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The repertoire of peptides displayed iz vivo by MHC II mole-
cules derives from a wide spectrum of proteins produced by differ-
ent cell types. Although intracellular endosomal processing in den-
dritic cells and B cells has been characterized for a few antigens, the
overall range of processing pathways responsible for generating the
MHCII peptidome are currently unclear. To determine the contri-
bution of non-endosomal processing pathways, we eluted and
sequenced over 3000 HLA-DR1-bound peptides presented in vivo
by denderitic cells. The processing enzymes were identified by ref-
erence to a database of experimentally determined cleavage sites
and experimentally validated for four epitopes derived from com-
plement 3, collagen II, thymosin 34, and gelsolin. We determined
that self-antigens processed by tissue-specific proteases, including
complement, matrix metalloproteases, caspases, and granzymes,
and carried by lymph, contribute significantly to the MHC II self-
peptidome presented by conventional dendritic cells iz vivo. Addi-
tionally, the presented peptides exhibited a wide spectrum of bind-
ing affinity and HLA-DM susceptibility. The results indicate that
the HLA-DRI1-restricted self-peptidome presented under physio-
logical conditions derives from a variety of processing pathways.
Non-endosomal processing enzymes add to the number of
epitopes cleaved by cathepsins, altogether generating a wider pep-
tide repertoire. Taken together with HLA-DM-dependent and-
independent loading pathways, this ensures that a broad self-pep-
tidome is presented by dendritic cells. This work brings attention
to the role of “self-recognition” as a dynamic interaction between
dendritic cells and the metabolic/catabolic activities ongoing in
every parenchymal organ as part of tissue growth, remodeling, and
physiological apoptosis.
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During the last few years “omic” analyses have been per-
formed on many biological fluids including plasma, serum,
lymph, breast fluid aspirate, and urine, with the ultimate goal of
identifying tissue-specific molecular signatures of physiological
and pathological conditions. Indeed, under physiological con-
ditions, comparative proteomic analyses have mapped com-
mon as well as divergent proteome components among these
fluids and, under pathological conditions, identified diagnostic
biomarkers associated with cancer, inflammatory response to
pathogens, and autoimmunity (1-22). A common feature
emerging from these studies is that all of the analyzed biological
fluids contain a protein degradome composed of naturally pro-
cessed protein fragments and peptides (1, 15, 17, 18, 23-28).
Under physiological conditions the degradome/peptidome
reflects the metabolic and catabolic activities ongoing in the
different organs via which the biological fluid is drained. Under
inflammatory or neoplastic conditions, additional peptides are
observed, which reflect ongoing organ-specific pathological
processes. Thus far over 6000 peptides and protein fragments
have been mapped in the plasma and almost 1000 in the lymph
(1,6, 25-29).

Conventional dendritic cells (cDC)® are a heterogeneous
population of antigen-presenting cells involved in different
aspects of tolerogenic and immunogenic T cell responses. They
are subclassified as resident ¢cDC, which reside in secondary
lymphatic organs (spleen and lymph node), and migratory cDC,
which traffic from peripheral tissues to the draining lymph
nodes and the thymus (30 -33). Both ¢DC subtypes constantly
sample their environment; splenic and nodal ¢cDC sample anti-
gens in the lymph and bloodstream (34), whereas migratory
¢DC pick up antigens in the tissue of origin before migrating to
the draining lymph node and the thymus (35). Although ¢cDC
are thought to play key roles in the regulation of immune
responses, few studies have addressed the composition of the
MHC II peptidome presented by cDC or the enzymes respon-

3 The abbreviations used are: cDC, conventional dendritic cell; DC, dendritic
cell; MMP, matrix metalloproteinase; ER, endoplasmic reticulum; UPLC,
ultra-performance liquid chromatography; AGC, automatic gain control;
PTM, post-translational modification; FP, fluorescence polarization; APC,
antigen presenting cells; FDR, false discovery rate; TCR, T cell receptor.
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sible for cleaving the MHC II-bound peptides. Many of the orig-
inal studies identifying self-peptidomes were performed on
splenic cells (36 —38), in vitro expanded B cell lines (39), or cDC
differentiated in vitro from monocyte populations (40). Many
of these earlier studies found an MHC II peptidome mostly
generated by cytosolic proteins derived from abundantly
expressed proteins (36, 39, 41), although these studies may have
been limited by instrumental constraints to detect only highly
represented proteins. Indeed more recent studies performed on
in vivo Flt3L-expanded mouse cDC and splenic B cells or in
vitro expanded human B and T lymphocytes report the pres-
ence of an MHC II peptidome derived from proteins more
homogenously distributed among different subcellular loca-
tions (42, 43). A comparative analysis of the sheep MHC II
peptidome eluted from afferent lymph c¢DC or from peripheral
blood APC also reports peptides derived from membrane, cyto-
solic, and extracellular proteins (44).

The cDC MHC I peptidome conventionally is understood to
derive from antigens acquired through several sources includ-
ing phagocytosis of exogenous antigens and autophagy of cyto-
solic antigens into endosomal compartments (41, 45—49).
Recently, it has been shown that ¢cDC can also capture periph-
eral antigens not only as proteins but also as preprocessed pep-
tides found in biological fluids or delivered in the plasma, sub-
cutaneously or in the peritoneal cavity, which directly drains in
the peritoneal lymphatics (32, 33, 35, 50, 51). Antigens acquired
through conventional phagocytosis or autophagy generate an
MHC II peptidome processed mostly by endosomal cathepsins,
whereas peptides found in biological fluids could derive from a
greater variety of processing pathways (15, 27, 28, 52). Thus, in
theory, the richness of naturally processed peptides found in
biological fluids, including the lymph, could greatly expand the
MHC II-presented self-peptidome.

This understanding prompted us to evaluate the contribu-
tion of the endogenous self-peptidome found in the lymph to
the overall MHC class II peptidome transported by cDC. We
found that lymph-carried self-antigens, processed by a variety
of different proteases, contribute significantly to the MHC II
self-peptidome presented by cDC in vivo and to the mainte-
nance of central and peripheral tolerance.

Experimental Procedures
Chemicals

MG132 peptide aldehyde (carbobenzoxyl-1-leucyl-1-leucyl-
L-leucine (C2211) was from Sigma-Aldrich and EZ-Link™
sulfo-NHS-LC-biotin (catalog No. 21335) from Thermo Fisher
Scientific. The streptavidin-horseradish peroxidase conjugate
(catalogNo. 21127B) was from Pierce and 4-methylumbelliferyl
N-acetyl-B-p-glucosaminide dehydrate (substrate for B-N-
acetylhexosaminidase) (M-2133) from Sigma-Aldrich. GM-6001
(catalog No. 364205), inhibitor of matrix metalloproteinases
(MMPs), and cathepsin inhibitors (catalog No. 219393 for
cathepsin S, 219385 for cathepsin B, 219427 for cathepsin L,
and EI10 for cathepsin D) were purchased from EMD Millipore.

Proteins

Collagenase type I (catalog No. 195109) was from MP Bio-
medicals, and active human cathepsin B (SRP0289), cathepsin
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D (No. C8696), cathepsin L (SRP0291), and cathepsin S
(SRP0292) were all purchased from Sigma Aldrich. Active
human MMPs 1, 2, 3, and 9 (kit BML-AK013-0001), MMP-14
(BML-SE259), and MMP-7 (BML-SE181) were purchased from
Enzo Life Sciences. Human complement C3 protein (P4945)
was purchased from Novus Biologicals. Human collagen type I
(CCO052) and active caspase-3 (CC119) were purchased from
EMD Millipore. Human recombinant gelsolin (HPG6-A) was
purchased from Cytoskeleton, Inc.

Peptides

Complement C3 peptide SSKITHRIHWESASLLR was syn-
thesized at Karebay Biochem, Inc. (Monmouth Junction, NJ)
using standard solid-phase N-(9-fluorenyl)methoxycarbonyl
(Fmoc) chemistry (HPLC-grade purity, >95%).

Mice and Treatment

Caspase-3 knock-out mice were purchased from The Jack-
son Laboratory. Complement 3 knock-out mice were a gener-
ous gift from M. Carroll (Harvard University). Transgenic
HLA-DR1 mice (53) were bred at Albert Einstein College of
Medicine (Einstein) to generate HLA-DR1°C3 /" I-A~/"I-
E~/~ mice. All mice were bred at Einstein, and tail specimens
were sent to Transnetyx for genotyping using their established
protocols. In some experiments, HLA-DR1 mice were injected
subcutaneously with the B16-Flt3L-producing melanoma to
expand the ¢cDC population (54). To deplete regulatory T cells,
mice were injected intraperitoneally with the rat-anti-mouse
CD25 mAb (clone PC61, Imgenex, San Diego) at day 0. Inguinal
node and spleen were collected at day 7 to verify CD25™ T cells
deletion. In some experiments mice were injected intraperito-
neally or intravenously with 50-100 nmol of soluble relevant
peptides to induce thymic negative selection. Injections were
performed at days 0, +2, and +4, and mice were sacrificed at
day +6. In other experiments mice were immunized with com-
plement C3 peptides (100 g in 100 ul of PBS emulsified with
100 wl of complete Freund’s adjuvant) at the base of the tail and
back of the neck. Twenty-one days after immunization mice
were sacrificed, and inguinal and axillary lymph nodes were
collected. Animal euthanasia and tissue harvesting were con-
ducted according to a protocol approved by the Institutional
Animal Care and Use Committee at Albert Einstein College of
Medicine.

Mouse cDC Preparation

HLA-DR1 (53) mice were injected subcutaneously with 40 X
10° B16-Flt3L-producing melanoma cells (54). At 12—14 days
after injection, spleens were harvested and DCs were purified
by density gradient centrifugation using 30% bovine albumin
solution (Sigma-Aldrich). The preparation routinely contains
70-80% CD11c™ DCs. To further enrich the DC population,
cells were purified using CD11c" antibody-conjugated mag-
netic beads (Miltenyi Biotec). A total of 50 mice were used to
generate a sufficient number of Flt3L-expanded ¢cDC for HLA-
DR1 immunoaffinity purification and peptide elution.

