
Masking of a cathepsin G cleavage site in vivo contributes to the
proteolytic resistance of major histocompatibility complex class II

molecules

Introduction

Major histocompatibility complex class II (MHC II) mol-

ecules bind self and non-self peptides in endocytic com-

partments of antigen-presenting cells (APCs) and present

them on the cell surface for inspection by CD4+ T cells

via T-cell antigen receptors (TCRs).1 MHC II expression

is tightly controlled at several levels. Transcriptional regu-

lation confines constitutive MHC II expression to

professional APCs and thymic epithelial cells and allows

up-regulation on other cell types after exposure to

inflammatory cytokines.2

Post-translational events also regulate cellular localiza-

tion of MHC II, thereby influencing MHC II half-life. In

immature dendritic cells (DCs), MHC II molecules are

efficiently targeted to lysosomes by the clathrin adaptor
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Summary

The expression of major histocompatibility complex class II (MHC II) mol-

ecules is post-translationally regulated by endocytic protein turnover. Here,

we identified the serine protease cathepsin G (CatG) as an MHC II-degrad-

ing protease by in vitro screening and examined its role in MHC II turn-

over in vivo. CatG, uniquely among endocytic proteases tested, initiated

cleavage of detergent-solubilized native and recombinant soluble MHC II

molecules. CatG cleaved human leukocyte antigen (HLA)-DR isolated from

both HLA-DM-expressing and DM-null cells. Even following CatG cleav-

age, peptide binding was retained by pre-loaded, soluble recombinant

HLA-DR. MHC II cleavage occurred on the loop between fx1 and fx2 of

the membrane-proximal b2 domain. All allelic variants of HLA-DR tested

and murine I-Ag7 class II molecules were susceptible, whereas murine I-Ek

and HLA-DM were not, consistent with their altered sequence at the P1’

position of the CatG cleavage site. CatG effects were reduced on HLA-DR

molecules with DRB mutations in the region implicated in interaction with

HLA-DM. In contrast, addition of CatG to intact B-lymphoblastoid cell

lines (B-LCLs) did not cause degradation of membrane-bound MHC II.

Moreover, inhibition or genetic ablation of CatG in primary antigen-pre-

senting cells did not cause accumulation of MHC II molecules. Thus, in

vivo, the CatG cleavage site is sterically inaccessible or masked by associ-

ated molecules. A combination of intrinsic and context-dependent proteo-

lytic resistance may allow peptide capture by MHC II molecules in harshly

proteolytic endocytic compartments, as well as persistent antigen presenta-

tion in acute inflammatory settings with extracellular proteolysis.

Keywords: antigen presentation; APC; cathepsin G; MHC class II;

proteolysis

Abbreviations: AMCA, 7-amino-4-methylcoumarin-3-acetic acid; APC, antigen-presenting cell; B-LCL, B-lymphoblastoid cell
line; Cat, cathepsin; CLIP, class II-associated Ii peptides; DC, dendritic cell; FRET, fluorescence resonance energy transfer; HA,
hemagglutinin; HLA, human leukocyte antigen; Ii, MHC II-associated invariant chain; MBP, myelin basic protein; mDC,
myeloid dendritic cell; MHC, major histocompatibility complex; PBMC, peripheral blood mononuclear cells; pDC, plasmacytoid
dendritic cell; TCR, T-cell receptor.
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protein complex 2 (AP-2) and/or by the E3 ubiqui-

tin ligase, membrane-associated RING-CH protein 1

(MARCH-I) and are degraded within a few hours; surface

expression remains relatively low. DC activation stimu-

lates a transient burst of MHC II synthesis, turn-off of

MARCH-I and deposition of peptide/MHC II complexes

at the plasma membrane, where they are long-lived

(> 100 hr). Data from B-cell lines, melanoma lines and

human monocytes implicate similar pathways in control

of MHC II levels in these cell types.3–6

Expression levels of MHC II are also influenced by inter-

action with accessory molecules that regulate MHC II pep-

tide loading: MHC II-associated invariant chain (Ii) and

HLA-DM (DM). Nascent MHC II molecules assemble in

the endoplasmic reticulum with Ii; in cells from animals

lacking Ii, surface levels of most MHC II alleles are sub-

stantially reduced because of inefficient assembly and

egress.7–9 After assembly, MHC II/Ii complexes travel to

endocytic compartments, directed by sequences in the Ii

cytoplasmic tail; there, Ii is sequentially degraded by cath-

epsins.10 Groove-bound Ii remnants, the class II-associated

Ii peptides (CLIPs), are exchanged for antigenic peptides

with the assistance of the peptide exchange factor DM.11

Chaperoning effects of DM provide further regulation of

MHC II preservation/degradation1,2 (C. Rinderknecht and

S. Roh, unpublished data). DM editing of peptides in

favour of strong binders is also a factor, as the quality of

peptide cargo is thought to influence MHC II half-life.12–14

Despite active regulation of expression at the level of

proteolysis, MHC II molecules must be relatively resistant

to proteolytic attack. MHC II molecules traverse acidic,

proteolytic endosomal compartments, where peptide load-

ing occurs, for several hours en route to the plasma mem-

brane.15–17 Moreover, in inflammatory settings, myeloid

and stromal cells may release proteases into the extracellu-

lar fluid, yet MHC II molecules are abundantly expressed

in such settings and must remain functional to allow local

antigen presentation. The paradox of regulated turnover

in the face of inherent proteolytic resistance is only begin-

ning to be addressed. Only limited information exists

regarding the proteases involved in constitutive or regu-

lated MHC II turnover, or the factors that render MHC II

molecules at least partially resistant to proteolytic attack.

