FIGURE 1. Skeletal muscle biopsy. Many scattered muscle fibers with basophilic granules and vacuoles (hematoxylin and eosin stain-
ing) (A). Vacuolar membranes show nonspecific esterase (B), and acetylcholinesterase activities (C). Immunohistochemistry shows
complete absence of LAMP-2 expression in muscles (D1), compared with the normal control (D2). [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]

activities  (image not shown), demonstrating the
features of autophagic vacuoles with unique sarco-
lemmal features (AVSF). Immunohistochemistry
showed complete absence of LAMP-2 compared
with the normal control sample (Fig. 1D). Neither
necrotic nor regenerating fibers were observed.

Western Blot Analysis. We performed Western blot
analysis with the LAMP-2 antbody in muscle
extracts from normal controls (male and female)
and the patient. LAMP-2 was present in normal
controls but was totally absent in the patient’s mus-
cle (Fig. 2A).

Mutation Analysis. Sequence analysis revealed a

novel heterozygote single nucleotide deletion of

one of the four guanines in the region 238-241
(c.241delG; p.DBIMfsXT) of the LAMP2 gene,
which causes substitution of amino acid 81 (aspar-
tic acid) with a methionine, frameshift, and stop
codon 7 residues downstream. This mutation was
not found in her parents, brother, or sister, and it
was also absent in 100 alleles of normal controls
(Fig. 2B).

880 Cardiomyopathy with Danon Disease

DISCUSSION
Female patients with Danon discase have a relatively
mild clinical phenotype, and their mean age at pre-
sentation of the disease is reported to be 38 = 12
vears.” They usually manifest with symptoms of
dilated cardiomyopathy, congestive heart failuve,
and arrhythmia. Most of the female patients are
diagnosed when male probands with Danon discase
are evaluated. Herein we diagnosed a manifesting
female patient with proximal muscle weakness and
hypertrophic cardiomyopathy at the age of 13 years.
Factors determining the phenotype of Danon dis-
case in a heterozygotic female patent could origi-
nate either from skewed X inactivadon or haploin-
sufficiency.” There are limited data regarding LAMP-
2 expression in dssues of female patients. Fanin
et al. reported a 56vear-old female patient who had
weakness, cardiomyopathy, and easy fatigability since
she was 26 years of age. She had Wolff—Parkinson—
White syndrome, nonspecific hepatitis, and progres-
sive heart failure. After cardiac transplantation at age
52, her cardiac problem was resolved, but weakness
and myalgia persisted. LAMP-2 expression in her
muscles was of similar intensity o control samplc-s.6
Sugie et al. reported a 47yearold female patient
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FIGURE 2. Western blot analysis of LAMP-2 and sequence analysis of LAMP2 gene. Skeletal muscle extracts from male, female nor-
mal controls, and the patient were blotted and labeled with anti~LAMP-2 antibody and GAPDH. LAMP-2 expression is present in both
male and female normal controls, but it is absent in the patient's muscles (A}). Sequence analysis reveals a heterozygote single nucle-
otide deletion (arrow) in the LAMPZ gene (c.241delG; p.D81MfsX7) (B). [Color figure can be viewed in the online issue, which is avail-

able at www.interscience.wiley.com.]

with cardiomvopathy. She had cardiomyopathy for
which she had been treated for several years, but she
had no weakness or cognitive decline. Immunohisto-
chemistury of LAMP-2 was not absent, but it was
weaker than normal conuols.® In contrast, our
patient had complete absence of LAMP-2 expression
in her muscle. It can be assumed that the complete
absence of LAMP-2 could have resulted in early
manifestation  and overt clinical myopathy. The

mechanism  underlving the complete absence  of

LAMP-2 in a heterozvgoous female carrier needs fur-
ther investigaton in our patient.

Sarcolemmasspecific proteins, including  dystro-
phin, sarcoglvean, dystroglycan, and laminin, are
present in - autophagic vacuoles of patients with
Danon discase.” Along with the acetvlcholinesterase
activity, the presence of sarcolemmasspecific proteins
indicates that the vacuolar membranes have the fea-
ture of sarcolemma, and the pathologic hallmark of
Danon disease is autophagic vacuoles with unique
sarcolemmal features.” Skeletal muscle findings in
female patients with Danon  disease have been
reported in only 4 cases. One of them was muscle
from an autopsv specimen that showed no remark-
able findings,” and the other was from a 32year-old
female patient with mild left ventricular enlargement
and atrial fibrilladon that showed variable fiber size
and acid phosphatase—positive inclusions in some
fibers." Reports from Sugie et al. and Fanin et al.
both showed size variations without vacuoles (their
clinical features have already been described).>® In
serial biopsies from a male patient at age 20 months
and 16 years, Sugie ct al. suggested that accumula-
tion of autophagic vacuoles correlated with disease
progressi(m.“ Fanin et al. later confirmed that the
extent of these vacuolar changes was related to the
degree of clinical muscle imolvement.”

The muscle biopsy in our patient showed many
scattered fibers with intracytoplasmic vacuoles, mem-
branes of which had the unique features of sarco-
lemma. The prominent vacuolar change in muscle

Cardiomyopathy with Danon Disease

fibers in our patient may explain the clinically overt
weakiess and early presentation. Gathering all these
findings, we assume that the complete absence of
LAMP-2 led to increased numbers of autophagic
vacuoles in muscle fibers and produced clinically
overt skeletal myopathy and hypertrophic cardiomy-
opathy beghining in adolescence. To our knowledge,
this is the first report of a female patient with this
condition showing characteristic skeletal muscle pa-
thology. This case supports evidence that the expres-
sion of clinically overt myopathy in Danon disease is
related o the accumulation of autophagic vacuoles
correlated with the complete absence of LAMP-2
expression, even in female patients.

There are few reports of hepatic involvement in
Danon discase. There was one report that assessed 4
genetically confirmed Danon  disease padents (3
males and 1 female).® In that study, the 20-year-old
male index patient had a tender and enlarged liver
with ascites. Hepatosplenomegaly was detected by
ultrasonography. Patient 2 was a 9-year-old boy with

Jjaundice and laboratory abnormality. A liver biopsy

showed chronic hepatitis. Padent 3 was a 12-vear-old
boy with hepatomegaly, and a liver biopsy showed no
abnormal findings. Patient 4 (her clinical features
were described earlier) had nonspecific hepatitis
with ultrasound evidence for hepatosplenomegaly.
Tunon et al. reported an 18-year-old boy with hyper-
trophic cardiomyopathy and elevated transminases.
Aliver biopsy showed slight portal fibrosis and unicel-
lular hepatocvte necrosis.'” In a mouse with LAMP-2
deficiency, characteristic autophagic vacuoles were
found in hepatocvtes.'' In our patient, laboratory
abnormalities were the only evidence of hepatic
involvement. It is uncertain whether this patient had
subclinical involvement of the liver or whether it was
related to a different etiology. Our patient first mani-
fested with elevations in liver enzvines and was diag-
nosed and treated for autoimmune hepatitis. After
checking the muscle enzyme levels, she was referred
to the neurology clinic, and we reached the final
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diagnosis. It is common for a patient with mvopathy
to show liver enzyme abnormalities. Therefore, it is
important to check muscle enzymes in patients when
the diagnosis and cause of abnormal liver enzymes is
uncertain.