Primary Human Monocyte-derived DC—Peripheral blood
mononuclear cells were purified from heparinized peripheral
blood collected from healthy donors using Ficoll-Hypaque den-
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sity gradient centrifugation. Monocyte subpopulations were
further purified by separation on magnetic beads coated with
CD14+ antibodies (CD14 MicroBeads, human, catalog No.
130-050-201, Miltenyi Biotec) using the manufacturer’s in-
structions. After 7 days of culture with GM-CSF (10 ng/ml) and
IL-4 (2 ng/ml) (R&D Systems), the monocyte-derived DC were
collected for subcellular fractionation.

Plasma Membrane Isolation and Biotinylation

Primary monocyte-derived human DC (2 X 10%) or mouse
Flt3L-induced splenic DC were washed three times with ice-
cold PBS (pH 8.0) to remove amine-containing media. Cells
were then suspended at a density of 25 X 10® cells/ml in PBS
(pH 8.0), and 8 mg of sulfo-NHS-LC-biotin reagent was added
for each ml of cell suspension. The biotinylation reaction was
performed at 4 °C for 1 h. Cells were then washed three times
with ice-cold PBS containing 100 mm glycine to quench the
unbound biotin and pelleted by centrifugation. DC were then
suspended at 2 X 10° cells/ml in homogenizing buffer (0.25 m
sucrose, 1 mm MgCl,, 1 mm EDTA, and a complete mixture of
protease inhibitors in 10 mm Tris-HCI (pH 7.4)) and subjected
to homogenization using a Teflon-glass homogenizer for 30
min. The homogenate of biotinylated DC was centrifuged at
280 X gin a Sorvall RT 6000B centrifuge for 10 min at 4 °C to
pellet cellular debris and the nuclear fraction, which were dis-
carded. The supernatant was further centrifuged at 1500 X g for
10 min at 4 °C to pellet all of the cellular membranes (plasma
membrane and ER/Golgi). The supernatant was set aside for
further purification of other intracellular organelles, and the
pellet was processed to purify the plasma membrane fraction.
The pellet was suspended in 2 ml of buffer A (0.25 M sucrose and
1 mm MgCl, in 10 mm Tris-HCI (pH 7.4)) and mixed with an
equal volume of buffer B (2.0 M sucrose and 1 mm MgCl, in 10
mM Tris-HCl (pH 7.4)). The mixture was carefully layered on
top of a 1-ml layer of sucrose and centrifuged at 11300 X g
(30,0000 rpm in an SW41 rotor) for 1 h at 4 °C. The plasma
membrane fraction was collected at the interface and washed
with buffer A at 3000 X g (1700 rpm in a Sorval RT-6000B rotor)
for 15 min at 4 °C. A second purification step was performed
using streptavidin-conjugated beads. The purity of the plasma
membrane was confirmed by Western blotting using the
streptavidin-HRP conjugate to detect the biotinylated proteins
and the absence of selective markers for other organelles using
specific antibodies (p58 for endoplasmic reticulum, p130 for
Golgi and LAMP1 for lysosomes/late endosomes).

Late Endosome Preparation

Monocyte-derived human DC and Flt3L-induced splenic
murine DC (1-3 X 10%) were pelleted, washed in PBS, and
resuspended in PBS containing 0.25 M sucrose and 20 mMm
HEPES (pH 7.4). Late endosomes and lysosomes were isolated
as reported previously (48). Briefly, the cells were homogenized
in a Dounce homogenizer and spun at 150 X g for 10 min. The
supernatant was loaded on a 27% Percoll gradient laid overa 2.5
M sucrose cushion and centrifuged for 1 h at 34,000 X g. The
band above the sucrose cushion corresponds to the total lyso-
somal fraction. The band at the interface was enriched in late
and early endosomes and was further separated on a 10% Per-
coll gradient by centrifugation at 34,000 X g for 1 h. The purity
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of the late endosomal fraction was confirmed by ultrastructural
analysis and Western blotting for selected marker (48). In addi-
tion, the purity of the late endosomal fraction was confirmed by
the levels of B-hexosaminidase using a sodium acetate buffer
(pH 4.0) and 4-methylumbelliferyl N-acetyl- B-p-glucose-amin-
ide as substrate (48).

Cytosol Preparation

Between 40 and 100 million cells (murine splenic FIt3L-in-
duced DC from WT Casp3™’" and Casp3 ™/~ mice) were used
in each experiment. Cells were collected and washed in PBS,
and the pellet was resuspended in 2.5 ml of homogenization
buffer (2.5 M sucrose, 20 mm HEPES, and dPBS (pH 7.2) con-
taining complete protease inhibitor cocktail). Cells were
homogenized with a fitted Dounce homogenizer for 15 min on
ice and then centrifuged at 2000 X g for 10 min. The collected
supernatant was centrifuged at 17,000 X g for 20 min to pellet
the organelles. The collected supernatant was again centrifuged
at 100,000 X g for 60 min to pellet the ER/Golgi and cytosolic
vesicles. The supernatant corresponds to the soluble cytosol.

Induction of Apoptosis in Primary Murine DC

Tititrated amounts of the peptide aldehyde proteasome
inhibitor MG132 (carbobenzoxyl-L-leucyl-L-leucyl-L-leucine,
6-30 uM) were used to induce apoptosis in murine primary
dendritic cells as monitored by caspase-3 cleavage. Cytosol
preparations were isolated from 10 mm MG132-treated DC.

Complement 3, Collagen ll, Gelsolin, and Thymosin Antigen
Processing

We developed in vitro cell-free proteolytic assays to validate
endosomal versus non-endosomal antigen processing and to
characterize cleavage sites associated with different enzymatic
activities reported previously by the MEROPS and CutB data-
bases. We selected four proteins in which the endogenous
peptides were found in the human lymph and/or eluted from
HLA-DRI1. The amounts of substrate proteins, cytosol, late
endosomes, plasma membrane, and recombinant enzymes
were titrated to determine the optimal experimental conditions
for analyzing the processed peptidome. The experimental con-
ditions are detailed below. A small aliquot of each reaction mix-
ture (1 pg of protein/each time point) was stopped by the addi-
tion of Laemmli buffer (4% (m/v) SDS, 10% (v/v) glycerol, 0.01%
(m/v) bromphenol blue, and 125 mm Tris-HCI (pH 6.8)) and
run on SDS-PAGE. The rest of the reaction mixture was
quenched with 0.5% acetonitrile and 5% trifluoroacetic acid and
filtered through 10-kDa MWCO (molecular weight cut-off)
devices to collect the peptidome for MS/MS analysis.

Collagen II Processing by Metalloproteases MMPI, -2, -3, -7,
-9, and -14—Collagen II (10 ng) was incubated with each indi-
vidual active MMP (300 —500 nMm) in 150 mm NaCl, 5 mm CaCl,,
and 500 mm Tris-HCI (pH 7.4) buffer for 1, 2, 6, 8, and 24 h at
37 °C.

Collagen II and Complement C3 Processing by Cathepsins B,
D, L, and S—Collagen II or complement C3 (10 ug) were incu-
bated with each individual active cathepsin (B, D, L, and S) (500
nMm) in low pH buffer (50 mm NaOAc, 2.5 mm EDTA, and 1 mm
DTT (pH 4.0-5.5)) for 1, 2, 6, 8, and 24 h at 37 °C.
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Processing of Collagen II, Complement C3, Thymosin 34, and
Gelsolin by Late Endosomal Compartments—Ten ug of each
protein was incubated with 1-3 ug of late endosomal compart-
ments in 50 mM NaOAc, 2.5 mMEDTA, and 1 mmDTT (pH 5.5)
for 1,4, and 8 hat 37 °C.

Processing of Collagen II by Plasma Membrane Fractions—
Ten ug of each protein was incubated with 1-3 ug of plasma
membrane proteins in 150 mMm NaCl, 5 mm CaCl,, and 500 mm
Tris-HCI (pH 7.4) for 1, 4, and 8 h at 37 °C.

Processing of Gelsolin by Cytosolic Fractions—Ten pg of
gelsolin was incubated with 3 ug of cytosol preparation from
control or apoptotic DC prepared from wild type (caspase-
3%/%) or KO (caspase-3~/~) mice for 1, 4, and 8 h at 37 °C.

Western Blotting Analysis

Purified organelles, cytosol, or total cells were lysed in lysis
buffer (150 mm NaCl, 50 mM Tris, 1 mm EDTA, and 1% Nonidet
P-40) for 1 h on ice. Samples were run on a 5-15% gradient
SDS-PAGE prior to blotting onto nitrocellulose membranes
and incubation with selected antibodies overnight at 4 °C fol-
lowed by incubation with HRP-conjugated secondary antibody
at room temperature for 2 h. Enhanced chemiluminescence
assay (ECL, Thermo Scientific™, Pierce) was used to develop
the membrane.

Antibodies

The following antibodies were used: rabbit anti-LAMP-2A
(Invitrogen), anti-MMP antibodies (kit SA-384 from BIOMOL
International; the matrix metalloproteinase antibody set con-
tained 10 ug of each of the following 11 rabbit polyclonal anti-
MMP antibodies: SA102-9090 anti-MMP-1, SA103-9090 anti-
MMP-2, SA104-9090 anti-MMP-3, SA105-9090 anti-MMP-7,
SA370-9090 anti-MMP-8, SA106-9090 anti-MMP-9, SA434-
9090 anti-MMP-10, SA371-9090 anti-MMP-11, SA107-9090
anti-MMP-12, SA372-9090 anti-MMP-13, and SA108-9090
anti-MMP-14; rabbit polyclonal anti-ERGIC-53/p58 en-
doplasmic reticulum marker (E1031, Sigma-Aldrich); rabbit
polyclonal anti-LAMP1, lysosome/late endosome marker
(Abcam ab62562); rabbit polyclonal anti-GM130, cis-Golgi
marker (Abcam ab52649); rabbit polyclonal anti-cleaved
caspase-3 (2305-PC-020, Trevigen); and rabbit polyclonal anti-
caspase-3/CPP32 (AHZ0052, Invitrogen).