In the present study, we screened a panel of cathepsins,

including cysteine, aspartyl and serine proteases, for their

ability to degrade MHC II molecules. The serine protease

CatG uniquely was able to cleave MHC II molecules

in vitro. CatG is abundant in storage granules of

neutrophils; it is released in inflammatory sites and con-

tributes to innate protection from bacterial infection.

Non-immune roles for CatG are suggested by subtle devel-

opmental defects in CatG-deficient mice.18 Notably, CatG

is expressed in primary human APCs, such as B cells,

monocytes, and myeloid and plasmacytoid DCs,19,20 where

it has been shown to contribute to proteolytic antigen

processing.21 Here, we characterized the specificity of CatG

cleavage of MHC II molecules in vitro, and examined

whether CatG contributes to MHC II turnover in vivo.

Materials and methods

Cells

The HLA-DM-deficient human B-LCLs 9.5.3 and 5.2.4,

their parent line 8.1.6 and the 5.2.4-DR3 transfectant have

been described previously.22–24 Transduced B-LCL 5.2.4

expressing the mutant HLA-DR3 molecules DRB R74Q,

DRB D152N, DRB S197N and DRB E187K have been

described.24,25 Schneider-2 Drosophila melanogaster (S2)

cells expressing recombinant soluble HLA-DR molecules

have been described previously.26,27 Mammalian cells were

cultured in complete RPMI-1640 medium supplemented

with 10% fetal bovine serum (FBS) (HyClone Laborato-

ries, Logan, UT) and 2 mM L-glutamine (Life Technolo-

gies, Carlsbad, CA). S2 cells were cultured as described

previously.28 Human peripheral blood mononuclear cells

(PBMC) were isolated from buffy coats of healthy donor

blood. B cells and myeloid type 1 dendritic cells (mDC1s)

were positively selected using immunomagnetic beads

specific for CD19 and CD1c, respectively [magnetic-

activated cell sorting (MACS); Miltenyi Biotec, Auburn,

CA] according to the manufacturer’s protocols. The purity

of primary cell preparations routinely exceeded 90%. Cells

were cultured in the presence or absence of the CatG-

specific inhibitor I (10 lM; Calbiochem, San Diego, CA;

Compound 7 in29) or E64d (10 lM; Calbiochem) for 4�5,

24 or 72 hr at 37�, and either analysed by flow cytometry

or prepared for western blotting by lysis in 10 mM Tris

(pH 7�5), 150 mM NaCl, 0�5% NP-40, and CatG-specific

inhibitor (1 lM), followed by adjustment for equal total

protein content (quantified by the Bradford assay).

Protein purification

Purification of full-length native HLA-DR molecules was

performed essentially as described previously.26,27 Briefly,

B-LCLs were lysed in 10 mM Tris (pH 7�8), 140 mM

NaCl, and 0�5% NP-40. The lysate was pre-cleared by

centrifugation and filtration and passed over an anti-DR

(L243)-sepharose immunoaffinity column (L243: IgG2a

anti-DR). The column was washed extensively (50 mM

Na-phosphate, 150 mM NaCl and 1% octylglucoside, pH

8) and eluted at high pH (100 mM glycine-NaOH and 1%

octylglucoside, pH 11). Soluble HLA-DR was purified

from insect cell supernatants by a similar method, except

that detergents were omitted. Soluble DM molecules were

purified by affinity purification using the FLAG epitope

on the DMA C-terminal end, as described previously.26

The identity and purity of the isolated molecules were

tested using sodium dodecyl sulphate–polyacrylamide gel
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electrophoresis (SDS-PAGE) and Coomassie Blue or silver

staining (not shown).

In vitro processing

CatG from human sputum or from neutrophils was pur-

chased from Sigma-Aldrich (St Louis, MO); CatL and

CatB were purchased from Caltag (Burlingame, CA) or R

& D Systems (Minneapolis, MN). Full-length or soluble

MHC II or DM molecules (100 lg/ml) were incubated

with different isolated cathepsins (50–100 ng protein) in

reaction buffer [phosphate-buffered saline (PBS), pH 7�2,

2�5 mM dithiothreitol (DTT) or 0�1 M citrate, pH 5�0–6�0,

and 2�5 mM DTT] at 37� for various times (routinely

2 hr). Digestion products were resolved by SDS-PAGE

and analysed by silver staining.

N-terminal sequencing and matrix-assisted laser
desorption-ionisation time-of-flight (MALDI-TOF) mass
spectrometry

Soluble HLA-DR1 expressed in Schneider cells and puri-

fied26 was used for digestion with CatG. The digested

products were separated by SDS-PAGE followed by trans-

fer to an Immulon-PSQ membrane (Millipore, Billerica,

MA). The membrane was stained with Coomassie Blue

and air-dried. The bands were cut out and submitted for

N-terminal sequencing to the Protein and Nucleic Acid

Facility (Stanford University School of Medicine). Soluble

HLA-DR1 expressed in Escherichia coli (a kind gift from

L. Stern, Biochemistry and Molecular Pharmacology,

University of Massachusetts, Worcester, MA) was used

for digestion with CatG and stained with Gelcode Blue

(Pierce, Rockford, IL). Prominent CatG cleavage products

were excised, reduced with DTT and alkylated with

iodoacetamide. Duplicate gel pieces for each band were

digested with either Arg-C or Glu-C (Sigma-Aldrich) and

peptides were extracted using established protocols.30 Prote-

ase digests were subjected to reverse-phase high-perfor-

mance liquid chromatography (HPLC) separation and the

HPLC eluant was spotted to MALDI target plates for

MALDI-TOF/TOF mass spectrometry (MS) (Applied Bio-

systems 4700, Foster City, CA) analysis. Peptides were iden-

tified by tandem mass spectrometry (MS/MS) analysis

utilizing the Mascot search engine.