In conclusion, we have demonstrated the ab-
sence of LAMP-2 expression in skeletal muscles
from a female patient with early-onset overt proxi-
mal weakness, many vacuolated fibers, and a de
novo novel mutaton in the LAMP2 gene. We
strongly suggest that the pathogenesis of proximal
weakness is more related to autophagic vacuoles
than primary LAMP-2 expression. We also believe
that there may be other factors that cause cardio-
myopathy in Danon disease.

This study was supported by a grant {rom the Korea Healitheare
Technology R&D project, Ministry for Health, Welfare and Family
Affairs, Republic of Korca (Grant No. A080588). The authors
thank MiSun Park for her English correction of the manuscript.
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ABSTRACT: Missense mutations in the gene for polymerase - 1
(POLGT) cause a number of phenotypically heterogeneous mito-
chondrial diseases, most commonly progressive external ophthal-
moplegia, and are characterized by the accumulation of multiple,
large-scale deletions of mitochondrial DNA. The triad of sensory
ataxic neuropathy, dysarthria, and ophthalmoparesis (SANDO) has
been demonstrated in a small subset of patients with POLG1 muta-
tions. We report a sporadic case of an 80-year-old compound het-
erozygote man who presented with SANDO and was found to have
three known pathogenic mutations in the POLGT gene (p.T2511/
p.P587L/p.G848S). To our knowledge, none of these mutations
have been demonstrated previously in SANDO. This patient’s late
presentation illustrates that a mitochondrial disorder should be con-
sidered regardless of age if the clinical symptoms warrant.
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882 SANDO from POLG Mutations

Muwaiions in polvmerase 1 (POLGT) lead 10 a
number of mitochondrial discase phenotypes asso-
ciated with multiple mitochondrial DNA deletions.
Such mutations present clinically in a heterogene-
ous manner and include both autosomal dominant
and recessive forms of progressive external oph-
thalmoplegia  (PEO); mitochondrial  ataxic syn-
drome without opthalmoplegia (MIRAS): and the
clinical wiad of sensory ataxic neuropathy, dysarth-
ria, and ophthalmoparesis (SANDO)."? There is
no specific treaument for diseases related to POLGI
mutations, although valproic acid is contraindi-
cated, as it may precipate fulminant liver discase.
Only a few cases of SANDO associated with POLGI
mutations have heen reportml.‘” We report a case
of SANDO associated with known pathogenic
POLGI mutations that presented in late life in a
compound heterozygote male.

CASE REPORT

An 80-year-old-man presented with a 7-year history
of progressively droopy eyelids, a 4-vear history of
double vision, and 3 years of an increasingly nasal
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Introduction

Summary

Major histocompatibility complex (MHC) class II molecules present anti-
genic peptides derived from engulfed exogenous proteins to CD4" T cells.
Exogenous antigens are processed in mature endosomes and lysosomes
where acidic proteases reside and peptide-binding to class II alleles is
favoured. Hence, maintenance of the microenvironment within these
organelles is probably central to efficient MHC class II-mediated antigen
presentation. Lysosome-associated membrane proteins such as LAMP-2
reside in mature endosomes and lysosomes, yet their role in exogenous
antigen presentation pathways remains untested. In this study, human B
cells lacking LAMP-2 were examined for changes in MHC class II-
restricted antigen presentation. MHC class II presentation of exogenous
antigen and peptides to CD4" T cells was impaired in the LAMP-2-defi-
cient B cells. Peptide-binding to MHC class Il on LAMP-2-deficient B
cells was reduced at physiological pH compared with wild-type cells. How-
ever, peptide-binding and class Il-restricted antigen presentation were
restored by incubation of LAMP-2-negative B cells at acidic pH, suggest-
ing that efficient loading of exogenous epitopes by MHC class II mole-
cules is dependent upon LAMP-2 expression in B cells. Interestingly, class
II presentation of an epitope derived from an endogenous transmembrane
protein was detected using LAMP-2-deficient B cells. Consequently,
LAMP-2 may control the repertoire of peptides displayed by MHC class
I molecules on B cells and influence the balance between endogenous
and exogenous antigen presentation.

Keywords: exogenous antigens; human B cells; MHC class 11 presentation

acidic proteases degrade Ii to a small fragment known as
class IT-associated invariant chain peptide (CLIP), which

Major histocompatibility complex (MHC) class II mole-
cules present antigenic peptides derived from exogenous
proteins to CD4™ T cells.! These MHC class II proteins
are constitutively expressed on the surface of a number of
professional antigen-presenting cells (APC) such as den-
dritic cells, B cells and macrophages. The MHC class 11
complexes consist of o and f subunits which are first
assembled in the endoplasmic reticulum with the chaper-
one molecule invariant chain (1i).>® The cytoplasmic tail
of 1i contains a motif that targets the li-MHC class II
complexes to endosomal/lysosomal compartments. Here,

remains associated with the MHC class II peptide-binding
groove.*” Antigens delivered into the endosomal/lyso-
somal network via receptor-mediated or fluid-phase
endocytosis are also exposed to proteases and denaturing
reactions, yielding peptide ligands for class IT molecules.®
CLIP removal and the capture of antigenic peptides by
MHC class II proteins is catalysed by the MHC-encoded
molecule HLA-DM”™ and occurs in mature endosomes
or pre-lysosomes known as MIIC."® The resulting pep-
tide-MHC class II complexes are ultimately trafficked to
the cell surface for immune surveillance by CD4" T cells.

Abbreviations: B-LCL, B-lymphoblastoid cell line; CHS, Chediak-~Higashi syndrome; CLIP, class II-associated invariant chain
peptide; GAD, glutamate decarboxylase; HSA, human serum albumin; LAMP, lysosome-associated membrane protein; LYST,

lysosomal trafficking regulator; MFI, mean fluorescence intensity.
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Mature endosomes and lysosomes play critical roles in
routine intracellular processes such as protein degradation
as well as more specialized functions related to antigen
presentation by MHC class II molecules.'”"" These mor-
phologically heterogeneous organelles are distinguishable
from other intracellular compartments in most cells by
the presence of mature acid-dependent hydrolases and
lysosome-associated membrane proteins such as LAMP-1
and LAMP-2."* LAMP-1 and LAMP-2 are members of a
family of highly glycosylated transmembrane proteins pri-
marily located in mature endosomes and lysosomes.”” A
deficiency in LAMP-2 is linked with the development of
an X-linked lysosomal storage disorder known as Danon
disease;'* genetic analysis of patients with this disorder
demonstrated several mutations in the LAMP-2 gene
causing protein truncations and an absence of protein
expression in patient tissues.'> Danon disease patients dis-
play an accumulation of dense and translucent vacuoles,
possibly autophagosomes, in the cells of multiple tis-
sues.'> Additionally, studies with LAMP-2 knockout mice
reveal an accumulation of autophagic vacuoles in many
tissues possibly because of impaired lysosomal traffick-
ing, 1617

The LAMP-2 gene encoded on the X-chromosome gives
rise to several alternative transcripts encoding protein iso-
forms that differ primarily in their cytoplasmic tail
domains."® Among these isoforms, LAMP-2A and -2B pro-
teins are ubiquitously expressed in most tissues including
lymphocytes.'” LAMP-2A serves as the lysosomal receptor
for chaperone-mediated autophagy, a pathway promoting
the transport of specific cytosolic proteins into lysosomes
via a molecular chaperone/receptor complex.’** Over-
expression of LAMP-2A or hsc70, a chaperone protein that
co-operates with LAMP-2A in chaperone-mediated auto-
phagy, enhanced the MHC class II-restricted presentation
of two cytoplasmic autoantigens in human B cells, hence
establishing a role for LAMP-2 in cytoplasmic antigen
presentation.'” Remarkably, a partial decrease in total
LAMP-2 expression in human B cells reduced not only
cytoplasmic antigen presentation but also exogenous anti-
gen presentation by MHC class Il molecules.'” Studies here
address how the complete loss of LAMP-2 in human B
cells modulates epitope selection and display in the context
of MHC class IL In the absence of LAMP-2, human B cells
displayed a reduced capacity for MHC class II-restricted
presentation of exogenous antigen and peptides but main-
tained the presentation of epitopes from an endogenous
transmembrane protein.