Thymic Deletion Assay

C57BL/6 congenic (CD90.2%) recipients were lethally irradi-
ated on day 0 with two doses of 600 rads. Bone marrow was
isolated from donor TEa mice (55) (CD90.1"), and CD34™" cells
were separated using immunomagnetic separation with
streptavidin-conjugated beads (Miltenyi Biotech). Five million
of the purified CD34+ cells were injected intravenously into
each irradiated recipient mouse. Four weeks later, CD90.1 and
CD90.2 staining was performed on peripheral blood to deter-
mine successful chimerism. Mice were then injected intrave-
nously or intraperitoneally with 50 —-100 nmol of the ASFEAQ-
GALANIAVDKA peptide three consecutive times on days 0,
+2, and +4 after the chimerism was determined. On day +6
the thymus was harvested and stained with the following flu-
orochrome-conjugated mAb to mouse CD4 (RM4-5) and

SASBMB

MARCH 11, 2016+VOLUME 291-NUMBER 11

CD8a (Ab clone number 53—6.7). C57BL/6 factor VIII KO
mice were injected with 50 nmol of the SPSQARLHLQGRTN-
AWRPQVNDPKQWLQVD peptide on days 0, +2, and +4. On
day +6 the thymus was harvested and stained as described
above.

T Cell Proliferation

C57Bl6/] mice were depleted of regulatory T cells as de-
scribed above. Inguinal node, skin, muscle, and lungs were col-
lected on day 7. Single cell suspensions were generated follow-
ing collagenase type IA (Sigma) digestion. Cells (2 X 10°) were
seeded in U-bottom 96-well plates with titrated amounts (0, 6,
12.5, 25, 50, and 100 ug/ml) of collagen XII o5, laminin a5,
adlican, collagen VI a2, and peptides for 4 days. [’H] Thymidine
(1 uCi/well) was added during the last 18 h of incubation to
assay T cell proliferation. Plates were harvested, and the DNA
[*H]thymidine incorporation was monitored using a Wallac
liquid scintillation counter (PerkinElmer Life Sciences). The
cell proliferation assays were performed on Microtest U-bot-
tom 96-well polystyrene sterile plates with low evaporation lids
(catalog No. 35-1177) from BD Biosciences. Proliferation
experiments (reported in Fig. 10f) were performed using the cell
proliferation ELISA BrdU colorimetric assay kit (catalog No.
11647229001, Roche Applied Science). Briefly, cells were incu-
bated in the presence or absence of the complement C3 peptide
(5, 25, 50, and 100 um/200 ul/well) in quadruple replicates.
Cells were incubated for 3 days at 37 °C in 5% CO,, and on the
fourth day were labeled with BrdU and probed for BrdU incor-
poration following the manufacturer suggestions.

Isolation of MHC Il Complexes from Mouse DCs

MHC II complexes were isolated from mouse DCs using
immunoaffinity chromatography of solubilized membranes.
Briefly, cell pellets were resuspended in 10 mm Tris-HCI (pH 8)
containing cOmplete protease inhibitor mixture (Roche Diag-
nostic Corp.), freeze-thawed, and homogenized, and the solu-
ble fraction was recovered by centrifugation at 4000 X g_. /5
min. The extraction cycle was repeated five times, and super-
natants were combined. Membranes were obtained from
pooled supernatants by ultracentrifugation at 100,000 X g, /1
h/4 °C. Crude membrane pellets were solubilized in buffer (50
mMm Tris-HCI, 150 mm NaCl (pH 8), and protease inhibitors
containing 5% octyl-B-glucopiranoside (OG, Sigma-Aldrich))
by mechanical homogenization and gentle stirring overnight at
4 °C. Nonsoluble material was separated by ultracentrifugation
at 100,000 X g, ../1 h/4 °C and discarded.

Immunodaffinity Chromatography

Immunoaffinity beads were prepared as described (56)
using HLA-DR1-specific monoclonal antibody (clone LB3.1)
and immobilized rProtein A-agarose (IPA-400HC, Repligen
Corp., Waltham, MA). Solubilized membranes were loaded
onto tandem nonspecific and LB3.1-conjugated beads over-
night at 4 °C (~1 ml of beads/400 ng of MHC II). LB3.1 beads
were washed with 5X bead volumes of Tris-HCl 50 mMm, NaCl
150 mm + 5% octyl-B-glucopiranoside, 10X bead volumes of
Tris-HCI 50 mMm, NaCl 150 mm + 1% octyl-B-glucopiranoside,
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15X bead volumes of PBS, and 20X bead volumes of HPLC-
grade water.

Elution of Peptides

MHC-peptide complexes were denatured and eluted off of
LB3.1 beads by incubating them five times with 200 ul of 0.2%
TFA + 50 ul of 10% TFA for 10 min at room temperature
followed by five washes with 200 ul of 0.2% TFA. To separate
the MHC protein subunits from the peptides, samples were
loaded onto Vydac C4 spin columns (The Nest Group, Inc.,
Southborough, MA). Briefly, the combined eluates and washes
were adjusted to 25% acetonitrile and a fraction (~40 ug of
protein) was loaded onto the column followed by two washes
with 100 ul of 25% acetonitrile/0.2% TFA. The flow-through
containing the peptides was combined with the washes, dried,
and resuspended in 5% acetonitrile/0.1 formic acid for LC-
MS/MS analysis (56).

LC-MS/MS of MHC-bound Peptides

Eluted peptides were analyzed in triplicate by LC-MS/MS
using a Waters NanoAcquity UPLC coupled to a Thermo Sci-
entific Q Exactive hybrid quadrupole-Orbitrap mass spectrom-
eter (Thermo Fisher Scientific). Peptides were loaded onto a
100-um ID fused silica precolumn (with Kasil frit) packed with
2 cm of 100 A, 3-um C18AQ (Bruker-Michrom, Auburn, CA)
particles at a flow rate of 4.0 ul/min for 4 min with 5% acetoni-
trile (0.1% (v/v) formic acid). Peptides were separated and
eluted on a 75-um ID fused silica analytical column with a grav-
ity-pulled tip containing 25 cm of 100 A, 3-um C18AQ at a flow
rate of 300 nl/min using a linear gradient from 0 to 35% B (A =
0.1% formic acid in water and B = 0.1% formic acid in acetoni-
trile) in 120 min followed by washing and re-equilibration to
initial conditions. Q Exactive was operated in the positive elec-
trospray ionization mode utilizing data-dependent acquisitions
for the top 12 most abundant ions observed in each MS spec-
trum. One full MS scan (m/z 350-2000) was acquired in the
Orbitrap followed by tandem mass spectra (MS/MS) obtained
by higher energy collisional dissociation (HCD, 35% normal-
ized collision energy) and acquired in the Orbitrap. Dynamic
exclusion was utilized to minimize data redundancy and maxi-
mize peptide identifications.

Lymph Peptidome

At least 20 mg of total proteins from lymph (pooled from 18
patients) in 2 ml of sterile PBS buffer solution was treated with
TFA (at 0.2% final concentration in the sample) to extract free
peptides as well as peptides adsorbed on different proteins,
chaperones, and albumin. Peptides were filtrated through Cen-
triplus (Amicon) centrifugal filter devices (5000-Da cut-off) as
described elsewhere (27). A mixture of protease inhibitors
(Roche Applied Science) was added to the sample to avoid pro-
teolysis before TFA treatment. Peptides were then lyophilized,
resuspended in 0.2% TFA, and fractionated using a combina-
tion of reverse-phase FPLC and HPLC chromatographic meth-
ods. The lymph peptide filtrates were fractionated in the first
dimension on a Superdex peptide 10/300 gel filtration column
(Tricorn) in 30% acetonitrile in 0.1% TFA as solvent, and nine
fractions were collected at 1 ml/min. Each FPLC fraction was
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further fractionated in the second dimension on a C18 column
(100 A) using a reverse-phase system on a Hewlett Packard
HPLC unit (1100 series) and a gradient (0—100% buffer B) elu-
tion over 90 min (buffer A, 0.5% acetonitrile in 0.2% TFA; buffer
B, 70% acetonitrile in 0.2% TFA). Each HPLC fraction (36 frac-
tions in total) was further desalted on a pepClean C18 spin
column (Pierce) and subjected to nanoLC-MS/MS.

LC MS/MS of Lymph Filtrates

One-dimensional nanoUPLC-MS/MS with combined HCD/
ETD (higher energy collisional dissociation/electron transfer
dissociation) analysis was performed on a Waters nanoAcquity
UPLC coupled to a Thermo Scientific LTQ Orbitrap Velos
hybrid mass spectrometer. About 18 ul of sample was loaded on
a Symmetry® C18 trap column (180 wm X 20 mm, 5 um,
Waters) with a loading flow rate of 2 pl/min. After a 10-min
wash with 0.2% formic acid in water at a flow rate of 2 ul/min,
the trap column was switched on-line with a nanoAcquity
UPLC column (75 um X 250 mm, 1.7 um, BEH300 C18,
Waters), and a gradient was applied to separate the peptides.
Mobile phase A consisted of 0.2% formic acid in water and
mobile phase B of 0.2% formic acid in 100% acetonitrile. The
mobile phase B gradient used was 2—-5% in 2 min, 5-42% in
40 min, 42— 65% in 10 min, 65-70% in 5 min, and 70—80% in 3
min, then held at 80% B for an additional 16 min. The MS
parameter settings were nanospray voltage, 1.7 kV; capillary
temperature, 270 °C; FTMS AGC target, 1 X 10° ions, with 1
microscan and maximum ion injection time of 500 ms; and
FTMS/MS AGC target, 2 X 10° ions, with 1 microscan and
maximum ion injection time of 500 ms. The ETD parameters
were reagent vial ion injection time, 100 ms; and AGC target,
4 X 10° ions; the ETD activation time was set for 100 ms. The
initial survey scan range was m/z 350-650 at a resolution of
60,000 (at m/z 400). For MS/MS a minimum signal of 2000
counts was required, and the isolation window was 2 m/z. The
top 10 intensity ions obtained from the survey scan were
selected, sequentially isolated, and fragmented to generate the
MS/MS spectra.