Fluorescence resonance energy transfer (FRET) assay for
peptide/MHC II binding

Recombinant soluble HLA-DR1 molecules were loaded

with 100-fold excess of a 7-amino-4-methylcoumarin-3-

acetic acid (AMCA)-labelled variant of the influenza A

hemagglutinin (HA) 307-319 peptide (AMCA-HA) (a

kind gift from L. Stern) in PBS overnight at 37�. Free

AMCA-HA was removed by centrifuging the binding reac-

tions through spin columns (Sephadex G50 Superfine;

BioRad, Hercules, CA) according to the manufacturer’s

instructions. Binding stoichiometry was determined by

absorption spectrophotometry at 280 and 350 nm, as

described previously.31 HLA-DR molecules were 70–90%

loaded with AMCA-HA. HLA-DR1/AMCA-HA complexes

were incubated with 50 ng of CatG in CatG digestion buf-

fer (PBS, pH 7�4, and 0�05% Tween-20). Fluorescence

measurements were performed after 0 and 14 hr of incu-

bation of reaction mixtures in black 96-well polypropylene

plates (Greiner Bio-One, Monroe, NC) at 37�, using a Flu-

oroMax 96-well-plate fluorimeter (Molecular Dynamics,

Sunnyvale, CA). FRET was measured by monitoring exci-

tation at 280 nm and emission at 450 nm, and normalized

to total AMCA fluorescence (excitation at 350 nm and

emission at 450 nm). Complete digestion of HLA-DR1

during the reaction was verified by SDS-PAGE analysis

and silver staining of recovered reaction mixtures.

Western blot

Samples were boiled after the addition of 8 · Laemmli

SDS-PAGE sample buffer with 5% v/v 2-mercaptoethanol,

run on 12% SDS-PAGE gels, and transferred to polyvinyli-

dene difluoride (PVDF) membranes (GE Healthcare, Frei-

burg, Germany). Membranes were blocked for 1 hr in

blocking buffer (1· PBS, 0�05% Tween 20 and 1· Roti-

block; Roth, Karlsruhe, Germany) and incubated for an

additional hour with the HLA-DR-specific antiserum

CHAMP32 diluted in blocking buffer. After washing in

PBS with 0�05% Tween 20, horseradish peroxidase (HRP)-

conjugated secondary antibody (donkey anti-rabbit immu-

noglobulin; GE Healthcare) was diluted 1 : 5000 in block-

ing buffer and incubated for 1 hr. Following additional

washes, HRP activity was revealed using an enhanced

chemiluminescence (ECL) detection kit (GE Healthcare)

and visualized using Hyperfilm ECL (GE Healthcare).

Mice

Cathepsin G)/) (CG)/)) mice on a C57BL/6 background

were received from the laboratory of C. Pham (Depart-

ment of Internal Medicine, Washington University School

of Medicine, Saint Louis, MO). C57BL/6J mice were pur-

chased from Jackson Laboratories (Bar Harbor, ME).

Mice were bred and maintained at the Stanford Univer-

sity Research Animal Facility. The handling of all mice

followed guidelines and requirements established by the

National Institutes of Health and Stanford University ani-

mal research committee.

Splenocyte isolation

Mice were killed with compressed CO2 gas and by cervi-

cal dislocation, and spleens were removed. Single-cell
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suspensions were prepared by mechanical disruption of

the spleen through a 70-lm filter. Spleens were then trea-

ted with 1 · red blood cell (RBC) lysis buffer [1�68 M

NH4Cl, 0�10 M potassium bicarbonate and 1 mM ethylen-

ediaminetetraacetic acid (EDTA)], washed twice, and used

directly for analysis.

Flow cytometry

The following antibodies were purchased from BD Bio-

sciences (San Jose, CA): anti-mouse I-Ab phycoerythrin

(PE), anti-mouse CD11b PE-Cy7, anti-mouse CD11c allo-

phycocyanin (APC), and anti-mouse CD19 APC-Cy7.

Anti-mouse CD3 Pacific Blue, anti-mouse CD45R (B220)

fluorescein isothiocyanate (FITC), and anti-mouse F4/80

PerCP-Cy5.5 were purchased from eBiosciences (San

Diego, CA). Before staining, cell preparations were

blocked with 3�3 lg/ml anti-mouse CD16/CD32 (Fc

Block; BD Biosciences) in PBS containing 0�5% bovine

serum albumin (BSA) and 0�1% NaN3 for 15 min. For

intracellular staining, cells were permeabilized with Cyto-

fix/Cytoperm (BD Biosciences) for 20 min on ice, and

washed with 1 · Perm/Wash Buffer (BD Biosciences).

After staining, data were acquired using a Digital LSR II

from BD Biosciences and analysed using FLOWJO software

(Tree Star, Inc., Ashland, OR).

Results

Cleavage of HLA-DR molecules by CatG

In order to identify lysosomal proteases capable of initiat-

ing MHC II degradation, we screened a panel of cathepsins

for their ability to proteolyse purified, detergent-solubi-

lized human HLA-DR3, isolated from B-LCLs. Initially,

based on the notion that molecules with loosely bound

peptides might be more susceptible to proteolysis, we used

HLA-DR3 molecules isolated from the HLA-DM-deficient

cell line 9.5.3. More than 70% of HLA-DR3 molecules iso-

lated from the 9.5.3 cell line are loaded with CLIP.33 Deg-

radation was monitored by SDS-PAGE and silver staining.

