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Abstract
MHC class II-restricted Ag processing requires protein degradation in the endocytic pathway for
the activation of CD4+ T cells. Gamma-interferon-inducible lysosomal thiol reductase (GILT)
facilitates Ag processing by reducing protein disulfide bonds in this compartment. Lysosomal
cysteine protease cathepsin S (CatS) contains disulfide bonds and mediates essential steps in MHC
class II-restricted processing, including proteolysis of large polypeptides and cleavage of the
invariant chain. We sought to determine whether GILT’s reductase activity regulates CatS
expression and function. Confocal microscopy confirmed that GILT and CatS colocalized within
lysosomes of B cells. GILT expression posttranscriptionally decreased the steady-state protein
expression of CatS in primary B cells and B-cell lines. GILT did not substantially alter the
expression of other lysosomal proteins, including H2-M, H2-O, or CatL. GILT’s reductase active
site was necessary for diminished CatS protein levels, and GILT expression decreased the half-life
of CatS, suggesting that GILT-mediated reduction of protein disulfide bonds enhances CatS
degradation. GILT expression decreased the proteolysis of a CatS selective substrate. This study
illustrates a physiologic mechanism that regulates CatS and has implications for fine tuning MHC
class II-restricted Ag processing and for the development of CatS inhibitors, which are under
investigation for the treatment of autoimmune disease.
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Introduction
Activation of CD4+ T cells requires the presentation of peptides in the context of MHC class
II molecules on professional APCs (reviewed in [1]). MHC class II αβ heterodimers are
assembled in the endoplasmic reticulum in association with invariant chain (Ii) [2]. The
cytoplasmic tail of Ii targets the MHC class II-Ii complex into the endocytic pathway, where
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Ii is sequentially cleaved leaving CLIP (class II-associated invariant chain peptides)
associated with the MHC class II peptide binding groove [3–9]. Lysosomal proteases known
as cathepsins (CatS) are responsible for the cleavage of Ii and the proteolysis of endocytosed
and endogenous proteins in this compartment [10–15]. Reduction of protein disulfide bonds
in the lysosomal compartment by gamma-interferon-inducible lysosomal thiol reductase
(GILT) facilitates the generation of MHC class II-restricted epitopes from disulfide bond-
containing protein Ags, such as tyrosinase-related protein-1, which is an autoAg in vitiligo
and a tumor Ag in melanoma [16–18]. H2-M (HLA-DM in humans) mediates the removal
of CLIP and stabilizes MHC class II until a high-affinity peptide is bound [19,20]. H2-O
(HLA-DO in humans) associates with H2-M and negatively regulates its function [21, 22].
Peptide-MHC class II complexes are transported to the cell surface for stimulation of CD4+

T cells.

GILT is constitutively expressed in most APCs and is upregulated by IFN-γ in other cell
types such as melanoma cells [17, 23–25]. GILT is synthesized as a 35 kDa precursor and
targeted to lysosomes by mannose-6-phosphate tagging [17, 23]. In early endosomes,
cleavage of N- and C-terminal propeptides generates the 28 kDa mature form that localizes
to late endosomes and lysosomes [17,23,26,27]. GILT catalyzes disulfide bond reduction
with optimal activity at an acidic pH and is the only known reductase localized to the
endocytic pathway [23]. GILT’s reductase active site is composed of a thioredoxin-like
CXXC motif, corresponding to Cys-46 and Cys-49 in the mature form of human GILT [23].
Similar to thioredoxin, the thiol group of the N-terminal cysteine initiates a nucleophilic
attack on the substrate disulfide bond, a GILT-substrate mixed disulfide intermediate is
formed, and intramolecular attack from the thiol of the C-terminal cysteine results in release
of the reduced substrate [26]. Reduction of protein disulfide bonds in the endocytic pathway
is hypothesized to facilitate MHC class II-restricted processing through exposing buried
epitopes for MHC class II binding. GILT-mediated protein disulfide bond reduction in
phagosomes also facilitates transfer of disulfide-containing Ags into the cytosol enhancing
cross-presentation of exogenous proteins on MHC class I [28]. Furthermore, GILT
accelerates autoimmunity and alters tolerance of CD4+ T cells recognizing GILT-dependent
epitopes [18, 29].