Materials and methods

Cell lines

The human B lymphoblastoid cell lines (B-LCL)
Priess [(homozygous DR4 (DRf1*0401)] and Frev

[DRI(DRA1%0101), DR4(DRB1*0401)] were cultured in
Iscove’s modified Dulbecco’s medium (IMDM) supple-
mented with 10% heat inactivated calf serum. The
human B-LCL 7C3.DR4 was retrovirally transduced to
express HLA-DR4” and  cultured in IMDM
supplemented with 5% heat inactivated calf serum.
A B-LCL from a Danon disease patient (Danon B-LCL)
[DR14(DRf1%1401), DR15(DRB1*1502)] was cultured in
IMDM supplemented with 10% heat inactivated calf
serum. In these cells, a 2-base-pair deletion in exon 3 of
the LAMP-2 gene in the single X-chromosome-encoded
copy disrupts LAMP-2 gene expression. Priess and
7C3.DR4 cells express endogenous immunoglobulin G
(IgG) x light chain while Frev and Danon B-LCL are
negative for x light chain expression by Western blot
analysis and instead, express IgG . light chain. Danon
B-LCL were transduced with DRf1*0401 complementary
DNA along with the mammalian selection marker histidi-
nol using the retroviral cell line PA317hddw4cl obtained
from Dr William Kwok (Benaroya Research Institute at
Virginia Mason, Seattle, WA). HLA-DR4™ Danon B-LCL
clones (DB.DR4) were selected by their growth in IMDM
supplemented with 10% heat inactivated calf serum and
8 mm histidinol  (Sigma-Aldrich, St Louis, MO).
HLA-DR4 expression in the DB.DR4 transfectants was
evaluated by flow cytometry using the HLA-DR4-specific
antibody 3.5.9-13F10. The murine B-cell CH27 was retro-
virally transduced with DRo and DR4f to express HLA-
DR4 and cultured in Dulbecco’s modified Eagle’s mini-
mal essential medium supplemented with 10% fetal
bovine serum and 0-1% B-mercaptoethanol. The T-cell
hybridoma 17.9 is specific for the HSAg4_76 epitope from
human serum albumin (HSA).** The T-cell hybridomas
2.18 and 1.21 are specific for the il gg03 and xlljs_ 50
epitopes from the human IgG x light chain,
respectively.”> The T-cell hybridoma 33.4 is specific for
the HLA-As, ;o epitope from the o chain of HLA-A.%®
All' T-cell hybridomas were generated in the
DR4(DRf1*0401) transgenic mice®” and were cultured in
RPMI-1640 supplemented with 10% fetal bovine serum,
0-1% B-mercaptoethanol, 50 U/ml penicillin, and 50 pug/
ml streptomycin.

Peptides and antigens

Human GAD,75 255 (IAFTSEHSHFSLK), HSAgs 76 (VKL-
VNEVTEFAKT), human IgG immunodominant xl;gs 303
(KHKVYACEVTHQGLSS), biotinylated xI,gg 205 (biotin-
KHKVYACEVTHQGLSS), human IgG subdominant
kKl 45150 (KVQWKVDNALQSGNS) and human HLA-
Asy 70 (VDDTQFVRFDSDAASQRME) peptides were
synthesized, purified to > 90% purity by reverse-phase
high-performance liquid chromatography, and the
sequences were confirmed by mass spectral analysis in
conjunction with Quality Controlled Biochemicals (QCB;
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Hopkinton, MA). The HSA and human IgG antigens
were purchased from Sigma-Aldrich.

Antibodies

The mouse monoclonal antibodies (mAb) specific for
either human LAMP-1 (H4A3) or human LAMP-2
(H4B4) were purchased from the Developmental Studies
Hybridoma Bank (Iowa City, IA) for use in Western
blots. The mouse mAb specific for human LAMP-1 and
conjugated with AlexaFluor647 for use in immunofluores-
cence was purchased from eBioscience (San Diego, CA).
The rat antibody 3.5.9-13F10™ was used to detect surface
HLA-DR4f chains while the mouse mAb 1243% was used
to detect intracellular and surface HLA-DRaf dimers by
flow cytometry. L243 conjugated with fluorescein isothio-
cyanate (FITC) was purchased from BD Biosciences (San
Jose, CA) and used to detect HLA-DRof dimers in
immunofluorescence. The mouse mAb W6/32 was used
to detect intracellular MHC class I molecules. The mouse
mAb MaP.DM1 was a gift from Dr Peter Cresswell (Yale
University, New Haven, CT) and was used to detect intra-
cellular HLA-DM molecules. A mouse mAb used to
detect intracellular HLA-DO molecules by flow cytometry
was purchased from BD Biosciences. The mouse mAb
DA6.147 was used to detect intracellular HLA-DRxf
dimers by Western blotting.’® The mouse mAb specific
for glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was purchased from Chemicon (Temecula, CA). For
immunoblotting, the polyclonal anti-mouse secondary
antibody conjugated to horseradish peroxidase (HRP) was
purchased from Jackson Laboratories (West Grove, PA).
For flow cytometry, the FITC-conjugated F(ab'), fragment
of goat anti-mouse IgG and the Cy2-conjugated F(ab'),
fragment of donkey anti-rat IgG were purchased from
Jackson Laboratories. The phycoerythrin (PE) -conjugated
F(ab’), fragment of rabbit anti-mouse immunoglobulin
was purchased from Dako (Carpinteria, CA).

Western blotting

Danon or Frev B-LCL were lysed on ice for 20 min in
buffer containing 10 mm Tris=HCl, pH 7-2, 150 mm
NaCl, 1% Triton X-100, and the following protease inhib-
itors: 4-(2-aminoethyl)benzenesulphonyl fluoride hydro-
chloride, pepstatin A, E-64, bestatin, leupeptin and
aprotinin (Sigma-Aldrich). Total protein concentration of
the cell lysates was determined using the Bio-Rad Protein
Assay reagent (BioRad Laboratories, Inc., Hercules, CA).
Between 50 and 100 ug of protein/sample were resolved
on 8% sodium dodecyl sulphate (SDS) —polyacrylamide
gel electrophoresis gels, transferred onto nitrocellulose
membranes (BioRad), and immunoblotted using antibody
specific for LAMP-1 or LAMP-2 followed by incubation
with a polyclonal anti-mouse-HRP-conjugated secondary

© 2010 Blackwell Publishing Ltd, Immunology
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antibody. To detect HLA-DRuf dimers, samples were
prepared in non-reducing, non-boiled conditions. Blots
were visualized with enhanced chemiluminescence (Pierce,
Rockford, IL). The membranes were stripped in buffer
containing Tris-HCl, SDS, and f-mercaptoethanol and
reprobed for GAPDH as a control for protein loading
among samples.