Digestion of HLA-DR3 molecules with CatG at neutral pH

generated two proteolytic intermediates, migrating at 15

and 18 kDa (Fig. 1a), which subsequent work showed to

be derived from the DR b chain (see below). The degrada-

tion of the b chain of HLA-DR3 was blocked (Fig. 1a) by

addition of the CatG inhibitor,29 confirming that the

observed b chain fragments were cleavage products gener-

ated specifically by CatG and not by contaminating prote-

ases. No other cathepsin tested (D, L, S, H, and B)

degraded HLA-DR3 at either neutral or endosomal pH

(Fig. 1b and data not shown), although CatB and CatL

degraded HLA-DM at pH 5�0 (see below) and CatD, H

and S were active on myelin basic protein (MBP) and/or

model substrates (data not shown). Thus, native HLA-

DR3 molecules are susceptible to at most a small subset of

lysosomal proteases, including CatG, in vitro.

Peptide binding does not abrogate CatG cleavage

HLA-DR molecules purified from DM-deficient cells, as

well as insect cell-derived HLA-DR molecules, are mostly

occupied by loosely bound peptides, and some fraction of

these HLA-DR molecules may lack bound peptides. In

order to test whether CatG susceptibility of HLA-DR was

linked to occupancy of the peptide binding groove, we

compared CatG cleavage of HLA-DR3 molecules purified

from DM-null (5.2.4-DR3) and DM-expressing (8.1.6)

B-LCLs. CatG treatment of 5.2.4-derived DR3 and 8.1.6-

derived DR3 molecules resulted in similar fragmentation

patterns, as visualized by Western blotting. Of the two

fragments seen by silver staining, only the 18-kDa frag-

ment is immunoreactive with the antiserum used

(Fig. 2a). In addition, we tested whether the stable inter-

action between HLA-DR1 and the influenza haemaggluti-

nin (306–318) peptide34 influences CatG susceptibility.

Soluble insect cell-derived DR1 (sDR1) was loaded to

80% saturation with AMCA-labelled influenza hemagglu-

tinin-derived (AMCA-HA) peptide, free peptide was

removed, and the resultant AMCA-HA/sDR1 complexes

were digested with CatG in the presence or absence of a
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Figure 1. Specific proteolysis of human leukocyte antigen (HLA)-DR

mediated by cathepsin G (CatG) in vitro. (a) HLA-DR3 (DR3), affin-

ity purified from DR3 transfectants of the HLA-DM-negative B-cell

line 5.2.4, was incubated for 2 hr at 37� and pH 7 with CatG in the

presence or absence of a CatG inhibitor. The degradation products

were visualized by sodium dodecyl sulphate–polyacrylamide gel elec-

trophoresis (SDS-PAGE) and silver staining. Data are representative

of five independent experiments. (b) Lack of DR3 proteolysis by

other cathepsins. DR3 molecules purified from the HLA-DM-defi-

cient B-cell line 9.5.3 were incubated with the indicated cathepsins at

pH 5 for 2 hr before SDS-PAGE and Coomassie Blue staining. Data

are representative of two independent experiments. Inh., CatG inhib-

itor.
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CatG inhibitor. The persistence of the AMCA-HA/sDR1

complex was then monitored by fluorescence resonance

energy transfer (FRET), which occurs between tryptophan

residues of sDR1 and the AMCA fluorophore attached to

the HA peptide when the two are in close physical prox-

imity. Occupancy (80%) with the AMCA-HA peptide did

not prevent the complete cleavage of the HLA-DR b
chain by CatG, with generation of an 18-kDa fragment

(Fig. 2b), as detected by SDS-PAGE. Strikingly, there was

only minimal loss of binding of the AMCA-HA peptide

to HLA-DR1 upon digestion with CatG, and this slight

loss was unaffected by the CatG inhibitor (Fig. 2c). Thus,

peptide-loaded HLA-DR molecules are susceptible to

CatG proteolysis, and cleavage of the b chain does not

disrupt the integrity of the antigen-binding groove occu-

pied by the peptide.

CatG cleavage site on the HLA-DR b chain

To determine the exact CatG cleavage site within the HLA-

DR b chain, we performed N-terminal sequencing as well

as peptide mapping of the digestion products of purified

soluble HLA-DR1 (sDR1). For these experiments we used

sDR1 expressed in either insect cells or E. coli. Neither of

these have a transmembrane domain and E. coli purified

sDR1 is not glycosylated, which led to the fragments being

smaller on gels (10 and 15 kDa). sDR1 expressed in insect

cells (not shown) was used for identification of the N-ter-

minal sequence of both fragments by Edman degradation

(underlined italic sequence, Fig. 3a). The first residue of

the larger fragment corresponds to the glycine (G) in posi-

tion 1 of the mature protein. The first residue of the smal-

ler fragment was identified as glutamine (Q) at position

110. In order to define the boundaries of both fragments,

we also digested sDR1 expressed in E. coli (Fig. 3a), which

is not glycosylated and was therefore used for MALDI-

TOF analysis. The two bands were excised from a gel and

digested with trypsin, Staphylococcus aureus V8 protease,

or Arg-C protease. All peptides of these digests identified

by mass spectrometry are indicated in black text in Fig. 3a.

The peptide SFTVQRRVEPKVTVYPSKTQPL (underlined

in Fig. 3a) was identified from a V8 digest and the peptide

RVEPKVTVYPSKTQPL was identified from an Arg-C

digest of the larger fragment, indicating that CatG did not

cleave after the arginine (R), but did cleave after leucine

109 (L109). Based on the masses of the two fragments and

on the fact that their sequences were contiguous, these

fragments appear to represent the complete b chain, which

therefore has only a single CatG cleavage site. The cleavage

site, between HLA-DRb L109 and glutamine 110 (Q110, L/

Q), is located on a loop between fx1 and fx2 of the mem-

brane-proximal, immunoglobulin-like domain, as indi-

cated on the crystal structure of HLA-DR (Fig. 3b).