Data Processing and Database Search

Raw data from the three replicates was processed and
searched using PEAKS DB, version 6.0 (Bioinformatic Solu-
tions Inc., Waterloo, Ontario, Canada). A no-enzyme search
was performed; parent mass tolerance was set to 10 ppm using
monoisotopic mass, and fragment ion mass tolerance was set to
0.05 Da. Methionine oxidation (M+16) and pyro-Glu from glu-
tamine (Glu-17) were set as variable modifications. A database
containing all SwissProt entries for Mus musculus plus human
DRA (P01903.1) and DRB1 (P04229.2) was used (20,847
entries). Data were validated using the FDR method available in
PEAKS and filtered for <0.1% FDR for peptides.

A variety of post-translational modifications (PTM) were set
as variable chemical modifications including acetylation, ami-
dation, aminoadipic semialdehyde, arginine-glutamic semial-
dehyde, carboxylation, citrullination, cysteic acid, deamidation,
dehydration, dimethylation, formylation, hexose, hexose NAc,
kynurenin, oxidation, phosphopantetheine, phosphorylation,
pyro-Glu, trimethylation, and 4-hydroxy nonenal. The percent-
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age of unique peptides bearing one specific chemical modifica-
tion was calculated by dividing the total number of unique pep-
tides having a selected PTM to the total number of unique
peptides retrieved from the searches conducted with both
MASCOT and PEAKS DB engines.

Ingenuity Pathways Analysis software (IPA, Ingenuity Sys-
tems) was used to gain insight into the cellular location and
functional characteristics of the identified proteins listed in
supplemental Tables S1 and S3. An independent analysis of the
biological pathways associated with each peptidome set was
performed with DAVID (Database for Annotation, Visualiza-
tion, and Integrated Discovery), version 6.7, which enabled the
gene annotation enrichment analysis, functional annotation
clustering, and BioCarta and KEGG pathway mapping of large
proteomics data sets (57).

MEROPS and CutDB Analysis

The eluted DC and the lymph peptidomes were analyzed
mainly by manually checking the proteolytic cleavage sites con-
fined to each protein antigen substrate presented in supple-
mental Tables S1 and S3. The MEROPS database (58) was
searched in combination with the PMAP CutDB proteolytic
events database (59) to assign the proteases families responsible
for the generation of the N- and C-terminal cleavage sites in the
peptidome.

Bioinformatics Analysis of Human Lymph and HLA-DR1-eluted
Peptidome

To find the corresponding human peptide orthologs, the
mouse HLA-DR1-eluted peptides (Table S3b) were searched
with the 'BLAST” tool against the UniProtKB/SwissProt data-
base using the selection “human” as the targeted database. The
“E-value” and “% identity” were recorded for each eluted mouse
peptide.

The HLA-DR1 (DRB1*0101) binding affinity for all peptides
identified in human lymph or eluted from dendritic cell
HLA_DR1 MHC II proteins was predicted using the NetMH-
ClIPan 3.0 server (60). NetMHClIIpan 3.0 core epitopes were
identified as the highest scoring 9-mer in each peptide. Using
NetMHCIIPan 3.0, the predictor peptides were categorized as
strong binders or weak binders according to the predicted IC,,
value (a threshold of less than 50 nm was used to define strong
binders and less than 500 nM to define weak binders).

IC5,Assay

A fluorescence polarization (FP) assay was used to measure
the IC,, of each peptide as described (61, 62). Soluble recombi-
nant MHC class II molecules DR1 (HLA-DRA*01:01;DRB1*01:
01) and DM were expressed in Drosophila S2 cells and purified
as described previously (63, 64). Peptides were obtained from
21st Century Biochemicals (Marlborough, MA). The N-termi-
nally acetylated influenza HA-(306 —318) analog peptide (Ac-
PRFVKQNTLRLAT) was labeled with Alexa Fluor 488 tetra-
fluorophenyl ester (Invitrogen) through the primary amine of
Lys-5 to be used as the probe peptide in the IC, assay. Labeled
peptides were purified by Jupiter C18 reverse-phase chroma-
tography (Phenomenex, Torrance, CA). DR1 (100 nM) was
incubated with probe peptide Alexa Fluor 488-HA-(306 -318)
SASBMB
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(25 nm), together with a series dilution of test peptides, with a
diluting factor of 5. Competition of each test peptide with the
binding of the Alexa Fluor 488-HA-(306-318) probe to DR1
was measured by FP after incubation at 37 °C for 72 h. FP values
were converted to % bound as (FP_sample-FP_free)/(FP_no_
comp — FP_free), where FP_sample represents the FP values
for sample well, FP_free represents the FP values for free Alexa
Fluor 488-HA-(306-318), and FP_no_comp represents the FP
values for wells without competitor peptides. We plotted %
bound versus concentration of test peptide and fit the curve to
the equation y = 1/(1 + [pep]/ICs,), where [pep] is the concen-
tration of the test peptide, y is the % of probe peptide bound
at that concentration of test peptide, and IC is the 50% inhi-
bition concentration of the test peptide. To measure DM sus-
ceptibility, 0.25 um DM was included in the binding competi-
tion assay, and DM susceptibility was reflected by the ratio of
IC;, measured in the presence and absence of DM after incu-
bation at 37 °C for 24 h, as described elsewhere (61, 65).

Statistical Analysis

Statistical analysis was performed using Windows GraphPad
Prism 6 (GraphPad Software, La Jolla, CA). A comparison
between more than two groups was performed using two-tailed
unpaired one-way analysis of variance. Results were considered
statistically significant if p =< 0.05.

Results

Analysis of the Human Lymph Peptidome—W e reported pre-
viously the first proteomic and degradomic/peptidomic analy-
sis of the human lymph of healthy donors (4, 27). Increased
capability in mass spectrometry, including utilization of high
mass measurement accuracy, faster data acquisition speed, and
overall improved sensitivity prompted us to perform additional
analysis to identify peptides present in low abundance that pre-
viously were below the detection limit. In our original analyses,
peptides generated from extracellular matrix proteins and
housekeeping proteins were easily detected in lymph using low
resolution (i.e. nominal mass) mass spectrometry, but peptides
derived from low abundance proteins or cell-specific proteins
were more difficult to map at a high confidence rate (4, 27).
Using an LTQ Orbitrap Velos and two search engines (MAS-
COT and PEAKS DB), we now sequenced over 900 peptides,
each assigned with <1% false discovery rate, which corre-
sponds to a p value between 0.01 and 0.05 (Fig. 1 and
supplemental Table S1, a—, e, f, h, and j). Altogether, this anal-
ysis mapped naturally processed peptides deriving from over
480 proteins with different intra- and extracellular locations.
These peptides derived from mitochondria, ER and Golgi
enzymes, and other proteins, with cytosolic proteins, nuclear
proteins, and peptides from extracellular proteins playing
important roles as chaperones and in innate immune responses
(Fig. 1 and supplemental Table S1, a—c, e-h, and j). Several
additional naturally processed peptides derived from plasma
membrane proteins and surface receptors were also identified
(Fig. 1 and supplemental Table S1, a—c, e-h, and j).

The chemical diversity of the lymph peptidome was
expanded by searching for a variety of PTMs. As shown in sup-
plemental Table S1j the self-peptidome carried by the lymph
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FIGURE 1. MS/MS characterization of the lymph peptidome. g, scattergram of the lymph peptidome. The x axis shows peptide amino acid length and the y
axis the number of unique peptides for each of the amino acid lengths. Only peptides with a PEAKS score above identity (above a 1% FDR) are reported and
analyzed further. b, examples of MS/MS fragmentation of peptides with a PEAKS score above identity. ¢, pie chart showing the ingenuity pathway analysis of
the protein functions comprised in the lymph peptidome. d, list of the subcellular location of proteins comprised in the lymph peptidome, reported as a

percentage of the total proteins.

and generated under physiological conditions contains many
PTM, of which oxidation on many amino side chains (34%) is
the leading chemical change followed by deamidation (22%),
dehydration (12%), acetylation (7%), dimethylation (5%), citrul-
lination (5%), amidation (4%), trimethylation (2%), and phos-
phorylation (1%). Although it is possible that some of these
PTM are generated during sample preparations (Met and Trp
oxidation, among others, and deamidation and dehydration),
methylation, amidation, citrullination, and phosphorylation
are likely to represent in vivo modifications (supplemental
Table S1j). These PTM could further extend the diversity of
self-peptides presented by MHC II molecules under physiolog-
ical conditions.

Processing Enzymes—As a next step we sought to identify the
proteolytic enzymes involved in the generation of the naturally
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processed peptides found in the lymph. Although algorithms
are available to predict potential protease cleavage sites, we
instead consulted two databases of experimentally determined
cleavage sites and considered only sites where cleavage has
been verified by N-terminal sequencing or MS/MS or SILAC-
based experiments (58, 59). This analysis identified 45 peptides
for which cleavage sites had been mapped previously (supple-
mental Table S1g). Several of these peptides are shown in Fig.
2a. Overall a wide variety of proteases were implicated in the
generation of the lymph-bound peptidome (Fig. 2b), with
MMPs and cathepsins highly represented followed by caspases
and enzymes involved in the innate immune responses (angio-
tensin-converting enzyme, complement factor I, and gran-
zymes) and enzymes of the coagulation cascade (thrombin,
plasmin, and kallikreins).
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ries of enzymes involved in the processing of the lymph peptidome.

To determine the contribution of the lymph self-peptidome
to the general MHC II peptidome displayed by antigen-pre-
senting cells, we examined previously compiled lists of natu-
rally processed peptides eluted from MHC II molecules (38, 40,
42-44, 66-71) to determine whether any of the peptides that
we identified in the lymph had been eluted previously from
MHC molecules. We found that 64 different peptides eluted
previously from human MHC I (HLA-A) and human, murine,
and chicken MHC II (HLA-DR, I-A, I-E, and B-L) shared either
an MHC core epitope or an N- or C-terminal cleavage site.
Eleven lymph peptides completely overlapped with MHC I- and
MHC II-eluted peptides reported previously in the literature
(supplemental Table S2).