Quantitative real-time polymerase chain reaction
analysis

Total RNA was prepared from wild-type or LAMP-2-defi-
cient B-LCL using Tri-reagent (Molecular Research Cen-
ter, Inc, Cincinnati, OH). Reverse transcription was
performed using an Advantage RT-for-PCR kit (Clontech
Laboratories Inc., Palo Alto, CA) according to the manu-
facturer’s instructions. The 5 primer for HLA-DRx chain
was 5-CAAAGAAGGAGACGGTCTGG-3' and the 3’ pri-
mer was 5'-AGCATCAAACTCCCAGTGCT-3', GAPDH
primers were used as a control. The correct sizes of the
amplification products using these primers in reverse
transcription—polymerase chain reaction (RT-PCR) were
confirmed by ethidium bromide staining and UV transil-
lumination before their use in quantitative RT-PCR. For
quantitative RT-PCR, SYBR® GREEN PCR Master Mix
(Applied Biosystems, Foster City, CA) was used for all
amplifications, which were performed in a 7500 Real-
Time PCR thermal cycler (Applied Biosystems) using the
following parameters: 95° for 15 seconds, then 60° for
60 seconds for 40 cycles. GAPDH was used as the endog-
enous reference while Priess messenger RNA (mRNA)
was used as the calibrator. Quantification of gene expres-
sion was determined using the relative standard curve
method developed by Applied Biosystems. Briefly, a stan-
dard curve is generated with gene-specific oligonucleotide
primers and cellular mRNA from the calibrator sample
(Priess), and this curve is used to determine the quantity
of specific mRNA in the unknown samples. All samples
are normalized to the endogenous reference mRNA
(GAPDH) and are then divided by the normalized cali-
brator value. The normalized calibrator therefore has a
value of 1, and the normalized unknown samples are
expressed as an n-fold difference relative to the calibrator.

Flow cytometric analysis

Wild-type or LAMP-2-deficient B-LCL were incubated
with the rat 3.5.9-13F10 antibody or the mouse 1243
mAb for 60 min on ice to detect surface HLA-DR4f or
HLA-DR dimers, respectively. After washing with phos-
phate-buffered saline (PBS) + 1% bovine serum albumin
(BSA) + 0-1% NaNs, cells were incubated with the FITC-
conjugated F(ab'), fragment of goat anti-mouse IgG or
the Cy2-conjugated F(ab’), fragment of donkey anti-rat
IgG secondary antibody for 30 min on ice. Cells were
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washed again and fixed in 1% paraformaldehyde. Addi-
tionally, wild-type or LAMP-2-deficient B-LCL were fixed
with 1% paraformaldehyde, permeabilized with 0-1%
saponin, blocked with goat serum in PBS + 1%
BSA + 0-1% NaNj, and incubated for 60 min on ice with
the mouse mAb W6/32 or 1243 to detect intracellular
MHC class I molecules and HLA-DR dimers, respectively
or with the mouse mAb MaP.DM1 or a mouse mAb for
HLA-DO to detect intracellular HLA-DM or HLA-DO,
respectively. After washing with PBS + 1% BSA + 0-1%
NaNj, cells were incubated with the PE-conjugated
F(ab'), fragment of rabbit anti-mouse immunoglobulin
for 30 min on ice. Cells were washed again before analy-
sis. Flow cytometry was performed on a FACScan™, and
the data were analysed with crLiQuest™ software (BD
Biosciences).

Endocytosis assay

Wild-type 7C3.DR4 and LAMP-2-deficient DB.DR4
B-LCL were washed with cold Hanks’ balanced salt solu-
tion (HBSS) + 3% BSA and incubated with 5 mg/ml
FITC-albumin (Sigma-Aldrich) for 0 and 120 min at 37°.
At each time-point, cells were again washed with cold
HBSS + 3% BSA and fixed with 1% paraformaldehyde.
Uptake of FITC-albumin was determined using flow
cytometry performed on a FACScan™, and the data were
analysed with ceLLQuest™ software (BD Biosciences).

Indirect immunofluorescent microscopy

Wild-type Frev or LAMP-2-deficient DB.DR4 B-LCL were
incubated with 200 nm LysoTracker Red (Invitrogen,
Carlsbad, CA) for 18 hr at 37°. Cells were washed and pla-
ted on poly-L-lysine-treated (Sigma-Aldrich) coverslips.
The cells were then fixed with 4% paraformaldehyde, per-
meabilized with 0-1% saponin, blocked with PBS + 2%
BSA, and incubated for 60 min at room temperature with
FITC-conjugated L243 to detect HLA-DR dimers. Addi-
tionally, unlabelled Frev or DB.DR4 cells were plated on
poly-L-lysine-treated coverslips, fixed with 4% paraformal-
dehyde, and permeabilized with 0-1% saponin. After block-
ing with PBS + 2% BSA, cells were incubated for 60 min
at room temperature with FITC-conjugated 1243 to detect
HLA-DR dimers and with AlexaFluor647-conjugated-anti-
LAMP-1 antibody to detect LAMP-1. All samples were
washed again before analysis. Cells were viewed using a
Perkin Elmer Spinning Disk Confocal Microscope, and a
single plane through the cell is depicted. Images were pro-
cessed using NIH Imacr | software.

Antigen presentation assays

To measure exogenous antigen presentation, DB.DR4,
Frev, Priess, or 7C3.DR4 cells (APC) were incubated with

various concentrations of purified antigen for 16 hr at
37° or synthetic peptides for 4 or 16 hr at 37°. Samples
were washed and then fixed with 0-5% paraformaldehyde
for 10 min at room temperature. Then, 4 X 10* APC were
incubated with 2 x 10* epitope-specific T cells for 24 hr
at 37°. For endogenous antigen presentation, variable
numbers of APC were incubated with 2 x 10* epitope-
specific T cells for 24 hr at 37°. To measure the effect of
pH on exogenous peptide presentation, APC were incu-
bated with peptide in either cell culture medium (pH 7)
or 150 mm Na,HPO, buffer adjusted to pH 5-5 with citric
acid for 4 hr at 37°. To strip surface MHC class II, APC
were first treated with 160 mm NaCl adjusted to pH 4
with citric acid, three treatments for 30 min each on ice.
Cells were washed and fixed as described above before
incubation with exogenous peptide and co-culture with
epitope-specific T cells. An interleukin-2-dependent cell
line, HT-2, was used to measure interleukin-2 production
following T-cell activation, and HT-2 proliferation was
quantified using [*H]thymidine incorporation. Data are
expressed as the average counts per minute (c.p.m.) of
triplicate samples for each assay.

Capture enzyme-linked immunosorbent assay (ELISA)

DB.DR4 or 7C3.DR4 cells were first fixed with parafor-
maldehyde and then incubated overnight at 37° with
100 pv biotinylated 155 203 peptide. Lysates were pre-
pared and added to plates coated with an anti-HLA-DR4
antibody to capture HLA-DR4 molecules in the lysates.
The binding of biotinylated xI;45 203 peptide to the cap-
tured HLA-DR4 was measured using europium-strepavi-
din.*®

Results

Defects in exogenous antigen presentation in Danon
B-LCL

A hallmark characteristic of Danon disease in humans is
the absence of LAMP-2 protein expression in multiple tis-
sues, particularly cardiac and skeletal muscle, because of
mutations in the LAMP-2 gene.”” We evaluated the
expression of the LAMP-2 protein in the B-LCL derived
from a patient with Danon disease (Danon B-LCL) by
Western blotting. As observed in fibroblasts from patients
with Danon disease (data not shown), Danon B-LCL did
not express any detectable LAMP-2 protein (Fig. la).
Interestingly, the levels of another lysosomal transmem-
brane protein LAMP-1 were equivalent in both Danon
and wild-type Frev B-LCL (Fig. 1a).