Our previous work demonstrates that reductase active site mutants of GILT in murine B
cells have diminished processing of precursor GILT to its mature form [16], suggesting the
possibility that GILT’s reductase active site may play an indirect role in GILT maturation by
altering the expression of, or maintaining the activity of, lysosomal proteases. Multiple Cats
are capable of mediating the cleavage of the N- and C-terminal propeptides of precursor
GILT in vitro [26]. In vivo data support the redundancy of CatS in mediating GILT
maturation, as cleavage of precursor GILT is not significantly delayed in CatS−/− B cells
[25]. In addition, GILT has been reported to influence Cat levels in melanoma cell lines
[30]. Therefore, we sought to test the hypothesis that GILT’s reductase active site regulates
the expression or activity of lysosomal CatS in professional APCs. We focused on cysteine
protease CatS given its importance in MHC class II-restricted presentation. CatS−/−

peripheral APCs have reduced Ii degradation and altered processing of soluble exogenous
Ags [13, 14]. In contrast, CatB and CatD are not necessary for Ii degradation and MHC class
II-restricted processing [31,32]. In this study, we identified a previously unknown level of
regulation of CatS that involves GILT.

Results
GILT and CatS colocalize in lysosomes of primary B cells

To evaluate a possible interaction between GILT and CatS, we first confirmed the
subcellular localization of GILT in primary murine B cells. Prior electron microscopy
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studies have shown that GILT localizes to both multivesicular late endosomes and
multilaminar lysosomes in B cells [23]. WT splenic B cells stained with anti-GILT serum
(Fig. 1A, red) and anti-lysosome-associated membrane protein-1 (LAMP-1) mAb (Fig. 1A,
green) revealed a punctate pattern consistent with localization to the late endosomes and
lysosomes. The merged images demonstrated the colocalization of GILT and LAMP-1 (Fig.
1A, yellow). We quantified the degree of colocalization using Image J software with the
JACoP plugin. The Manders coefficient for the fraction of GILT signal that colocalized with
LAMP-1 was 0.93 ± 0.06 (mean ± SD). Next, we determined whether GILT and CatS
colocalize in primary B cells. Staining with anti-GILT serum and anti-CatS Ab in WT B
cells both showed a punctate pattern (Fig. 1B, green and red, respectively). Merged images
demonstrated the colocalization of GILT and CatS (Fig. 1B, yellow). The Manders
coefficient for the fraction of GILT signal that overlapped with CatS was 0.99 ± 0.01. Z-
stack imaging showed that the colocalization of GILT and CatS was consistent throughout
the cell (data not shown). B cells from GILT−/− mice maintained CatS expression and served
as a negative control for GILT (Fig. 1B, bottom row). In each case, no staining was
observed with the secondary Ab alone (data not shown). These findings are consistent with
studies showing the colocalization of GILT with other lysosomal cysteine proteases CatB
and CatD in human melanoma cell lines [30]. These data demonstrate the colocalization of
GILT and CatS in the lysosomal compartments of primary B cells and allow for a possible
interaction between the two proteins that could modulate CatS expression and function.

GILT posttranscriptionally decreases the steady-state protein expression of CatS in
primary B cells

To determine whether GILT expression affects the steady-state protein levels of CatS, WT
and GILT−/− primary B-cell lysates were analyzed by immunoblotting for CatS. A single 26
kDa band representing mature CatS was observed in both WT and GILT−/− B cells (Fig.
2A), as observed in murine dendritic cells [33]. The steady-state protein expression of CatS
was increased in B cells lacking GILT in three independent sets of lysates (Fig. 2A). CatS
signal intensities relative to GRP94 were estimated to be approximately three times higher in
GILT−/− B cells compared with that of WT B cells (Fig. 2B). In a previous study of human
melanoma cell lines, transfection with GILT did not substantially alter CatS steady-state
protein levels [30]. This difference may be due to differences in cell type (professional APC
versus aberrant MHC class II expression in a cancer cell line), CatS expression, and/or MHC
class II alleles. To begin to examine the mechanism of GILT’s effect on CatS, we quantified
CatS transcripts in mRNA isolated from WT and GILT−/− primary B cells to determine
whether GILT expression affects CatS transcription or diminishes CatS expression
posttranscription. There was no significant difference in the CatS mRNA levels between WT
and GILT−/− B cells (Fig. 2C), indicating that GILT acts posttranscriptionally to decrease
the steady-state protein levels of CatS.