HLA-DR polymorphism and susceptibility to CatG
cleavage

To explore whether HLA-DR b chain polymorphism

might influence CatG susceptibility, we first compared the

40

(a)

(b)

(c)

1        2       3       4
1 DR3 from 5.2.4
2 DR3 from 5.2.4 + CatG

30

25

20

15 18 kDa
fragment

a chain
b chain 3 DR3 from 8.1.6

4 DR3 from 8.1.6 + CatG

A
-H

A

DM– DM+

sD
R

1/
A

M
C

A

+
 C

at
G

+
 C

at
G

 +
 In

h.

36 a chain

21

36
29 b chain

Fragment

2000

t = 0
t = 14 hr

1000F
R

E
T

0

A
M

C
A

-H
A

sD
R

1/
A

M
C

A
-H

A

+
C

at
G

+
C

at
G

+
In

h.

Figure 2. Peptide occupancy does not abrogate cathepsin G (CatG)

susceptibility of human leukocyte antigen (HLA)-DR molecules. (a)

HLA-DR molecules purified from DR3-transfectants of the HLA-DM-

negative B-lymphoblastoid cell line (B-LCL) 5.2.4 and from the DR3-

expressing, HLA-DM-positive B-LCL 8.1.6 were digested with CatG,

separated by sodium dodecyl sulphate–polyacrylamide gel electropho-

resis (SDS-PAGE), transferred to polyvinylidene difluoride (PVDF)

membrane and immunoblotted with CHAMP anti-DR rabbit antise-

rum. Similar results were obtained in two experiments. Note that the

CHAMP antiserum does not react with the 15-kDa fragment seen in

Fig. 1a, and reacts less strongly with the 18-kDa fragment than with

intact DRb; the latter observation may explain the differences between

Figs 1a and 2a with respect to the relative band intensities of the 18-

kDa fragment and intact DRb. (b) Digestion of 7-amino-4-methyl-

coumarin-3-acetic acid-hemagglutinin (AMCA-HA)-bound soluble

DR1 (sDR1) molecules by CatG, in the presence or absence of CatG

inhibitor, was monitored by SDS-PAGE analysis and silver staining.

These are the same reactions as used for fluorescence resonance

energy transfer (FRET) in (c). (c) Duplicate FRET analysis of sDR1/

AMCA-HA complexes after incubation with or without CatG and

CatG inhibitor (5 lm = 100 · inhibitor dissociation constant) for 0

or 14 hr. Free AMCA-HA peptide was included as a negative control.
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amino acid sequences of several HLA-DR b chains

[DRB1*0101 (DR1), DRB1*1501 (DR2b), DRB1*0301

(DR3), DRB1*0401, and DRB1*0404] and found conser-

vation of the L/Q cleavage site (Fig. 4a). We then sub-

jected various recombinant soluble HLA-DR allelic

variants to digestion with CatG and used HLA-DR-spe-

cific rabbit serum (CHAMP) to measure residual levels of

DRb and detect the 18-kDa DRb fragment (Fig. 4b). As

predicted from sequence alignment, CatG degraded the b
chain of all HLA-DR molecules tested. As the mouse

MHC II allele I-Ag7 has a conservative asparagine (N) for

Q substitution at position b110 and the mouse MHC II

allele I-Ek has a more dramatic glutamic acid (E) for Q

substitution at this position (Fig. 4a), we also tested these
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Figure 3. Mapping of the cathepsin G (CatG) cleavage site within the

human leukocyte antigen (HLA)-DR b chain. (a) Gelcode Blue-stained

sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-

PAGE) gel of Escherichia coli-derived, soluble recombinant HLA-DR1

molecules digested with CatG. The two cleavage products of �10 and

15 kDa were submitted for tryptic, V8, and Arg-C digestion and

matrix-assisted laser desorption-ionisation time-of-flight (MALDI-

TOF) analysis. Peptides identified by MALDI-TOF are indicated in

black. Insect cell-derived soluble DR1 (sDR1) was also digested with

CatG (not shown) and the two cleavage products were submitted for

N-terminal Edman degradation. Sequences identified by Edman degra-

dation are indicated on the sequence of HLA-DR1 in italic underlined

text. The first residue of the 15-kDa fragment (as identified by Edman

degradation) corresponds to the first residue of the mature protein

(glycine). The first residue of the 10-kDa fragment (as identified by

Edman degradation) corresponds to the glutamine (Q) at position

110. (b) Crystal structure of HLA-DR1 depicting the CatG cleavage site

between fx1 and fx2 of the lower b chain loop. The upper dark domain

of the b chain corresponds to the 15-kDa fragment, and the lower

lighter domain of the b chain corresponds to the 10-kDa fragment.
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Figure 4. Cathepsin G (CatG) cleavage of multiple major histocompat-

ibility complex (MHC) II allelic variants. (a) Sequence alignment of

MHC II b chains and human leucocyte antigen (HLA)-DMb (*0101

allele) in the region of CatG cleavage. All polymorphisms found within

this region in the ImMunoGeneTics (IMGT)/HLA database (http://

www.ebi.ac.uk/imgt/hla/) are shown.35 Identical and conserved amino

acids are displayed as white text on a black background. The CatG cleav-

age site (L/Q) is indicated by an arrow. Also included are two mouse

alleles: I-Ag7 and I-Ek. (b) Various HLA-DR alleles were expressed as

soluble recombinant molecules in insect cells, purified, digested with

CatG for 2 hr, analysed by sodium dodecyl sulphate–polyacrylamide

gel electrophoresis (SDS-PAGE), and visualized by immunoblotting

using the anti-DR antiserum CHAMP. Soluble HLA-DR 0404 b chain

was epitope tagged, resulting in co-migration of a and b chains. The

experiment was repeated with similar results. (c) Digestion of mouse

MHC II (I-Ag7 and I-Ek) with CatG in the presence or absence of the

CatG inhibitor or with inhibitors [the cysteine protease inhibitors E64

and leupeptin (LP), and the aspartyl protease inhibitor pepstatin (PS)]