The importance of lysosomal proteases and thiol reduc-
tases in MHC class II-mediated antigen presentation was
established using pharmacological inhibitors and gene-
deficient APC.**'"?* Yet far less is known about the role
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Figure 1. Exogenous antigen presentation is defective in LAMP-2-deficient Danon B-LCL. (a) Cell lysates were prepared from Danon or wild-
type Frev B-LCL, the proteins were resolved by gel electrophoresis, and immunoblotted with an antibody to LAMP-2 or LAMP-1. The blot was
stripped and reprobed with an antibody to GAPDH. Data are representative of at least two independent experiments. (b) LAMP-2-deficient

DB.DR4 or wild-type 7C3.DR4 cells were incubated with various concentrations of human serum albumin antigen overnight and then cultured
with HSAgy e-specific T cells to measure MHC class II presentation. (¢, d) DB.DR4 or wild-type Frev cells were incubated with various concen-

trations of human IgG antigen overnight and then cultured with either xI,g5 p03-specific T cells (¢) or xIl;4s5.150-specific T cells (d) to measure
MHC class II presentation. Neither DB.DR4 nor Frev expressed endogenous IgG k light chain. Data are representative of three independent
experiments, and the error bars indicate the mean T-cell activation * the standard deviation. Note that the size of the symbols at some points

masks the error bars.

of lysosomal transmembrane proteins in modulating
MHC class II function and antigen recognition. Hence,
studies were conducted to address whether the absence of
LAMP-2 expression observed in Danon B-LCL altered
exogenous antigen presentation. Wild-type 7C3.DR4 and
LAMP-2-deficient DB.DR4 were incubated with various
concentrations of exogenous HSA antigen and then
co-cultured with an HLA-DR4-restricted T-cell hybrid-
oma specific for the HSAgs 76 epitope.”® Even at high
concentrations of HSA (20 pm) after an overnight incuba-
tion, the LAMP-2-deficient DB.DR4 were unable to acti-
vate HSA-specific T cells (Fig. 1b). The ability of DB.DR4
to present a second exogenous antigen, human IgG &«
light chain, was also evaluated. 7C3.DR4 cells express
endogenous IgG k while DB.DR4 and the wild-type Frev
B-LCL are negative for endogenous IgG x by Western
blotting and instead, express IgG /4 light chain (data not
shown). DB.DR4 or Frev cells were incubated with IgG
and then co-cultured with HLA-DR4-restricted T-cell
hybridomas specific for either of two epitopes from IgG,
Klgs205 OF K45 i50.2 Again, even at high concentra-
tions of human IgG (20 um), the LAMP-2-deficient
DB.DR4 cells were unable to present either xlgg 203 Or
k1l 45159 epitopes to activate the wl- or xll-specific T
cells (Fig. 1c,d). Together these results suggest that the

© 2010 Blackwell Publishing Ltd, Immunology

absence of LAMP-2 expression in human B cells disrupts
exogenous MHC class II-mediated antigen presentation.

Comparable expression of surface and intracellular
MHC class II in Danon and wild-type B-LCL

We next examined whether the absence of LAMP-2 in
Danon B-LCL influenced the expression of MHC class 11
molecules as a potential explanation for the observed
defects in exogenous antigen presentation. First, the levels
of HLA-DRo chain mRNA in a panel of wild-type and
Danon B-LCL were determined using quantitative RT-
PCR. Both wild-type and Danon B-LCL express very sim-
ilar amounts of HLA-DRa mRNA (Fig. 2a). In addition,
the levels of surface and intracellular HLA-DRefS dimers
were also determined for these cells using flow cytometry.
Although surface expression of HLA-DRaf was slightly
increased in LAMP-2-deficient DB.DR4 compared with
wild-type Frev B-LCL (Fig. 2b) as detected using an anti-
body that recognizes MHC class II a«ff dimers, we were
able to detect similar levels of HLA-DRaff dimers upon
Western blotting cell lysates of DB.DR4 and Frev
(Fig. 2¢). No significant difference in the total levels of
cell surface and intracellular expression of HLA-DR or
MHC class I proteins was observed in Danon versus
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wild-type B-LCL after permeabilization (Fig. 2d). Retrovi-
ral transduction of Danon or a wild-type B-LCL (7C3)
with a vector encoding the complementary DNA for the
DRB1*0401 f chain resulted in efficient pairing with
endogenous HLA-DRo and similar surface expression of
this DR4p chain (Fig. 2¢). No staining for surface HLA-
DR4 was observed in untransduced Danon B cells (data
not shown). The similar HLA-DR4 surface expression on
DB.DR4 and 7C3.DR4 cells was by comparison approxi-
mately twofold lower than that detected on B-LCL
expressing endogenous HLA-DR4. Yet as demonstrated in
Fig. 1, only DB.DR4 cells displayed a deficiency in exoge-

Figure 2. Comparable expression of MHC class 11 messenger RNA
and protein in Danon and wild-type B-LCL. (a) Total RNA was
extracted from various wild-type or Danon B-LCL, complementary
DNA was synthesized, and quantitative reverse transcription—poly-
merase chain reaction analysis performed using primers specific for
HLA-DRe chain or for GAPDH as a control. Data are representative
of the fold difference in messenger RNA expression observed in three
independent experiments. (b) Wild-type Frev or LAMP-2-deficient
DB.DR4 cells were incubated with 1243 antibody to detect total
surface HLA-DR and then stained with a fluorescein isothiocyanate-
conjugated F(ab’), fragment of goat anti-mouse IgG secondary
antibody. The mean fluorescence intensity (MFI) as measured by
flow cytometry indicates the level of surface HLA-DR, and data are
the average MFl of three independent experiments. (c) Cell lysates
were prepared from LAMP-2-deficient DB.DR4 or wild-type Frev
B-LCL, the proteins resolved by gel electrophoresis under non-reduc-
ing conditions to preserve MHC class 1I dimers, and immunoblotted
with an antibody to HLA-DRo chain. Data are representative of at
least five independent experiments. The ratios of HLA-DRaf$ dimers
to GAPDH as a loading control were 1-5 and 1-3 for DB.DR4 and
Frev, respectively. (d) Various wild-type or Danon B-LCL were first
permeabilized and then incubated with 1243 or W6/32 antibody to
detect total intracellular HLA-DR or MHC class I molecules, respec-
tively. Cells were then stained with a phycoerythrin-conjugated
F(ab'), fragment of rabbit anti-mouse immunoglobulin secondary
antibody. The MFI as measured by flow cytometry indicates the lev-
els of total surface or intracellular MHC class 1 or class II molecules.
Data are the average MFI of three independent experiments. (e)
Wild-type Priess and Frev expressing endogenous HLA-DR4 and
wild-type 7C3.DR4 or LAMP-2-deficient DB.DR4 transfectants were
incubated with 3.5.9-13F10 antibody to detect surface HLA-DR4f
chains and then stained with a Cy2-conjugated F(ab’), fragment of
donkey anti-rat IgG secondary antibody. The MFI as measured by
flow cytometry indicates the level of surface HLA-DR4, and data are
representative of more than three independent experiments. (f) Vari-
ous wild-type or Danon B-LCL were first permeabilized and then
incubated with MaP.DM1 (top panel) or a monoclonal antibody to
HLA-DO (bottom panel) to detect total intracellular HLA-DM or
HLA-DO molecules, respectively. Cells were then stained with a phy-
coerythrin-conjugated F(ab'), fragment of rabbit anti-mouse immu-
noglobulin secondary antibody. The MFI as measured by flow
cytometry indicates the levels of total intracellular HLA-DM or
HLA-DO molecules. Data for HLA-DM staining are the average MFI
of three independent experiments while the data for HLA-DO stain-
ing are a representative experiment.
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Figure 3. Endocytosis and MHC class Il distribution in Danon and wild-type B-LCL. (a) Wild-type 7C3.DR4 or LAMP-2-deficient DB.DR4
B-LCL were incubated with fluorescein isothiocyanate (FITC) -albumin for 0 or 120 min at 37° and uptake was mecasured by flow cytometry.
Data are representative of two independent experiments. (b) Wild-type Frev or LAMP-2-deficient DB.DR4 B-LCL were incubated with LysoTrac-
ker Red at 37° overnight to label acidic organelles, permeabilized, and then incubated with FITC-conjugated L423 antibody to detect HLA-DR.
The results are representative of three independent experiments. (c) Wild-type Frev or LAMP-2-deficient DB.DR4 B-LCL were first permeabilized
and then incubated with FITC-conjugated 1423 antibody to detect HLA-DR and AlexaFluor647-conjugated-LAMP-1 Ab to detect LAMP-1. The