To identify whether GILT’s effect is limited to CatS or whether GILT affects multiple
lysosomal proteins involved in MHC class II loading, we evaluated the effect of GILT
expression on MHC class II-like molecules H2-M and H2-O. There was no statistically
significant difference in the steady-state level of H2-Mα or H2-Oβ in the presence and
absence of GILT (Fig. 2D and E). Next, we evaluated GILT’s effect on expression of CatL,
a lysosomal cysteine protease that is necessary for Ii degradation in cortical thymic epithelial
cells, but not in bone marrow-derived APCs [34]. Lysates from WT and GILT−/− thymuses
were immunoblotted with anti-CatL serum. In the thymus, multiple forms of CatL were
identified corresponding to the described precursor form (doublet at 36 kDa), the 28 kDa
single chain mature form, and the 21 kDa heavy chain of the two-chain mature form (Fig.
2F) [35]. There was no statistically significant difference between the level of each form of
CatL found in WT compared with GILT−/− thymuses (Fig. 2F). Consistent with previous
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studies that have identified a single mature form of CatL in murine B cells [25], a single
band corresponding to mature CatL was observed in WT and GILT−/− B cells (Fig. 2G). In
addition to a possible effect of GILT expression, an increase in CatL expression could be
due to decreased CatS expression, as CatS−/− B cells have increased CatL protein expression
[25]. However, no significant difference in the steady-state protein level of mature CatL was
observed between WT and GILT−/− B cells (Fig. 2G). These data indicate that GILT does
not substantially alter the steady-state protein expression of H2-M, H2–O, or CatL.

Expression of GILT is sufficient to diminish steady-state levels of CatS
To determine whether differences in the types of B cells, which in turn may express
different levels of CatS, may account for the difference in CatS levels in primary B cells, we
evaluated the percentage of CD21+CD23+ follicular B cells and CD21hiCD23lo marginal
zone B cells within the CD19+ B-cell gate from WT and GILT−/− splenocytes (Supporting
Information Fig. 1). There was no difference in the percentage of follicular B cells; the
percentage of follicular B cells was 75.0 ± 1.5 (mean ± SD) and 73.3 ± 1.8 from WT and
GILT−/− mice, respectively. There was a small, but statistically significant increase in the
percentage of marginal zone B cells in GILT−/− compared with WT splenic B cells (11.1 ±
0.8 versus 7.2 ± 1.0; n = 6 mice per group; p < 0.05). The significance of this difference is
uncertain. While the approximately 4% increase in the percentage of marginal zone B cells
may contribute to a difference in CatS levels, it is unlikely to account for the entire threefold
increase in CatS levels in B cells from GILT−/− mice. To further investigate this possibility,
we examined the effect of expressing GILT in a GILT−/− B-cell line on CatS protein levels.

To definitively demonstrate that the addition of GILT is sufficient to diminish steady-state
levels of CatS, we transduced the GILT−/− B-cell line BμMyc.GKO.1 [16] with WT GILT
or vector alone. Following transduction with GILT, both precursor and mature forms of
GILT were detected (Fig. 3A), as previously observed in these cells and the murine A20 B-
cell lymphoma line [16,17]. Immunoblot analysis showed that the GILT−/− B-cell line
transduced with WT GILT had a 3.7-fold decrease in steady-state protein level of CatS
compared with those transduced with vector alone (Fig. 3B, lanes 1 and 2, and Fig. 3C,
columns 1 and 2), validating results found in primary B cells (Fig. 2). These data confirm
that GILT expression is sufficient to decrease intracellular CatS steady-state protein
expression.

