed by alkylation with 2 mM iodoacetic acid. F and G, phagosomal hydrolysis of
the cysteine cathepsin-specific substrate (biotin-LC-Phe-Arg)2-rhodamine 110 conjugated to experimental particles in IL-4-activated BMMØs (seven inde-
pendent experiments). H, and I, phagosomal hydrolysis of the aspartic cathepsin specific substrate in IL-4-activated BMMØs (four independent experiments).
B, D, F, and H, representative real-time traces. Relative fluorescence values are proportional to the degree of substrate hydrolysis. C, E, G, and I, averaged rates
relative to unactivated/untreated WT controls. Relative rates were calculated between 40 – 60 min after particle internalization. Error bars denote S.E. *, p � 0.05
as determined by paired t test of the indicated experimental groups. J, relative abundance of the lysosomal proteases in whole cell lysates of WT and GILT�/�

IL-4-activated BMMØs as detected by semi-quantitative Western blotting. Mature (Mat) forms of cathepsins B, S, L, and D and the pro-forms (Pro) for cathepsins
S, L, and D are shown. Representative images and averages of band relative density from four (cathepsins B and D), six (cathepsin S), and seven (cathepsin L)
independent experiments are shown. Each calculated pixel volume was normalized to the calculated pixel volume of GAPDH expression from the same sample.
Relative density was determined by calculation of normalized pixel volume relative to WT sample using Quantity One analysis software. Error bars denote S.E.
ns, not significant.

FIGURE 4. Phagosomal maturation is not altered in the absence of GILT. BMMØs derived from WT and GILT�/� mice were incubated for 40 h in the
presence/absence of 10 ng/ml IL-4. A, phagosomal pH calculated from excitation ratios of the pH-sensitive carboxyfluorescein-SE conjugated to experimental
particles by regression to a standard curve. B, average final pH as measured 60 min post experimental particle internalization over 3 independent experiments.
C and D, PL fusion as measured by FRET between phagocytosed Alexa Fluor 488-conjugated experimental particles and Alexa Fluor 594 hydrazide-pulsed
lysosomes. E and F, phagosomal hydrolysis of a fluorogenic �-galactosidase substrate relative to a calibration fluor. A, C, and E, representative real-time traces.
Relative fluorescence units (RFU) values are proportional to the degree of phagosome/lysosome fusion/�-galactosidase substrate hydrolysis. D and F, averaged
rates relative to unactivated/untreated WT controls from three independent experiments. Relative rates were calculated between 40 and 60 min after particle
internalization. Error bars denote S.E.
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FIGURE 5. Assessing the use of DPI and proteolytic substrates in IL-4-activated BMMØs. BMMØs derived from WT mice were incubated for 40 h in the
presence/absence of 10 ng/ml IL-4. 10 min before the addition and subsequent phagocytosis of experimental particles, BMMØs were treated with the NOX2
inhibitor DPI (0.5 �M). A, phagosomal pH calculated from excitation ratios of the pH-sensitive carboxyfluorescein-SE conjugated to mannosylated experimental
particles by regression to a standard curve. B, average final pH as measured 60 min post experimental particle internalization over four independent experi-
ments. C and D, phagosomal hydrolysis of a fluorogenic �-galactosidase substrate relative to a calibration fluor. RFU, relative fluorescence units. E and F, bulk
proteolysis as measured by hydrolysis of the DQ-albumin substrate conjugated to mannosylated experimental particles in IL-4-activated BMMØs in the
presence/absence of DPI. G and H, phagosomal hydrolysis of the cysteine cathepsin-specific substrate (biotin-LC-Phe-Arg)2-rhodamine 110 conjugated to
mannosylated experimental particles in IL-4-activated BMMØs in the presence/absence of DPI. A, C, E, and G, representative real-time traces. Relative fluores-
cence values are proportional to the degree of substrate hydrolysis. D, F, and H, averaged rates relative to untreated WT controls from three independent
experiments. Relative rates were calculated between 40 – 60 min after particle internalization. Error bars denote S.E. *, p � 0.05.
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tion to additionally increase the proteolytic proficiency of pha-
gosomes in alternatively activated macrophages that are impli-
cated in the efficient clearance of cellular debris and apoptotic
bodies during the resolution of inflammation (41– 43). In addi-
tion, this may have relevance in other scenarios where NOX2
activity is down-regulated, such as after macrophage exposure
to IL-10 or apoptotic cells (44 – 46).

One interesting finding was that the role for GILT in pro-
teolysis was diminished in the presence of ROS, particularly
in unactivated macrophages. Conversely, the role for GILT
in substrate disulfide reduction was maintained in the pres-
ence of ROS. The susceptibility of GILT-mediated activation

of cysteine cathepsins to the presence of ROS could be due to
the fact that certain forms of thiol-oxidation may not be
reversible by GILT. For example thiol oxidation to the sul-
fonic state is irreversible and cannot be reduced enzymati-
cally (47). In the presence of ROS, the degree of irreversible
thiol oxidation of the cysteine cathepsin active site thiol may
increase, potentially limiting the effect of GILT. In the case
of disulfide reduction, the target substrate is a disulfide that
is less affected by the presence of ROS as it is already oxi-
dized. Thus the effect of GILT on disulfide-containing sub-
strates would not be influenced by the degree of ROS
production.