Analysis of the in Vivo HLA-DRI-bound Peptidome of Den-
dritic Cells—Most of the studies published on MHC II pep-
tidomes report a relatively small number of peptides (10 —300)
(38, 40, 42—-44, 66-71) and most utilize cell populations
expanded in vitro, where the antigen-processing machinery
samples the in vitro culture medium rather than the native cel-
lular environment. However, elutions from fresh cells recently
also have been reported (43). To compare peptides present in
human lymph and a human MHC II-peptidome, we wanted to
identify the HLA-DR1-restricted self-peptidome presented by
dendritic cells. To obtain sufficient material for analysis, we
considered two options: either expand the human HLA-DR1™"
monocytes in vitro or inject HLA-DR1-transgenic mice with an
FIt3L-secreting tumor to greatly expand in vivo the number of
¢DC (31, 54, 72). The drawback of the in vitro expansion is that
the HLA-DRI1 peptidome is in part derived from phagocytosed
proteins and would include peptides derived from bovine
serum rather than endogenous self-proteins. On the other
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FIGURE 3. Comparative analysis between mouse HLA-DR1-eluted pep-
tidome and human peptide orthologues. g, bar graph showing the num-
ber of human peptides identical to the mouse HLA-DR1-eluted peptidome. b,
scattergram of the DC-eluted and lymph peptidome showing peptides num-
ber and length as well as prediction analysis of HLA-DR1 binding affinity the
NetMHClIIPan 3.0 algorithms.

hand, the HLA-DR1 elution from in vivo expanded cDC would
identify endogenous mouse peptides presented by the human
MHC II protein. Because from previous experimental data we
knew that there is a substantial overlap between murine and
human MHC II-eluted peptide orthologues, we decided to go
with the FIt3L-induced ¢cDC approach, including a comparative
sequence and HLA-DR1 binding affinity analysis between iden-
tified mouse and human peptides (Fig. 3 and supplemental
Table S3b).

HLA-DR1 molecules were purified from isolated cDC by
immunoaffinity chromatography, and MHC II-bound peptides
were acid-eluted and analyzed by LC-MS/MS. Data from trip-
licate runs were processed and searched against a murine pro-
tein sequence database using a false discovery rate of 0.1%,
resulting in a minimum peptide score, —10LgP of 34.00, corre-
sponding to a p value of 0.0004. For a given score, this p value is
the probability of having a false identification; the higher the
score, the lower this probability (73). A total of 3216 unique
peptides (supplemental Table S3, a and b) from 688 source pro-
teins (supplemental Table S3c) were identified with an average
score of 55 * 12. The peptides have an average length of 16
residues (range: 7—44), which is consistent with the expected
length distribution of class II peptides (Fig. 4a). Likewise, most
of the peptides (85%) were identified as length variants (nested
sets) consisting of a central core with N- and/or C-terminal
extensions, which also is a characteristic feature of class II pep-
tides. A mouse to human comparative amino acid sequence
analysis for each of the HLA-DR1-eluted peptides (supplemen-
tal Table S3b, columns O, P, Q, and R), indicated that 1473 of
the HLA-DR1-eluted peptidome overlap 100% between mouse
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and human homologs, and an additional 1211 peptides have
80-99% identity (Fig. 34). More importantly, the sequence
identity in the predicted HLA-DR1 core epitopes was 94%
(Table S3b column L versus column S).

To evaluate the effect of this sequence variation on HLA-
DR1 binding, we used NetMHClIIpan to predict the binding
affinity (65). (Fig. 3b and supplemental Table S3b, columns J— N
versus columns S— W). Of the 895 independent core epitopes
present in the eluted peptide pool, 784 were predicted by Net-
MHClIIpan to be strong binders for HLA-DR1 (IC,, < 50 nm).
For the human orthologs of these 784 predicted strong binders,
748 also were predicted to be strong binders, with another 34
predicted to be weaker binders (IC;, < 500 nm). Only two
human orthologs in this set (0.25%) were predicted not to bind
to HLA-DR1. An additional 94 core epitopes from the eluted
peptide pool were predicted to be weaker binders. For the
human orthologs of these peptides, 11 were predicted to be
strong binders and 76 weaker binders, with only 7 (0.9%) pre-
dicted not to bind.

To further characterize the HLA-DR1-eluted peptidome, we
categorized source proteins according to cellular compartment
and function (66). As expected, from a previously characterized
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MHC-II peptidome (43), the eluted peptides derived from a
variety of intracellular compartments, including cytosol, mito-
chondria, endosomes/lysosomes, ER/Golgi, and nucleus, extra-
cellular proteins comprised 11% of the total (Fig. 4b). As
expected the peptides derived from proteins with diverse func-
tions (Fig. 4c).

Protease cleavage sites, potentially responsible for generating
these peptides, were identified as described above. Seventy-four
peptide cleavage sites had been previously determined experi-
mentally using either mass spectrometry or Edman degradation
analysis of defined protease digestion reactions. Of these,
roughly one-third of the peptides were processed by cathepsins
ateither the N or C terminus; another third was cleaved at the N
terminus by a signal peptidase or another Ser-26 homolog, with
the remainder cleaved by a metalloprotease, calpain, caspase, or
other protease (Fig. 4d andsupplemental Table S3d). Thus, it
appears that many proteases besides endosomal cathepsins can
contribute to the formation of the MHC II-bound proteome.

Contribution of the Extracellular Fluid Degradome to the
HLA-DRI Peptidome—Next we asked whether the peptidome
found in the lymph contributed to the overall HLA-DR1-bound
peptidome (Fig. 3b). We selected the 39 proteins in which pep-
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FIGURE 5. Comparison among the cDC, MHC Il-eluted, and lymph pep-
tidomes. a, MS/MS fragmentation of the thymosin 34 peptides found in the
lymph and eluted from MHC Il. b and ¢, MS/MS fragmentation of the C3 pep-
tides found in the lymph and eluted from MHC II. d, MS/MS fragmentation of
one of the I-Ea peptides found in the lymph and eluted from MHC II.

tides were present in both the lymph and the eluted cDC pep-
tidome (supplemental Table S4). Of the naturally processed
peptides (391 MHC II-eluted and 208 in the lymph) derived
from these 39 proteins, 17% of the dendritic cell-HLA-DR1-
eluted peptides shared common sequences with peptides found
in the lymph (supplemental Table S4). Among these peptides,
28 in the eluted peptidome shared a common N- or C-terminal
cleavage site and three peptides completely overlapped (supple-
mental Table S4), further supporting the idea that some of the
MHC II-bound peptides could be derived from the lymph (Fig.
5). In humans expressing a full complement of HLA-DP, HLA-
DQ, and HLA-DR genes, an even greater overlap might be
expected. One of the overlapping peptides derived from thymo-
sin 4 (Fig. 5a), a soluble protein whose active peptide inhibits
cell proliferation and is cleaved extracellularly by the angioten-
sin-converting enzyme. Another, derived from the serum com-
plement protein C3 and known to be cleaved by the comple-
ment C1 cascade, was present as the identical peptide in lymph
and eluted from HLA-DR (except for the S-I orthologous dif-
ference at the first position) (Fig. 5, b and ¢). Another well rep-
resented self-antigen was the HLA-DR1/I-E «-chain with 44
length variant peptides eluted from HLA-DR1 and six found in
the human lymph (Fig. 5d). Peptides from the a-chain of MHC
II molecules, reported previously to be highly present in the
MHC II peptidome and even found in the urine (39, 42, 43, 74,
75), represent the target of the minor alloantigenic Y-Ae TCR.
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Validation of Complement 3, Collagen II, Gelsolin, and Thy-
mosin B4 Peptide Processing—Three groups independently
confirmed, in vitro (76 -78) and in vivo (79, 80), that comple-
ment 1 is the protease that cleaves both the C and N termini of
the R.SSKITHRIHWESASLL.R C3 peptide (Fig. 6, a and b).
Additionally, it was also shown previously that in the absence of
complement 1 (C1-KO mice) complement 3 is not cleaved (81).
To determine whether endosomal proteases could produce the
same C3 cleavage site, the following experiment was per-
formed. Recombinant complement 3 was incubated for differ-
ent time periods (1-3-6 h) with gradient-purified endosomal
compartments isolated from dendritic cells (Fig. 6¢) or with
recombinant cathepsins B, D, L, and S, and the generated pep-
tides were analyzed by mass spectrometry (Fig. 64 and supple-
mental Table S5). Altogether a total of 269 complement 3 pep-
tides were sequenced; none of the analyzed sequences shared
the same cleavage sites generated by complement 1 cleavage
(supplemental Table S5). Additionally, because the R.SSKI-
THRIHWESASLL.R peptide was predicted to have a strong
binding affinity (14.52 nm) for HLA-DR1 (supplemental Table
S1h), a T cell proliferative assay was set up in HLA-DR1 trans-
genic mice crossed onto a I-A~/", I-E~/", and complement
C3~/~ KO background. Following C3 immunization, a prolif-
erative response to the immunizing peptide (Fig. 6¢) could be
detected, confirming the presence of autoreactive T cells
specific for different C3 determinants, as shown previously
(82, 83).