GILT’s reductase active site is necessary for diminished CatS protein expression
To determine whether GILT’s reductase active site was required for decreased CatS
expression, we transduced the GILT−/− B-cell line BμMyc.GKO.1 with WT GILT or
cysteine mutants of the reductase active site [16]. We previously demonstrated that these
WT and mutant GILT constructs colocalize with MHC class II and LAMP-1 in
BμMyc.GKO.1 cells [16]. In each experiment, the transduction efficiency was determined
to be uniformly greater than 90% (Supporting Information Fig. 2). WT GILT and all three
active site cysteine mutants were equivalently expressed at steady state (Fig. 3A, lanes 2–5).
Mature GILT was the predominant form at steady state (Fig. 3A, lanes 2–5). The precursor
form was detected as a doublet, which may be due to variable N-linked glycosylation as
seen with GILT overexpression in COS-7 cells [26] (Fig. 3A, lanes 2–5). There was a small
increase in the precursor relative to the mature form in mutants C46S and C46SC49S (Fig.
3A, lanes 3 and 5), consistent with mutation of GILT’s reductase active site resulting in
diminished GILT maturation [16]. In contrast to transduction with WT GILT that resulted in
decreased CatS protein levels, transduction with mutant GILT (C46S, C49S, or C46SC49S)
did not alter CatS steady-state protein expression compared with transduction with vector
alone (Fig. 3B, lanes 1 and 3–5, and Fig. 3C). These data confirm that decreased CatS
protein expression is dependent on an intact reductase active site of GILT.
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GILT decreases the stability of CatS
Since CatS has three disulfide bonds that maintain its tertiary structure [36], we
hypothesized that GILT-mediated reduction of CatS may decrease the half-life of CatS
resulting in diminished steady-state levels of CatS. To evaluate whether GILT decreased the
half-life of CatS, we first attempted 35S labeling and pulse-chase analysis; however, we
were not able to detect CatS protein with 35S labeling and immunoprecipitation. Next, we
examined CatS protein levels in GILT−/− BμMyc.GKO.1 B cells transduced with vector
alone or WT GILT following inhibition of translation with cycloheximide. Figure 4 A and B
show immunoblots for CatS from lysates of GILT−/− B cells transduced with vector alone or
WT GILT, respectively. In each case, lysates from GILT-expressing and GILT-deficient B
cells are shown at the zero time point, demonstrating decreased steady-state CatS expression
in the presence of GILT (Fig. 4A and B, lanes 1 and 2). In GILT-deficient B cells, we
observed no change in CatS steady-state levels over 9 h of cycloheximide treatment (Fig. 4A
and C). In contrast, in the presence of GILT, CatS steady-state levels were diminished by
approximately 50 and 70% after 6 and 9 h of cycloheximide treatment, respectively (Fig. 4B
and C). These data show that the half-life of CatS is decreased in the presence of GILT.

GILT decreases the proteolysis of a CatS-selective substrate in primary B cells
Since GILT expression reduced the steady-state levels of CatS protein, we hypothesized that
GILT expression would diminish CatS function on a per cell basis. We used a fluorescence-
based protease activity assay in which the activity of CatS, CatB, and CatL in cell lysates is
measured by quantifying the release of fluorescent free amino-4-trifluoromethyl coumarin
(AFC) resulting from the cleavage of a Cat selective substrate. The 47% increase in CatS
protease activity in the lysates of GILT−/− primary B cells compared with that of WT B cells
was highly significant (p < 0.0001) (Fig. 5, left). A caveat in the interpretation of this result
is that the small increase in marginal zone B cells found in GILT−/− splenic B cells may
contribute in part to this finding (Supporting Information Fig. 1). As another approach to
assess the specificity of GILT’s effect, we assessed the effect of GILT expression in primary
B cells on CatB and CatL activity. Overall, the levels of CatB and CatL activity were
fivefold lower than CatS (Fig. 5). High levels of CatB detected by cysteine protease active
site labeling in B cells [13,25] did not translate to high levels of substrate cleavage in this
assay. Low CatL activity in APCs is consistent with previous reports [25, 34, 37]. Lysates
from WT and GILT−/− B cells displayed no significant difference in CatB activity (Fig. 5,
middle). Although we did not detect a difference in CatL protein expression (Fig. 2G), a
smaller 24% increase in CatL protease activity was observed in the lysates of GILT−/−

compared with those from WT B cells (p < 0.01) (Fig. 5, right). In each case, protease
activity was abolished with inclusion of a Cat inhibitor. Together these data indicate that
GILT expression decreases the steady-state protein expression of CatS resulting in less CatS
protease activity per cell equivalent.

Discussion
GILT and CatS are both localized in the lysosomal compartment and have important
functions in MHC class II-restricted Ag processing. We demonstrate that CatS steady-state
protein levels are diminished in WT compared with GILT−/− primary B cells and that GILT
expression in a B-cell line is sufficient to diminish CatS steady-state protein levels. After
excluding the possibility that GILT expression reduced CatS transcription, we determined
that the ability of GILT to diminish CatS steady-state protein levels was dependent on
GILT’s reductase active site and that the half-life of CatS is shortened in the presence of
GILT. Since CatS has three disulfide bonds that contribute to maintaining the tertiary
structure of CatS [36], a potential mechanism of GILT’s effect is that CatS may be a
substrate of GILT and GILT-mediated reduction of CatS may decrease the stability of CatS.
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Alternatively, GILT expression may indirectly diminish the stability of CatS.
Immunoprecipitation and immunoblot for CatS, as well as CatS activity assays, from
supernatants of GILT-deficient and GILT-expressing B cells did not provide evidence for
altered CatS secretion (data not shown). These studies demonstrate a previously unreported
role for GILT in regulating CatS levels; however, the exact molecular mechanism by which
GILT regulates CatS levels remains to be elucidated.