used during the purification of I-Ek. The b chain of I-Ag7 includes a lin-

ker and tethered peptide, resulting in the b chain migrating more slowly

than the a chain. (d) Digestion of soluble recombinant human HLA-

DM (sDM) molecules with selected cathepsins at pH 5 or 7. Data are

representative of three independent experiments.
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alleles. CatG digested I-Ag7, but not I-Ek (Fig. 4c), indi-

cating that the Q to E change in I-Ek influences the abil-

ity of CatG to cleave at that site. Published sequences

suggest that HLA-DR, -DQ and -DP alleles are susceptible

to CatG (http://www.ebi.ac.uk/imgt/hla/)35 and I-A, but

not I-E, alleles are susceptible to CatG. The sequence of

DMb predicted that this protein would be resistant to

CatG cleavage on the fx1/fx2 loop. Insect cell-derived sol-

uble DM (sDM) was resistant to proteolysis by CatG, at

both pH 5 and pH 7, but was cleaved by the lysosomal

cysteine proteases CatL and CatB at pH 5 (Fig. 4d). We

concluded that CatG is capable of initiating proteolysis of

many MHC II alleles (but not sDM) at a specific b chain

cleavage site in vitro.

CatG cleavage of mutant HLA-DR molecules

Given the evidence that DM is able to preserve MHC II

binding sites and is thought to rescue MHC II molecules

from degradation,36,37 we hypothesized that DM/MHC II

complexes might be resistant to CatG. Stable, covalent

complexes of HLA-DR and DM are not available, and

sDR molecules in reversible complexes formed by engi-

neering DM and HLA-DR with complementary leucine-

zippers28 remain CatG susceptible (not shown). To

address whether DM and CatG interaction sites might

overlap, we tested the CatG susceptibility of a series of

purified, full-length mutant HLA-DR molecules, carrying

substitutions that had previously been shown to disrupt

DM interaction. Two mutations related to the DM inter-

face on HLA-DR conferred some resistance to CatG

(Fig. 5a). The mutation in one resistant mutant (DR

bD152N) results in addition of an aberrant glycan on the

DM interaction face of HLA-DR. The second resistant

mutant introduces a positively charged lysine for a glu-

tamic acid (bE187K). Although the amount of input DR

was somewhat variable, this is unlikely to have con-

founded our results, because the resistant mutant DR

molecules were not present in excessive amounts (thus

the lack of inhibition was not a result of substrate inhibi-

tion), nor in quantities too small to allow detection of

b-chain degradation (as confirmed by overexposure of the

blots shown). The positions of the mutations and the

CatG cleavage site are indicated in Fig. 5b on the crystal

structure of HLA-DR1. The former mutation probably

sterically inhibits CatG access to its cleavage site, while

the latter may introduce charge repulsion of the highly

cationic CatG at a region of HLA-DR involved in CatG

binding. HLA-DR molecules with mutations in other

regions remained susceptible (Fig. 5a and data not

shown). Together these results implicate the membrane-

proximal portion of the DM interface on HLA-DR in

CatG binding and suggest, but do not prove, that DM

binding may protect MHC II molecules from CatG diges-

tion.

Is CatG an unlocking enzyme for MHC II?

To test whether other proteases might further degrade the

15- or 18-kDa fragments after CatG makes the initial cut,

HLA-DR3 was pre-digested with CatG and then incu-

bated with CatL or CatB. In this sequential digest, neither

CatL nor CatB could further digest the 15- and 18-kDa

fragments (Data S1), although these enzymes were active

as reflected in their ability to degrade MBP. Similarly, we

were unable to detect further proteolysis of CatG-treated

HLA-DR using CatS, D, X, H, or AEP (data not shown).

MHC II molecules resist CatG cleavage in vivo

In order to examine whether endogenous CatG might con-

tribute to MHC II proteolysis in living APCs, we first

looked for inverse correlations between changes in MHC II

levels and CatG levels in human primary APCs following

in vitro stimulation. Indeed, CatG, which is expressed by

mDC1s,19 was down-regulated upon lipopolysaccharide

40
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Figure 5. Human leukocyte antigen (HLA)-DR mutations at the

DM interaction surface interfere with cathepsin G (CatG) cleavage.

(a) HLA-DR3 molecules with the indicated mutations were incu-

bated with CatG at pH 7 and visualized by western blot with

CHAMP anti-DR antiserum. Data are representative of two indepen-

dent experiments. (b) Three-dimensional structure of HLA-DR1 with

the CatG cleavage site as well as the location of mutations of HLA-

DR [molecules used in (a)] indicated. Grey circles on the crystal

structure indicate mutations; branched structure indicates the addi-

tion of a glycan. Mutations that diminished susceptibility of HLA-

DR to CatG are boxed.
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(LPS) stimulation (Data S2), a manipulation known to

increase surface MHC II levels and shut down MHC II

turnover.4 Similarly, decreased levels of CatG correlated

with increased MHC II levels in primary human B cells

after stimulation with interleukin (IL)-4 (Data S2).