An additional peptide that we had sequenced previously
from the lymph peptidome (27) derives from the processing of
collagen II (Fig. 7a). The N and C termini of this peptide were
reported previously by two separate groups to be processed by
MMPs (84, 85). Van den Steen et al. (84) report that MMP9,
released from the supernatant of activated granulocytes, is the
enzyme responsible for cleaving this collagen II peptide. Zhen
et al. (85) also report that the same peptide was cleaved from
fresh human cartilage upon processing by different MMPs.
Additionally, the same peptide (Fig. 7a) was mapped as a B cell
epitope capable of inducing an antibody response in a model of
collagen-induced arthritis (86). To further determine that
MMPs were responsible for cleaving the N terminus of the
above referenced peptide, we prepared plasma membrane and
endosomal compartments from freshly purified dendritic cells.
Plasma membrane was purified with streptavidin beads follow-
ing surface biotinylation (Fig. 7b). A series of Western blotting
analyses was performed to verify: (i) surface biotinylation, (ii)
lack thereof in the endosomal compartments, and (iii) the
purity of the plasma membrane preparation as assessed by
using a series of known ER and endosomal markers (Fig. 7, b
and c). Additionally, the purified plasma membrane was also
blotted for a series of MMPs known to be present in DC (Fig.
7d). Endosomal compartments were purified from the same
dendritic cells using a 27/10 Percoll gradient (Fig. 6, ¢ and d).
Plasma membrane and endosomal preparations were incu-
bated with collagen II for different time periods, and the
digested collagen II peptides were analyzed by mass spectrom-
etry (supplemental Table S6). Altogether 185 collagen II pep-
tides were retrieved from either endosomal or plasma mem-
brane processing. Among those, one peptide found previously

JOURNAL OF BIOLOGICAL CHEMISTRY 5585



Analysis of the HLA-DR1 Self-peptidome in Dendritic Cells

3 o) SRITHRIEERARLER

%

(]

@

- activity (X 103units)
S

B-hexoaminidase

L0

Ly
o
2
<]
3
o

5 10

Cathepsins  Endosomes

b Complement |

R.SSKITHRIHWESASLLR.S

stimulation index ®
E (o]

o

5 25 50 100
peptide (uM)

FIGURE 6. Analysis of complement 3 processing. a, sequence and MS/MS spectrum of the complement 3 peptide found in the human lymph. b,
cleavage sites by complement 1 processing. ¢, B-hexosaminidase activity in fractions collected from a 27/10 Percoll gradient to identify endosomal
compartments. d, Venn diagram of the total number of complement 3 peptides sequenced following processing by recombinant cathepsins or
endosomal compartments. e, T cell proliferation in response to the complement 3 peptide following immunization of HLA-DR1 transgenic, I-A, I-E, and

C3 knock-out mice.

a) G.LTGPAGEPGREGSPGADGPPGRDGAA.G

b) c) d) MMPs
LE PM PM Tot PM Tot PM LE LE PM kDa
160~ 160-  160- 160—\;1 2 3 78 9 10 111213 1:1
105~ 105- 105- - 1051 -1
75- 75- 75- 2@ T 4
50- T 50- 50- = so-1 M |
PS8 p130 LAMP1  MMP 14 s HEEE N
(ER) (Golgi) (Endosomes/ (Plasma 30- PRI
Lysosomes) Membrane) 25 =
Streptavidin/ 15— -~
HRP .
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lation in late endosomes (LE) and plasma membrane fractions (PM). ¢, Western blotting of ER, Golgi, and endosomal markers to check purity of plasma
membrane preparation. Tot, total. d, Western blotting analysis for MMPs present in DC.

in the lymph partially matched an endosomally cleaved peptide.
On the other hand, four peptides previously mapped among the
lymph peptidome matched to plasma membrane-cleaved pep-
tides (supplemental Table S6), and among these was the MMP-
processed peptide known to be a B cell epitope (84— 86).

A third epitope that we analyzed is a gelsolin-derived peptide
eluted from HLA-DR1 (Fig. 8 and supplemental Table S3) and
reported previously to be cleaved by caspase-3 in apoptotic cells
(87). To analyze gelsolin processing, dendritic cell cytosol, with
our without active caspase-3, was fractionated (Fig. 8, b and c).
As an additional control for gelsolin processing, late endosomes
were also prepared from dendritic cells (Fig. 6, cand d). Gelsolin
was incubated for 1, 4, and 8 h with the different cytosol prep-
arations as well as late endosomal compartments, and pro-
cessed peptides were mapped by mass spectrometry. A total of
69 peptides were retrieved following gelsolin processing by
cytosolic caspase-3, and among the digested peptides the pre-
viously eluted HLA-DRI1 peptide was also found (Fig. 84 and
supplemental Table S7). On the other hand, the same peptide
could not be retrieved following gelsolin digestion using cytosol
preparation from caspase-3 knock-out mice (Fig. 8¢ and sup-
plemental Table S7). 786 peptides were retrieved following
gelsolin digestion by late endosomal compartment. None of the
mapped peptides overlapped with the one cleaved by caspase-3
and eluted from HLA-DR1 (supplemental Table S8). Finally, a
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peptide from thymosin 4, found in the human lymph and
eluted from the HLA-DR1 molecule (Fig. 5a), was validated to
be processed in endosomal compartments (supplemental Table
S8).

DMe-sensitive and DM-resistant Peptides in the HLA-DRI
Peptidome—To further analyze the biological significance of
the MHC II-eluted and the lymph-bound peptidome, we deter-
mined the HLA-DR1 affinity and susceptibility to HLA-DM
editing of several high-abundance peptides from the MHC-
eluted DC and lymph proteomes. DM susceptibility was
assayed using a novel kinetic competition assay (61), where
peptides susceptible to DM editing exhibit large AIC,, values
when assayed early in the binding reaction. For example,
IPMYSIIPNVLRL, derived from complement 3 and found in
both lymph and MHC II-eluted peptides, was highly DM-re-
sistant, with a AIC,, value near zero, whereas the SSKITHRIH-
WESASLLR peptide, derived from the same source but found
only in lymph, was DM-sensitive with a AIC,, value of 0.06 um
(Fig. 9a and Table 1). Of the MHC II a-chain-derived peptides,
both MHC II-eluted (EEFGRFASFEAQGALA) and lymph
(ASFEAQGALANIAVDKA) peptides were DM-sensitive, but
the lymph peptide was much more so, with AIC, values of 0.07
and 3.4 uM, respectively (Fig. 9b and Table 1). These values can
be compared with those of HA, a classic DM-resistant antigenic
peptide from influenza HA (AIC,, = 0.03 um) and CLIP, the
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FIGURE 8. Analysis of gelsolin processing. a, sequence of the gelsolin pep-
tide eluted from HLA-DR1. b, phase contrast microscopy of control and apo-
ptotic DC. ¢, Western blotting analysis of caspase-3 in the cytosolic fractions
purified from control (Ctr) and apoptotic DC and caspase-3 knock-out den-
dritic cells. DMSO, dimethyl sulfoxide. d, MS/MS spectra of the gelsolin pep-
tides found in the caspase-3-processed cytosol.

canonical DM-sensitive peptide derived from the invariant
chain MHC chaperone Ii (AIC,, = 0.12 um) (Fig. 9¢ and
Table 1). For 13 high-abundance peptides eluted from MHC
II, DM susceptibility varied from lower than HA to higher
than CLIP (Fig. 94 and Table 1). These data show that the
MHC II peptidome is composed of both DM-sensitive and
-resistant epitopes. For nine peptides found in lymph, there
was no statistically significant difference in MHC binding
affinity, whereas the lymph peptides were substantially more
DM-sensitive.

Role of the HLA-DRI-bound Self-peptidome of Migratory
¢DC in Immunological Tolerance—Conventional DC comprise
heterogeneous populations of DC that are divided into two
major categories, resident and migratory ¢DC; the former
reside in the spleen and lymph nodes, and the latter migrate
from peripheral tissues to the draining lymph node and the
thymus. cDC can load exogenously administered peptides for T
cell presentation and induction of central and peripheral toler-
ance (3235, 9498, 122).

To evaluate a role for the HLA-bound self-peptidome pre-
sented by migratory ¢cDC in central tolerance, we selected a
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self-peptide derived from the a-chain of MHC class II that con-
tains binding registers for both I-A” and HLA-DR1. The pep-
tide sequence ASFEAQGALANIAVKDA is identical in I-Ex
and HLA-DRa, is found in a common self-peptide eluted from
I-AP and HLA-DRI, and also is found in the human lymph. To
study the role of this peptide in central tolerance, we used C57/
Bl6 (H-2°) mice, which lack the Ea chain; thus T cells for this
self-antigen escape thymic selection and are found in the
periphery. We generated chimeric mice in which approxi-
mately half of the T cell population comprise endogenous T
cells (CD90.2) and the other half (CD90.1) are T cells deriving
from the bone marrow of a transgenic mouse bearing the TEa T
cell receptor specific for the Ea peptide presented by I-A". We
injected 50 nmol of the E« peptide (intraperitoneally) and ana-
lyzed the thymus to evaluate deletion of T cells specific for the
Ea peptide. A drastic reduction in the percentage of CD4* T
cells was observed in the transgenic TE« population (Fig. 10, a
and b). As expected, the decrease in the endogenous polyclonal
T cell population was smaller, yet still significant, due to the
lower number of polyclonal T cells specific for the E« antigen
(Fig. 10, @ and b). In a second set of experiments, we selected a
peptide from factor VIII processed in the coagulation/fibrino-
lytic cascade, present in biological fluids, and shown previously
to bind I-A". We injected this peptide in hemophilic mice defi-
cient in factor VIII. As for the polyclonal T cell population,
responsive to I-E peptide injection, the reduction of thymic
CD4 T cells responsive to the factor VIII peptide was smaller
but significantly present in all of the injected mice as compared
with the controls (Fig. 10, ¢ and d, and Supplement Fig. 1S).

The role of migratory DC is not limited to their ability to
induce thymic negative deletion; they also are likely to be
involved in generating CD25" regulatory T cells. To test this
hypothesis we selected four peptides known to bind HLA-DR1
and found previously in the human lymph. HLA-DR1 mice
were depleted of CD25 regulatory T cells by CD25-specific anti-
body injection. This treatment is known to deplete regulatory T
cells and induce an exaggerated autoimmune response, similar
to what has been observed in FOXP3 knock-out mice. Indeed,
nodal T cells from HLA-DR1 transgenic mice depleted of
CD25" regulatory T cells proliferated to each one of the
selected peptides as compared with the nodal T cells from con-
trol mice (Fig. 10e). Proliferation was observed not only in nodal
T cells but also among T cells that infiltrated parenchymal
organs following depletion of the regulatory T cell population
(Fig. 10f). These experiments indicate that naturally processed
peptides found in biological fluids and eluted from MHC II
molecules on ¢cDC can play a role in generation and mainte-
nance of immunological tolerance.