Decreased CatS protein levels correspond with decreased CatS protease activity in GILT-
expressing B cells. CatS enhances MHC class II-restricted processing through cleavage of Ii
and digestion of large polypeptides [12–15]. We took two approaches to determine whether
decreased CatS activity corresponds with a change in Ii processing. First, immunoblots to
measure Ii proteolytic intermediates in GILT-deficient and GILT-expressing B cells were
performed. Second, we performed flow cytometric analysis to measure cell surface
expression of MHC class II I-Ab bound to Ii degradation intermediates p12 and CLIP.
However, no differences in Ii proteolysis or expression of Ii fragments on the cell surface
were detected (data not shown). Given that Ii is highly susceptible to lysosomal degradation,
that multiple proteases can perform this role, and that Ii proteolysis continues in the absence
of CatS [13], it is not surprising that we were unable to detect a difference in Ii proteolysis
with a threefold decrease in CatS protein levels in GILT-expressing cells. Nonetheless, our
data show that in the presence of GILT, CatS stability is diminished and CatS activity on a
per cell basis with a more sensitive synthetic substrate is decreased. The impact of GILT
regulation of CatS on Ag processing and presentation remains to be determined and will be
the subject of future studies.

The alteration of lysosomal proteolysis has implications for MHC class II-restricted
processing and presentation. Given that GILT facilitates the presentation of certain epitopes
from disulfide bond-containing protein Ags [17, 18, 24, 38] and CatS promotes MHC class
II-restricted processing [12–15], it may seem to be an apparent paradox that GILT
expression decreases CatS expression and function. However, fine control of lysosomal
proteolysis is required for optimal Ag presentation, as lysosomal proteases have both the
ability to generate and destroy immunogenic epitopes [39]. We show here that GILT
contributes to the control of lysosomal protease activity. In addition, efficient MHC class II-
restricted presentation depends on the inflammatory milieu and activation of the APC
[33,40]. It is possible that GILT suppresses the MHC class II-restricted presentation of
endogenous proteins in resting B cells. This hypothesis is supported by a mass spectrometric
analysis of MHC class II bound peptides eluted from resting WT and GILT−/− splenocytes,
of which resting B cells compose the predominate MHC class II-positive cell type. No
unique peptides were identified from WT splenocytes, and 95% of the peptides were more
abundant on GILT−/− splenocytes including 2% that were exclusively identified from
GILT−/− splenocytes [41]. In addition to GILT’s role in facilitating presentation of certain
epitopes from disulfide bond-containing protein Ags, we show that GILT’s reductase active
site diminishes CatS protein levels by decreasing CatS stability. GILT may fine tune Ag
presentation by modulating lysosomal proteolysis.

Modulation of Ag presentation and, in particular, inhibition of CatS activity are under
investigation as therapeutic approaches for autoimmune disease. The initial descriptions of
Cat function in Ag presentation in vivo suggested selective inhibition of these cysteine
proteases as a therapeutic strategy for manipulating CD4+ T-cell responses and treating
autoimmune diseases [13, 15, 34]. These reports demonstrate that inhibition or knockout of
CatS reduced T cell-dependent Ab responses, pulmonary hypersensitivity, and collagen-
induced arthritis in mouse models [13, 15]. A more recent study demonstrates that a CatS
inhibitor blocks lymphocytic infiltration of lacrimal and salivary glands and autoAb
formation in a mouse model of Sjögren syndrome [42]. Also, CatS inhibition after
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sensitization with myelin oligodendrocyte glycoprotein35–55 peptide delays the onset and
progression of murine experimental autoimmune encephalomyelitis, and treatment of
established collagen-induced arthritis with a CatS inhibitor results in an improved clinical
score and reduced bone loss in mice [43]. Furthermore, the safety and efficacy of a CatS
inhibitor has been tested in a clinical trial of patients with active rheumatoid arthritis
(clinicaltrails.gov). Cystatin C is an endogenous inhibitor of CatS [44]; however, cystatin C
levels do not control MHC class II-restricted Ag presentation [45]. Our study illustrates a
previously unreported physiologic mechanism responsible for regulating CatS steady-state
protein levels and activity.