Next, to test whether CatG is causally involved in

MHC II turnover, we examined whether addition of CatG

to APCs modulates DR expression. Previously, we dem-

onstrated that B-LCLs do not express CatG, but can

acquire CatG added to culture media and target it to end-

ocytic compartments.38 To evaluate the impact of CatG

on the steady-state levels of HLA-DR molecules, we incu-

bated B-LCLs with or without CatG for 4�5 hr. The cells

were harvested, and HLA-DR levels were compared by

immunoblotting. Levels of both alpha and beta chains of

HLA-DR were unchanged when incubated with purified

CatG or with CatG and the CatG inhibitor (Data S3).

Furthermore, CatG added exogenously to a B-LCL did

not alter surface levels of HLA-DR molecules, as quanti-

fied by flow cytometry with L243 (Data S4) and the anti-

DR antibody Tü36 (data not shown). Importantly, the

B-LCL used in these experiments, 9.5.3, is DM-deficient;

thus, these negative results were not explained by DM-

mediated protection from CatG.

In order to examine whether endogenous CatG

expression in certain primary human APC types, such

as mDC1 and B cells,19 contributes to MHC II turn-

over, we tested whether the CatG inhibitor,29 which

inhibits intracellular CatG in intact cells,21 causes accu-

mulation of DR in such APCs. No increase in total DR

levels in primary B cells was seen by western blot, how-

ever, after 4�5, 24 and 72 hr of CatG inhibition

(Fig. 6a–c). Similarly, total DR levels were unchanged in

mDC1s when CatG was subjected to prolonged inhibi-

tion (24 and 72 hr; data not shown). Moreover, analysis

of cell surface levels of HLA-DR by flow cytometry

demonstrated that the CatG inhibitor did not affect

expression of surface HLA-DR in either B cells or

mDC1s (Data S5). These results argued against a causal

relationship between the inversely correlated levels of

endogenous CatG and MHC II expression.

Lastly, we considered the possibility that physiological

regulation of MHC II levels by CatG might be detectable

in CatG-deficient mice. Splenocytes were removed from

both CatG-deficient mice and C57BL6 control mice, and

cell surface and total expression of MHC II (I-Ab) was

analysed by flow cytometry. Levels of surface (Fig. 6d) or

total (not shown) I-Ab in B cells, DCs, and resting or

activated macrophages did not differ between CatG-defi-

cient and control mice. Analysis of peritoneal macrophag-

es also revealed no differences in I-Ab expression between

CatG)/) and C57BL6 control mice (data not shown). We

concluded that, by several criteria, CatG lacks the ability

to modulate steady-state MHC II levels in vivo and in

live, cultured APCs.

Discussion

Our findings provide information on the mechanisms by

which MHC II molecules resist endosomal proteolysis, a

key biochemical requirement for their function in presen-

tation of peptides captured in endocytic compartments.

In their native conformation, purified, detergent-solubi-

lized MHC II molecules failed to be degraded by most

lysosomal proteases tested (cathepsins D, L, S, H, and B).

The resistance of MHC II molecules to these proteases

thus is an inherent property of the folded MHC II ectod-

omains. In contrast, purified MHC II molecules were sus-

ceptible to proteolytic attack by CatG at a single cleavage

site, which is broadly, but not universally, conserved

amongst MHC II molecules. However, using several inde-

pendent approaches, we were unable to detect any

involvement of CatG in the turnover of MHC II mole-

cules embedded in membranes of live APCs. These results

show, on the one hand, that proteolytic resistance of

MHC II molecules is not absolute, allowing some scope

for regulated turnover; on the other hand, they suggest

that the CatG cleavage site is inaccessible in the mem-

brane-embedded native MHC II protein, in vivo.

The resistance of MHC II molecules to many endoso-

mal proteases is structurally plausible: the immunoglobu-

lin superfamily domain fold, which is adopted by the

membrane-proximal domains, is well known to be highly

protease-resistant, and the peptide-loaded antigen-binding

groove is highly compact. Initiation of HLA-DR proteoly-

sis by CatG in vitro involved site-specific cleavage between

leucine (L) and glutamine (Q) within fx1 and fx2 of the

lower loop of the b domain, which may be one of very

few sites with sufficient flexibility to allow proteolytic

attack. These findings are reminiscent of previous studies,

in which CatG was demonstrated to initiate cleavage

within the flexible hinge regions of immunoglobulins.39

The membrane-proximal location of the cleavage site,

away from the antigen binding groove, is consistent with

our observation that CatG cleaves peptide-loaded MHC II

molecules, and that peptide binding is retained by CatG-

cleaved DR molecules. The fact that peptide-loaded mole-

cules are substrates for CatG supports the notion that

CatG is capable of initiating proteolysis of MHC II mole-

cules in their native conformation.

Previous studies have shown that chymotrypsin also

digests the b chain of HLA-DR4 molecules in vitro into

two fragments (of around 15 and 13 kDa), utilizing a

cleavage site between L and Q.40 These results are consis-

tent with our own, as CatG is known to have a chymotry-

sin-like activity, although digestion patterns of other

substrates by these two proteases are not always identi-

cal.38 The finding that cleavage of MHC II occurs after L

is consistent with published data on CatG specificity, the

preferred P1 amino acids for CatG cleavage being Y, F, R,

L, and K.41,42
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Both in vitro and ex vivo data initially suggested, but

did not prove, that CatG might be involved in physiologi-

cal MHC II turnover. The DR loop that harbours the

cleavage site is physically close to the DM interaction site

of DR, and a subset of adjacent mutations that impair

DM interaction also confer resistance to CatG-mediated

proteolysis. DM is known to stabilize empty MHC II

molecules against degradation during endosomal peptide

exchange, and this protective effect might be attributable

to protection of DM-associated empty DR molecules

from CatG cleavage. We were unable to reproduce this

effect with DM/DR complexes formed in vitro (data not

shown), but this negative result might reflect the fact that

these are reversible, non-covalent complexes. Further-

more, the inverse relationships between changes in CatG

activity and MHC II levels during immune cell activation

were consistent with a role for CatG in MHC II turnover.