Discussion

During the last few years improved mass spectrometric anal-
yses have determined that processed peptides are present in
many biological fluids including serum, lymph, plasma, urine,
and saliva (10, 11, 14, 21, 22, 88 —=91). The significant richness of
these biological peptidomes reveals the ongoing metabolic pro-
cesses of each parenchymal organ and has provided biomarkers
of physiological and pathological processes (3, 5, 25, 27). Previ-
ously, our laboratory mapped the peptidome/degradome pres-
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FIGURE 9. DM susceptibility of DR1 complexes with selected DC-eluted and lymph peptides. DM susceptibility was measured using a kinetic inhibition
assay (113) and reported as AlCsy, i.e. ICsq in the presence of DM minus ICs, in the absence of DM, measured after a 24-h incubation. DR1 binding inhibition was
measured at 24 h in the presence (+) and absence (—) of DM for: a, C3 peptides, b, MHC lla peptides, and ¢, classic DM-resistant (HA) and DM-sensitive (CLIP)
peptides. Peptide sequences with core epitopes underlined are shown above the plots, with values for equilibrium binding affinity (ICs, at 72 h) and DM
susceptibility (AlCs, at 24 h). d, summary of binding affinity (IC5,) and DM susceptibility (AICs,) values for 13 peptides eluted from DCs, for nine peptides
identified in lymph, and for replicate measurements of HA and CLIP. Statistical analysis was done using the Mann-Whitney test.

TABLE 1
Binding affinities (IC5, in nm) for the recombinant DR1-B0101 MHC Il of the selected peptides eluted from human MHC I (DR1-B0101) and from
human lymph in the absence (—) or presence (+) of DM

The reported data sets were used to generate the graphs and statistical analyses in Fig. 6. Shown are the average * S.D. and number of replicates (in parentheses). *, these
peptides were reported as part of human the lymph peptidome sequenced at low resolution using the nanoLC-MS/MS on LTQ-ion trap (27).

Peptide source Peptide identified Peptide synthesized 1C,, — DM 1C,, + DM Protein ID
HM nm
DC ALDFEQEMATAASSS ALDFEQEMATAASSS 116 + 47 (3) 112 + 18 (3) P60710
DC RDALNIETAVKTKG RDALNIETAVKTKG 283 + 119 (3) 274 * 39 (3) P07356
DC TGKLISLSAQNLVD TGKLISLSAQNLVD 18 =1(3) 14 = 5(3) 070370
DC KGGSFQLLQGGQALE GGSFQLLQGGQALE 42 = 8(3) 28 +9(3) P04186
DC SEKMFLSEESERSTDD KMFLSEESERSTD 896 * 735 (3) 721 £49 (3) Q504P2
DC DENQFVAVTSTNAAK NQFVAVTSTNAAK 48 +9(3) 41 £ 6(3) 008553
DC GEFIKASSIEARQ GEFIKASSIEARQ 158 + 52 (3) 93 + 18 (3) P57759
DC NSNQFQTEVGKQLIS NQFQTEVGKQLIS 96 + 21 (3) 250 * 90 (3) P11835
DC SPNIVIALAGNKAD NIVIALAGNKAD 123 + 34 (3) 99 + 34 (3) P35278
DC VDKVIQAQTAYSANPA KVIQAQTAYSANP 53 +27(3) 87 +28(3) 008992
DC EAFQAMPPEELNK EAFQAMPPEELNK 292 * 38 (3) 452 *= 76 (3) P82198
DC EEFGRFASFEAQGALA EEFGRFASFEAQGALA 50 +9(2) 120 = 13 (2) P01903.1
DC IPMYSIITPNVLRLESE IPMYSIITPNVLRLESEET 17 £ 1(2) 17 £ 3(2) P01027
Lymph ASFEAQGALANTAVDKA ASFEAQGALANTIAVDKA 740 * 109 (3) 4142 * 567 (3) P01903
Lymph SSKITHRIHWESASLLR SSKITHRIHWESASLLR 53 + 4 (3) 110 = 9(3) P01024
Lymph AGFKGEQGPKGEP AGFKGEQGPKGEP 4399 + 243 (2) 12641 = 2897 (2) P02458
Lymph MLHLLALFLH* MLHLLALFLH 7558 = 3617 (2) 19244 * 1002 (2) Q96CW9
Lymph PGALLGAPPPLVPAP* PGALLGAPPPLVPAP 2121 = 152 (2) 6809 = 177 (2) Q9HAH7
Lymph AWLDLEFISTVLGAP* AWLDLEFISTVLGAP 141 = 7(2) 426 *+ 48 (2) P43026
Lymph RNMTLFSDLVAEKFI* RNMTLFSDLVAEKFI 2542 =203 (2) 7413 *= 1225 (2) P12110
Lymph EDTFAHLTPTPT* EDTFAHLTPTPT 221 +9(2) 783 =19 (2) QINR99
Lymph KNFASVQGVSLESG* KNFASVQGVSLESG 242 + 55 (2) 341 + 68 (2) Q99715
DM-resistant control PKYVKQNTLKLAT 63 = 11 (4) 88 =17 (4) P03438
DM-susceptible control VSKMRMATPLLMQ 60 + 12 (3) 179 = 28 (3) P04233

For many of these peptides we were able to determine the
processing enzymes involved in their generation by comparing
our mapped peptidome with databases of experimentally char-
acterized protein cleavage sites (58, 59). The processing path-
ways identified were involved in extracellular matrix degrada-

ent in the human lymph under physiological conditions and
showed that it consists of free peptides and peptides bound to
different molecular chaperones (5, 27, 29). Here we report
almost 1000 different peptide sequences found in human
lymph, assigned with a false discovery rate of less than 1%.
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FIGURE 10. Role of lymph peptides in central and peripheral tolerance. g, FACS analysis of thymocytes from chimeric mice generated by irradiating wild
type C57BI6 mice and reconstituting them with a mixture of bone marrow from TEa TCR transgenic mice (CD90.1) and C57BI6 mice (CD90.2) in a 1:1 ratio. The
percentage of CD4 " thymocytes is reported before and after injection of the I-AP-restricted ASFEAQGALANIAVDK peptide. CD4"-CD90.1* thymocytes derive
from wild type C55BI6 mice, whereas CD4*-CD90.2™" thymocytes derive from TEa TCR transgenic mice. b, bar graph showing the number of CD4"-CD90.1*
and CD4"-CD90.2* thymocytes as determined in a. Mean = S.D. of five separate experiments; ***, p < 0.01 for the depletion of TEa-TCR; *, p < 0.05 for the
depletion of polyclonal TCR. ¢, FACS analysis of thymocytes from factor VIII knock-out mice. The number of CD4™" thymocytes is reported before and after
injection of the I-AP-restricted SPSQARLHLQGRTNAWRPQVNDPKQWLQVD peptide. d, bar graph of the percentage of CD4™ thymocytes, as determined in a.
Mean = S.D. of five separate experiments, *, p < 0.05 for the depletion of polyclonal TCR. e, nodal T cell proliferation of CD25"-competent or -depleted
HLA-DR1* mice. Inguinal lymph node were harvested and cultured for 4 days with titrated amounts of the reported peptides. f, T cell proliferation of

CD25-competent or CD25-depleted HLA-DR1* mice. Skin, muscle, and lung tissues were harvested and cultured for 4 days with titrated amounts of the same
peptides.

tion, surface receptor cleavage/editing, endosomal processing, cades, including complement processing, kinine systems, and
and cellular apoptosis, revealing the overall diversity of the coagulation/fibrinolytic systems, also were found.

byproducts of parenchymal metabolic/catabolic processes col- Three peptides were validated by in vitro processing assays.
lected in the lymph. Indeed, almost one-third of the mapped The complement 3 peptide R.SSKITHRIHWESASLL.R was
peptides contained one or more cleavage sites that were not reported previously by several groups to be processed by com-
derived from classical endosomal processing. Apoptotic cells plement 1 as part of the complement extracellular cascade (76 —
are present in the lymph as byproducts of cellular turnover of 78, 80). It was also shown previously that complement 1 KO
different parenchymal organs, and caspase-processed peptides mice do not cleave this complement 3 epitope (81). Our exper-
likely derive from these cells (52). Other peptides contained at imental data confirm that the C3 peptide found in the human
least one matrix metalloprotease or calpain cleavage site, indi- lymph and eluted from HLA-DR1 is cleaved by C1 but not by
cating their potential source from extracellular matrix remod- endosomal proteases. A collagen II peptide previously mapped
eling processes. Peptides derived from blood proteolytic cas- in the human lymph (27) was originally reported by two sepa-
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rate groups to be processed by MMPs either released from acti-
vated granulocytes or present in the synovial fluid (84, 85). The
same peptide was also mapped as a B cell epitope (86). Our
experimental data confirmed that MMPs, but not endosomal
proteases, were responsible for cleaving the formerly reported
MMP-processed peptide. Finally, an HLA-DR1-eluted gelso-
lin-derived peptide was reported previously to be cleaved by
caspase-3 in apoptotic cells (87). We confirmed experimentally
that caspase-3, but not endosomal proteases, cleaved gelsolin to
generate this peptide.

The snapshot presented here is limited by the paucity of
experimentally determined protease cleavage sites and may be
skewed by the fact that some processing pathways have been
better characterized than others (e.g. caspases, cathepsins, and
MMPs). However, it clearly indicates that several categories of
protease/peptidase in additional to those present in endo-
somal/lysosomal compartments are involved in the formation
of the lymph peptidome.