Materials and methods
Animals and cells

C57BL/6 (WT) mice were obtained from Jackson Laboratory (Sacramento, CA, USA).
GILT−/− mice have been described [17]. These studies were approved by the Institutional
Animal Care and Use Committee. B cells were isolated from total splenocytes by negative
selection using the EasySep® mouse B-cell enrichment kit (StemCell Technologies,
Vancouver, Canada). Greater than 90% purity was achieved based on CD19 staining (data
not shown). The following cell lines were used: BμMyc.GKO.1, a B-cell lymphoma cell
line with an immature B-cell phenotype derived from GILT−/− Eμ-myc transgenic mice
[16], and human embryonic kidney 293T cells (American Type Culture Collection,
Manassas, VA, USA).

Confocal microscopy
Primary B cells were plated onto alcian blue-coated cover slips and fixed with 3.7%
formaldehyde. For LAMP-1 staining, cells were permeabilized with 0.05% saponin. For
CatS staining, cells were permeabilized with methanol and 0.05% Triton-X. Cells were
stained with rabbit anti-mouse GILT serum followed by either Alexa Fluor 555 goat anti-
rabbit IgG (H+L) or Alexa Fluor 488 goat anti-rabbit IgG (H+L). CatS was detected with
goat anti-mouse CatS polyclonal Ab (M-19, SantaCruz Biotechnology, Inc., Santa Cruz,
CA, USA) followed by Alexa Fluor 555 donkey anti-goat IgG (H+L) (Invitrogen, Carlsbad,
CA, USA), and LAMP-1 was probed using Alexa Fluor 488 anti-mouse LAMP-1 mAb
(clone 1D4B, BioLegend, San Diego, CA, USA). Nuclei were detected with Hoechst 33342
(Invitrogen). Images were collected using a Zeiss LSM 710 confocal microscope and
analyzed with Zen LE software (Carl Zeiss Microimaging Inc., Thornwood, NY). Images of
single sections and Z-stacks of 12–24 optical sections with 0.3–0.8 μm increments were
taken of each slide. Quantification of the extent of colocalization was determined using the
National Institutes of Health ImageJ software (freeware available from http://
rsbweb.nih.gov/ij/) with JACoP plugin default settings [46]. Specifically, images of over
200 single cells were used to determine the overlap of signals, as reported by the Manders
coefficient [47].

Immunoblotting
Cells were lysed with 1% Triton X-100 in TBS for 30 min on ice. Thymuses were disrupted
by sonication and lysed in 2% Triton X-100 in 2× TBS for 15 min on ice. Indicated amounts
of postnuclear supernatants were resolved by SDS-PAGE (PAGEr® Gold Tris-Glycine 4–
20% polyacrylamide gel, Lonza Rockland Inc., Rockland, ME, USA) and
electrophoretically transferred to Immobilon-P membrane (Millipore, Bedford, MA, USA).
The membrane was blocked in PBS with 0.1–0.2% Tween-20 and 5% dehydrated milk and
then incubated with primary Ab. CatS, H2-Mα, H2-Oβ, and CatL were detected under
reducing conditions with goat anti-CatS polyclonal Ab (0.4 μg/mL), mouse anti-HLA-DMα
mAb (1 μg/mL, YoDMA.1, generously provided by Dr. L. K. Denzin [22]), rabbit anti-H2-

Phipps-Yonas et al. Page 7

Eur J Immunol. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/


Oβ polyclonal Ab (1 μg/mL, R.Ob/c, generously provided by Dr. L. K. Denzin [48]), and
rabbit anti-CatL serum (1:21 000, kind gift from Dr. A. H. Erickson [35]), respectively.
GILT was detected under nonreducing conditions with rabbit anti-human GILT serum
(1:2000, kindly provided by Dr. P. Cresswell [23]). Rat anti-GRP94 mAb (0.2 μg/mL, Enzo
Life Sciences, Plymouth Meeting, PA, USA) was used as a loading control. Membranes
were incubated with HRP-conjugated goat anti-rat, bovine anti-goat, goat anti-rabbit, or goat
anti-mouse IgG (1:2500–1:10 000, Jackson ImmunoResearch Laboratories, West Grove,
PA) followed by enhanced chemiluminescent substrate (SuperSignal West Pico; Pierce,
Rockford, IL, USA or Western Bright ECL; Advansta, Menlo Park, CA) and exposure to
film. For cycloheximide treatment, cells were treated with 10 μg/mL cycloheximide (Sigma,
St. Louis, MO, USA) for the indicated time periods. Band intensities were determined using
Quantity One software (Bio-Rad, Hercules, CA, USA), and relative protein expression was
calculated by (intensity of protein of interest–background)/(GRP94 intensity-background).
For quantification over time following cycloheximide treatment, protein expression is
graphed relative to expression at time zero (set to 1).