FIGURE 6. GILT maintains cathepsin S activity in a reconstituted system and in the early phagosome of IL-4-activated BMMØs. A and B, purified
cathepsin S (CatS) activity on the cathepsin S-specific substrate Ac-KQKLR-AMC in the presence/absence of rGILT in a reconstituted system. Where indicated,
heat inactivation (HI) of rGILT was performed by subjecting the enzyme to 95 °C for 10 min before addition. *, p � 0.05 compared with CatS alone and CatS/HI
rGILT samples. A, representative real-time traces. RFU, relative fluorescence units. B, averaged rates relative to CatS only controls from four independent
experiments. Relative rates were calculated between 90 and 150 min. Error bars denote S.E. C and D, bulk phagosomal proteolysis as measured by hydrolysis
of the DQ-albumin substrate conjugated to experimental particles in IL-4-activated BMMØs derived from WT, GILT�/�, CatS�/�, and GILT�/�/CatS�/� mice. E
and F, bulk proteolysis as measured by hydrolysis of the DQ-albumin substrate conjugated to experimental particles in IL-4-activated BMMØs treated with the
NOX2 inhibitor DPI (0.5 �M) 10 min before the addition and subsequent phagocytosis of experimental particles. C, and E, representative real-time traces.
Relative fluorescence units values are proportional to the degree of substrate hydrolysis. D, and F, averaged rates relative to unactivated/untreated WT controls
from five independent experiments. Relative rates were calculated between 40 and 60 min after particle internalization. Error bars denote S.E. *, p � 0.05
compared with WT control. ns, not significant.
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Although the ability of GILT to reduce disulfide bonds within
endosomes, lysosomes, and phagosomes has been well docu-
mented (19), by using a real-time fluorescence assay we were
able to visualize and quantify the reductase activity of GILT
within phagosomes in both resting and classically activated
macrophages in the presence and absence of NOX2 activity.
GILT-catalyzed disulfide reduction was evident within 15 min
after phagocytosis and continued within the mature phagolyso-
some. Although the absence of GILT significantly compro-
mised phagosomal disulfide reductive efficiency, it was not
completely abolished in unactivated cells. The residual disul-
fide reduction noted in these phagosomes supports the finding
that the reduction of certain model antigens is independent of
GILT (48). It was also interesting to note that phagosomes of
BMMØs classically activated with IFN� did not possess signif-
icantly higher levels of disulfide reduction compared with unac-
tivated controls even in the presence of DPI despite increased
expression of GILT. This may indicate that disulfide reduction
by GILT is not rate-limiting in these phagosomes. In the
absence of GILT, however, the reductive capacity of these
phagosomes was near-abolished. This could suggest that the
primary role of the induction of GILT by IFN-� is not to
increase disulfide reduction in activated macrophages but is to
maintain levels of disulfide reduction in the more oxidative
endolysosomal system of these cells.

Historically, GILT has been shown to play an important role
in antigen processing in a variety of in vivo and in vitro models
(49 –51). It is clear that this function of GILT is primarily medi-
ated through its ability to reduce inter- and intramolecular dis-
ulfides of antigens. However, our data suggest that in addition
to reducing disulfide bonds of antigens directly, GILT may
impact antigen processing through maintenance of cysteine
cathepsin activity under particular redox conditions.

Although this study found that GILT is required for optimal
cathepsin S activity, a role for GILT in supporting other cys-
teine cathepsins either directly or indirectly cannot be ruled
out. Indeed, expression of GILT in melanoma and B cell lines
has been shown to increase the processing of pro-cathepsin B,
S, L, and D to their mature forms or to specifically destabilize
cathepsin S (52, 53). Although we found no evidence of either
altered processing or destabilization of cysteine or aspartic
cathepsins mediated by native levels of GILT in macrophages
(GILT�/� BMMØs exhibited similar levels of mature cathepsin
B, S, L, and D), increased cysteine cathepsin activities mediated
by GILT could indeed enhance the proteolytic processing of
these pro-enzymes as well as accelerate their decay (54, 55).

The current study does not describe the nature of the inter-
action between GILT and cathepsin S. GILT may directly
reduce oxidized Cys-25 in the active site of cathepsin S. Alter-
natively, GILT may support proteolysis indirectly by maintain-
ing a high concentration of reducing equivalents (such as cys-
teine) required for optimal cysteine cathepsin activity, before,
or shortly after phagocytosis. GILT has been shown to alter
cellular glutathione levels in murine fibroblasts, although glu-
tathione is unlikely to be a major reducing equivalent in the
endolysosomal system (12, 56). Elucidating mechanisms by
which GILT supports cathepsin S activity is a focus of ongoing
research.

In addition to cathepsin S, GILT may be involved in main-
taining the activity of other enzymes present in these compart-
ments, such as thiol-dependent peroxidases. In the current
study we surprisingly did not see evidence of GILT supporting
antioxidant functions during a respiratory burst as we noted no
changes in ROS levels in GILT�/� BMMØs over the period of
phagosomal maturation measured. It is possible that GILT
could still be involved with reestablishing a reductive environ-
ment after NOX2 activity by activating currently uncharacter-
ized ROS scavenging functions in the phagosome similar to the
role of thioredoxin in the activation of certain peroxidases (57).
These issues are difficult to address as the presence of other
thiol reductases and the identities of endosomal/lysosomal
reducing equivalents are currently unknown (12, 13). For
instance, the mechanisms that maintain the activity of GILT
itself (as it is also reliant on reduced active-site cysteines) are
uncharacterized. Although earlier reports suggested L-cys-
teine as a source of reducing equivalents for both GILT and
cysteine cathepsins (19, 58), direct experimental evidence for
this is still lacking. The full extent of the role of GILT as a
reductive enzyme within the endo/lysosomal system will be
more defined as we uncover the exact mechanisms by which
redox conditions are established and maintained within these
dynamic compartments.
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