The present study adds substantially to our understanding of
the spectrum of peptides that are naturally processed and pre-
sented in the MHC II pathway. Previous studies of mouse and
human cultured cell lines have suggested the presence of more
than 500 -2000 peptides bound to MHC I, as indicated by the
number of masses detected (35, 92—-98), However, most masses
could not be assigned to particular amino acid sequences. Here
we have reported more than 3000 HLA-DR1-bound peptides.
As we were not able to obtain sufficient amounts of human DC
from lymph nodes or spleen to elute peptides from endogenous
human HLA-DR1, we elected to use HLA-DR1 transgenic mice
as the best alternative source of MHC II protein expressed in its
natural milieu. This same approach was used previously by the
Steinman group (43) to elute peptides from I-Ab™ dendritic
cells. Another option would have been to differentiate in vitro
cultures of HLA-DR1" monocytes. However, in such case
eluted peptides derived from phagocytosed proteins would
have been from bovine serum and not representative of the in
vivo cell milieu. In fact, bovine serum peptides have been iden-
tified in earlier studies of MHC II-bound peptides eluted from
in vitro cell cultures, particularly where de novo sequencing
rather than database matching was used for peptide identifica-
tion (39, 74, 99).

A mouse to human comparative amino acid sequence analy-
sis for each of the HLA-DR1-eluted peptides identified that
almost 1500 HLA-DR1-eluted mouse peptides overlap 100%
with their human orthologue. Additionally, the HLA-DR1
binding affinity for the human orthologues of each eluted
mouse DC peptide indicates that even for many of the peptides
that have only 80 —~90% mouse to human homology, the binding
affinity is the same when the MHC II binding core is conserved.
This analysis suggests that identification of self-antigens pres-
ent in the HLA-DR1 peptidome from transgenic mice can
inform our understanding of the native human HLA-DR1
peptidome.

As expected from previous work, the peptidome derives from
both intracellular and extracellular sources. Additionally, as a
new finding it appears that many proteases from various non-
lysosomal intracellular and extracellular compartments con-
tribute to the shaping of the MHC II peptidome.
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An important novel finding of our research is the demonstra-
tion that the peptidome found in biological fluids can contrib-
ute to the surface MHC II-eluted peptidome. Indeed, we iden-
tified lymph-carried peptides sharing overlapping MHC-
peptide binding registers and/or N- or C-terminal cleavage
sites with peptides eluted previously from human, mouse, and
ovine MHC molecules (38, 40, 42— 44, 66 —-71). Additionally, the
comparison between the HLA-DR1-eluted peptidome and the
human lymph peptidome revealed 39 overlapping proteins,
representing ~10% of the total number of different source pro-
teins for peptides eluted from HLA-DR1 or identified in lymph.
Twenty-eight of the peptides derived from the processing of
these proteins either contain an overlapping binding register or
share the same N- and C-terminal cleavage site. Thus, extracel-
lular protein processing can contribute to the overall MHC II-
presented peptidome.

For lymph to serve as a potential source of antigens for MHC
II processing and loading pathways, sufficient peptidic material
must be present. For the most abundant peptides, we previously
estimated a concentration in the 100 nanomolar range (27),
comparable to the binding affinities determined herein for sev-
eral high-abundance eluted peptides and predicted for many
others. Recently, a number of reports have analyzed the half-life
and overall stability of peptides in biological fluids and shown
that most peptides are bound to carrier proteins, including
albumin, lipoproteins, immunoglobulins, and transthyretin.
The peptides exist in equilibrium between their free and bound
form, and their half-life varies between 1 and 20 days, directly
proportional to the half-life of the carrier protein (3, 25). The
prolonged half-life and continuing production of these carrier-
bound peptides support an available amount of biological fluids
far superior to the steady-state concentration of free peptide.

MHC II loading of these peptides could occur by surface
peptide exchange of invariant chain or previously loaded pep-
tides, by binding onto peptide receptive surface proteins (as
reported previously for both MHC class I and class Il molecules
in permissive haplotypes), or by loading in early recycling/sort-
ing endosomes (100-109). In support of this idea, we found
that some of the peptides presented by DC under physiological
conditions were susceptible to DM-mediated exchange, sug-
gesting that they were generated through a processing pathway
that did not include substantial exposure to DM (107, 109, 110).
Although most peptides tested were relatively resistant to DM
action, with DM resistance factors similar to or even greater
than a high-affinity immunodominant viral epitope, several
peptides were highly sensitive to DM action, with susceptibility
values near that of CLIP, the canonical DM-susceptible frag-
ment of the MHC Il associated invariant chain removed by DM.
It is likely that DM-susceptible peptides presented by DC were
loaded into cellular compartments with lower DM action, such
as recycling vesicles, early endosomes, or the cell surface, which
might easily be accessed by peptides taken up from extracellular
fluid. Indeed, the eluted peptide with the highest AIC,, values
among those tested (EAFQAMPPEELNK, AIC, = 0.160 um)
derived from transforming growth factor-B-induced protein
IG-H3 (P82198), a secreted TGFB3-induced protein that binds
collagen in the extracellular matrix. Peptides derived from
extracellular sources might load onto MHC II at the cell surface

SASBMB

VOLUME 291+-NUMBER 11-MARCH 11,2016



Analysis of the HLA-DR1 Self-peptidome in Dendritic Cells

or intracellular locations with low DM activity and could rep-
resent a source of antigens for recognition by type B T cells
(110). HLA-DM sensitivity and the fact that many of the MHC
II-eluted peptides correspond to sequences known to be
cleaved by extracellular proteases, such as complement 1,
meprin, granzyme, MMPs, and ADAMS, point to the fact that
the extracellular milieu/lymph is the likely source of many of
the peptides eluted from HLA-DRI.

MHC II loading of exogenously provided peptides has been
shown previously to be an effective way of achieving central and
peripheral tolerance (33, 35, 51, 96, 110-117). Indeed, in the
last 20 years there has been a growing number of studies show-
ing that intrathymic, intravenous, and intraperitoneal injection
of exogenous peptides are efficient ways to achieve immunolog-
ical tolerance through mechanisms that include thymic dele-
tion (35, 93-98). In all of these studies, nanomoles of the rele-
vant peptide were injected to achieve thymic cell deletion or
induction of peripheral tolerance. Previously published and
unpublished work from our laboratory using quantitative mass
spectrometry indicates that circulating peptides are present in
the high picomolar to high nanomolar range (27). In our exper-
iments we injected 50 nmol of the relevant peptides, close to the
expected physiological range.

Recently, the role of migratory DC in transporting exoge-
nously administered peptides to the thymus to mediate nega-
tive selection and/or to lymph nodes to mediate peripheral T
cell anergy and Treg differentiation has also been reported (33,
118). There is an extensive literature showing that migratory
DC are the only exogenous APC that can enter the thymic
organ (35, 119). Circulating free peptides cannot reach the thy-
mus as such, as the thymus is the only immune organ that has
efferent but not afferent lymphatic circulation (120, 121). We
suggest that many or all of the self-peptides presented by DC
and derived from exogenous sources after extracellular pro-
cessing might participate in maintaining peripheral tolerance
to these antigens. For proteins that are present predominately
in the extracellular matrix or bodily fluids, this pathway might
predominate over conventional intracellular processing path-
ways. Over 20 years ago, Stockinger and colleagues (51, 119)
reported that a complement C5 peptide injected intraperitone-
ally could induce deletion of CD4* thymocytes. Using C5
knock-out mice, the same group confirmed that the peptide
was carried by antigen-presenting cells from the periphery to
the thymus. We observed several complement peptides in both
lymph-carried and MHC-eluted peptidomes. More recently
many other groups (33—35) have demonstrated that migratory
DC are responsible for loading exogenous peptides into the
periphery and carrying them to the thymus to achieve central
tolerance to proteins that are not normally expressed there. The
Steinman group (122) demonstrated that the migratory DC are
also important for peripheral tolerance. However, all of the
above mentioned studies relied on exogenous administered
peptides. Our work identifies, for the first time, the lymph pep-
tidome as a likely source of endogenous antigens involved in
central and peripheral tolerance. In general it seems reasonable
that for maintenance of central and peripheral tolerance to the
highest possible number of self-peptides, it would be important
that different processing pathways be involved. Non-endo-

SASBMB

MARCH 11, 2016+VOLUME 291-NUMBER 11

somal enzymes would add to the number of epitopes cleaved by
cathepsins, generating a wider peptides repertoire. This, in con-
junction with the HLA-DM-dependent and -independent
loading pathways, ensures that a broader self-peptidome
would be presented.

Extracellularly processed peptides also have also been impli-
cated in the generation of autoimmunity (110, 116, 123). The
difference between tolerance and autoimmunity outcome likely
will be determined by differences in peptide MHC II binding
affinity/stability, thymic selection, Treg induction, peptide gen-
eration by de novo processing pathways, and the nature of the
presenting APC. MHC II-peptide binding affinity and stability
vary substantially for different peptides, with high-affinity pep-
tides having dissociation lifetimes of >100 h and low-affinity
peptides rapidly lost in minutes. In the thymus it has long been
shown that the high-affinity peptides are the ones that induce
negative selection and generate regulatory T cells (124-126).
The low-affinity peptides escape thymic selection. Thus it is
likely that low-affinity peptides, even when loaded on migratory
DC and transported to the thymus, will not be able to generate
central tolerance. These may correspond to type B peptides that
can drive autoimmunity when they are locally processed in high
concentrations, thus overcoming the low MHC II binding affin-
ity with a high copy number (116).

Another important aspect of the balance between tolerance
and autoimmunity may be the activity of extracellular pro-
cessing pathways. Herein we mapped the lymph peptidome and
the extracellular pathways involved in its processing under
non-inflammatory physiological conditions. However, under
inflammatory conditions many proteolytic enzymes are up-
regulated, and non-enzymatic oxidative cleavage has also been
observed. Moreover, post-translational modifications associ-
ated with many pathological conditions occur during oxidative
stress and would further expand the diversity of the peptidome
available to the MHCII. Thus, the extracellular peptidome gen-
erated during inflammatory conditions can be quantitatively
and qualitatively different from the one generated by meta-
bolic activities during physiological conditions. Mapping the
disease-associated post-translational modifications on the
lymph peptidome and their additional processing pathways
potentially could further expand our understanding of the
immunological responses acquired under diverse patholog-
ical conditions.
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