Quantitative real-time PCR analysis
RNA was isolated from single-cell suspensions using QiaShredder and the RNeasy Mini kit
(Qiagen, Valencia, CA, USA). Total RNA (2 μg) was reverse-transcribed into cDNA using
the iScript cDNA Synthesis kit (Bio-Rad). Reactions were performed using Power SYBR®

Green PCR master mix (Applied Biosystems, Carlsbad, CA, USA), 150 nM of each primer,
and 25 ng cDNA. Amplification was carried out in an Applied Biosystem 7500 Fast Real-
Time PCR System for 35 cycles of 95°C denaturation for 15 s, 59°C annealing for 1 min,
and 72°C for 1 min. CatS transcript levels were assessed using the exon 6–7 amplifying
primers 5′-GCC ATT CCT CCT TCT TCT TC-3′ and 5′-CCA TAG CCA ACC ACA AGA
AC-3′, and GAPDH was detected using exon 2–3 primers 5′-AAT GGT GAA GGT CGG
TGT GAA C-3′, and 5′-ACA ATC TCC ACT TTG CCA CTG C-3′. The ΔΔCt method
was used to calculate fold change in CatS mRNA expression in GILT−/− relative to WT
mice normalizing to GAPDH.

Retroviral transduction
The murine stem cell virus-based MigR2 retroviral vectors encoding WT and mutant GILT
were previously generated [16]. Supporting Information Fig. 3 shows a map of this vector.
Retroviral transduction of GILT-deficient BμMyc.GKO.1 B cells was performed as
described [16]. The 293T cells were cotransfected with the MigR2 retroviral vector and
pCLeco encoding gag, pol and env cDNAs using Lipofectamine 2000 (Invitrogen). Culture
supernatants containing retrovirus were collected after 48 and 72 h at 32°C, diluted 1:2 with
medium supplemented with polybrene (8 μg/mL final), and added to BμMyc.GKO.1 cells
followed by centrifugation for 90 min at 1258 × g at 32°C. Transduced cells were cultured
overnight at 32°C and then maintained at 37°C. Transduction efficiency was determined by
flow cytometric analysis for human tailless CD2, a reporter expressed under an internal
ribosome entry site element (Supporting Information Fig. 2). In each experiment comparing
the effect of WT and mutant GILT expression on CatS levels, the transduction efficiency
with vectors encoding WT and mutant GILT was greater than 90%. If the transduction
efficiency was less than 90%, the transduction was repeated, or the cells were FACS sorted
for high CD2 expression. Equivalent GILT expression was confirmed by Western blot, as in
Fig. 3A.

Protease activity assay
CatS, CatB, and CatL protease activity was measured with a fluorescence-based assay using
selective substrate sequences labeled with AFC, according to the manufacturer’s protocol
(Bio-Vision Mountain View, CA, USA). CatS, CatB, and CatL selective substrates used
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were Ac-valine-valine-arginine (VVR)-AFC, Ac-arginine-arginine (RR)-AFC, and Ac-
phenylalanine-arginine (FR)-AFC, respectively. Cleavage of the synthetic substrate releases
free AFC. Cat inhibitor Z-phenylalanine-phenylalanine (FF)-fluoromethyl ketone (FMK)
(20 μM final) was added to selected wells. Samples were incubated at 37°C in a fluorimeter,
and relative fluorescence units were measured at 15-min intervals. Fluorescence of free AFC
was detected at λexc 400 nm and λemi 505 nm. Cat activity was expressed as μM free AFC
as determined by generating a standard curve using free AFC under assay conditions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AFC amino-4-trifluoromethyl coumarin