results are representative of two independent experiments.

nous antigen presentation. Lastly, we examined whether
the expression of two other MHC-encoded gene products,
HLA-DM and HLA-DO, was altered in the LAMP-2-defi-
cient Danon B-LCL. HLA-DM facilitates the removal of
CLIP and the capture of antigenic peptides by MHC class
11 proteins”® whereas HLA-DO associates with HLA-DM
and serves as a negative regulator of this complex.”® The
levels of intracellular HLA-DM and HLA-DO were deter-
mined in a panel of wild-type and Danon B-LCL after
permeabilization using flow cytometry. Both LAMP-2-

© 2010 Blackwell Publishing Ltd, Immunology

deficient cell lines DB and DB.DR4 express equivalent lev-
els of HLA-DM as compared with Frev (Fig. 2f, top) even
though human B cells have been shown to express vary-
ing levels of HLA-DM.>>*® Variation in the intracellular
levels of HLA-DO was also evident in the panel of wild-
type and Danon B-LCL although the expression of HLA-
DO in the LAMP-2-deficient and wild-type cells was
almost equivalent (Fig. 2f, bottom). Taken together, these
results suggest that the absence of LAMP-2 in the Danon
B-LCL did not substantially alter the levels of intracellular
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MHC class IT HLA-DR dimers, HLA-DM, and HLA-DO
nor the steady-state levels of MHC class Il complexes that
ultimately reach the cell surface.

Endocytosis and distribution of MHC class II in
Danon and wild-type B-LCL

While LAMP-2 deficiency in the Danon B-LCL did not
affect the overall expression of MHC class II, we sought
to determine if differences in endocytosis or the distribu-
tion of class II within the endocytic network might
account for the defects in exogenous antigen presentation
observed in the LAMP-2-deficient B-LCL. We first exam-
ined the ability of the LAMP-2-deficient DB.DR4 and
wild-type 7C3.DR4 to endocytose a model exogenous
antigen, FITC-albumin and observed that uptake of the
FITC-albumin after 120 min was not substantially differ-
ent between DB.DR4 and 7C3.DR4 cells (Fig. 3a). In data
not shown, we also observed the persistence of the FITC-
albumin at 8 hr in both DB.DR4 and 7C3.DR4 cells while
a small amount of this labelled protein was detected in
some of the LAMP-2-deficient DB.DR4 cells even at
24 hr, suggesting a slight reduction in the degradation of
this molecule in some LAMP-2-negative cells. These
results suggest that the absence of LAMP-2 in the Danon
B-LCL does not substantially affect the internalization of
exogenous proteins or their trafficking along the endocy-
tic pathway.

We next asked whether MHC class II molecules were
similarly distributed within the endosomal/lysosomal net-
work of wild-type and LAMP-2-deficient B-LCL. After
assembly in the endoplasmic reticulum, MHC class 11
molecules are targeted to endosomal/lysosomal compart-
ments for peptide loading. Antigenic peptides bind to
MHC class II molecules in the MIIC, an acidic compart-
ment resembling a mature endosome or prelysosome.
Using LysoTracker Red to mark acidic organelles such as
late endosomes and lysosomes, these compartments were
detected in both LAMP-2-deficient DB.DR4 and wild-type
Frev cells (Fig. 3b). While the majority of MHC class II
molecules localized to the cell surface in both DB.DR4
and Frev, greater co-localization of intracellular class II
proteins in the LysoTracker Red” compartments was
observed in the LAMP-2-deficient DB.DR4 cells compared
with Frev (Fig. 3b). These findings suggest a potential dif-
ference in the intracellular distribution of class II mole-
cules in the absence of LAMP-2. We detected MHC class
IT in late endosomes/lysosomes in both DB.DR4 or Frev
cells as measured by LAMP-1 staining (Fig. 3¢); vet there
appeared to be slightly more class II in larger LAMP-17
vesicles in DB.DR4 cells. In wild-type Frev cells, intracel-
lular class II was co-localized with LAMP-2 as well as
LAMP-1 (data not shown). MHC class II molecules were
not abundant in early endosomes in either wild-type or
LAMP-2-deficient cells as detected by staining for

co-localization with the early endosome antigen, EEA-1
(data not shown). These results suggest that in LAMP-2-
deficient cells, a greater number of MHC class II mole-
cules may transit through or be retained in a mature en-
dosome or lysosome-like compartment compared with
wild-type B cells.

Efficient presentation of an endogenous antigen by
Danon B-LCL

Biochemical analysis of MHC class II ligands from human
B-LCL revealed the presentation of epitopes from endoge-
nous membrane antigens as well as exogenous protein
antigens.”” Presentation of these endogenous antigens
requires proteolytic processing to yield peptides that effi-
ciently bind to MHC class II molecules within the
endosomal/lysosomal compartments of APC. The pres-
ence of HLA-DRaf§ dimers at the cell surface of Danon
B-LCL suggested these class II molecules may acquire
peptides from a source other than exogenous antigen.
The ability of the LAMP-2-deficient DB.DR4 to present
antigenic peptides derived from an endogenous trans-
membrane protein was evaluated using an HLA-DR4-
restricted T-cell hybridoma that recognizes an epitope
from MHC class I HLA-A alleles.”® DB.DR4 cells were
capable of efficiently activating the HLA-A-specific T cells
to an extent slightly greater than the wild-type 7C3.DR4
cells (Fig. 4). A murine B cell CH27 transfected with
HLA-DR4 (CH27.DR4) was only recognized by the HLA-
A-specific T cells when pulsed with the HLA-As, 5o pep-
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Figure 4. Efficient presentation of an endogenous antigen by Danon
B-LCL. Variable numbers of DB.DR4 or 7C3.DR4 cells were cultured
with HLA-As, jo-specific, HLA-DR4-restricted T cells to measure
MHC class II presentation of endogenous HLA-A. As a control, the
HLA-DR4 transfected murine B cell CH27.DR4 was left untreated or
incubated with 10 um HLA-As; 5o peptide and then cultured with
HLA-As;_o-specific, HLA-DR4-restricted T cells. Data are represen-
tative of three independent experiments, and the error bars indicate
the mean T-cell activation + the standard deviation.
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tide before the addition of T cells (Fig. 4), confirming the
specificity of these T cells for the HLA-A epitope. These
results suggest that while MHC class II-restricted exoge-
nous antigen presentation was impaired in the absence of
LAMP-2 in the DB.DR4 cells, the presentation of an
endogenous transmembrane protein in the context of
class II could be readily detected.