Previous work has shown that CatG accumulates in endo-

cytic compartments of primary APCs and contributes to

endosomal processing of autoantigens,38,43 so its subcellu-

lar location would be compatible with participation of

CatG in endosomal MHC II turnover.

However, three independent experiments failed to pro-

vide positive evidence that would implicate CatG in

MHC II turnover in APCs. First, pharmacological inhibi-

tion of CatG for extended periods of time in primary

human APCs failed to cause accumulation of HLA-DR

molecules or of large degradation intermediates. In some

preliminary experiments, we noticed that endogenous

CatG activity appeared to cause DR degradation following

detergent lysis of cells (data not shown); however, inclu-

sion of the CatG inhibitor in the lysis buffer prevented

this artifact, and this precaution was adopted in the

experiments shown here. Similarly, genetic ablation of

CatG in mice had no effect on steady-state levels of mur-

ine MHC II molecules. Collectively, our data suggest that
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Figure 6. Human leukocyte antigen (HLA)-DR

levels in primary antigen-presenting cells

(APCs) are unaffected by the addition or abla-

tion of cathepsin G (CatG). (a–c) Influence of

the CatG inhibitor upon HLA-DR levels in pri-

mary human B cells. Primary B cells, magnetic

activated cell sorting (MACS)-purified from

peripheral blood mononuclear cells (PBMC),

were cultured with or without CatG inhibitor

(10 lm) or E64d (10 lm) for (a) 4�5 hr, (b)

24 hr or (C) 72 hr. Cells were lysed in 1%

Nonidet P-40 (NP-40) with 1 lm CatG inhibi-

tor to avoid post-lysis degradation by cell-

derived CatG. Matched amounts of total pro-

tein were resolved by sodium dodecyl

sulphate–polyacrylamide gel electrophoresis

(SDS-PAGE) and immunoblotted for HLA-DR

(CHAMP) and b-actin (loading control). Cells

were incubated with the cell-permeable cyste-

ine protease inhibitor E64d to inhibit CatB, H,

S, and X. Dimethyl sulphoxide (DMSO) alone

(vehicle) was used as a control. Data are repre-

sentative of two independent experiments, each

using cells from different healthy donors for

each of the three time-points (n = 6 donors in

total). (d) Analysis of I-Ab cell surface expres-

sion of splenocyte-derived APCs from CatG)/)

compared with C57BL6 control mice. Freshly

isolated splenic B cells (B220+, CD19+), resting

macrophages (B220), CD11c), CD11b+,

F480+), activated macrophages (B220), C

D19), CD3), CD11c+, CD11b+, F480+), and

dendritic cells (CD19), F480), CD3),

CD11bint, CD11c+) were analysed by flow

cytometry. CD3+ cells served as a negative con-

trol for major histocompatibility complex

(MHC) II expression. Data are from one

experiment of three with similar results.
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CatG acts enzymatically upon detergent-solubilized, but

not upon membrane-embedded native MHC II molecules.

We considered two possible explanations for the lack of

CatG cleavage in live APCs. One possibility is that the

resistance of MHC II molecules to endosomal CatG cleav-

age reflected the neutral, rather than endosomal, pH opti-

mum of CatG cleavage of MHC II. If true, this would

reflect unique features of MHC II molecules as a sub-

strate, because we have shown previously that MBP and

other antigens are processed by CatG in endocytic com-

partments of APCs, and are susceptible to cleavage at

acidic and neutral pH in vitro21,38,43 (T. Burster, unpub-

lished data). We note that a dihistidine motif is adjacent

to the CatG cleavage site of MHC II molecules (Fig. 4a),

which might regulate CatG access in a pH-dependent

fashion.

However, the pH dependence does not explain why

even high concentrations of CatG added to B-LCLs at

neutral pH failed to cleave DR molecules at the cell sur-

face. The simplest interpretation of the latter result is that

the CatG cleavage site of MHC II molecules is sterically

inaccessible when the MHC II molecules are embedded

in endosomal or cell surface membranes. The steric

hindrance could, in principle, come from the proximity

of the membrane itself, or from noncovalent associations

with other proteins, both of which would be disrupted by

detergent lysis. Partial steric masking may also explain

why, in most experiments, full-length DR embedded in

detergent micelles was digested less completely than solu-

ble recombinant DR ectodomains.

Our results do not prove that CatG is never involved

in MHC II degradation in vivo. For instance, CatG might

conceivably act on MHC II molecules that have partially

lost their native conformation at the end of their useful

life. However, our findings do suggest that MHC II mole-

cules have evolved resistance to endosomal proteolysis by

a combination of mechanisms. The inherent resistance of

MHC II ectodomains to many cathepsins is likely to be

important. Other protease cleavage sites, such as the CatG

cleavage site studied here, may be cryptic, either because

of charge characteristics that impair proteolytic attack in

acidic endosomal compartments, or because they are ste-

rically inaccessible at APC membranes, or both. Steric

inaccessibility of the CatG cleavage site may be particu-

larly important in allowing antigen presentation to be

maintained in inflamed tissues, in which CatG is abun-

dantly released into the extracellular space by activated

neutrophils. Whether cryptic protease cleavage sites con-

tribute to regulated turnover of MHC II molecules

remains to be determined.
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