Cat cathepsin

CLIP class II-associated invariant chain peptides

GILT gamma-interferon-inducible lysosomal thiol reductase

LAMP-1 lysosome-associated membrane protein-1
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Figure 1.
GILT and CatS colocalize in lysosomes of primary B cells. Confocal microscopy of WT and
GILT−/− primary B cells isolated by magnetic bead negative selection from murine
splenocytes. Cells were fixed, permeabilized, and stained with (A) rabbit anti-GILT serum
followed by Alexa Fluor 555-conjugated goat anti-rabbit (red, left), Alexa Fluor 488-
conjugated anti-LAMP-1 (green, middle) and Hoechst (blue, right), or (B) rabbit anti-GILT
serum followed by Alexa Fluor 488-conjugated goat anti-rabbit (green, left), goat anti-CatS
followed by Alexa Fluor 555-conjugated donkey anti-goat (red, middle) and Hoechst (blue,
right). Merged images (yellow) along with Hoechst are shown (right). Photographs were
taken with 63× magnification under oil, and scale bar indicates 5 μm. Images are from a
single 0.6 μm section. Data are representative of at least three independent experiments.
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Figure 2.
GILT acts posttranscriptionally to decrease the steady-state protein expression of CatS in
primary B cells. Immunoblot analysis of (A) CatS, (D) H2-M, (E) H2-O, and (F and G)
CatL in detergent lysates of WT and GILT−/− primary B cells (A, D, E, and G) or thymus
(F). Postnuclear supernatants of lysates (9, 15, 5, 22, and 15 μg/lane for A, D, E, F, and G,
respectively) were resolved by 4–20% gradient SDS-PAGE under reducing conditions and
probed with goat anti-CatS polyclonal Ab, mouse anti-H2-Mα mAb, rabbit anti-H2-Oβ Ab,
or rabbit anti-CatL serum. GRP94 served as a loading control. (A) Immunoblot analysis and
(B) densitometry of CatS expression are shown. (B) Band intensities were estimated using
Quantity One software, and CatS expression was normalized to GRP94 expression. Data are
shown as the mean ± SEM of three sets of lysates from three performed experiments. *p <
0.05, independent sample Student’s t-test. (C) Quantitative RT-PCR of CatS in primary B
cells showed similar CatS mRNA transcript levels in WT and GILT−/− B cells. CatS mRNA
expression was normalized to GAPDH mRNA expression and expressed as fold change
relative to expression in WT cells. Data are shown as the mean ± SD of three independent
sets of WT and GILT−/− B cells. (D–G) Immunoblot analysis and densitometry of H2-M,
H2–O, and CatL are shown. Data are shown as the mean ± SEM of the signal intensities in
WT and GILT−/− B-cell lysates pooled from four independent experiments in (D), three
independent experiments in (E and F) and six independent experiments in (G).
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Figure 3.
GILT’s reductase active site is necessary for diminished CatS steady-state protein levels.
Immunoblot analysis of (A) GILT and (B) CatS protein expression in BμMyc.GKO.1 cells
stably transduced with vector alone, WT GILT, or mutant C46S, C49S, or C46SC49S GILT.
Post-nuclear supernatants of lysates (25 μg/lane) were resolved by 4–20% gradient SDS-
PAGE under nonreducing (GILT) or reducing (CatS) conditions and probed with rabbit anti-
GILT serum or goat anti-CatS Ab. GRP94 served as a loading control. (C) CatS expression
was normalized to GRP94 and shown relative to cells transduced with vector alone. Data are
shown as the mean ± SEM of the signal intensities from lysates of BμMyc.GKO.1 cells
transduced with vector alone, WT, or mutant GILT from five independent experiments. *p <
0.05, **p < 0.01, ANOVA with a Bonferroni adjustment for multiple comparisons.
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Figure 4.
GILT decreases the half-life of CatS. (A and B) Immunoblot analysis of CatS protein
expression in GILT-deficient BμMyc.GKO.1 cells stably transduced with vector alone
(GILT -) or WT GILT (GILT +). Cells were treated with cycloheximide (CHX +) or DMSO
(CHX -) for the indicated times. Postnuclear supernatants of lysates (40 μg/lane) were
resolved by 4–20% gradient SDS-PAGE under reducing conditions and probed with goat
anti-CatS Ab and rat anti-GPR94Ab, as a loading control. (C) CatS expression was
quantified, normalized to GRP94, and shown relative to expression at 0 h. Data are shown as
the mean ± SEM of vector alone or WT GILT samples pooled from three independent
experiments. *p < 0.05, **p < 0.01, Student’s t-test.
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Figure 5.
GILT decreases the proteolysis of a CatS-selective substrate. CatS, CatB, and CatL activity
was measured in lysates (1 × 106 cell equivalents) from primary B cells isolated from WT
and GILT−/− murine splenocytes based upon the cleavage of a CatS, CatB, or CatL-selective
substrate. Cathepsin inhibitor was included as indicated. Activity is expressed as the
concentration of the released fluorophore (free AFC, μM). Data are shown as the mean ±
SEM of triplicates from one experiment representative of two independent experiments.
Lines represent the result of linear regression. The scale for CatB and CatL activity is
smaller to highlight any differences between the activity of WT and GILT−/− lysates.
Comparison of the slopes by ANCOVA revealed a significant difference in CatS (p <
0.0001) and CatL (p < 0.01) activity between WT and GILT−/− B-cell lysates.
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