Reduction in MHC class II-peptide binding in Danon
B-LCL

The ability of the LAMP-2-deficient DB.DR4 cells to func-
tionally present exogenously added synthetic peptides was
determined using HLA-DR4-restricted T cells. In contrast
to wild-type B-LCL, DB.DR4 cells failed to efficiently
present to T cells a variety of high-affinity and low-affinity
peptides,”**** including an epitope from the autoantigen
glutamate decarboxylase GAD;y3. g5 (Flg 5a), HSAgs 76
(Fig. 5b), Kljgg00s (Fig. 5¢), or «llgs 50 (Fig. 5d).
However, incubation of DB.DR4 cells with either very
high concentrations of synthetic peptide (100 um instead
of 10 um) or with peptides for prolonged periods of time
(16 hr instead of 4 hr) before co-culture with epitope-spe-
cific T cells resulted in reduced but detectable MHC class
H-restricted peptide presentation (Fig. 5 and data not
shown). T-cell activation in response to exogenous pep-
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tides and DB.DR4 cells was reduced consistently when
compared with MHC class II presentation by wild-type B-
LCL. These results were in stark contrast to the efficient
activation of T cells recognizing the endogenous HLA-
Asy 70 epitope (Fig. 4) using DB.DR4 cells as the APC,
suggesting that in the absence of LAMP-2, a different rep-
ertoire of peptides is selected for display by MHC class 11
molecules.

To determine whether LAMP-2-deficient DB.DR4 cells
differentially bind exogenous peptides, a capture ELISA
was used to biochemically measure the amount of peptide
bound to HLA-DR4 on DB.DR4 cells compared with
wild-type 7C3.DR4 cells. DB.DR4 and 7C3.DR4 express
equivalent levels of HLA-DR4 (Fig. 2¢), and the expres-
sion of endogenous IgG x in 7C3.DR4 does not interfere
with the measurement of the binding of the biotinylated
Klygs-205 peptide to HLA-DR4. At physiological pH, the
binding of 100 um biotinylated I g5 503 peptide to HLA-
DR4 from DB.DR4 cells was reduced approximately two-
fold compared with 7C3.DR4 (Fig. 6a). Relatively similar
differences in peptide-binding to HLA-DR4 were also
detected at lower peptide concentrations (data not
shown). As antigenic peptides bind to MHC class II mol-
ecules in acidic compartments such as mature endosomes
and lysosomes,'” the binding of biotinylated #lgg 503 to
HLA-DR4 on DB.DR4 and 7C3.DR4 cells at pH 5-5 was

(b)

T-cell activation (x 1000 ¢.p.m)
N
<

uTt +HSA uTt +HSA
DB.DR4 7C3.DR4

140

120
100
80
60
40
20 '
O T Jiiad

ur +10pM+100uM uT +10pM+100pM
Kii Kit Kil Kit

DB.DR4 Frev

Figure 5. LAMP-2-deficient DB.DR4 cells fail to efficiently present exogenous peptides to CD4" T cells. (a) LAMP-2-deficient DB.DR4 or wild-
type Priess cells were left untreated (UT) or incubated with 10 um exogenous GADjy3 245 peptide for 4 hr and then cultured with GAD,75_245-
specific T cells to measure MHC class II presentation. (b) DB.DR4 or wild-type 7C3.DR4 cells were left untreated (UT) or incubated with 10 um
exogenous HSAgy 7, peptide for 4 hr and then cultured with HSAgy 7¢-specific T cells to measure MHC class 1 presentation. (¢, d) DB.DR4 or
wild-type Frev cells were left untreated (UT) or incubated with 10 um or 100 um exogenous kligg 203 peptide (¢) or kllj4s 50 peptide (d) for
4 hr and then cultured with kI g5 50s-specific or kllyys_is¢-specific T cells, respectively, to measure MHC class Il presentation. Data in (a~d) are
representative of three independent experiments, and the error bars indicate the mean T-cell activation + the standard deviation.
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Figure 6. Acidic pH restores exogenous peptide presentation by LAMP-2-deficient DB.DR4. (a) LAMP-2-deficient DB.DR4 or wild-type
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deviation.

also evaluated in this assay. Overnight incubation of the
cells at low pH improved the binding of 100 pm biotiny-
lated xl;g3.203 to HLA-DR4 from both DB.DR4 and
7C3.DR4, but peptide-binding to DB.DR4 remained
approximately two-fold less compared with 7C3.DR4
(Fig. 6a). The binding of peptides to DB.DR4 cells was
also evaluated using strepavidin-HRP in Western blots to
detect the formation of biotinylated «l g5 505 peptide—
HLA-DR4 complexes at pH 55 in DBDR4 cells
compared with 7C3.DR4 cells. Biotinylated xIss 503 pep-
tide-HLA-DR4 complexes were detected in DB.DR4 cells
after 4 hr of peptide-incubation only at pH 5-5, and the
numbers of these complexes were reduced compared with
wild-type 7C3.DR4 cells (data not shown). Overall, these
results suggest that in cells lacking LAMP-2, class II pro-
tein binding to exogenously added peptides was impaired
or limited particularly at neutral pH. Peptide binding to
these class IT molecules could be restored in part by expo-
sure to low pH.

10

Acidic pH restores exogenous peptide presentation by
Danon B-LCL

Since incubating LAMP-2-deficient DB.DR4 at pH 5.5
improved the binding of biotinylated I gg.505 to HLA-
DR4 on these cells, studies were designed to test whether
low pH would also facilitate class II-mediated presentation
of exogenous Kl;gg 203 and K145 150 peptides to epitope-
specific T cells. DB.DR4 cells or wild-type Frev B-LCL, nei-
ther of which express endogenous IgG k, were incubated
with 10 um rlygg_s03 or Kllj4s ys0 peptides at pH 5-5 for
4 hr and then co-cultured with HLA-DR4-restricted, epi-
tope-specific T cells at physiological pH 7-2. Incubating
DB.DR4 cells at acidic pH in the presence of il gg 503 Or
k1145150 peptides partially restored exogenous peptide
presentation such that activation of epitope-specific T cells
was only minimally reduced compared with wild-type Frev
cells (Fig. 6b,c). To determine whether exposure to low pH
was necessary to alter class IT accessibility to peptides or to
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directly enhance peptide-binding, additional studies were
performed. Acid stripping has been used to dissociate
receptor—ligand complexes including releasing endogenous
ligands from the groove of MHC class I and class II mole-
cules.”®***" Here, LAMP-2-deficient DB.DR4 and wild-
type Frev cells were briefly exposed to acid stripping buffer
before incubating with 10 M kI gg 505 or K11 45150 peptide
at neutral pH for 4 hr. Following acid-stripping, both
Kligs 203 and xlli4s 59 peptides were more efficiently pre-
sented in the context of HLA-DR4 on the surface of
DB.DR4 to epitope-specific T cells (Fig. 6d and data not
shown). Notably, the activation of xl-specific T cells by
acid-stripped DB.DR4 cells was still slightly reduced rela-
tive to levels of peptide presentation observed with
untreated or acid-stripped wild-type Frev cells (Fig. 6d).
These results demonstrate that the incubation of peptides
with APC at low pH partially rescued class II-mediated
presentation of exogenous peptides in the LAMP-2-defi-
cient DB.DR4 cells.

Discussion

In this study, a novel mutant B-cell line from a patient
with Danon disease lacking expression of the lysosomal
membrane protein LAMP-2 was used to investigate the
role of LAMP-2 in MHC class II-mediated antigen pre-
sentation. In the absence of LAMP-2, MHC class II pre-
sentation of exogenous antigens and peptides to CD4™ T
cells was significantly impaired. This was not because of
alterations in the levels of cell surface or total MHC class
II molecules in LAMP-2-deficient Danon B-LCL. In wild-
type and LAMP-2-deficient cells, the majority of class 11
molecules were expressed at the cell surface, yet some
class II proteins were observed in intracellular punctuate
vesicles, probably mature endosomes or pre-lysosomes.
The co-localization of class II molecules in LAMP-1" vesi-
cles appeared greater in the LAMP-2-deficient cells. Bio-
chemical analysis of class II molecules from Danon
B-LCL revealed a reduced capacity for peptide-binding
compared with class II complexes isolated from wild-type
cells. Peptide-binding to class II molecules from these
LAMP-2-deficient cells could be partially restored upon
incubation of cells with peptides at acidic pH. Incubation
of Danon B-LCL at low pH for even a brief period before
the addition of peptide also partially restored T-cell rec-
ognition of the resulting peptide-MHC class II complexes
on these cells. Interestingly, class II presentation of an
epitope from an endogenous transmembrane protein was
similarly detected in wild-type or LAMP-2-deficient
Danon B-LCL. Overall, these results suggest that the
absence of LAMP-2 within the endosomal/lysosomal net-
work selectively altered class II acquisition and presenta-
tion of peptide ligands to T cells.

Danon disease is a rare, X-linked lysosomal disorder
characterized by the accumulation of dense, translucent

© 2010 Blackwell Publishing Ltd, /mmunology
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vacuoles in the cytoplasm of skeletal and cardiac muscle
cells as the result of the absence of LAMP-2 protein
expression.'”” Preliminary electron microscopy studies
have revealed the presence of vesicles with inclusions in
both fibroblasts and B cells from patients with Danon dis-
ease (unpublished observations). Intracellular immunoflu-
orescence revealed greater co-localization of class II
molecules with the late endosome/lysosome marker
LAMP-1 in DB.DR4 cells from a patient with Danon dis-
ease compared with wild-type cells. These vesicles
appeared slightly larger and more clustered than the
LAMP-1" vesicles in wild-type cells, and stained more
brightly for LysoTracker Red. Proteins associated with
early endosomes (EEA1) or autophagosomes (LC3) were
not detected co-localizing with these class II compart-
ments, again suggesting that this compartment is more
closely related to mature endosomes or lysosomes (data
not shown). Enlarged LAMP-1* vesicles were also
detected clustered in the cytoplasm of LAMP-2-deficient
neutrophils.*> Defects in phagocytosis, an important com-
ponent of the innate immune response to intracellular
pathogens, were observed in these neutrophils that lacked
LAMP-2.

The current study is the first report of a deficiency in
exogenous antigen presentation in human B cells lacking
LAMP-2 expression. Treatment of a wild-type B-cell line
Priess transfected with antisense complementary DNA for
LAMP-2, partially reduced cellular LAMP-2 expression."?
While exogenous antigen presentation was partially
diminished in these cells, class II presentation of an exog-
enous peptide was comparable with cells with normal
LAMP-2 levels. In the current study, the complete
absence of LAMP-2 protein in Danon B-LCL had a more
profound effect, abolishing exogenous antigen presenta-
tion and greatly reducing exogenous peptide presentation
by these cells. These results also differ significantly from a
previous study involving B cells from patients with
another rare hereditary immunodeficiency Chediak-Hig-
ashi syndrome (CHS).** This syndrome results from
mutations in a single gene encoding a large cytosolic pro-
tein, termed lysosomal trafficking regulator (LYST).***¢
Similar to LAMP-2-deficient Danon B cells, CHS B cells
display reduced MHC class II-mediated presentation of
exogenous antigen. However, in contrast to Danon B
cells, addition of exogenous peptide to CHS B cells
restored class II presentation to the levels observed with
wild-type B cells.*” These results not only support the
importance of the lysosomal network in MHC class II-
mediated antigen presentation, but they also suggest that
alterations in different components of the lysosomal
pathway may reveal novel regulatory events in antigen
presentation.

The absence of LAMP-2 did not alter the cell surface
levels of MHC class II molecules, suggesting that the
egress of peptide-MHC class II complexes from the

11
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endosomal network to the plasma membrane is main-
tained. However, MHC class II molecules from LAMP-2-
deficient Danon B-LCL displayed a reduced capacity for
peptide-binding at the cell surface. Binding of exogenous
peptides to class II could be restored upon incubation of
these cells with peptides at acidic pH. Furthermore, incu-
bation of Danon B-LCL at low pH before the addition of
peptide also partially restored T-cell recognition of the
resulting peptide-MHC class II complexes on these cells.
Restoration of MHC class II function in Danon B-LCL
treated with a low pH buffer may facilitate the removal of
some endogenous ligands from the peptide-binding
groove of class II molecules. Alternatively, this low pH
treatment may stabilize class II molecules in a conforma-
tion more receptive to peptide loading. These studies
therefore suggest that LAMP-2 influences the repertoire
of peptides binding MHC class II molecules in human B
cells.

Despite deficiencies in exogenous antigen and peptide
presentation, Danon B-LCL were capable of presenting an
epitope from an endogenous transmembrane protein, the
MHC class T molecule HLA-A, to epitope-specific CD4"
T cells. Incubation of Danon B-LCL at low pH did not
enhance T-cell recognition of the HLA-A epitope and
HLA-DR4 at the cell surface. Yet, endogenous peptides
such as the epitope from HLA-A may bind tightly to class
II molecules in the acidic LAMP-1* vesicles detected in
LAMP-2-deficient cells, and facilitate the export of these
class II molecules to the cell surface. In contrast to our
previous observation that LAMP-2 facilitated the MHC
class II-mediated presentation of the cytoplasmic GAD
antigen, the absence of LAMP-2 in Danon B-LCL did not
hinder the presentation of the endogenous HLA-A epi-
tope. The HLA-A epitope is one of the most abundant
epitopes detected bound to HLA-DR4 as measured by
peptide-elution studies and mass spectrometry and is
probably formed during the turnover of class I A alleles
in lysosomes.”” GAD is found only in the cytosol and
relies on chaperone-mediated autophagy and LAMP-2A
to access class II for presentation.'’

In conclusion, our data support a role for LAMP-2 in
the MHC class Il-mediated presentation of exogenous
antigens and peptides in human B cells. Peptide-binding
to MHC class II on LAMP-2-deficient B cells was reduced
at the cell surface yet could be restored by incubation at
acidic pH. Restoration of MHC class II function in
Danon B-LCL upon incubation at low pH buffer may
facilitate the removal of endogenous ligands from the
peptide-binding groove of MHC class II molecules or sta-
bilize class II molecules in a conformation more receptive
to peptide loading. Efficient loading of exogenous epi-
topes by MHC class II molecules is therefore dependent
upon LAMP-2 expression in B cells. LAMP-2-deficient B
cells displayed slightly enhanced presentation of an epi-
tope derived from an endogenous transmembrane protein

12

suggesting that LAMP-2 may control the overall reper-
toire of peptides displayed by MHC class II molecules on
B cells and subsequently, CD4™ T-cell activation.
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